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Purpose: Understanding the mode of Mycobacterium tuberculosis (M. tuberculosis) transmission is crucial for disease prevention and 
control. Compared to traditional genotyping methods, whole genome sequencing (WGS) provides higher resolution and comprehen-
sive genetic information, enabling the tracing of infection sources and determining of transmission routes to resolve extensive 
tuberculosis (TB) outbreaks. We conducted a ten-year study on the transmission of M. tuberculosis in a population in eastern China.
Patients and Methods: We selected Lianyungang, an eastern city in China, as the study site. Patients diagnosed with active 
pulmonary TB from 2011 to 2020 were enrolled as the study subjects. We isolated and sequenced 2252 M. tuberculosis. Strains with 
pairwise genetic distances of less than 12 single nucleotide polymorphisms were defined as genomic clusters and which were 
considered recent transmissions. Kernel density estimation and K-function analysis were applied to explore the spatial distribution 
of recently transmitted strains.
Results: After excluding non-tuberculous mycobacteria and duplicated samples, 2114 strains were included in the final analysis. These strains 
comprised lineage 2 (1593, 75.35%) and 4 (521, 24.65%). There were 672 clustered strains, with a recent transmission rate of 31.79%. The 
logistic regression model showed that the risk of recent transmission was high in students [adjusted odds ratio (aOR): 2.68, 95% confidence 
interval (CI): 1.63–4.49, P<0.001] and people infected with L2.2.1 strains (aOR: 1.59, 95% CI: 1.20–2.12). Higher spatial aggregation of TB 
transmission has been concentrated in Haizhou, Donghai, and Guanyun for the past 10 years. Three outbreaks affecting 46 patients were 
spatially spaced, with 11 to 23 persons each. Different groups exhibited varying geographic distances between the initial and later cases.
Conclusion: There are areas with a high risk of transmission for M. tuberculosis in the research site, and the risk varies among different 
populations. Accurate prevention strategies targeted at specific regions and key populations can help curb the prevalence of TB.
Keywords: tuberculosis, transmission, cluster, whole genome sequencing, spatial analysis

Introduction
Tuberculosis (TB) is a chronic respiratory infectious disease caused by M. tuberculosis and is one of the major infectious 
diseases that jeopardize human health.1 China has the third highest burden of TB in the world (7.1%) after India and 
Indonesia.2 In 2022, the estimated incidence of TB in China was 52/100,000, with a mortality rate of 2.0/100,000.2 The 
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transmission of TB is influenced by environmental factors, the characteristics of source cases and contacts, and the nature of 
their exposure, with the most significant risk coming from individuals with positive sputum tests and high cough frequency.

In recent years, the prevention and treatment of TB in China has had remarkable success, with the overall incidence 
rate showing a downward trend. This outcome is partially attributed to investigating the spread dynamics of diseases to 
understand the risk factors leading to disease occurrence in different populations. Molecular epidemiology and spatial 
analysis make it possible to study the spread of M. tuberculosis, allowing us to understand the spatial distribution of the 
disease, identify the most affected areas, and formulate transmission hypotheses based on this.

Lianyungang is a city with a high TB burden in northern Jiangsu Province, China. The declining trend in incidence 
has tended to be slow in the last several years, and targeted strategies are needed to achieve further declines. We have 
previously conducted studies on TB transmission in Lianyungang using the Variable Number Tandem Repeats (VNTR) 
or high-resolution genotyping methods but without geospatial correlation analysis.3 Traditional genotyping methods may 
not be sufficient to discriminate between closely related strains resulting from recent transmission. Whole Genome 
Sequencing (WGS) is a comprehensive method for analyzing entire genomes, which can provide higher resolution and 
comprehensive genetic information, enabling the tracing of infection sources and determining transmission routes. By 
differentiating strains into smaller and more precise clusters, WGS provides higher resolution for identifying TB 
outbreaks for identifying TB outbreaks. Therefore, we combined the genomic data of M. tuberculosis strains based on 
the WGS method and spatial analysis to explain the characteristics of TB transmission in Lianyungang.

