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Objectives: Whole-genome sequencing (WGS) was employed to investigate antibiotic resistance, virulence and 
transmission profiles of multidrug-resistant tuberculosis (MDR-TB) isolates from Shanghai, China.

Methods: A total of 306 MDR-TB clinical isolates were collected from Shanghai Pulmonary Hospital and under
went phenotypic drug susceptibility testing (DST) for common anti-TB drugs and WGS. Combined 778 published 
bacterial sequences, we performed phylogenetic analysis, resistance and virulence gene identification to under
stand the genetic relationships and resistance mechanisms among those strains.

Results: WGS determination, supported by DST, revealed high resistance rates for isoniazid (83.66%) and rifam
picin (90.20%) among the MDR-TB isolates. Key resistance-associated mutations included katG Ser315Thr for 
isoniazid, rpoB mutations for rifampicin, and embB Met306Val for ethambutol. WGS demonstrated >90% con
cordance with culture-based DST for most drugs, except ethambutol that showed a 76.80% concordance. 
Analyses of virulence factors and phylogenetics revealed the genetically homogeneous, endemic MDR-TB popu
lation in Shanghai, with no evidence of recent transmission.

Conclusions: This study highlights the genetic homogeneity and endemic nature of MDR-TB in Shanghai, provid
ing insights into key resistance mechanisms of TB.
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Introduction
Tuberculosis (TB) is a significant global health threat, with >8.2 
million new TB cases reported in 2023 according to the World 
Health Organization (WHO).1 This makes the highest number 
of cases ever recorded and a substantial increase from 7.5 mil
lion cases in 2022, positioning TB as the leading cause of death 
from infectious diseases ahead of COVID-19. Efforts to control 
the disease are further complicated by multidrug-resistant TB 
(MDR-TB), which is resistant to at least isoniazid and rifampicin.1

Nearly half a million drug-resistant cases of MDR-TB are 
predominantly reported in high-burden nations, with India ac
counting for 26% of the global TB burden, followed by 

Indonesia (10%), China (6.8%), Philippines (6.8%) and Pakistan 
(6.3%).2,3 Treatment for MDR-TB is time and cost intensive, 
and often associated with significant toxicity, with success rates 
of only 56% for MDR-TB and 39% for extensively drug-resistant 
TB (XDR-TB). These outcomes highlight the urgent necessity for 
rapid and accurate detection of drug resistance to prevent the 
further dissemination of XDR-TB.2

Drug susceptibility testing (DST) remains the gold standard 
for diagnosing drug-resistant TB.3 However, its application is 
hampered by significant limitations, including a lengthy turn
around time of 4–6 weeks due to the slow growth rate of 
Mycobacterium tuberculosis, restricted drug coverage and 
stringent biosafety requirements.4 To address these challenges, 
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molecular-based DST methods, such as the WHO-recommended 
GeneXpert MTB/RIF assay, have offered a faster alternative by 
detecting rifampicin resistance-associated rpoB mutations.5

Despite their speed, these molecular assays are limited by their 
relative narrow diagnostic scope, the potential to overlook het
eroresistance and the risk of misclassifying synonymous or silent 
mutations as indicators of drug resistance.6 WGS has emerged as 
a transformative approach in pathogen diagnostics, providing 
high-resolution genotyping and precise pathogen identifica
tion.7,8 Unlike traditional DST methods, WGS provides a compre
hensive analysis of MTB genomic DNA to prediction of drug 
resistance mechanisms across multiple antimicrobials.9 While 
WGS has primarily been applied in economically developed re
gions with low TB burden, its potential in determining resistance 
to first-line drugs is increasingly being recognized.10

In this study, we harness WGS to characterize the drug resist
ance profile of MTB in Shanghai, a city in China with a high TB bur
den, and critically assess the efficacy in determining drug 
resistance. This approach addresses the growing recognition of 
WGS as a vital tool for understanding MTB evolution and resist
ance mechanisms, as well as its potential in distinguishing be
tween relapse and reinfection in prolonged TB cases.11 By 
integrating WGS data with classical epidemiological interviews, 
we aim to provide an in-depth understanding of MTB transmis
sion and resistance, which are essential for shaping public health 
strategies aimed to control outbreaks and reducing the TB inci
dence. Ultimately, this analysis contributes to global efforts in 
combating MDR-TB by advancing our understanding of resistance 
and transmission dynamics.

