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SUMMARY AT A GLANCE: (52 words). 

This study examines phenotypic resistance and resistance mutations in 365 sputum samples 

collected across four years in Ca Mau, Vietnam. It found that 19.8% were phenotypically 

resistant to Isoniazid and that katG mutations were the most common mutation found in 

12.8% responsible for resistance. rpoB mutations were found in 3.8% of specimens. 

 

ABSTRACT: (200 words) 

Background and objective: Data on the prevalence of anti-tuberculous drug resistance and its 

association with genetic mutations in Mycobacterium tuberculosis are limited. Our study 

explores the genomics of tuberculosis in a high Ca Mau, Vietnam. 

Methods: Patients >15 years in Ca Mau Province, Vietnam, were screened annually for 

tuberculosis between 2014 and 2017. Isolates underwent drug susceptibility testing (DST) 

using the breakpoint method. DNA was extracted and whole genome sequencing (WGS) was 

performed.  

Results: We identified 365 positive sputum cultures for M tuberculosis and processed 237 for 

DST and 265 for WGS. Resistance to isoniazid was present in 19.8% (95%CI 14.7 to 24.9%), 

rifampicin in 3.5% (1.1 to 5.7%) and ethambutol in 2.5% (0.9 to 5.4%) of isolates. Relevant 

mutations in rpoB gene were detected in 3.8% (1.8 to 6.8%). katG, inhA or fabG1 mutations 

were found in 19.6% (15.0 to 24.9%) with KatG being most common at 12.8% (9.1-17.5%). 

We found 38.4% of isolates were of Beijing lineage, 49.4% East-African-Indian  (EAI) 

lineage and 8.4% European-American lineage. There were no associations between resistance 

profiles and clinical features. 

Conclusion: 

The high burden of isoniazid resistance and the katG mutation highlights the challenges 

facing Vietnam in its effort to achieve its EndTB goals. 

 

 

Running Head: Genomics of TB resistance in Vietnam 
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INTRODUCTION:  

Drug-resistance remains a significant barrier to managing tuberculosis (TB) globally. During 

2020, 132,222 people were diagnosed with multi-drug resistant (MDR) or rifampicin resistant 

(RR) TB. Additionally, there were 25,681 new diagnoses of extended drug resistance (XDR) 

or pre-XDR-TB.
1
 Only one in three of these patients with MDR/RR-TB accessed treatment.

1
 

Vietnam is one of ten countries that make up 70% of the estimated new cases MDR/RR-TB 

not enrolled in treatment.
1
 A better understanding of the approaches to preventing and 

treating drug-resistant TB is key to reducing deaths and severe sequelae of TB.  

One of the major impediments to a better understanding of the epidemiology of drug-resistant 

TB has been the lack of valid population data on the incidence and prevalence of the problem. 

In most high burden settings, mycobacterial culture, and drug susceptibility testing (DST), is 

not routinely performed.
1
 Hence, most people with drug resistant TB are not identified until 

treatment failure occurs.  

Most of what is known about drug resistance in high burden settings comes from drug-

resistance surveys, conducted among diagnosed TB cases.
2
 However, these are often limited 

to specialised settings that are not representative of the general population. Furthermore, 

many people with TB lack typical symptoms or, if they do have symptoms, are never 

diagnosed with TB.
3
 Hence, when drug-resistance prevalence surveys are limited to passively 



 

detected cases, that is, symptomatic patients who present for diagnosis and management, they 

may not reflect the population prevalence of drug resistance.  

The identification of genetic mutations that are associated with phenotypic drug resistance 

has opened up new opportunities for early and simple diagnosis of drug resistance 
4-6

 and also 

insights into the mechanisms of drug resistance.
7
 However, it has also raised questions about 

the interpretation of discordances between genotypic and phenotypic drug resistance.  

The implementation of a four year population-wide active case finding survey for 

tuberculosis in Ca Mau Province of Vietnam 
8
, in which patients were screened for TB 

regardless of the presence of symptoms, provided the opportunity to define the population 

prevalence of and relationship between phenotypic and genotypic resistance to first-line anti-

tuberculous drugs in Mycobacterium tuberculosis isolates co-circulating in the general 

community in this region of southern Vietnam. Secondary objectives were to assess the 

association of drug resistance with M. tuberculosis lineages and to examine whether any 

routinely available demographic or clinical features in the patients were associated with 

isoniazid resistance. 