Materials and Methods
Study Design and Study Subjects
We selected Lianyungang as the study site. Lianyungang is located on the eastern coast of China, with a total area of 
7615 square kilometers and a population of 4.594 million. Patients diagnosed with active pulmonary TB from 2011 to 
2020 were enrolled as the study subjects. We collected their demographic and clinical data, including age, sex, resident 
area, diagnosis delay, treatment delay, laboratory test results, drug resistance and treatment outcomes. We defined the 
diagnostic delay as the period between the onset of a patient’s symptoms and the confirmed diagnosis. This study was 
conducted in accordance with the Declaration of Helsinki and approved by the ethics committee of Nanjing Medical 
University. Written informed consent was obtained from study participants.

M. tuberculosis Culture and Sequencing
We collected sputum samples from each patient and cultured them for M. tuberculosis strain isolation. Each specimen 
was treated with an equal volume of 4% sodium hydroxide and then vigorously stirred to achieve homogenization. 
Subsequently, the resulting specimen was inoculated into the medium and incubated at 37°C. Isolated strains were stored 
at −80°C.

Before gene sequencing, the strain was retrieved from the refrigerator and revived on the Lowenstein-Jensen medium 
at 37°C. The genomic DNA of the culture-positive strains was extracted using the cetyl trimethyl ammonium bromide 
(CTAB) method.4 We constructed a 300-base-pair double-ended DNA library for each strain and sequenced it with an 
expected depth of 300×. The whole genome of M. tuberculosis was sequenced on the Illumina NovaSeq 6000 platform. 
We obtained clean data by using fastp (v0.23.2) to control raw data quality and Bowtie2 (v2.3.1) to map the sequencing 
reads to the reference genome H37Rv (NC_000962.3).5 The SnpEff (v5.1) was then used to obtain single nucleotide 
polymorphisms (SNPs) in the target genome relative to H37Rv. Snippy (v4.6.0) and snp-dists (v0.7.0) were applied to 
generate a matrix of SNP distance. Following this, Freebayes (v1.3.6), a tool for detecting genetic variants, was 
employed to identify SNPs, insertions, deletions (indels), and multi-nucleotide polymorphisms (MNPs), ensuring 
a minimum Phred base quality of 30, a mapping quality exceeding 30 or more, and a sequencing depth ≥ 5.6

We only used fixed SNPs (frequency ≥ 75%) not located in drug-resistant genes or repetitive regions of the genome to 
calculate the pairwise distance. We defined isolates with pairwise genetic distances less than 12 SNPs as genomic 
clusters, considered recent transmissions.7 Clusters of ≥ 10 people were defined as an outbreak (Group A, B and C). We 
included unclustered cases as a comparison group (Group D). We established the phylogenetic tree using the maximum 
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likelihood method by MEGA(v11.0) and created the comment file with itol.toolkit (https://github.com/TongZhou2017/ 
itol.toolkit).8 Subsequently, we used the Interactive Tree of Life (https://itol.embl.de/) to visualize the phylogenetic tree.

Spatial Analysis of M. tuberculosis
We geocoded the residential addresses of participants by ArcGIS (v10.8). We conducted the spatial analysis with the 
genotype data to identify geographic transmission clusters, including geographic median center point, standard devia-
tional ellipse with directional distribution at 1 standard deviation (SD) and kernel density estimation. The medium center 
identifies the location that minimizes the overall Euclidean distance to the features in a dataset.9 Data outliers less 
influence the algorithm for the median center. We used the standard deviation ellipse to provide a graphical representation 
of the direction for the spatial distribution of strains.10 Point data were used to map TB cases because of the limited 
number of strains with SNPs ≤ 12 and the high degree of randomness of recently transmitted strains at the township level.

The kernel density estimation method transforms discrete categorical variables into numerical continuous variables 
through the kernel function. Spatial densities are reflected by calculating the probability density of events occurring in the 
study area, and smooth maps showing denser areas are generated. The search radius is set to 10,000 meters. Temporal 
changes in areas of high spatial aggregation were observed by plotting kernel densities of clustered patient residences in 
a sliding 3-year window. Finally, we plotted three large clusters of kernel density maps to analyze the spatial aggregation 
of each outbreak.

