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Background: Tuberculosis (TB) remains a severe public health problem globally, and it is essential to comprehend the transmission 
pattern to control tuberculosis. Herein, we evaluated the drug-resistant characteristics, recent transmission, and associated risk factors 
of TB in Golmud, Qinghai, China.
Methods: In this study, we performed a population-based study of patients diagnosed with TB in Golmud from 2013 to 2018. Drug- 
susceptibility testing and whole-genome sequencing were performed on 133 Mycobacterium tuberculosis strains. The genomic 
clustering rate was calculated to evaluate the level of recent transmission. Risk factors were identified by logistic regression analysis.
Results: Our results showed that 46.97% (62/132) of strains were phylogenetically clustered and formed into 23 transmission clusters, 
suggesting a high recent transmission of TB in the area. 12.78% (17/133) strains were multidrug-resistant/rifampicin tuberculosis (MDR/RR- 
TB), with a high drug-resistant burden. Based on drug resistance gene analysis, we found 23 strains belonging to genotype MDR/RR-TB, where 
some strains may have borderline mutations. Among these strains, 65.2% (15/23) were found within putative transmission clusters. Additionally, 
risk factor analysis showed that recent transmission of TB happened more in patients with Tibetan nationality or older age.
Conclusion: Overall our study indicates that the recent transmissions of MTB strains, especially genotypic MDR/RR strains, drive 
the tuberculosis epidemic in Golmud, which could contribute to developing effective TB prevention and control strategies.
Keywords: tuberculosis, recent transmission, risk factor, whole-genome sequencing

Introduction
Tuberculosis (TB), caused by Mycobacterium tuberculosis (MTB), remains a major public health problem globally. The 
World Health Organization (WHO) estimated that 10.6 million people were infected and 1.6 million people died in 
2021.1 China has the third highest TB burden worldwide, with an estimated 780,000 new TB cases in 2021.1 The 
emergence of drug-resistant tuberculosis and the high rate of transmission threaten the eradication of tuberculosis.

The increasing availability of whole-genome sequencing (WGS) technologies, coupled with the development of analytical 
methods that integrate spatial and epidemiological data, has transformed our ability to describe TB transmission in populations.2 

The WGS approach has better discriminatory power compared to classical genotyping, such as spoligotyping or MIRU-VNTR 
typing.3 To date, WGS of MTB has been used to estimate the recent transmission of incident TB cases,4,5 and to investigate TB 
outbreaks and transmission chains. 6 Since phenotypic drug susceptibility testing (pDST) carried out by culture-based procedure 
takes a long time and stringent biosafety conditions, WGS has the potential to identify genotypic drug resistance by revealing 
genetic drug resistance.7 Furthermore, WGS can also provide insights into the drug resistance, diverse lineages, and genetic 
variants of the strains.8 In China, MTB strains are classified into four lineages (Lineage 1–Lineage 4), of which Lineage 2 is 
predominant, especially among multidrug-resistant (MDR) strains.9

Infection and Drug Resistance 2024:17 417–425                                                              417
© 2024 Song et al. This work is published and licensed by Dove Medical Press Limited. The full terms of this license are available at https://www.dovepress.com/terms.php 
and incorporate the Creative Commons Attribution – Non Commercial (unported, v3.0) License (http://creativecommons.org/licenses/by-nc/3.0/). By accessing the work 

you hereby accept the Terms. Non-commercial uses of the work are permitted without any further permission from Dove Medical Press Limited, provided the work is properly attributed. For 
permission for commercial use of this work, please see paragraphs 4.2 and 5 of our Terms (https://www.dovepress.com/terms.php).

