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Background: College students are a crucial link in curbing the epidemic. The aim of this study is to analyze the genetic diversity and
drug resistance of Mycobacterium tuberculosis strains in college students with tuberculosis in Beijing, revealing the lineage structure
and transmission patterns specific to this group.

Methods: This study used the hospital’s electronic management system to screen for tuberculosis among college students in Changping
District, Beijing, from January 2004 to December 2023. Socio-demographic and clinical data were collected, and whole-genome sequencing
was performed on culture-positive isolates. Isolates with a genetic distance of less than 12 SNPs were grouped into the same genomic cluster.
The TB Profiler software predicted drug resistance mutations, and categorical data were analyzed using Chi-square or Fisher’s exact tests.
Results: Among the 1436 college students with tuberculosis, a total of 153 isolates successfully underwent whole-genome sequen-
cing. The results showed that about one-third (49/153) of the isolates carried one or more drug resistance genes, with more than half
(26/49) associated with first-line anti-tuberculosis drugs. However, encouragingly, the incidence of drug-resistant tuberculosis showed
a significant downward trend, with statistical significance (p<0.05). Lineage 2 (86.3%, 132/153) was the predominant genotype, with
the Beijing genotype (90.1%, 120/153) being the most common, while the isolation of Lineage 3 in a student from Xinjiang. Sixteen
college student isolates clustered, and all of which were Beijing genotype. Transmission within the same campus showed character-
istics of short clustering time.

Conclusion: The drug resistance rate among college students is relatively high, however it shows a declining trend. School
tuberculosis infections could stem not only from within-campus transmission but also necessitate consideration of spatial and cross-
regional spread possibilities.

Keywords: Mycobacterium tuberculosis, whole genome sequencing, lineage, transmission, drug resistance, college students

Introduction

Tuberculosis (TB) is a type of ancient and tenacious infectious disease caused by Mycobacterium tuberculosis (MTB),
remains one of the significant challenges faced by the global public health community today. Before the COVID-19
pandemic, TB was the leading cause of death from a single infectious disease in humans.'> According to the 2023
Global Tuberculosis Report, there were approximately 10.6 million new TB cases and 1.3 million deaths worldwide in
2022. Over the past three years, the incidence rate of TB has increased by 3.9%. China ranks third globally in new TB
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cases, following India and Indonesia,* and bears a significant economic and prevention burden.>® Previous studies have
shown that children and adolescents are key populations for the occurrence and latent infection of tuberculosis (LTBI),
accounting for 10% of the total reported cases globally.* Previous domestic research indicates that high schools are the
most common locations for TB outbreaks, likely due to factors such as large population density, close contact among
students, and the relatively enclosed environments of classrooms and dormitories.”® Other countries around the world are
also facing the same challenge of TB outbreaks in schools.”™'! Therefore, a comprehensive understanding of molecular
and transmission characteristics of MTB among student population can accelerate the achievement of the World Health
Organization’s (WHO) goal to eliminate TB.

The premise of curbing TB spread is early detection and intervention. However, traditional epidemiological inves-
tigations mainly rely on the medical history of close contacts, making it challenging to trace the transmission chain of TB
and thereby affecting the accurate and complete reconstruction of its transmission history.""'* Whole genome sequencing
(WGS) technology can effectively address this issue. With the development of WGS technology, it is now widely used in
TB basic research, clinical work and routine monitoring, which includes epidemiological investigations, predicting drug
resistance, and revealing the evolutionary patterns of strains.'*”'> Compared to other pathogens, MTB accumulates
mutations at a slower rate. It is estimated that it acquires mutations at a rate of 0.2—0.5 single nucleotide polymorphisms
(SNPs) per year on average. Studies have indicated that the mutation rate may be associated with the infected population
and specific strain typing.'® The threshold of SNPs differences can be used to determine whether it is a recent
transmission. Previous studies have indicated that isolates with a 2-year period with < 10 SNPs are considered to be
recent transmissions and should be prioritized for epidemiological investigation.'®!” WGS can also be used for the
analysis of drug resistance in MTB, including the degree and types of resistance. The burden of rifampicin-resistant
tuberculosis (RR-TB), multidrug-resistant tuberculosis (MDR-TB), and extensively drug-resistant tuberculosis (XDR-
TB) is significant in our country. Delayed diagnosis is a major cause of treatment failure and even death.'®'? Therefore,
WGS technology can provide critical information about mutations that confer drug resistance, which is of significant
guidance for the early clinical development of individualized treatment plans.