Statistical Analysis
All statistical analyses were performed with R software (v4.2.2). We used medians (interquartile range [IQR]) to 
represent continuous variables and numbers (percentages) to represent categorical variables. The logistic regression 
model was used to calculate the odds ratio (OR) and 95% confidence interval (CI) for risk factors connected to genomic 
clustering. Variables with P < 0.05 in the univariable analysis were included in the multivariable analysis. Multivariable 
analysis was used to calculate the adjusted odds ratios (aOR). We used the Chi-squared and Fisher’s exact tests to 
compare differences between clustered and unclustered groups. The difference was considered statistically significant at 
a criterion of P < 0.001.

To estimate the spatial clustering among participants in each group, Ripley’s K-function analysis, a representative 
spatial point pattern analysis approach, was employed to quantitatively evaluate the spatial dispersion characteristics of 
point patterns at a certain distance.11,12 We compared relative clustering in individuals of clustered and unclustered 
groups by estimating the difference in K-functions over a range of distances to explain potential clustering caused by 
underlying transmission.13 To aid our interpretation, we created plots showing K-function estimations along the y-axis 
and distances indicated along the x-axis. Next, we looked at the form and behavior of the observed K-function values. To 
get 95% CIs, we employed 999 random permutations. We examined lines where observations fell outside the upper or 
lower confidence interval to detect statistically significant differences.

We investigated possible spatiotemporal trends by measuring the geographic distance between the first participant 
diagnosed with TB and those subsequently diagnosed in each group. We applied the R package of spatstat (https://cran. 
r-project.org/web/packages/spatstat/index.html) for K-function analysis and ggplot2 to display scatter plots.14

Results
From 2011 to 2020, 16,611 TB cases were reported in Lianyungang, and 2252 strains were culture-positive and sent for 
WGS. After excluding 48 non-tuberculous mycobacteria strains, 12 mixed infections, 28 duplications, 15 sequencing 
failures, and 35 strains with missing data, a total of 2114 M. tuberculosis strains were involved in the final analysis. 
Among them, there were 372 genomically clustered isolates, with the clustering rate at 31.79% (Figure 1). Strains were 
classified into 310 separate clusters, with each cluster varying in size from 2 to 23, indicating recent transmission of 
M. tuberculosis. There were 223 (71.9%) small clusters with 2 strains, 84 (27.0%) medium clusters with 3–9 strains, and 
3 (0.97%) large clusters with more than 10 strains.

The incidence rate and the lineage proportion of TB patients in each county per year are shown in Figure S1. 
According to the phylogenetic tree constructed based on the WGS data, Lineage 2.2, also known as the Beijing genotype 
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strain, accounted for the majority (75.2%, 1590/2114). L2.2.1 (1568 strains) was the predominant sub-lineage, compris-
ing 64.1% of the total isolations. The remaining 523 strains, representing 24.7% of the total (523/2114), were classified 
as Lineage 4 strains, also known as Euro-American lineage (Figure 2).

The multivariable analysis revealed that students (aOR: 2.68, 95% CI: 1.63–4.49) have the highest clustering risk as 
compared to farmers. Using the sublineage L4.4.2 as the reference, L2.2.1 strains (aOR: 1.59, 95% CI: 1.20–2.12) were 
at a higher risk of clustering. In addition, the risk of clustering was lower in older patients as compared to patients under 
the age of 25 (25–44 years: aOR: 0.71, 95% CI: 0.52–0.97; 45–64 years: aOR: 0.51, 95% CI: 0.37–0.69; ≥ 65 years: 
aOR: 0.24, 95% CI: 0.17–0.34) (Table 1).

The areas of spatial aggregation were relatively stable during the 10-year study period. Haizhou, located in the center 
of Lianyungang, has always been the high spatial aggregation area for cluster-forming strains. High-density areas of 
cluster-forming strains gradually appeared in Donghai, and the high-density areas in Guanyun gradually moved toward 
Haizhou (Figure 3).

There were 46 cases involved in the clusters of A, B, and C, and 1442 cases were distributed in the control group 
D (unclustered). In group D, 85.23% of participants were primary TB patients, with a median age of 58 years, and 
77.95% were male. Older adults (aged 65 and above) made up 35.71% of the group, with the majority being farmers 
(76.49%). Additionally, 71.29% of group D participants experienced delayed diagnosis, and 79.75% of the group were 
from rural areas.