Materials and methods
Study design and data collection
From January 2013 to June 2019, a total of 306 MDR-TB clinical isolates 
were obtained from Shanghai Pulmonary Hospital, and stored at −80°C. 
These isolates underwent DST for three first-line anti-tuberculosis drugs: 
isoniazid, rifampicin and ethambutol, and three second-line drugs: fluor
oquinolones, streptomycin and amikacin, as previously reported.12,13

Data were electronically obtained from hospital medical and pharmacy 
records, then manually summarized by coordinating physicians for fur
ther analysis.

Ethics
This study was approved by the Ethical Committee of Shanghai 
Pulmonary Hospital and Ruijin Hospital (Approval ID 2018-015-1).

MDR-TB identification
Clinical MDR-TB isolates were identified using matrix assisted laser de
sorption ionization-time of flight mass spectrometry (MALDI-TOF MS) 
with Bruker BioTyper system (microflex LT; Bruker Daltonik GmbH, 
Bremen, Germany) at Shanghai Pulmonary Hospital. For analysis, bacter
ial colonies were placed on a stainless-steel MALDI target plate and cov
ered with 1 µL of α-cyano-4-hydroxycinnamic acid matrix solution. The 
target plate was then air-dried for 10 minutes before insertion into the 
mass spectrometer. Spectral data were acquired in the linear positive 
ion mode, covering a mass-to-charge (m/z) ratio from 2000 to 20 000, 
using a nitrogen laser at 337 nm wavelength.13 Each sample was ana
lysed with 240 laser shots per spectrum, and spectra were compared 
against the Bruker reference database for species identification. System 

performance was verified using H37Rv as a reference strain for quality 
control prior to analysing the samples.9,14

Antimicrobial susceptibility testing
In this study, six anti-tuberculosis drugs were tested using the rapid DST 
technology (BACTEC MGIT 960 system: BACTEC MGIT, Becton Dickinson, 
Cockeysville, MD, USA) in the clinical laboratory at Shanghai Pulmonary 
Hospital, an ISO 15189 accredited laboratory specialized in MTB detec
tion. The laboratory participates in the inter-laboratory quality assess
ment of the National Tuberculosis Reference Laboratory and the 
Tuberculosis Prevention Alliance for DST every year and passes the test. 
The protocol involved vortexing 5 mL of a bacterial solution with glass 
beads in a centrifuge tube for 30 s, followed by the addition of 800 µL 
of the solution to 7-mL BBL MGIT tubes. The first tube served as the con
trol, with subsequent tubes dedicated to the specific agents: the three 
first-line and the three second-line anti-tuberculosis drugs previously 
mentioned. Subsequently, 100 µL of the corresponding drug was added 
to the respective tubes, and 50 µL of diluted bacterial suspension was 
added to the control tube. Furthermore, 500 µL of bacterial solution 
was added to other tubes, and the turbidity of the bacterial solution 
was adjusted to the 0.5 McFarland standard. The tubes were incubated 
in the BACTEC MGIT 960 system, which facilitated automatic result inter
pretation and allowed for the retesting of samples with reported incorrect 
drug susceptibilities. The quality control strains used were the MTB 
H37Rv.9 All steps were performed by trained and specialized technicians 
in a biosafety cabinet following the Clinical and Laboratory Standards 
Institute (CLSI) and the WHO guidelines.