College students, as a significant mobile population within the country, engage in large-scale migration activities
annually during winter and summer vacations. This undoubtedly poses challenges for TB prevention and control efforts
at educational institutions.”® Previous studies have indicated that the incidence of TB is associated with geographical
conditions and economic development. Notably, population migration can exacerbate the cross-regional transmission of
tuberculosis.?'** However, there is a notable scarcity of research within the country on the pathways of TB transmission
among college students and the strain characteristics specific to this demographic. This study is a retrospective
investigation that selects TB patients from universities and higher vocational colleges in Changping District as research
subjects. Located in the northwest region of Beijing, Changping District serves as a significant hub for higher education
in the city, hosting numerous renowned universities and higher vocational colleges. This study employs whole-genome
sequencing (WGS) and other methodologies to systematically analyze tuberculosis strains among college students in
Changping District, Beijing, over the past 20 years. The objective is to elucidate the molecular and transmission
characteristics of Mycobacterium tuberculosis within this specific population group and to gain a deeper understanding
of TB characteristics in young people. Through these research findings, the effectiveness of TB prevention and control in
schools can be significantly enhanced, providing a scientific basis for the development of targeted prevention measures.

Materials and Methods

Sample and Information Collection

This research was a retrospective study based on routine work of the Changping Institute for TB Prevention and
Treatment in Beijing. Utilizing the electronic patient management system of the hospital, TB cases among universities
and higher vocational colleges students were identified from January 2004 to December 2023. We collected socio-
demographic information such as gender, age, native place and school name, in addition to acquiring sputum test results
like smear, culture, and Gene X-pert. Through information sorting and screening, the research population was identified.
The research process was shown in Figure 1.
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Figure | The flow chart of the study showing the study process and participants.

Inclusion Criteria
University or higher vocational college students, whose schools are located in Changping District, with complete socio-
demographic information and sputum test results.

Exclusion Criteria
Elementary or middle school students, teachers or other educational workers, students from schools not located in
Changping District, and patients with incomplete information will be excluded from the analysis.

DNA Extraction and Sequencing

All genomic DNA used for sequencing originated from inactivated samples provided by the Changping Institute for TB
Prevention and Treatment in Beijing. In reference to previous study, we used the Cetyltrimethylammonium Bromide
(CTAB) method for the extraction of genomic DNA.>* After quality assessment (concentration, purity and integrity) of
the genomic DNA to be sequenced, the sequencing libraries were prepared according to the protocol provided by
Illumina Nextera kit manufacturer. WGS was performed using the Illumina HiSeq PE150 technology. All whole-genome
sequencing steps were completed by Annoroad Gene Technology company. (Beijing, China).
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Phylogenetic Analysis

The overall quality of the sequence reads was verified using FastQC (v0.11.8), and the confirmed paired-end reads were
filtered through Trimmomatic with default parameters and a minimum Phred Quality score set to 20.*** Following the
approach of the earlier study, the sequencing data were compared to the H37Rv (NC_000962.3) reference genome using
BWA-MEM (v0.7.17), subsequent to the alignment, SAMtools (v1.3.1) and GATK (v3.8.0) were employed to pinpoint
variations, which encompassed single nucleotide polymorphisms and insertions/deletions (indels).® During the variant
filtering process, it is imperative to ensure that each variant is coverage depth at least 10 X, with a quality score no less
than Q20, and the allele frequency must exceed 75%.

In the process of constructing a phylogenetic tree, all SNPs located in regions known to be associated with drug
resistance, mobile genetic elements, and PE or PPE family genes were first excluded. Then, a concatenated SNP
sequence alignment was created in at least 95% of the isolates. A maximum likelihood phylogenetic tree was constructed
using IQ-TREE, and a bootstrap test with 1000 bootstraps was conducted to assess the reliability of the tree. The
visualization and editing of the phylogenetic tree were completed using the ChiPlot.'* Based on previous studies, isolates
with a pairwise genetic distance of less than 12 SNPs were classified into the same genomic cluster.”’

Lineage and Antimicrobial Resistance Prediction
The fast-lineage-caller (v0.3) tool was used to determine the lineage and sublineage of each strain.'? In predicting the drug
resistance of strains, the TB Profiler software (https://github.com/jodyphelan/TBProfiler) was utilized. This software can

identify genetic variations related to drug resistance and accordingly infer the drug-resistant genotypes of the strains.?®

Statistical Analysis

Data organization and descriptive analysis were performed using Microsoft Excel 2013. Categorical data analysis was
conducted through Chi-square tests or Fisher’s exact tests, as appropriate. All statistical analyses were executed using
SPSS 18.0 software (SPSS Inc., Chicago, Illinois). Statistical significance was determined with P < 0.05.