Three clustered groups all belonged to the 2.2.1 lineage. The number of males exceeds females in each group, with 
median ages ranging from 20 to 37 years. Groups B and C were predominantly composed of younger individuals, with 
the proportion of students was 33.33% and 34.78%. Participants in groups A and B mainly come from urban areas, while 

Figure 1 Flow chart of study subject enrollment.
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those in group C mainly come from rural areas. Most of the three groups are newly diagnosed patients, with a higher 
incidence of delayed diagnosis (Table 2).

As shown in Figure 4, Kernel density estimations, median center points, and directional distributions for each 
clustered and unclustered group participant are presented on the map. For every group, the center point was located in 

Figure 2 Phylogenetic tree of M. tuberculosis isolates in Lianyungang.

Table 1 Univariate and Multivariable Logistic Regression of Risk Factors for Genomic Clustering

Variables Unclustered 
N=1442

Clustered 
N=672

Total  
N=2114

Univariate Analysis Multivariate Analysis

Odds Ratio  
(95% CI)

P-value Odds Ratio  
(95% CI)

P-value

Gender

Male 1124 (68.7) 513 (31.3) 1637 (77.4) Ref.

Female 318 (66.7) 159 (33.3) 477 (22.6) 1.10 (0.88, 1.36) 0.410

Age group (years)

≤24 158 (46.2) 184 (53.8) 342 (16.2) Ref.

25~44 294 (61.1) 187 (38.9) 481 (22.8) 0.55 (0.41, 0.72) <0.001 0.71 (0.52, 0.97) 0.030

45~64 475 (70.3) 201 (29.7) 676 (32.0) 0.36 (0.28, 0.48) <0.001 0.51 (0.37, 0.69) <0.001

≥65 515 (83.7) 100 (16.3) 615 (29.1) 0.17 (0.12, 0.22) <0.001 0.24 (0.17, 0.34) <0.001

Occupation

Farmer 1103 (71.3) 443 (28.7) 1546 (73.1) Ref.

Student 31 (30.7) 70 (69.3) 101 (4.8) 5.62 (3.67, 8.81) <0.001 2.68 (1.63, 4.49) <0.001

Service sector 136 (61.8) 84 (38.2) 220 (10.4) 1.54 (1.14, 2.06) <0.001 1.11 (0.82, 1.51) 0.500

Laborer 74 (63.2) 43 (36.8) 117 (5.5) 1.45 (0.97, 2.13) 0.060 0.95 (0.63, 1.42) 0.810

Retire 77 (83.7) 15 (16.3) 92 (4.4) 0.49 (0.27, 0.83) 0.010 0.71 (0.83, 1.24) 0.250

Other 21 (55.3) 17 (44.7) 38 (1.8) 2.02 (1.04, 3.85) 0.030 1.65 (0.84, 3.22) 0.140

(Continued)
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different places. The median center point of group A and the unclustered group D were located on Ninghai Street and 
Gangbu Farm in Haizhou District. The median center point of group B was located in Sucheng Street, Lianyun District. 
The median center point of group C was located in Xinan Town, Guannan County. Participants in 3 cluster groups were 
all dispersed in a north-south pattern. However, the distribution of group A was the most compact. Clustered groups had 
a more compact distribution than unclustered group D (Figure 4).

Kernel density estimations reveal the potential spatial clusters of participants of each group, which is demonstrably 
similar to the median center results. Groups A and B had similar case concentration areas in Haizhou District, while cases 
of group C were mainly distributed in the southern townships of Guanyun County. High-density areas of unclustered and 
cases were mainly distributed in Haizhou District, separately followed by Ganyu District and Guanyun District 
(Figure 4). The results of the K-function analysis display that the partial curve is outside of the envelope, which also 
supports the phenomenon of spatial clustering. K-function differences showed that groups A had a larger scale clustering 
pattern (up to ≈ 7.5 km) than groups B and C (Figure 5). Thirty cases (65.2%) in the three clustered groups had an 
identifiable epidemiologic link. Seven patients in group A lived in the same village in Ninghai Street, and two with the 
same surname and address were presumed to be paternally related. Six cases in group B and eight cases in group C lived 

Table 1 (Continued). 