 

METHODS:  

Study Population and Setting 

Ca Mau is the southern-most province of Vietnam with a population of 1,194,476 on the 

2019 census.
9
 Sitting on the peninsula of the Mekong Delta Region it has a tropical climate 

distinguished by a wet monsoon season from May to August, and a dry season from 

September to April.
10

 The incidence of TB in Vietnam is 170,000 per year with 5,500 

occurring in HIV positive patients among a total of ~250,000 HIV positive Vietnamese.
11, 12

 

Study design 

We conducted a cluster randomised trial of active case finding for TB (Australian New 

Zealand Clinical Trials Registry number ACTRN12614000372684) between March 2014 and 

February 2018. It has been described in detail elsewhere 
8
.  

The cluster sampling unit was the sub-commune, which had an average population of 1000 

persons 15 years of age or older. In 60 randomly selected clusters active case finding for TB 

was conducted annually for three years (intervention group). In another 60 randomly selected 

clusters (control group) no active case finding was conducted. In the fourth year of the trial a 

prevalence survey for TB was performed in both the intervention and control groups. The 

intervention included a household census of the cluster, followed by active screening of all 

consenting household members aged 15 years and over. The screening consisted of a 

questionnaire about symptoms (cough, production of sputum and presence of haemoptysis), 

smoking status and basic demographic data and a request to provide a single, spontaneously 

expectorated sputum sample. Sputum samples were transferred to a central (provincial) 

laboratory and tested using the Xpert MTB/RIF platform (Cepheid). Those who were Xpert 

MTB positive were asked to provide two further sputum specimens for mycobacterial culture 

and undergo a chest x-ray. In addition, in the fourth year, all participants were offered a chest 

x-ray and those with abnormalities suggestive of TB were requested to provide a single, 

spontaneously expectorated sputum sample for mycobacterial culture.  

Participants who were Xpert MTB positive were also asked to complete a detailed clinical 

questionnaire collecting information on: symptoms, history of previous TB and treatment for 

TB and their self-reported history of diabetes.  



 

Mycobacterial culture and identification of M. tuberculosis 

Sputum specimens for mycobacterial culture were transferred, by cold chain, to a regional 

reference laboratory approximately four hours by car from field sites.  

Specimens were processed with N-acetylcysteine and sodium hydroxide, followed by 

centrifugation. All processing sputum specimens were cultured in the liquid medium 

(BACTEC mycobacteria growth indicator tube (MGIT) 960 culture) and solid medium (BD 

BBL TM Prepared Lowenstein-Jensen Media). Cultures were incubated for up to 8 weeks. If 

the liquid cultures were positive, MPT64 antigen testing were performed to confirm the 

presence of Mycobacterium tuberculosis complex. In cases with multiple positive cultures 

only the first culture was included in the analysis. 

Phenotypic Drug Resistance Testing 

M. tuberculosis MGIT or LJ cultures were sent from the regional reference laboratory to the 

TB laboratory at the National Institute for Hygiene and Epidemiology for phenotypic DST. 

MGIT cultures were decontaminated by 1% NaOH (2mL culture + 2 mL 2% NaOH) then 

subcultured on LJ medium for 3-4 weeks. For LJ cultures, 1-2 colonies of M. tuberculosis 

were picked up and subcultured on LJ medium for 3-4 weeks. In case of contamination, 

repeat subcultures were performed from original cultures after decontamination with 2% 

NaOH according to standardized procedures. 

The phenotypic DST for first-line agents was performed on purified and confirmed M. 

tuberculosis colonies using proportional agar microplate assay as described previously. This 

was the standard method in the reference laboratory.
13

 Critical concentrations (breakpoints) 

were isoniazid 0.2 μg/mL, rifampicin 1µg/mL and ethambutol 5 μg/mL.  

Extraction of mycobacterial DNA 

M. tuberculosis colonies no more than 4 weeks old in subcultures were harvested in TE 

buffer (in cryovials) and inactivated at 80
o
C for 30 mins then kept at -80

o
C until they were 

sent for DNA extraction and whole genome sequencing (WGS). 

All procedures of subcultures, DST and bacterial cell harvest/inactivation were conducted in 

BSL-3 laboratories. 

Whole Genome Sequencing 

Genomic DNA from 50-100 µL of subcultures were extracted as described before.
14

 Libraries 

were constructed using Nextera XT DNA extraction kit (Illumina, San Diego, CA). Genome 

sequencing was performed on the NextSeq500 (Illumina) at the Center for Infectious 

Diseases and Microbiology, New South Wales Health Pathology in Sydney, Australia. Fastq 

were processed through an established pipeline whilst contamination screening and organism 

identification were performed using Centrifuge v1.0.4 with trimming of reads by 

Trimmomatic v0.38. 