Results

General Population Characteristics

In this study, we screened student TB patients from universities and higher vocational colleges in Changping District
from 2004 to 2023. A total of 2010 patients were identified. However, due to missing background information or changes
in diagnosis for some patients, a total of 574 students were excluded from the study. As a result, the remaining 1436
students were included in subsequent research analysis. Among the 1436 students included in the study, there were 887
males (61.8%, 887/1436) and 549 females (38.2%, 549/1436). In this group of students, 996 had negative etiological test
results and were clinically diagnosed cases (69.4%, 996/1436). The remaining 440 students had positive etiological test
results and were classified as etiologically diagnosed cases (30.6%, 440/1436). Among these 440 students with positive
etiological tests, 185 were sputum culture-positive (42.0%, 185/440), and 110 were sputum smear-positive (25.0%, 110/
440). This study successfully completed WGS of 153 isolate samples from students, whose household registrations span
all 26 provinces in China and include one international student from the Central African Republic. The students involved
are associated with 21 universities and 23 higher vocational colleges in Changping District, and the isolated strains cover
a timeline from 2005 to 2023 (Table 1).

Mutated Resistance Genes Associated with Different Drugs

Based on the WGS technology, the genotypic drug resistance mutations of the population strains were predicted. Nearly
one-third (32.0%, 49/153) of the strains exhibited genotypic resistance to one or multiple antituberculosis drugs. There
was a total of 11 strains classified as RR-TB/MDR-TB/Pre-XDR-TB types, with isoniazid resistant tuberculosis (HR-TB)
and other genotypic drug-resistant strains accounting for 15 and 23 isolates, respectively (Figure 2). Over half of the DR-
TB strains exhibited mutations in one or more first-line anti-tuberculosis drugs (53.1%, 26/49). Among the 11 rifampicin-
resistant strains, most had 7poB gene mutations (90.9%, 10/11), while one strain (CP10628) had dual mutations in both
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Table | General Characteristics of Whole Genome Sequenced

Strains
Variable Total (N=153),
N (%)
Gender
Male 93 (60.8%)
Female 60 (39.2%)
School category
University 106 (69.3%)
Higher vocational college 47 (30.7%)
Number of isolates in different periods
2004-2008 42 (27.5%)
2009-2013 31 (20.3%)
2014-2018 59 (38.6%)
2019-2023 21 (13.7%)
Place of Origin
Domestic (26 provinces) 152 (99.3%)
Internation (the Central African Republic) 1 (0.7%)

rpoB and rpoC genes. Isoniazid had the highest resistance (46.9%, 23/49), with katG gene mutations being the most
common (69.6%, 16/23), followed by inhA gene mutations (21.7%, 5/23). One strain (CP10668) had dual mutations
(inhA and katG), and another (CP10628) showed multi-gene mutations involving inhA, katG, and ahpC genes.
Ethambutol resistance was found in 7 strains with embB gene mutations, while pyrazinamide resistance occurred in 5
strains with pncA gene mutations (Table S1).

Streptomycin had the highest mutation rate (59.2%, 29/49), with rpsL gene mutations being predominant (51.7%, 15/
29), followed by rrs gene mutations (31.0%, 9/29). Mutations in the gid gene were found in 3 strains, and 2 strains had
dual gene mutations involving both 7psL and rrs genes, as well as rpsL and gid genes. For fluoroquinolones, 7 strains
exhibited resistance, with gyrd4 gene mutations in 6 strains (85.7%) and gyrB gene mutations in 1 strain (14.3%).
As second-line anti-tuberculosis injectable aminoglycoside drugs, there were mutations in 3 strains on the rrs gene. No
resistance-related mutations were found to new anti-tuberculosis drugs like Bedaquiline, Delamanid, Pretomanid,
Linezolid, and Clofazimine (Table S1).