WGS sequencing, raw data processing and assembly
Frozen isolates were subcultured on Löwenstein–Jensen Medium, and 
genomic DNA was extracted for sequencing using the cetyltrimethylam
monium bromide (CTAB) method of DNA purification6,14 at Shanghai 
Pulmonary Hospital. Each extracted DNA was quantified by a Qubit 2.0 
Fluorometer (Invitrogen, Carlsbad, CA, USA). Sequencing library prepara
tions were constructed following the manufacturer’s protocol (Illumina 
TruSeq DNA Nano Library Prep Kit). Then libraries with different indices 
were multiplexed and loaded on an Illumina HiSeq instrument according 
to manufacturer’s instructions (Illumina, San Diego, CA, USA). Sequencing 
was carried out using a 2× 150 paired-end (PE) configuration by 
Uni-medica Inc. (Shenzhen, Guangdong, China). The sequence reads 
were aligned to the reference strain MTB H37Rv (GenBank accession no. 
NC000962.3). Drug resistance and strain-type profiles directly from raw 
sequences were reported directly from raw sequences using an online 
TBProfiler tool (https://github.com/jodyphelan/TBProfiler).15 The corre
sponding IDs of the sequencing samples are listed in Table S3 (available 
as Supplementary data at JAC-AMR Online). Raw sequencing reads 
were processed to obtain valid reads for further analysis. First, raw reads 
were processed using Fastp v.0.23.4 for adapter removing, quality assess
ment and low-quality reads trimming with default parameters.10

Phylogenetic analysis
To elucidate the evolutionary relationships among 306 distinct MTB 
strains, a phylogenetic tree was meticulously assembled utilizing the 
RAxML (random accelerated maximum likelihood) software.15 First, single 
nucleotide polymorphisms (SNPs) were identified across the genomes of 
the 306 stains, with a specific focus on high-confidence variants. SNPs lo
cated within PE/PPE regions, as well as those associated with insertion 
elements and repetitive DNA sequences, were deliberately excluded 
from the analysis. This exclusion was designed to mitigate any potential 
interference from genetic variations that do not contribute to evolution
ary divergence, such as those that may arise due to insertional events or 
genomic instability. The remaining SNPs were then used to generate a 
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phylogenetic tree, employing RAxML with the GTR+G evolutionary 
model16,17 to maximize the accuracy of the tree construction. The final 
tree was visualized using SplitsTree software18 to clearly delineate the 
phylogenetic relationships among the strains, providing insights into their 
evolutionary history and potential transmission patterns.

Resistance and virulence analysis
All contigs and other sequences were analysed to predict susceptibility to 
six anti-tuberculosis drugs. WGS was utilized to determine drug resistance 
with the TBProfiler.19 Additionally, antimicrobial resistance, virulence and 
resistance genes were identified using the VFDB20 (Virulence Factor 
Database) and the CARD21 (Comprehensive Antibiotic Resistance 
Database), both of which are databases provided by Abricate v.1.0.1. 
The outcomes of the resistance and virulence analyses were integrated 
using the ‘Abricate -summary’ function, which facilitated the calculation 
of identity with the genes in the database.

Average nucleotide identity (ANI) analysis
For ANI calculations, we employed SKani,22 which estimates sequence 
identity using a sparse k-mer chaining approach. Genomes were frag
mented into 20-kb nonoverlapping chunks, and a sparse set of k-mers 
was used to seed chains against a reference genome. Orthologous chains 
were extracted, and ANI was estimated for each chunk, with a mean ANI 
output and a learned debiasing step applied. SKani was executed with the 
following parameters: SKani dist genome1.fa genome2.fa -o output_ 
file.txt, which facilitated rapid querying against a database of >65 000 
prokaryotic genomes within seconds and 6 GB of memory.

Statistical analysis
Statistical analysis was performed using MedCalc software.23 Key per
formance metrics, including true positives, false positives, true negatives 
and false negatives, were calculated in relation to WGS. Concordance, 
sensitivity and specificity were determined and compared, with a 95% 
confidence interval established for all statistical assessments.