Mykrobe predictor was used to assign phylogenetic lineages using lineage-informative single 

nucleotide polymorphisms (SNPs) (https://github.com/Mykrobe-tools/mykrobe).
15-17

 

Identification of resistance-associated SNPs 

Sequencing reads were mapped to the reference genome H37Rv (Genbank NC_000962) 

using the RedDog pipeline (https://github.com/katholt/RedDog).
18

 An initial phylogenetic 

tree was inferred using FastTree v2.1.8. Variant calling was performed using Snippy version 

3.1 and in-house scripts use to filter mutations associated with drug resistance as per 

CRyPTIC database (https://github.com/tseemann/snippy).
19, 20

 Indels were detected from 

RedDog output and in-house scripts.  



 

Statistical Analysis 

First, we report the prevalence of phenotypic drug resistance and of drug resistance 

conferring mutations, with 95% binomial confidence intervals. Then, we report on the 

prevalence of the major M. tuberculosis lineages and their association with drug resistance. 

The observed associations and significance were tested using a logistic regression model. 

Finally, we examined the predictive value of demographic and clinical characteristics for the 

most common form of drug resistance, isoniazid resistance, using logistic regression models.  

Analysis was conducted using STATA 16.1. 

Ethics 

The protocol was approved by the Human Research Ethics Committee of the University of 

Sydney (Ref: 2013/73) on 9th April, 2013. The protocol was also approved by the 

Institutional Review Board of the National Lung Hospital, Vietnam Ministry of Health (Ref: 

407/QD-BVPTU) on 29th August, 2013. The authors have no conflicts of interest to disclose. 

 

RESULTS:  
There were 365 participants with one or more positive cultures for M. tuberculosis over the 

four years of the study. There were 12 participants who had more than one occurrence of a 

positive culture. Mycobacterial DNA was extracted for WGS from the cultures for 265 

participants (73%). Of these, 237 participants (89%) had phenotypic DST performed (Figure 

1).  

Most M. tuberculosis positive cultures were from male participants (83.8%) and the mean age 

was 52.9 years (SD=15.4). Over half (53.9%) were current smokers, 8.8% had diabetes, and 

12.2% of participants had a history of previous TB. Fever and night sweats within the last 

two weeks were reported in 27.2% and 24.4% of participants respectively (Table 1). 

Phenotypic drug resistance shown higher levels of resistance to isoniazid compared with the 

other first line drugs (Table 2), with a total of 19.8% (95%CI: 14.7, 24.9%). There were 

seven participants (3.0%, 95%CI: 1.2, 6.0%) with multi-drug resistant tuberculosis and one 

with rifampicin mono-resistance. Testing numbers were lower for DST because of misplaced 

samples.  

From a total of 265 isolates sequenced, we found 88 isolates (33.2%, 95% CI 27.5, 38.9%) 

had an identifiable drug resistance mutation (Table 2). There were 10 cases with a rpoB 

mutation. Two of these did not have phenotypic DST performed. Seven of remaining eight 

cases with rifampicin-resistance mutations in the rpoB gene demonstrated phenotypic 

resistance. One case was reported as susceptible by phenotypic DST. In this case, the rpoB 

mutation was L430P, which has been reported to be associated with lower MIC values. 
21

 

There were 40 cases of isoniazid monoresistance. Several patients with fabG1 (5 of 18), inhA 

(2 of 2) and katG (2 of 31) mutations were phenotypically susceptible to isoniazid (using a 

breakpoint of 0.2μg/ml).  One isolate expressed a mutation associated with fluoroquinolone 

resistance (A90V mutation in gyrA gene) with no other resistance conferring mutations were 

identified. The complete list of mutations/substitutions and their corresponding phenotypic 

resistance patterns can be seen in table 3. No other resistance-associated mutations were 

detected beyond those listed in table 3. Phenotypic resistance with no detectable mutation 

was found in 2/46 INH resistant cultures, 0/8 RIF resistant cultures, and 1/6 ethambutol 

resistant cultures. One INH resistant sample did not have WGS performed. 

There were 106 isolates identified as Beijing lineage, 130 as EAI lineage and 23 European-

American lineage. Six did not have lineage identified. The prevalence of isoniazid resistance 

was significantly related to lineage (Table 4) and was higher among those with Beijing 

lineage isolates.  All seven cases of MDR-TB were in Beijing strains. 



 

Finally, there was no statistically significant relationship between isoniazid resistance and 

gender, smoking status, cough, haemoptysis, fever, night sweats, weight loss or smear 

positivity (Table 5).  

 

DISCUSSION:  

This study has demonstrated a high prevalence of isoniazid resistance and a low prevalence 

of other drug resistance among screen-detected cases of TB in the rural province of Ca Mau, 

Vietnam. The dominant genes in which mutations are associated with isoniazid resistance in 

this population are katG and fabG1, with only a small number of isoniazid resistant cases 

associated with inhA mutations. While the EAI strain is the dominant lineage in Ca Mau, the 

Beijing strain is common and is strongly associated with anti-tuberculous drug resistance. We 

did not find any clinical or demographic predictors of drug resistance in this study population 

though this may reflect limitations of the questionnaire style of data collection. 