Infection and Drug Resistance                                                              Dovepress
open access to scientific and medical research

Open Access Full Text Article

Received: 25 August 2023
Accepted: 5 December 2023
Published: 1 February 2024

http://www.dovepress.com/permissions.php
https://www.dovepress.com/terms.php
http://creativecommons.org/licenses/by-nc/3.0/
https://www.dovepress.com/terms.php
https://www.dovepress.com


Despite significant progress in TB control in the past few years, China remains a high-burden country in the world.10 

Previous studies have shown that transmission rather than inadequate treatment was a major driving force for the actual 
MDR-TB epidemic.2,11,12 Thus, understanding the transmission dynamics of TB and its risk factors is particularly 
important for tuberculosis control and intervention. In China, genomic epidemiological approaches have been applied to 
characterize the recent transmission dynamics of TB in some developed provinces and cities,5,12,13 but rare reports on 
transmission within low population density and less developed areas.

Qinghai province is located in western China, with a high burden of tuberculosis.14 Previous studies have investigated 
that the spatial epidemiological characteristics and transmission of tuberculosis in Qinghai province, but rarely report on 
the genomic transmission characteristics and drug resistance of MTB strains. In this study, we conducted a population- 
based study to characterize transmission dynamics and associated risk factors of TB based on MTB strains in Golmud 
city, which is a large city of Qinghai province. These findings could understand the characterization of MTB strains and 
develop effective strategies to control and further eliminate TB.

Methods
Sample Collection
This was a retrospective study based on routine national drug resistance surveillance work in Qinghai province.15 

The samples included all MTB strains isolated from suspected pulmonary tuberculosis patients with sputum 
smears positive, who attended local designated hospitals or dispensaries in the surveillance site (Golmud) of 
Qinghai province between January 2013 and December 2018. Cultures with growing colonies were sent to the 
National Tuberculosis Reference Laboratory (NTRL) in China CDC for identification and WGS analysis. Matrix- 
assisted laser desorption/ionization time-of-flight mass spectrometry (MADLI-TOF-MS) was used to differentiate 
Mycobacterium tuberculosis and nontuberculous mycobacteria (NTM).

Epidemiological Investigation
The epidemiological information of each patient including demographic, sexual, educational, job-seeking characteristics 
and national was collected from the national drug resistance surveillance database, which was collected from patients 
after written informed consent. The study received ethical approval, which complies with the Declaration of Helsinki, 
from the Ethics Committee of the Chinese Center for Disease Control and Prevention (202223).

Drug Susceptibility Testing
The drug susceptibility test (DST) of MTB strains against isoniazid (INH), rifampicin (RIF), ethambutol (EMB), kanamycin 
(KAN), amikacin (AMI), levofloxacin (LFX) and moxifloxacin (MXF) were determined according to the standard operating 
protocol defined by CRyPTIC.16 Briefly, 0.5 McFarland suspensions of MTB isolates prepared from fresh colonies (no longer 
than 14 days old) grown on Lowenstein-Jensen tubes were diluted 100-fold in 10 mL of 7H9 broth prior to plate inoculation. The 
semi-automated Sensititre TM Auto-inoculator (Thermo Fisher, Scientific Inc., USA) was used to aliquots100μL into each well of 
the UKMYC6 microdilution plate. Then, all the plates were sealed and incubated for 14 days at 37°C. The DST results for each 
drug were performed separately by two trained laboratory operators using the Thermo Fisher Sensititre™ Vizion™ digital MIC 
viewing system. The minimum inhibitory concentration (MIC) is the lowest antibiotic concentration that inhibits observable 
microorganism growth. Quality control runs with reference M. tuberculosis H37Rv ATCC 27294 was performed on the plate on 
a regular basis. The critical concentration value of anti-TB drugs included in this study refers to our previous report.17