Results
WGS determination of in antimicrobial resistance of 
MDR-TB
WGS determination of drug susceptibility using TBProfiler were 
complemented by DST for six anti-TB drugs. The minimum inhibi
tory concentration (MIC) results and phenotypic data are detailed 
in Table 1 and Table S1. As shown in Table 1, R/R indicates the rate 
of resistance for both MIC phenotypic and TBProfiler predicted va
lues. Accordingly, for the two first-line anti-tuberculosis drugs, 
the clinical resistance rates for isoniazid and rifampicin have 
reached alarmingly high levels, with R/R values of 76.45% and 
85.95%, respectively. Additionally, the second-line drug strepto
mycin exhibits a concerning resistance rate, with an R/R value of 
65.36% (Table 1). In contrast, the tested strains showed relatively 
high susceptibility to ethambutol, fluoroquinolones and amika
cin, with resistance rates remaining below 40%.

Table 1 shows the drug resistance profile of all 306 clinical MTB 
isolates based on culture-based DST and WGS. Overall, 93.14% 
(285/306) were resistant to at least one drug, with only 21 iso
lates being susceptible to all six drugs. Specifically, 90.85% 
(278/306) were resistant to at least one first-line drug, and 
77.12% (236/306) were resistant to at least one second-line 
drug. The total resistance rates were as follows: isoniazid 

(256, 83.66%), rifampin (276, 90.20%), ethambutol (118, 
38.56%), fluoroquinolones (125, 40.85%), streptomycin (210, 
68.63%) and amikacin (34, 11.11%). For monoresistance, the 
number of rifampin-resistant isolates was the highest (11, 
3.59%). Additionally, 83.01% (254/306) of TB cases were diag
nosed as MDR-TB, becoming the main focus of this study, and 
11.11% (34/306) of isolates were diagnosed as XDR-TB, while 
6.21% (19/306) of isolates were diagnosed as TDR-TB (Table 1).

Drug resistance-related mutation gene patterns
Quality control of the sequencing data for the 306 MTB isolates 
showed that an average genome sequencing depth ranging 
from 51.67 to 238.11 (mean 166.29). The genome 10× coverage 
was from 98.69 to 99.95 (mean 99.19), and the genome 1× 
coverage was from 99.12 to 99.99 (mean 99.38).

Genes and mutations associated with resistance to the anti- 
tuberculosis drugs in MDR-TB were identified by WGS (Table 2
and Table S2). A total of 242 isolates (79.08%) had mutations 
in genes associated with resistance to isoniazid, including katG 
(n = 195), the promoter of fabG1 (n = 40), ahpC (n = 6) and inhA 
(n = 1). Among isolates, 24 strains had more than one isoniazid 
resistance-associated mutation. The most common mutations 
were katG Ser315Thr (n = 184) and fabG1 −15C>T (n = 34). 
Rifampicin resistance-associated mutations were identified in 
274 isolates (89.54%), all had mutations in the rpoB gene. In add
ition, there were 11 isolates with rpoC mutations in addition to 
rpoB mutations. Also, 18 mutations in the rpoB gene were not 
in the 81-bp rpoB rifampicin resistance-determining region 
(RRDR), precisely Ala286Val (n = 5), Val170Phe (n = 3), Ile480Val 
(n = 3), Glu761Asp (n = 2), Arg552Cys (n = 1), Ile491Phe (n = 1), 
Glu460Gly (n = 1), Pro483Leu (n = 1) and Thr400Ala (n = 1). 
Among them, 15 isolates had mutations in RRDR, while three 

Table 1. Antimicrobial agent susceptibilities of 306 Mycobacterium 
tuberculosis isolates

Antimicrobial 
agent

Count of 
resistant 
isolates 

based on 
DST

Percentage 
of resistant 

isolates 
based on 
DST (%)

Count of 
resistant 
isolates 

based on 
WGS

Percentage 
of resistant 

isolates 
based on 
WGS (%)

Isoniazida 256 83.66 241 78.76
Rifampicina 276 90.20 263 85.95
Ethambutola 118 38.56 177 57.84
Fluoroquinolonesb 125 40.85 120 39.22
Streptomycinb 210 68.63 205 66.99
Amikacinb 34 11.11 27 8.82