The high prevalence of isoniazid resistance in this study population is consistent with other 

reports from Vietnam. Previous studies in southern Viet Nam have demonstrated a similar 

prevalence of isoniazid resistance of 16.6% and rifampicin resistance of 2.0%.
22

 While much 

higher rates of resistance have been reported, this has been in selected populations. For 

example, one study conducted on isolates drawn from central reference hospitals reported 

that 58% of patients had isoniazid resistance and 39% had rifampicin resistance.
23

 The 

reported prevalence of drug resistance across all of Viet Nam ranges from 22.4% to 39.6% 

for isoniazid and 4.9% to 24.5% for rifampicin.
23-25

. The prevalence of drug resistance is 

influenced by the breakpoint used for defining resistance. In this study we defined rifampicin 

resistance using a breakpoint of 1μg/mL. However, the latest WHO guidelines have 

recommended lowering the 7H10 and MGIT breakpoints (critical concentrations) to 0.5 

μg/mL. This may have led to an under-estimation of rifampicin resistance (and MDR-TB) in 

the study population.
26

 

Our findings in relation to the prevalence of mutations conferring drug resistance were also 

broadly consistent with previous reports which have shown that the katG mutation is 

predominant among isolates with isoniazid resistance 
27-29

. Compared to katG mutations there 

was a low prevalence of inhA mutations among the isoniazid resistant isolates in this study 

population.
30

 However, we did find a relatively high prevalence of mutations in fabG1 which, 

similar to inhA, encodes an enzyme in the FAS II process inhibited by isoniazid.
31

 The 

clinical importance of katG mutation predominance among the isoniazid resistant isolates is 

that, unlike inhA & fabG1, it often confers a high level of resistance which cannot be 

overcome with high-dose Isoniazid.
32, 33

 

In contrast to our finding in this southern, rural province of Ca Mau, a study in Hanoi, a large 

urban centre in the north, reported that Beijing strain is the dominant lineage with a 

prevalence of 56.6% compared to EAI of 24.7%. 
34

 Previous studies in Vietnam have found 

the Beijing strain to be more common in young females and patients previously treated for 

TB 
35

 Our finding that Beijing strain was strongly associated with drug resistance is 

consistent with several previous observations that have reported a link with fluoroquinolone 

resistance, increased multidrug-resistance and increased relapse rates.
36-38

 

We found that many isolates with mutations in the genes associated with isoniazid resistance 

(inhA and fabG1) did not demonstrate phenotypic resistance to isoniazid. It is possible that 

the critical concentration (breakpoint) for determining isoniazid resistance in the phenotypic 

DST was too high to detect the low level resistance associated with these mutations.
39, 40

 It is 

worth noting that two of the samples that were phenotypically susceptible to isoniazid but had 

fabG1 mutations where the SNP was in the -8 position. Our experience has been that 

phenotypic isoniazid resistance associated with this mutation is only observed when the broth 

microdilution method (TREK) is used.
41

 In contrast, to these findings with inhA and fabG1, 



 

most isolates that demonstrated katG mutations did demonstrate phenotypic isoniazid 

resistance consistent with its association with high level isoniazid resistance.
33

 The high 

specificity of the katG gene mutation for isoniazid resistance along with the high prevalence 

of Isoniazid resistance in the general population supports its inclusion in rapid molecular tests 

that are used for screening for resistance.
42

 This also supports the current Vietnam national 

tuberculosis protocol regimen for the inclusion of three drug therapy in the continuation 

phase to avoid acquired MDR-TB.
43

 

We did not find any correlations between clinical features and isoniazid resistance. This is 

consistent with the findings of other investigators who have found a relationship with 

previous history of TB, but not with presenting clinical symptoms 
44

.  It remains possible that 

other clinical characteristics, not measured here, might be predictive of isoniazid resistance. 

However, in general, our findings reinforce the importance of molecular strategies for rapid 

identification of drug resistance in people with TB.  

This study has several strengths. The setting within a population-wide active case finding 

program, in which participants provided sputum for testing regardless of symptoms, means 

that the data can be considered representative of the general population. The low proportion 

of women among the cases, reflects the low prevalence of TB among women in Vietnam 
45, 46

. 

The major limitation was the incompleteness of WGS and DST testing of the available cases. 

We assume that missing samples were missing a random. Another weakness was the lack of 

DST for pyrazinamide so that phenotypic resistance to this drug could not be assessed. 

In conclusion, this population-based study has shown results consistent with previous, less 

representative studies in Vietnam: a high prevalence of isoniazid resistance that is strongly 

associated with katG mutations and with Beijing lineage. In the context of the rapid progress 

in development of molecular tests for selecting anti-tuberculous drug regimens, data on the 

association between phenotypic resistance and genetic mutations, particularly in unselected, 

community-based study populations such as this, should be helpful in designing future testing 

strategies.  