DNA Extraction and Sequencing
All MTB strains were recovered successfully and were scraped from L-J slant, a genomic DNA sequence extract by the 
Cetyltrimethylammonium bromide (CTAB) method according to the previous report.18 Whole-genome sequencing of 
strains was performed on purified DNA using the Illumina HiSeq PE150 technique by Annoroad Gene Technology 
company (Beijing, China).
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Phylogenetic Analysis
The overall quality of sequence reads was checked using FastQC (v0.11.8). Verified paired-end reads were filtered with 
Trimmomatic with default values and a minimum Phred Quality score of 20. The variants calling was performed as previously 
reported.17 Briefly, the paired reads were mapped to the reference genome H37Rv (NC_000962.3) using BWA-MEM (v0.7.17). 
SAMtools (v1.3.1) and GATK (v3.8.0) were used to call variants, and each variant could satisfy the requirements of a minimum 
coverage depth of 10X, a minimum quality score of Q20, and an allele frequency of more than 75%. SNPs located in known drug 
resistance-related genes, mobile genetic elements, PE or PPE regions were excluded from phylogenetic analysis. A recombination 
core SNP alignment was constructed, and a maximum likelihood phylogenetic tree was constructed by IQ-TREE with 1000 
bootstraps. The phylogenetic tree was visualized and modified by ChiPlot.19 Pairwise SNP distance of the strains performed by 
SNP-dist (v0.7.0). According to the previous report, clusters were defined as isolates within pairwise genetic distance of less than 
12 SNPs.17 The lineage of the strains was performed by fast-lineage-caller (v0.3).

Core Genome MLST (cgMLST) Analysis
The cg-MLST analysis was performed by Ridom SeqSphere+ software (v7.2.3) with the default settings.20 Each strain sequence 
was aligned to the M. tuberculosis cg-MLST scheme consisting of 2891 core genes of the seed genome H37Rv (NC_000962.3), 
the default settings including the removal of the shorter of two genes overlapping by more than four bases and the genes with an 
internal stop codon. The full cgMLST analysis was performed on strain sequences that imparted >90% good target, and the 
minimum spanning tree was calculated for the allelic profiles of the targets. According to previous studies, the isolates sharing less 
than 12 allelic differences are classed into a cluster, suggesting the occurrence of recent transmission.21,22

Antimicrobial Resistance Prediction
Drug resistance profiles of the strains were performed using the TB Profiler (https://github.com/jodyphelan/TBProfiler), 
which could detect drug resistance variants and predict drug resistance genotypes.23

Statistical Analysis
The chi-square test or Fisher's exact test was used for categorical data. Logistic regression analysis was used to calculate 
the odds ratios (OR) and 95% confidence intervals (CI) for risk factors associated with MDR/RR-TB and genomic 
clustering. P value less than 0.05 were considered statistically significant. All statistical analysis was performed in the 
SPSS (v18.0).

Results
Study Population and Samples
Between January 2013 and December 2018, a total of 343 suspected tuberculosis patients attended the local designated 
hospitals in Golmud, Qinghai. 134 MTB strains isolated from pulmonary tuberculosis patients with sputum smear- 
positive. In addition, one strain was excluded due to belonging to NTM. Finally, 133 MTB strains from Golmud city 
were included in the follow-up study (Figure 1).

Phenotypic Drug-Resistant Profile
Among all the 133 MTB strains, 12.78% (17/133) strains were resistant to rifampicin, 12.03% (16/133) and 3.01% (4/ 
133) strains were resistant to isoniazid and ethambutol, respectively. Lower fluoroquinolone resistance rates were 
observed, 0.75% (1/133) and 1.50% (2/133) were moxifloxacin and levofloxacin resistance, respectively. No strains 
were resistant to aminoglycoside drugs (Figure S1). Based on previous drug-resistant patterns,17 12.78% (17/133) of 
MTB belong to MDR/RR strains in this study.