Variables Unclustered 
N=1442

Clustered 
N=672

Total  
N=2114

Univariate Analysis Multivariate Analysis

Odds Ratio  
(95% CI)

P-value Odds Ratio  
(95% CI)

P-value

Disease history

New cases 1229 (68.2) 574 (31.8) 1803 (85.3) Ref.

Retreated cases 213 (68.5) 98 (31.5) 311 (14.7) 0.99 (0.76, 1.27) 0.910

Diabetes

No 1380 (68.2) 643 (31.8) 2023 (95.7) Ref.

Yes 62 (68.1) 29 (31.9) 91 (4.3) 1.00 (0.63, 1.56) 0.990

Diagnostic delay

No 414 (66.24) 211 (33.76) 625 (29.6) Ref.

Yes 1028 (69.0) 461 (31.0) 1489 (70.4) 0.88 (0.72, 1.07) 0.210 0.85 (0.69, 1.05) 0.120

Delay time

No delay 414 (66.24) 211 (33.76) 625 (29.6) Ref.

≤2 weeks 294 (69.3) 130 (30.7) 424 (20.1) 0.87 (0.66, 1.13) 0.290

2–4 weeks 283 (66.4) 143 (33.6) 426 (20.2) 0.99 (0.76, 1.29) 0.950

4–8 weeks 212 (74.1) 74 (25.9) 286 (13.5) 0.68 (0.50, 0.93) 0.020

>8 weeks 239 (67.7) 114 (32.3) 353 (16.7) 0.94 (0.71, 1.23) 0.640

DR type

MDR 59 (69.4) 26 (30.6) 85 (4.0) Ref.

Pre-MDR 114 (64.4) 63 (35.6) 177 (8.4) 1.25 (0.73, 2.21) 0.420

XDR 1 (100.0) 0 (0.0) 1 (0.0) 0.00 0.970

Pre-XDR 2 (66.7) 1 (33.3) 3 (0.1) 1.13 (0.05, 12.36) 0.920

Sensitive 1111 (69.0) 499 (31.0) 1610 (76.2) 1.02 (0.64, 1.66) 0.940

Other 155 (65.1) 83 (34.9) 238 (11.3) 1.22 (0.72, 2.09) 0.470

Urban/Rural

Rural 1057 (68.8) 480 (31.2) 1537 (72.7) Ref.

Urban 385 (66.7) 192 (22.3) 577 (27.3) 1.10 (0.89, 1.35) 0.370

Sublineage

L4.4.2 267 (77.2) 79 (22.8) 346 (16.4) Ref.

L2.2.1 892 (65.8) 463 (34.2) 1508 (64.1) 1.83 (1.40, 2.41) <0.001 1.59 (1.20, 2.12) <0.001

L2.2.2 55 (67.9) 26 (32.1) 81 (3.8) 1.60 (0.93, 2.69) 0.080 1.55 (0.88, 2.66) 0.120

L4.2.2 40 (78.4) 11 (21.6) 51 (2.4) 0.93 (0.44, 1.84) 0.840 0.78 (0.35, 1.62) 0.530

L4.5 85 (77.3) 25 (22.7) 110 (5.2) 0.99 (0.59,1.64) 0.980 0.83 (0.48, 1.41) 0.510

Other 16 (0.8) 2 (0.1) 18 (0.9) 0.42 (0.07, 1.53) 0.260 0.47 (0.07, 1.74) 0.320

Abbreviation: Ref, reference.
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in the same towns. The 22 cases in group C resided in adjacent townships or streets (Figure 6). All cases diagnosed later 
in group A were situated near the initial participant, while group C exhibited a general trend of increasing distance as the 
diagnosis time progressed (Figure 7).

Figure 3 Kernel density maps of clustered strains in 3-year sliding window intervals.