The MIC thresholds for DST were determined based on references.22–30

The specific MIC thresholds are as follows: Isoniazid (S ≤ 100 mg/L, R ≥  
1000 mg/L); Rifampicin (S ≤ 1000 mg/L, R ≥ 4000 mg/L); Ethambutol 
(S ≤ 2000 mg/L, R ≥ 8000 mg/L); Fluoroquinolones (S ≤ 250 mg/L, R ≥  
1000 mg/L); Streptomycin (S ≤ 2000 mg/L, R ≥ 8000 mg/L); and 
Amikacin (S ≤ 2000 mg/L, R ≥ 8000 mg/L).
aFirst-line drugs for MDR-TB.
bSecond-line drugs for MDR-TB.
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isolates (Ile491Phe, Glu460Gly, Thr400Ala) had mutations out
side RRDR. There were 179 strains with ethambutol genetic resist
ance: 18 isolates had embA mutations and 161 isolates had 
embB mutations. Among them, 10 isolates had both embA and 
embB mutations, and five had mutations at two different embB 
sites. The most common mutations were embB Met306Val 
and Met306Ile, accounting for 38.55% (69/179) and 20.11% 

(36/179), respectively. For fluoroquinolones, 95 isolates (92.23%) 
showed mutations in the gyrA gene, with the mutation 
Asp94Gly being the most common one (n = 73), and rare muta
tions at codon 70 and codon 89 in three isolates. Mutations in 
gyrB were found in eight isolates. Streptomycin resistance was 
associated with mutations in the gid, rpsL and rrs genes, occur
ring in 3 (1.47%), 172 (84.31%) and 29 (14.22%) isolates, 

Table 2. Genetic variations associated with resistance to the six anti-tuberculosis drugs in MDR-TB

Antimicrobial agent Mutation gene Mutation type No. of isolates Mutation rate (%)

Isoniazid ahpC ahpC c.-48G>A 2 0.83
ahpC c.-52C>T 1 0.41
ahpC c.-54C>T 1 0.41
ahpC c.-74G>A 1 0.41
ahpC c.-81C>T 1 0.41

fabG1 fabG1 c.-8T>C 6 2.48
fabG1 c.-15C>T 34 14.05

inhA inhA p.Ile21Val 1 0.41
katG katG c.-10A>C 11 4.55

katG p.Ser315Thr 184 76.03
Rifampicin rpoB rpoB p.Ala286Val 5 1.82

rpoB p.Asp435Ala 10 3.65
rpoB p.Gln432Lys 8 2.92
rpoB p.Val170Phe 3 1.09
rpoB p.Ile480Val 3 1.09
rpoB p.Ile491Val 1 0.36
rpoB Glu761Asp 2 0.73
rpoB Glu460Asp 1 0.36
rpoB Pro483Leu 1 0.36
rpoB Thr400Ala 1 0.36
rpoB Arg552Cys 1 0.36
rpoB p.Ser450Leu 229 89.60

rpoC rpoC p.Asp747Ala 5 2.23
rpoC p.Leu527Val 2 0.74
rpoC p.Gly332Arg 2 0.74

Ethambutol embA embA c.-11C>A 2 1.18
embA c.-12C>T 4 2.23
embA c.-16C>T 12 6.70

embB embB p.Asp354Ala 14 7.82
embB p.Gly406Asp 42 23.46
embB p.Met306Val 69 38.55
embB p.Met306Ile 36 20.11

Fluoroquinolones gyrA gyrA p.Ala90Val 17 16.50
gyrA p.Asp94Gly 73 70.87
gyrA p.His70Arg 1 0.97
gyrA p.Ser91Pro 4 3.88

gyrB gyrB p.Glu501Asp 3 2.91
gyrB p.Arg446His 2 1.94
gyrB p.Ile486Leu 2 1.94
gyrB p.Asn499Thr 1 0.97

Streptomycin gid gid c.353 354insG 2 0.98
gid c.115 115del 1 0.49

rpsL rpsL p.Lys43Arg 172 84.31
rrs rrs r.514a>c 17 8.33

rrs r.517c>t 12 5.88
Amikacin rrs rrs r.1401a>g 23 69.70
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respectively. Additionally, all 23 amikacin-resistant isolates ex
hibited mutations in the rrs gene, specifically the 1401A>G 
mutation.