Genotypic Drug-Resistant Characteristics
Out of the remaining 132 isolates with WGS, 17.42% (23/132) of strains belong to MDR/RR-TB (Figure 2A). In this study, we 
have only described and examined the molecular resistance of rifampicin and isoniazid due to the small number of other 
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resistant strains (Tables S1 and S2). The most prevalent rifampicin-resistant mutation was rpoB_S450L (52.17%, 12/23), 
followed by rpoB_H445D (17.39%, 4/23). We also found that 18 strains (13.63%, 18/132) have detectable mutations related to 
isoniazid resistance and the majority mutation was katG_S315T (88.89%, 16/18). Notably, our results show that some strains 
with associated resistance genetic mutations do not exhibit phenotypic resistance, which may be due to some genetic 
mutations belonging to borderline mutations, such as rpoB_L452P, rpoB_L430P and fabG1_ C-15T.7,24

Phylogenetic Analysis
To better understand the genetic structure of MTB strains in Golmud, a phylogenetic tree was constructed based on non- 
convergent SNPs (Figure 2A). Most (94.18%, 123/132) strains belong to Lineage 2 (L2), while others (5.82%, 9/132) 

Figure 1 Diagram of M. tuberculosis strains included in the study.

Figure 2 The phylogenetic tree of MTB strains in this study. (A) The midpoint-rooted maximum likelihood phylogenetic tree of 132 strains in this study. The genotype of 
lineage 2, genotype drug resistant, rifampicin and isoniazid resistant genotypic resistance are shown on the tree from inner to outer circles. The purple outer circle indicates 
clusters of strains. (B) The Phylogenetic tree of 132 strains from Golmud and 251 strains detected in other areas of China. The colors of the branches represent different 
lineages, and the colors of the outer rings showed the geographic location of the strains.
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were Lineage 4 (L4), which is in line with previous reports about the main lineages in China.25 In this study, we further 
classified the strains of lineage 2 according to Shitikov’s schemes,26 and the results showed that 73.17% (90/123) of the 
L2 strains were divided into five genotypes. The majority of the L2 strains belong to Asia ancestral 3 (47/123), followed 
by Asian African 2 (21/123), Asia ancestral 1(8/123), Pacific RD150 (6/123). Three isolates belong to Asian African 1, 
Asian African 3 and Central Asia, respectively. Our results indicate that MTB strains have high genetic diversity.

Furthermore, we constructed phylogenetic trees based on WGS data of these strains together with the strains collected from 
other areas of China9 (Figure 2B). The results showed that mostly strains in Golmud and other areas were distributed across the 
phylogenetic tree and do not cluster into distinct clades, suggesting that the MTB strains have a shared evolutionary history.

Transmission Analysis
Genomic transmission clusters were defined using 12 SNPs as a cutoff value, and there are 23 clusters identified by SNP- 
barcoding analysis (Figure 2A). To better investigate the transmission dynamics of TB, we confirmed the relationship 
between MTB strains using cgMLST method, which has previously been used to look at TB outbreaks.21 The minimum 
spanning tree of 132 strains was built by cg-MLST analysis, which showed that 46.97% (62/132) of strains consist of 23 
genomic clusters in our study, with the size ranging from 2 to 5 strains (Figure 3). Among all the clusters, 82.60% (19/23) 

Figure 3 The minimum distance spanning tree of strains in this study. The tree was constructed by Ridom SeqSphere+ with cg-MLST analysis. Pairwise SNP distance of the strains 
and the cluster were shown in the Tree, the clusters were defined as strains with 12 or fewer SNPs. According to the legend, the color represents the isolation times of the strains.
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of clusters in this study have an interval time of fewer than 3 years, which suggests that most of the recent transmission 
events have happened within 3 or fewer years.

We note that the clustering of strains obtained using the SNP and cgMLST method was consistent in this study, 
further indicating the presence of recent transmission of these clusters in Golmud city. Furthermore, the high clustering 
rate of MTB strains indicates that transmission is likely to be a major driver of the local TB epidemic.