Table 2 Characteristics of Patients of Large-Cluster Groups and Unclustered Group in Lianyungang, 2011–2020

Variables Group P

A (n=11) B (n=12) C (n=23) D (n=1442)

Lineage 2.2.1 2.2.1 2.2.1
Gender (M/F) 10/1 (90.91/ 9.09) 8/4 (66.67/ 33.33) 21/2 (91.30/ 8.70) 1124/318 (77.95/ 22.05) <0.001

Age (years), median 37.00 (27.50, 49.50) 21.50 (19.75, 27.25) 20.00 (19.00, 23.50) 58.00 (37.00, 70.00) <0.001
Age group

≤ 24 1 (9.09) 7 (58.33) 18 (78.26) 158 (10.96)

25–44 6 (54.55) 4 (33.33) 4 (17.39) 294 (20.39)
45–64 4 (36.36) 1 (8.33) 1 (4.35) 475 (32.94)

≥ 65 0 (0.00) 0 (0.00) 0 (0.00) 515 (35.71)

Occupation <0.001
Farmer 5 (45.45) 1 (8.33) 13 (56.52) 1103 (76.49)

Student 1 (9.09) 4 (33.33) 8 (34.78) 31 (2.15)

Service sector 4 (36.36) 5 (41.67) 1 (4.35) 136 (9.43)
Laborer 1 (9.09) 2 (16.67) 1 (4.35) 74 (5.13)

Retire 0 (0.00) 0 (0.00) 0 (0.00) 77 (5.34)

Other 0 (0.00) 0 (0.00) 0 (0.00) 21 (1.46)
Location <0.001

Donghai 0 (0.00) 0 (0.00) 0 (0.00) 558 (38.70)

Ganyu 0 (0.00) 0 (0.00) 0 (0.00) 93 (6.45)
Guannan 0 (0.00) 0 (0.00) 21 (91.30) 212 (14.70)

Guanyun 1 (9.09) 2 (18.18) 1 (4.35) 287 (19.90)

Haizhou 9 (81.82) 3 (27.27) 1 (4.35) 223 (15.46)
Lianyun 1 (9.09) 6 (54.55) 0 (0.00) 69 (4.79)

(Continued)
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Discussion
Ending the TB epidemic in high-burden settings is critical while interrupting TB transmission is one of the key strategies 
for achieving this goal. In this 10-year retrospective study in eastern China, we observed areas with a high risk of 
transmission for M. tuberculosis, and the risk varied among different populations.

Table 2 (Continued). 

Variables Group P

A (n=11) B (n=12) C (n=23) D (n=1442)

Rural/Urban 1/10 (9.09/90.91) 2/10 (16.67/83.33) 22/1 (95.65/4.35) 1150/292 (79.75/20.25) <0.001

Initial/Relapse 11/0 (100.00/0.00) 10/1 (90.91/9.09) 21/2 (91.30/8.70) 1229/213 (85.23/14.77) 0.548
Diagnostic delay (No/Yes) 5/6 (45.45/54.55) 1/11 (8.33/91.67) 9/14 (39.13/60.87) 414/1028 (28.71/71.29) 0.174

Delay time 0.246

≤ 2 weeks 1 (9.09) 3 (25.00) 6 (26.09) 294 (20.39)
2–4 weeks 2 (18.18) 3 (25.00) 5 (21.74) 283 (19.63)

4–8 weeks 1 (9.09) 0 (0.00) 0 (0.00) 212 (14.70)

> 8 weeks 2 (18.18) 5 (41.67) 3 (13.04) 239 (16.57)

Figure 4 Kernel density map, directional distribution, and median center point for clustered and unclustered groups. Purple oval shapes cover the region inside the standard 
deviation ellipse, representing the geographical distance and the directional orientation of the participants’ positions in each group. Red stars represent the median center 
point of each group. Clustered groups: (A-C); unclustered group: (D).
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Clusters of M. tuberculosis strains are often considered evidence of recent transmission. In the current study, the 
recent TB transmission rate was estimated to be 31.79%, which was significantly higher than that reported in Songjiang 
(25.2%), Shenzhen (12.2%) and Ghana (24.7%).15–17 Younger people had a higher risk of recent transmission. Strains 
were more likely to be clustered in the population aged ≤ 45 years, consistent with the results of a similar study 
conducted in Botswana.18 The localized transmission in association with younger people may be due to the frequency 
and intensity of their social activities throughout life.19 Younger patients may have more social contact and engagement 
with non-family members,19 further illustrating the role in TB transmission. Older patients, on the other hand, may 
develop TB with non-genotypically aggregated strains by developing infections from the distant past.20

Figure 5 K-function differences for assessing geospatial clustering of clustered groups compared with unclustered group. The x-axis represents distances between points; 
the y-axis represents the K-value. The dotted lines represent the 95% confidence envelope of complete spatial randomness, while the solid line indicates the obtained values. 
Observations that fall above the upper 95% envelope indicate significant spatial clustering. Clustered groups: (A-C).