Consistency comparison of phenotypic and genotypic DST
Using the culture-based DST as the gold standard, we evaluated 
the capability of WGS to determine MDR-TB drug resistance for six 
drugs. True positives, false positives, false negatives, true nega
tives, concordance, sensitivity and specificity for each drug are 
shown in Table 3, and parameters and formulas involved in the 
study are shown in Table S4. For 306 isolates tested, we found 
an average concordance of 91.83% across all six drugs, ranging 
from 76.80% (ethambutol) to 97.06% (amikacin), an average 
sensitivity of 90.82%, ranging from 76.47% (amikacin) to 
95.29% (rifampicin) and an average specificity of 91.33%, ran
ging from 65.43% (ethambutol) to 100.00% (rifampicin). The 
drug resistance predictive values of isoniazid, rifampin, fluoroqui
nolones, streptomycin and amikacin were all high, all of which ex
ceeded 90%.

Seventy-two isolates showed drug resistance-associated mu
tations despite being classified as susceptible by culture-based 
DST. Among these isolates, mutations associated with isoniazid re
sistance were identified in katG, specifically at Ser140Asn (n = 2), 
Tyr155Cys (n = 1), Ser140Asn (along with fabG1-15C > T, n = 1); 
for ethambutol at embA-11C > A (n = 1), embA-12C > T (n = 3), 
embA-16C > T (n = 3), embA-16C > G (n = 1), embB Asp1024Asn 
(n = 3), embB Asp328Tyr (n = 1), embB Asp354Ala (n = 3), embB 
Gln497Arg (n = 3), embB Gly406Ala (n = 3), embB Gly406Asp (n =  
8), embB Gly406Ser (n = 3), embB His1002Arg (n = 2), embB 
Met306Ile (n = 15), embB Met306Leu (n = 3), embB Met306Val 
(n = 10), embB Ser347Ile (n = 1), embB Tyr334His (n = 1), 
embA-16C > T + embB Gln497Arg (n = 1), embB Gly406Asp + embB 
Gln497Lys (n = 1) and embB Met306Ile + embB Gly406Asp (n = 1); 
for ofloxacin at gyrB Arg446Cys (n = 1), gyrB Ala504Val (n = 1); for 
streptomycin at gid 115del (n = 1), rpsL Lys88Arg (n = 1), rrs 514A  
> C (n = 1) and rrs 51C > T (n = 1).

Conversely, 33 isolates that were drug-resistant according to 
culture-based DST (n = 14 for isoniazid, n = 8 for rifampicin, n = 3 
for ethambutol, n = 9 for ofloxacin, n = 6 for streptomycin and 
n = 9 for amikacin) showed no known drug resistance mutations 
using WGS.

Phylogenetic classification of drug resistance
After rigorous quality control that excluded 23 isolates, the re
maining 283 MTB isolates were genetically analysed alongside 

778 publicly available strains from NCBI repository,13 uncovering 
close phylogenetic relationships among strains of diverse geo
graphic origins. Figure 1 presents the phylogenetic tree of these 
1061 MTB isolates, delineating drug resistance profiles, Hb type 
classification of strains based on the genetic characteristics and 
lineages pinpointed by 48 495 high-confidence SNPs. A genetic 
distance threshold of 12 SNPs or fewer was established to signify 
recent transmission events.24 The findings disclosed no evidence 
of recent transmission among the strains from this collection, 
underscoring an evolutionary relationship between the isolates 
gathered here and those historically documented in China.