Risk Factors for Genomic Cluster
Finally, we identify the risk factors associated with the genomic cluster by the logistic regression. Our data showed that 
the years, occupation and nationality were associated with clustering (Table 1). Multivariate analysis indicated that recent 

Table 1 Univariate and Multivariate Logistic Regression on the Risk Factors of MTB Clustering (n=132)

Factors Non-Cluster Cluster cOR (95% CI) p value aOR (95% CI) p value

Sex

Female 31 (44%) 23 (37%) 1.00 1.00

Male 39 (56%) 39 (63%) 1.35 (0.67–2.71) 0.40 0.93 (0.38–2.27) 0.88

Age, year

15–34 31 (44%) 20 (33%) 1.00 1.00

35–44 10 (14%) 17 (28%) 2.64 (1.01–6.90) 0.05 5.24 (1.44–19.03) 0.01

45–64 19 (27%) 15 (25%) 1.22 (0.51–2.95) 0.65 2.15 (0.64–7.22) 0.22

≥65 10 (14%) 9 (15%) 1.40 (0.48–4.03) 0.54 4.57 (1.11–18.87) 0.04

Residence

Urban 27 (39%) 16 (26%) 1.00 1.00

Rural 43 (61%) 45 (74%) 1.77 (0.84–3.73) 0.14 1.23 (0.44–3.42) 0.70

Occupation

Worker 16 (23%) 6 (10%) 1.00 1.00 1.00

Farmer 42 (60%) 44 (72%) 2.79 (1.00–7.82) 0.05 2.54 (0.48–13.32) 0.27

Student 3 (4%) 0 - - - -

Others 9 (13%) 11 (18%) 3.26 (0.90–11.81) 0.72 3.23 (0.54–19.35) 0.20

Nationality

Han 30 (43%) 19 (31%) 1.00 1.00

Mongolian 7 (10%) 3 (5%) 0.68 (0.16–2.94) 0.60 1.71 (0.20–14.54) 0.63

Hui 17 (24%) 12 (19%) 1.12 (0.44–2.84) 0.82 1.55 (0.44–5.12) 0.50

Tibetan 15 (21%) 27 (44%) 2.57 (1.10–5.99) 0.02 5.23 (1.32–20.73) 0.02

Uyghur 1 (1%) 1 (2%) 1.58 (0.09–26.78) 0.75 11.05 (0.31–395.29) 0.19

Previous treatment

No 63 (90%) 55 (89%) 1.00 1.00

Yes 7 (10%) 7 (11%) 1.15 (0.38–3.47) 0.81 2.79 (0.59–13.21) 0.20

Educational level

College or above degree 6 (9%) 2 (3%) 1.00 1.00

Senior high degree 7 (10%) 5 (8%) 2.14 (0.30–15.36) 0.45 0.42 (0.04–4.45) 0.47

Junior high degree 17 (24%) 18 (29%) 3.18 (0.56–17.96) 0.19 0.26 (0.02–2.85) 0.27

Primary degree 19 (27%) 15 (24%) 2.37 (0.42–13.46) 0.33 0.20 (0.02–2.27) 0.20

Other 21 (30%) 22 (35%) 3.14 (0.57–17.35) 0.19 0.11 (0.01–2.27) 0.10

TB contact

Yes 9 (13%) 8 (13%) 1.00 1.00

No 61 (87%) 54 (87%) 1.00 (0.36–2.76) 0.99 1.42 (0.40–5.05) 0.59

Income

≤10,000 41 (59%) 36 (59%) 1.00 1.00

10,000–50,000 28 (40%) 21 (34%) 0.85 (0.42–1.76) 0.67 1.22 (0.46–3.26) 0.69

>50,000 1 (1%) 4 (7%) 4.56 (0.49–42.65) 0.15 7.93 (0.65–96.50) 0.10

Genotypic RR/MDR-TB

No 62 (89%) 47 (76%) 1.00 1.00

Yes 8 (11%) 15 (24%) 2.47 (0.97–6.32) 0.06 7.86 (1.87–33.01) 0.01

Lineage

Lineage 4 7 (10%) 2 (3%) 1.00 1.00

Lineage 2 63 (90%) 60 (97%) 3.33 (0.67–16.69) 0.14 4.58 (0.56–37.33) 0.16
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transmission of TB was more happened in patients with Tibetan nationality (P = 0.02) or elder age (35–44 or ≥65 years, 
P = 0.01 and P = 0.04). Also, genotypic RR/MDR-TB had a higher risk of clustering (P = 0.01) (Table 1).