 

ACKNOWLEDGEMENTS:  

The study was supported by Australian NHMRC Project grant for ACT3 (1045236) and 

NHMRC Centres of Research Excellence in TB Control (1134949, 1153493).  

We thank all the participants and staff involved in the ACT3 study. 

 

REFERENCES:  
1. WHO. Global Tuberculosis Report. 2021. 

2. Dean AS, Cox H, Zignol M. Epidemiology of drug-resistant tuberculosis. Strain 

variation in the Mycobacterium tuberculosis complex: its role in biology, epidemiology and 

control. 2017:209-20. 

3. Boardman NJ, Moore T, Freiman J, Tagliaferri G, McMurray D, Elson D, et al. 

Pulmonary tuberculosis disease among immigrant detainees: rapid disease detection, high 

prevalence of asymptomatic disease and implications for tuberculosis prevention. Clinical 

Infectious Diseases. 2020. 

4. Farhat MR, Shapiro BJ, Kieser KJ, Sultana R, Jacobson KR, Victor TC, et al. 

Genomic analysis identifies targets of convergent positive selection in drug-resistant 

Mycobacterium tuberculosis. Nature genetics. 2013;45(10):1183-9. 

5. Jones R, Velasco MS, Harris LG, Morgan S, Temple M, Ruddy MC, et al. Resolving 

a clinical tuberculosis outbreak using palaeogenomic genome reconstruction methodologies. 

Tuberculosis. 2019;119:101865. 



 

6. Mekonnen D, Derbie A, Chanie A, Shumet A, Biadglegne F, Kassahun Y, et al. 

Molecular epidemiology of M. tuberculosis in Ethiopia: A systematic review and meta-

analysis. Tuberculosis. 2019;118:101858. 

7. Papaventsis D, Casali N, Kontsevaya I, Drobniewski F, Cirillo D, Nikolayevskyy V. 

Whole genome sequencing of Mycobacterium tuberculosis for detection of drug resistance: a 

systematic review. Clinical Microbiology and Infection. 2017;23(2):61-8. 

8. Marks GB, Nguyen NV, Nguyen PT, Nguyen T-A, Nguyen HB, Tran KH, et al. 

Community-wide screening for tuberculosis in a high-prevalence setting. New England 

Journal of Medicine. 2019;381(14):1347-57. 

9. UNFPA, GSO. Results: The Viet Nam Population and Housing Census of 00:00 hours 

on 1 April 2019. In: Comittee CPHCS, editor.: Statistical Publishing House; 2020. p. 159. 

10. WorldBank. Report on Environmental and Social Impact Assessment. People's 

Committee of Ca Mau Province; 2019. p. 86. 

11. Unknown. UNAIDS - Country factsheets - Viet Nam 2020: UNAIDS; 2020 

[Available from: https://www.unaids.org/en/regionscountries/countries/vietnam. 

12. Global Tuberculosis Report 2020. World Health Organisation; 2020. 

13. Nguyen V, Nguyen H, Vu T, Nguyen N, Duong C, Tran T, et al. Reduced turn-around 

time for Mycobacterium tuberculosis drug susceptibility testing with a proportional agar 

microplate assay. Clinical Microbiology and Infection. 2015;21(12):1084-92. 

14. Votintseva AA, Pankhurst LJ, Anson LW, Morgan MR, Gascoyne-Binzi D, Walker 

TM, et al. Mycobacterial DNA extraction for whole-genome sequencing from early positive 

liquid (MGIT) cultures. Journal of clinical microbiology. 2015;53(4):1137-43. 

15. Schleusener V, Köser CU, Beckert P, Niemann S, Feuerriegel S. Mycobacterium 

tuberculosis resistance prediction and lineage classification from genome sequencing: 

comparison of automated analysis tools. Scientific reports. 2017;7(1):1-9. 

16. Hunt M, Bradley P, Lapierre SG, Heys S, Thomsit M, Hall MB, et al. Antibiotic 

resistance prediction for Mycobacterium tuberculosis from genome sequence data with 

Mykrobe. Wellcome open research. 2019;4. 

17. Hunt M, Bradley P, Leosil, Hall M, Liu Z, Iqbal Z. mykrobe  [updated 25/06/2021. 

Available from: https://github.com/Mykrobe-tools/mykrobe. 

18. katholt, d-j-e, kelwyres. RedDog  [updated 19/02/2021. Available from: 

https://github.com/katholt/RedDog. 

19. Seemann T, Maguire F, Chaudhuri R, Monzon S, Silva AGd, Bull M. Snippy  

[updated 04/08/2020. Available from: https://github.com/tseemann/snippy. 