Temporal Distribution of Resistance

To investigate the frequency characteristics of drug-resistant mutation genes in this population, the observation period
was segmented into four five-year intervals: 2004-2008, 2009-2013, 20142018, and 2019-2023. Across these periods,
a total of 42, 31, 59, and 21 strains were collected respectively. The incidence rates of drug-resistant mutation genes for
each time interval stood at 50.0% (21/42), 29.0% (9/31), 25.4% (15/59), and 19.0% (4/21) respectively (Figure 3A). The
incidence of genotype resistance showed a downward trend, with p < 0.05 indicating statistical significance (Table 2).
The incidence of RR-TB/MDR-TB/Pre-XDR-TB also merits attention. During the period from 2009 to 2013, compared
to the period from 2004 to 2008, these incidence rates showed a rapid increase. However, they gradually declined
thereafter. Specifically, the incidence rates for each time interval were 4.8% (2/42), 9.7% (3/31), 8.5% (5/59), and 4.8%
(1/21) (Figure 3B).

Phylogenetic Analysis

To deeply analyze the population structure, genetic diversity, and transmission patterns of MTB isolates from students,
a phylogenetic tree was constructed using the maximum likelihood method based on SNPs.?” The strains included in this
study displayed genetic diversity, encompassing Lineage 2, Lineage 3, and Lineage 4 genotypes (Figure 2). Of all the
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Figure 2 The maximum likelihood tree of 153 Mycobacterium tuberculosis strains from the college student population.

Notes: The lineage, genotype drug resistance types, and an overview of drug resistance mutation genes are displayed in the diagram; potential transmission clusters defined
by no more than 12 SNPs are indicated with black circles at the tips of the branches; the scale represents the genetic distance proportional to the total number of single
nucleotide polymorphisms.

strains analyzed, Lineage 2 (132) was predominant, with the Beijing genotype (sublineage 2.2.1, 120) being the most
common. In addition, there were 12 strains belonging to sublineage 2.2.2. Following by Lineage 4, comprising a total of
20 strains, which further divided into four sublineages: sublineage 4.1 (2), sublineage 4.2 (3), sublineage 4.4 (5), and
sublineage 4.5 (10). Additionally, one strain isolated from a student registered in Xinjiang was classified as Lineage 3, the
study found no statistically significant difference in the distribution of lineages among college student populations. In
addition, the genotype-resistant strains in this population were predominantly Lineage 2 (85.7%, 42/49), with over 90%
of RR-TB/MDR-TB/Pre-XDR-TB strains belonging to Lineage 2 (10/11), the frequency of drug resistance genes did not
show a statistically significant difference across lineages.

Transmission Analysis

Based on the threshold values of the 12 SNPs and the background information of the strains, we identified a cluster with
an onset interval of less than 2 years and below 12 SNPs, this study identified 6 clusters comprising 16 clustered strains,
with a clustering rate of 10.5% (16/153) (Figure 2). The sizes of the clusters ranged from 2 to 5 strains. Upon retrieving
the patient’s medical information, four of the clusters were indicated to be transmissions within a campus, while two
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Figure 3 Trends in the incidence of drug-resistant and RR/MDR/Pre-XDR-TB strains. Left (A) shown incidence rate of genotype resistance over time, and right (B) shown
incidence rate of RR/MDR/Pre-XDR-TB over time.

others involved transmissions between different schools. Regarding the transmission between different schools, combin-
ing background information of the students reveals that one cluster is related to the proximity of students’ home
addresses to their schools, while another cluster is related to the close distance between two schools. Both distances
are less than 5 kilometers. The longest interval for clusters within the same campus did not exceed nine months, while the
shortest was less than one month. The clustering times between different schools were all over one year. It is noteworthy
that all the clustered strains were of the Beijing genotype, accounting for 100% (16/16) of all clustered strains, with
a clustering rate of 13.3% (16/120) for the Beijing genotype (Table 3).

Discussion

China’s vast population and the varying TB incidence rates across regions highlight the need for effective intervention
strategies. Targeting key populations, such as college students, is essential for controlling the epidemic. College students,
known for their unique social interactions and close contact behaviors, are a significant focus for TB prevention. Notably,
internal migration among this group contributes to the rising TB burden on campuses.