Discussion
In our study, we analyzed the genetic diversity and drug resistance of MTB strains, and described the TB transmission 
pattern with risk factors in Golmud city of Qinghai province, China. The results showed that more than 10% of the 
strains belong to MDR/RR-TB, which is higher than the national level in China (7.42%),7 but similar to the level of 
Yichang city (11.3%).27 In addition, low fluoroquinolone resistance rate was detected in this study, which is inconsistent 
with reports from other provinces in China.17,22,27 The conflicting result might be due to the frequency and dosage of 
fluoroquinolone antibiotics used in different regions or the strains selected for the research. However, this finding favors 
future applications of fluoroquinolones in TB treatment regimens of shorter duration.

WGS methods can currently be combined with epidemiological data to effectively study the transmission dynamics of 
MTB strains,2,28–30 either using cg-MLST3,21,29,31 or SNP barcode methods.5,32 In this study, we provided a snapshot of 
tuberculosis transmission based on cg-MLST analysis and SNP calling methods, both of them get the same results. Our 
data show that nearly half (46.97%, 62/132) of MTB strains in possible transmission clusters, higher than in rural 
counties in China (31.4%)11 and Yichang city (30.1%),27 indicating recent transmission is a noticeable cause of TB 
patients in Golmud. The role of recent transmission was even more pronounced for genotype MDR/RR-TB, among 
which 65.2% (15/23) were found within putative transmission clusters. This phenomenon also occurs in rural areas in 
China, which showed that 81.4% of the MDR-TB cases were likely from transmission of MDR strains.11 This may be 
due to the fact that most cases of MDR/RR-TB are undetected or inappropriately treated, and the transmission of these 
strains can lead to a more serious MDR/RR-TB epidemic. Therefore, increasing the management of TB patients is 
a powerful measure to reduce the local TB burden.

Risk factors of TB transmission analysis indicated that patients with older age had higher transmission incidence, 
a result in line with previous research in Shanghai, China, which showed that being older than 45 years is at higher risk 
of transmission.12 Thus, the management of the elderly population should be emphasized in the process of TB prevention 
and control. In addition, a meta-analysis about risk factors of MDR-TB in China showed that history of tuberculosis 
treatment was considered to be at risk of MDR-TB.33,34 Effective TB control relies on early diagnosis and subsequent 
rapid DST to provide appropriate treatment in order to interrupt further transmission.35 We noted that 40% MDR/RR-TB 
cases are previously treated in Golmud city, indicating that some patients are not receiving appropriate and adequate 
treatments. Therefore, rapid diagnosis and rational drug regimen are essential to control MDR/RR-TB. Previous studies 
have demonstrated that whole-genome sequence could predict the susceptibility of MTB to first-line drugs with high 
specificity and sensitivity,7,36 suggesting WGS or rapidly targeted sequencing for drug resistance diagnosis of TB in the 
future.

Our study has several limitations. First, it is possible that we did not collate all of the culture positive TB cases and 
strains in the population. The sample size of included strains is relatively small, resulting in an under-representation of 
the region. Second, strains could be misclassified as unique if they were in fact clustered with strains outside the study 
period and geographical setting. In the future, a larger sample size of its neighboring provinces and cities should be 
included for a systematic examination of TB transmission in the area. In addition, the field of epidemiological 
investigation was insufficient that have missed some transmission settings and epidemiological links.

In conclusion, our study helped to investigate the transmission dynamics of TB based on genomic epidemiological 
approaches in Golmud city. Transmission appears to occur principally among Tibetan nationality, or those 35–44 years 
old patients, and therefore more attention should be paid to this targeted population. Further improvement in drug- 
resistant identification, especially in patients who were previously treated, is important for reducing transmission and 
improving TB control in Golmud, China.
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