20. Allix-Béguec C, Arandjelovic I, Bi L, Beckert P, Bonnet M, Bradley P. CRyPTIC 

Consortium and the 100,000 Genomes Project. CRyPTIC Consortium and the. 2018;100. 

21. Miotto P, Cabibbe AM, Borroni E, Degano M, Cirillo DM. Role of disputed 

mutations in the rpoB gene in interpretation of automated liquid MGIT culture results for 

rifampin susceptibility testing of Mycobacterium tuberculosis. Journal of clinical 

microbiology. 2018;56(5). 

22. Huong NT, Lan NT, Cobelens FG, Duong BD, Co NV, Bosman MC, et al. 

Antituberculosis drug resistance in the south of Vietnam: prevalence and trends. The Journal 

of infectious diseases. 2006;194(9):1226-32. 

23. Bañuls A-L, Tran THT, Pham KLT, Nguyen TS, Van Nguyen H, Nguyen NLT, et al. 

Mycobacterium tuberculosis lineages and anti-tuberculosis drug resistance in reference 

hospitals across Viet Nam. BMC microbiology. 2016;16(1):1-9. 

24. Le Hang NT, Maeda S, Lien LT, Thuong PH, Van Hung N, Thuy TB, et al. Primary 

drug-resistant tuberculosis in Hanoi, Viet Nam: present status and risk factors. PloS one. 

2013;8(8):e71867. 

https://www.unaids.org/en/regionscountries/countries/vietnam
https://github.com/Mykrobe-tools/mykrobe
https://github.com/katholt/RedDog
https://github.com/tseemann/snippy


 

25. Nhung N, Hoa N, Sy D, Hennig C, Dean A. The fourth national anti-tuberculosis drug 

resistance survey in Viet Nam. The International Journal of Tuberculosis and Lung Disease. 

2015;19(6):670-5. 

26. Technical report on critical concentrations for drug susceptibility testing of isoniazid 

and the rifamycins (rifampicin, rifabutin and rifapentine). World Health Organisation; 2021. 

Report No.: 9240017283. 

27. Mai TQ, Van Anh NT, Hien NT, Lan NH, Hang PTT, Lan NTN, et al. Drug 

resistance and Mycobacterium tuberculosis strain diversity in TB/HIV co-infected patients in 

Ho Chi Minh city, Vietnam. Journal of global antimicrobial resistance. 2017;10:154-60. 

28. Holt KE, McAdam P, Thai PVK, Thuong NTT, Ha DTM, Lan NN, et al. Frequent 

transmission of the Mycobacterium tuberculosis Beijing lineage and positive selection for the 

EsxW Beijing variant in Vietnam. Nature genetics. 2018;50(6):849-56. 

29. Huyen MN, Cobelens FG, Buu TN, Lan NT, Dung NH, Kremer K, et al. 

Epidemiology of isoniazid resistance mutations and their effect on tuberculosis treatment 

outcomes. Antimicrobial agents and chemotherapy. 2013;57(8):3620-7. 

30. Dean AS, Zignol M, Cabibbe AM, Falzon D, Glaziou P, Cirillo DM, et al. Prevalence 

and genetic profiles of isoniazid resistance in tuberculosis patients: A multicountry analysis 

of cross-sectional data. PLoS medicine. 2020;17(1):e1003008. 

31. Takayama K, Wang C, Besra GS. Pathway to synthesis and processing of mycolic 

acids in Mycobacterium tuberculosis. Clinical microbiology reviews. 2005;18(1):81-101. 

32. Banerjee A, Dubnau E, Quemard A, Balasubramanian V, Um KS, Wilson T, et al. 

inhA, a gene encoding a target for isoniazid and ethionamide in Mycobacterium tuberculosis. 

Science. 1994;263(5144):227-30. 

33. WHO treatment guidelines for isoniazid-resistant tuberculosis: supplement to the 

WHO treatment guidelines for drug-resistant tuberculosis. World Health Organization; 2018. 

Report No.: 9241550074. 

34. Maeda S, Hijikata M, Le Hang NT, Thuong PH, Van Huan H, Hoang NP, et al. 

Genotyping of Mycobacterium tuberculosis spreading in Hanoi, Vietnam using conventional 

and whole genome sequencing methods. Infection, Genetics and Evolution. 2020;78:104107. 

35. Buu TN, Huyen M, Lan N, Quy H, Hen N, Zignol M, et al. The Beijing genotype is 

associated with young age and multidrug-resistant tuberculosis in rural Vietnam. The 

international journal of tuberculosis and lung disease. 2009;13(7):900-6. 