Genetic homogeneity and endemicity of MDR-TB strains
The SKanI analysis of the current study demonstrates exceeding
ly high genetic identity among Shanghai MDR-TB isolates, with 
ANI values predominantly exceeding 99.95% when compared 
to historical strains from China (Figure 2a–d). This significant gen
etic correlation underscores the endemism of the disease and 
suggests that the strains sequenced in this study can find corre
sponding prototypes in past outbreaks within the country. The 
homogeneity observed implies a clonal expansion of a resistant 
lineage, indicating that our isolates are not novel imports but ra
ther part of an established, circulating population.

Comparative genomic analysis of virulence factors and 
resistance genes
The genomic analysis identified 68 virulence factors with the iden
tity of >99.95%, highlighting their conservation among MDR-TB 
isolates (Figure 3a). Conversely, based on CARD database align
ment, 11 distinct resistance genes were identified: APH(3′)-Ie, 
AAC(2′)-Ib, RbpA, Erm.37, mfpA, embB, efpA, rpoB, tsnr, murA and 
mtrA (Figure 3b). These results indicated a higher frequency of 
resistance genes, reflecting the genetic landscape shaped by 
antibiotic selection pressure. The prevalence underscored the 
genetic basis of drug resistance in MDR-TB and the necessity 
for genomic-informed strategies to address these resistance 
mechanisms.

Discussion
WGS has emerged as a powerful tool capable of rapidly providing 
comprehensive genetic drug resistance profiles and has demon
strated robust performance in determining drug resistance, par
ticularly for first-line drugs.25 In this study, we leveraged WGS to 
determine drug resistance in 306 clinical MDR-TB isolates from 

Table 3. WGS compared with DST in drug resistance diagnosis of MDR-TB

Antimicrobial agent True positive False positive False negative True negative Concordance (%) Sensitivity (%) Specificity (%)

Isoniazid 237 4 19 46 92.48 92.58 92.00
Rifampicin 263 0 13 30 95.75 95.29 100.00
Ethambutol 112 65 6 123 76.80 94.92 65.43
Fluoroquinolones 113 7 12 174 93.79 90.40 96.13
Streptomycin 200 5 10 91 95.10 95.24 94.79
Amikacin 26 1 8 271 97.06 76.47 99.63
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Shanghai and analysed their phylogenetic relationship combin
ing with 778 strains from public database MDR-TB. This study 
highlights the efficacy of WGS in accurately determining resist
ance profiles, and underscores its significance in guiding tailored 
treatment strategies and addressing the growing challenge of 
MDR-TB in high-burden regions.

Our study corroborates previous research by confirming the 
katG Ser315Thr mutation as a key determinant of isoniazid 

resistance.26 This mutation was observed in 76.03% of our sam
ples, and it is associated with a high-level isoniazid resistance in 
94.36% of cases, a finding that is consistent with global trends. 
The prevalence of this mutation, along with those in fabG1, which 
together were identified in 97.11% of our genotypic resistant iso
lates, underscores their predictive value for isoniazid resistance. 
Notably, the katG Ser315Thr mutation emerged as the most 
prevalent, highlighting its critical role in conferring resistance to 

Figure 1. Phylogenetic tree of 1061 MTB isolates indicating Hb type and lineages with 48 495 high-confidence SNPs.
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(a) (b)

(c) (d)

Figure 2. ANI-based phylogenetic relationships of MDR-TB in Shanghai. The sequence consistency results for SKani_g7 group (a), SKani_g10 group (b), 
SKani_g17 group (c), and SKani_g24 group (d) are represented.
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isoniazid. Consistent with existing literature, our findings indicate 
that over 96% of rifampicin resistance is attributable to muta
tions within the 81-base pair region of the rpoB gene, known as 
the RRDR.27 However, our analysis extends these findings by iden
tifying three rifampicin-resistant isolates with mutations outside 
the RRDR, a revelation that underscores the limitations of 
molecular DST, such as the GeneXpert MTB/RIF.28 Specifically, 
the three RRDR-external missense mutations—Ile491Phe (Ile → 
Phe), Glu460Gly (Glu → Gly) and Thr400Ala (Thr → Ala)—may 
incorrectly classify isolates with RRDR-external mutations as sus
ceptible, suggesting a risk of false negatives in the detection of ri
fampicin resistance.29 Furthermore, our findings indicated that 
synonymous or silent mutations within the RRDR could also result 
in false-positive resistance readings, adding another layer of 
complexity to the accurate detection of rifampicin resistance. For 
ethambutol, embB codon 306 mutations were the most common 
in clinical isolates resistant to ethambutol. The most frequent mu
tations were embB Met306Val and Gly406Asp, with mutation rates 
of 38.55% and 23.46%, respectively. The primary mechanism of 
MTB resistance to fluoroquinolones is chromosomal mutations lo
cated in the quinolone resistance-determining regions of gyrA30,31