Figure 6 Distribution of three large clustered groups of M. tuberculosis strains.
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More notably, our results found a higher risk of transmission among students. Jiang et al21 noted an increased risk of 
multidrug-resistant TB among students in Shenzhen. Faccini et al22 reported that TB outbreaks most often occurred in 
schools due to delayed diagnosis, persistent exposure, and school overcrowding. Therefore, TB prevention and control in 
schools should be paid attention to, and infectious tuberculosis patients should be identified and treated in a timely 
manner through symptom screening and routine physical examination.23

L2.2.1 strains had a higher risk of transmission, which is consistent with the widely reported predominance of Beijing 
strains that are more likely to transmit. In particular, the modern Beijing strains (L2.3) have dominated the 
M. tuberculosis population in China for the past century.24 This could be attributed to the inherent increase in virulence 
caused by mutations in ppe38, which block the secretion of ESX-5 substrate,6 along with the historical population growth 
and widespread migration of the Beijing population, which promoted the transmission and spread of this sublineage.24

Identifying high-density areas of recent TB transmission helps TB control programs target specific interventions to 
areas at the highest risk. The kernel density map shows that Haizhou District, Donghai County, and Guanyun County are 
high-density areas with clusters of cases. Previous studies have shown that geographical aggregation of TB cases can be 
linked to genotypic clustering.25,26 In our study site, three large clusters displayed extremely close geographic proximity. 

Figure 7 Geographic distance between the first participant diagnosed with TB (shown in each plot at a distance of 0 km) and those subsequently diagnosed in clustered and 
unclustered groups. Clustered groups: (A-C); unclustered group: (D).
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The distance between the first and subsequent cases varied geographically among the groups. Patients within clusters 
were concentrated in specific areas, while the non-clustered patients were more widely distributed.

Despite the continuous progress and decreasing costs of WGS-based typing techniques, some critical challenges 
remain, such as a lack of standardization of genomic distances (SNP distances) for cluster definition.27 Peru and some 
other countries used SNPs ≤ 5 as the threshold for the definition of gene clustering,28 while Malawi29 and Ghana17 used 
SNPs ≤ 10 as the threshold value. In the current study, we applied an SNP threshold of 12, which was also used in 
Beijing and Shenzhen.30,31 But it might overestimate the recent transmission.

We did not observe clusters of multidrug-resistant TB strains were detected in any of the three outbreak cohorts of our 
study, which supported previous findings that the transmission ability of drug-resistant M. tuberculosis is lower than that 
of sensitive strains.32 However, some studies in Beijing and Shenzhen have shown different results. Yin et al30 found that 
about 63% of multidrug-resistant TB cases were caused by recent transmission. Jiang et al21 suggested that patients with 
multidrug-resistant TB were more likely to have genomically clustered isolates.

Our study has some limitations. Firstly, we could not obtain detailed social contact data of all cases, thus limiting our 
ability to infer epidemiologic links. Secondly, spatial analysis was limited to the patient’s residential address at diagnosis. 
Actual transmission may have occurred in other settings, such as workplaces, social and recreational venues, and 
transportation facilities. Additional WGS and epidemiological data combined with spatial and social network analyses 
may help us to reconstruct potential transmission chains better, and more complete data may lead to the discovery of 
larger or more outbreak clusters or altered geospatial patterns.

Conclusion
There are areas with a high risk of transmission for M. tuberculosis in the research site, and the risk varies among 
different populations. Accurate prevention strategies targeted at specific regions and key populations, such as a 1–2 year 
follow-up for close contacts of TB patients, can help curb the prevalence of TB.
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