36. Buu TN, Huyen MN, van Soolingen D, Lan NT, Quy HT, Tiemersma EW, et al. The 

Mycobacterium tuberculosis Beijing genotype does not affect tuberculosis treatment failure 

in Vietnam. Clinical Infectious Diseases. 2010;51(8):879-86. 

37. An DD, Duyen NTH, Lan NTN, Ha DTM, Kiet VS, Chau NVV, et al. Beijing 

genotype of Mycobacterium tuberculosis is significantly associated with high-level 

fluoroquinolone resistance in Vietnam. Antimicrobial agents and chemotherapy. 

2009;53(11):4835-9. 

38. Huyen MN, Buu TN, Tiemersma E, Lan NT, Dung NH, Kremer K, et al. Tuberculosis 

relapse in Vietnam is significantly associated with Mycobacterium tuberculosis Beijing 

genotype infections. The Journal of infectious diseases. 2013;207(10):1516-24. 

39. Hall L, Jude KP, Clark SL, Wengenack NL. Antimicrobial susceptibility testing of 

Mycobacterium tuberculosis complex for first and second line drugs by broth dilution in a 

microtiter plate format. JoVE (Journal of Visualized Experiments). 2011(52):e3094. 

40. Lee J, Armstrong DT, Ssengooba W, Park J-a, Yu Y, Mumbowa F, et al. Sensititre 

MYCOTB MIC plate for testing Mycobacterium tuberculosis susceptibility to first-and 

second-line drugs. Antimicrobial agents and chemotherapy. 2014;58(1):11-8. 



 

41. Lam C, Martinez E, Crighton T, Furlong C, Donnan E, Marais BJ, et al. Value of 

routine whole genome sequencing for Mycobacterium tuberculosis drug resistance detection. 

International Journal of Infectious Diseases. 2021. 

42. Cao Y, Parmar H, Gaur RL, Lieu D, Raghunath S, Via N, et al. Xpert MTB/XDR: A 

ten-color reflex assay suitable for point of care settings to detect isoniazid-, fluoroquinolone-, 

and second line injectable drug-resistance directly from <em>Mycobacterium 

tuberculosis</em> positive sputum. bioRxiv. 2020:2020.09.08.288787. 

43. Vietnam Ministry of Health. Guidelines for TB diagnosis and treatment. Decision 

1314. Hanoi, Vietnam. 2020. 

44. Flores-Treviño S, Rodríguez-Noriega E, Garza-González E, González-Díaz E, 

Esparza-Ahumada S, Escobedo-Sánchez R, et al. Clinical predictors of drug-resistant 

tuberculosis in Mexico. PloS one. 2019;14(8):e0220946. 

45. Hoa NB, Sy DN, Nhung NV, Tiemersma EW, Borgdorff MW, Cobelens FG. National 

survey of tuberculosis prevalence in Viet Nam. Bulletin of the World Health Organization. 

2010;88:273-80. 

46. End-year report performance review of the National Tuberculosis Control Programme 

2015. In: (NTP) NTCPVN, editor. Hanoi, Viet Nam2016. 



 

 

 

TABLES: 
 Table 1: Demographic and clinical characteristics of the study participants (n = 365) 

 Participants with 
positive mycobacterial 
cultures for M tb.  

Participants with a 
culture sample analysed 
by whole Genome 
Sequencing (WGS)  

Participants with a 
culture analysed for 
drug susceptibility 
testing (DST) 

N 365 265 237 
 n/N (%) n/N (%) n/N (%) 
    
Male (%) 306/365 (83.8%) 221/265 (83.4%) 198/237 (83.5%) 
Age years Mean, (Standard 
Deviation) 

52.9 (15.4) 52.0 (15.8) 51.9 (15.9) 

Cough in the last 2 weeks 
(%) 

208/279 (74.6%) 149/196 (76.0%) 128/169 (75.7%) 

Current Smoker (%) 193/358 (53.9%) 137/262 (52.3%) 123/236 (52.1%) 
Self-reported Diabetes (%) 26/295 (8.8%) 16/212 (7.5%) 14/190 (7.4%) 
Previous TB Treatment (%) 41/336 (12.2%) 24/244 (9.8%) 18/217 (8.3%) 
Fever in the last 2 weeks (%) 76/279 (27.2%) 51/196 (26.0%) 48/169 (28.4%) 
Night Sweats in the last 2 
weeks (%) 

68/279 (24.4%) 45/196 (23.0%) 37/169 (21.9%) 

Weight Loss in the last 
month (%) 

73/279 (26.2%) 51/196 (26.0%) 46/169 (27.2%) 



 

 

Table 2: Prevalence of drug resistance and resistance mutations in Ca Mau, Vietnam  

Drug Resistance Prevalence 
(n/N) 

Percent (95% 
Confidence Interval) 

Phenotypic Testing (DST)   