or gyrB.32,33 In our study, the most common mutations in 
fluoroquinolone-resistant isolates were at positions 90 and 94 of 
gyrA, with fewer mutations at codons 70, 89 and 91, consistent 
with other studies. Consistent with other studies, there are three 
streptomycin-related resistance genes, namely rrs, rpsL and gid, 
encoding 16S rRNA,34 ribosomal protein S1235 and 16S rRNA- 
specific methyltransferase,36 respectively. In streptomycin- 
resistant isolates, mutations in rpsL were the most frequent and 
associated with high-level streptomycin resistance, followed by 
rrs, associated with moderate-level streptomycin resistance. 
Mutations in gid were rare, occurring in only three streptomycin 
genotypic resistant isolates. It is believed that mutations in gid 

are associated with low-level streptomycin resistance. However, 
it must be considered that this may be related to the small number 
of gid mutant strains.37 For the 23 amikacin genotypic resistant 
isolates, all harboured the 1401a>g mutation in rrs, which is asso
ciated with the global resistance of 70%–80% of MTB isolates to 
amikacin and kanamycin38,39 and 60% resistance to kanamycin. 
Our study not only reaffirms the established associations between 
specific genetic mutations and drug resistance in MTB, but also re
veals new insights, particularly regarding the detection limitations 
of current molecular DST tests and the need for a more nuanced 
understanding of resistance mechanisms to guide treatment 
strategies effectively.

In this study, WGS demonstrated high sensitivity and specificity, 
exceeding 90%, for determining resistance to isoniazid, rifampicin, 
fluoroquinolones and streptomycin, with a remarkable concord
ance of >92% with culture-based DST for these drugs, as 
corroborated by SKani and phylogenetic analyses. However, for 
ethambutol, the concordance was significantly lower at 76.80%, 
suggesting a need for improved specificity in WGS determin
ation.40 This discrepancy may be attributed to the inherent limita
tions of phenotypic DST for ethambutol and the complex interplay 
of resistance mechanisms, including efflux pumps,41,42 which are 
not fully understood.

Conclusion
In conclusion, our study elucidates the complex resistance pro
files and virulence patterns of MDR-TB in Shanghai, providing crit
ical insights into the genetic determinants of drug resistance and 
the transmission dynamics of resistant strains. 

(i) A comprehensive WGS analysis of MTB drug resistance was 
conducted, revealing detailed resistance mechanisms and 
transmission patterns.

(a) (b)

Figure 3. MDR-TB genomic profile: virulence factors and antibiotic resistance. (a) The genomic analysis results identifying 68 conserved virulence fac
tors in MDR-TB isolates, with an identity of >99.95% compared to the reference sequences in the VFDB. (b) The identification of 11 distinct resistance 
genes in MDR-TB isolates, aligned with the CARD.
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(ii) High prevalence of key mutations (e.g. katG Ser315Thr for 
isoniazid, rpoB for rifampicin) informs tailored diagnostic 
tests and treatment strategies.

(iii) WGS demonstrated >90% concordance with culture-based 
DST for most drugs, except ethambutol, which showed a 
76.80% concordance.

(iv) Phylogenetic analysis revealed a genetically homogeneous 
and endemic MDR-TB population in Shanghai, with no evi
dence of recent transmission.
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