Isoniazid 47/237 19.8%  (14.7 to 24.9%) 

Rifampicin 8/237 3.4%  (1.1 to 5.7%) 

Ethambutol 6/237 2.5%  (0.9 to 5.4%) 

MDR-TB 7/237 3.0%  (1.2 to 6.0%)  

Resistance Mutations (WGS)   

Rifampicin 
- rpoB 

 
10/265 

 
3.8%  (1.8 to 6.8) 

Isoniazid 
- inhA 
- katG 
- fabG1 

Any isoniazid mutation 

 
2/265 
34/265 
20/265 
52/265 

 
0.8%  (0.1 to 2.7) 
12.8%  (9.1 to 17.5) 
7.5%  (4.7 to 11.4) 
19.6%  (15.0 to 24.9) 

Ethambutol 
- embA 

 
5/265 

 
1.9%  (0.6 to 4.3) 

Pyrazinamide 
- pncA 

 
6/265 

 
2.3%  (0.8 to 4.9) 

Ethionamide 
- ethA 

 
18/265 

 
6.8%  (4.1 to 10.5) 

 



 

 

Table 3: Full list of genetic mutations/substitutions and their corresponding phenotypic 

resistance profiles. 

Gene Mutation/Substitution Frequency 

Drug 

resistant 

to INH 

Drug 

resistant to 

Rifampicin 

Drug 

resistant to 

Ethambutol 

MDR 

TB 
gyrA A_A90V 2 0 0 0 0 

embA C-16G 1 1 1 1 1 

embB G406C 1 0 0 0 0 

embB M306I 1 1 1 1 1 

embB M306V 2 2 2 2 2 

ethA S266R 18 3 1 0 1 

fabG1 C-15T 15 12 0 0 0 

fabG1 G-17T 2 0 0 0 0 

fabG1 T-8A 3 1 0 0 0 

inhA I21V 2 0 0 0 0 

katG S315N 4 2 1 0 1 

katG S315T 30 27 6 5 6 

pncA D12A 1 1 0 0 0 

pncA E111 1 0 0 0 0 

pncA T135P 1 1 1 1 1 

pncA T2289252C 1 1 1 0 1 

pncA V139A 1 1 0 0 0 

pncA W68G 1 1 0 0 0 

rpoB D435V 1 1 1 0 1 

rpoB H445D 1 1 1 0 1 

rpoB H445N 1 0 0 0 0 

rpoB H445S 1 1 1 1 1 

rpoB H445Y 1 1 1 0 1 

rpoB L430P 1 0 0 0 0 

rpoB S450L 3 3 3 3 3 

rpoB V170F 1 0 0 0 0 

rpsL K43R 29 15 7 5 6 

rpsL K88R 14 7 1 0 1 



 

 

Table 4: Phylogenetic lineage as a predictor of resistance 

 

Lineage Total WGS 
N=265 

Isoniazid resistant/lineage 
n/N (%) 

Odds Ratio (95% 
Confidence Interval) 

Beijing 
(Lineage 2) 

106 25 / 91 (27.5%) Reference 

East-Africa-India 
(Lineage 3) 

130 16 / 117 (13.7%) 0.42 (0.21 to 0.84) 

European American 
(Lineage 4) 

23 3 / 20 (15.0%) 0.47 (0.13 to 1.73) 

Other 6 N/A N/A 



 

 

Table 5: The relationship between clinical features and phenotypic isoniazid resistance  

Clinical Features Isoniazid Resistance 
Odds Ratios (95% 
Confidence Intervals) 

P-Value* 

Age (>40 vs <40) 0.77 (0.38 to 1.57) 0.48 

Gender (Male vs Female) 1.16 (0.48 to 2.81) 0.75 

Current Smoker (Yes vs No) 1.82 (0.94 to 3.52) 0.07 
Cough in the last 2 weeks  (Yes vs No) 0.86 (0.37 to 2.04) 0.74 

Haemoptysis in the last month  (Yes vs No) 1.14 (0.23 to 5.77) 0.87 

Fever in the last 2 weeks  (Yes vs No) 0.47 (0.18 to 1.23) 0.13 
Night sweats in the last 2 weeks  (Yes vs No) 0.91 (0.36 to 2.29) 0.84 

Weight loss in the last month  (Yes vs No) 0.95 (0.41 to 2.23) 0.91 

Smear Positive  (Yes vs No) 1.02 (0.53 to 1.95) 0.96 

*P-value from separate logistic regression models with Isoniazid resistance as the outcome 

and each clinical feature as an exposure variable, respectively. 

 

 



 

FIGURE LEGEND:  
Figure 1: Study Flowchart. The first positive culture for a participant was included in the 

study if a positive culture was obtained on more than one occurrence.  

 
 

 