This study included a total of 1436 student TB patients, with males being more susceptible to infection. This finding
aligns with the results of earlier studies and may be associated with unhealthy lifestyle habits such as smoking.*®*’
Nearly 70% of the patients were diagnosed through clinical diagnosis, but this method may lead to delayed diagnosis,
increasing the risk of disease progression and transmission. Etiological diagnosis is the gold standard for TB diagnosis,
especially sputum culture, which is crucial for disease diagnosis, drug resistance analysis, and epidemiological investiga-
tion. However, traditional culture methods are time-consuming, necessitating the urgent development of rapid and
accurate diagnostic tools to achieve early diagnosis and guide treatment. Previous research has indicated that student
patients often overlook symptoms of tuberculosis such as coughing and expectoration, which can similarly result in
delayed diagnosis.! Consequently, disseminating knowledge on TB control is crucial for campus prevention and control

Table 2 Characteristics of the Incidence of Genotypic Drug-Resistant Strains in Different Periods

Time Period | Number of Genotypic | Total Number of Strains | Incidence of Genotypic | Chi-Square Test
Drug-Resistant Strains Drug-Resistant Strains »

2004-2008 21 42 50.0% 0.027

2009-2013 9 31 29.0%

20142018 15 59 25.4%

2019-2023 4 21 19.0%

Infection and Drug Resistance 2025:18 heeps: 505



Cao et al

Table 3 Characteristics of Cluster Strains

Cluster of Strains | Isolated Strain | Same School (Yes or No) | Time of Diagnosis | Lineage | Sublineage
Cluster | CP10301 Yes 2005.08 Lineage2 | Lineage2.2.1
CP10328 2005.11 Lineage2 | Lineage2.2.1
Cluster 2 CP21932 No 2010.10 Lineage2 | Lineage2.2.1
CP22253 2011.10 Lineage2 | Lineage2.2.1
Cluster 3 CP22337 No 2012.01 Lineage2 | Lineage2.2.1
CP22344 2012.02 Lineage2 | Lineage2.2.1
CP30121 2013.04 Lineage2 | Lineage2.2.1
Cluster 4 CP30640 Yes 2015.03 Lineage2 | Lineage2.2.l
CP30673 2015.03 Lineage2 | Lineage2.2.1
CP30674 2015.03 Lineage2 | Lineage2.2.1
CP30675 2015.03 Lineage2 | Lineage2.2.1
CP30683 2015.03 Lineage2 | Lineage2.2.1
Cluster 5 CP308I | Yes 2015.10 Lineage2 | Lineage2.2.1
CP30954 2016.06 Lineage2 | Lineage2.2.1
Cluster 6 CP31653 Yes 2019.04 Lineage2 | Lineage2.2.1
CP31660 2019.06 Lineage2 | Lineage2.2.1

efforts. The diagnosis of TB in students must be made with caution, as a confirmed diagnosis typically requires
suspension from studies for treatment. This not only affects their academic progress but also represents a significant
psychological blow to the students. Therefore, while pursuing rapid diagnosis, attention should also be paid to the
psychological well-being of student patients.

The spread of RR-TB/MDR-TB/ XDR-TB poses the greatest threat to TB control efforts. To effectively tackle this issue,
rapid and accurate diagnosis is crucial. WGS can identify resistance-conferring mutations through reliable online
resources.” The results of this study indicated that approximately one-third of the strains carried one or more drug resistance
genes, with over half being associated with first-line anti-tuberculosis drugs, demonstrating a high level of drug
resistance.*” This finding required significant attention. Additionally, 7.2% of the strains were classified as RR-TB/MDR-
TB/Pre-XDR-TB, which was roughly consistent with the national average (7.42%).'” Multiple studies have shown that over
90% of RR-TB strains exhibit mutations in the 7poB gene’s RRDR region, highlighting RRDR mutations as a dominant
factor in detecting rifampicin resistance.’' >* Consistent with these findings, all RR-TB/MDR-TB/Pre-XDR-TB strains in
this study had rpoB gene mutations in the RRDR, with the most common being #poBS450L (63.6%, 7/11). Furthermore,
one Pre-XDR-TB strain exhibited mutations not only in the rpoB gene but also in the rpoC gene, which was consistent with
earlier research conclusions and demonstrated the predictive advantages of WGS technology for drug resistance.** In the
analysis of isoniazid resistance mutations, the kafG315 gene mutation was dominant. Previous research indicated that the
katG315 mutation accounted for 64% of phenotypic isoniazid resistance, consistent with the findings in this study,>> where
over 60% (14/23) of strains exhibited the katG315 gene mutation. Notably, katG gene mutations demonstrated a high level
of INH resistance.® Additionally, the drug resistance mutations of isoniazid exhibited genetic diversity, manifesting in
various combinations of resistance genes. In this study, seven isolates showed embB gene mutations, which can be present
in both ethambutol-resistant and susceptible strains. Additionally, 100% (5/5) of pyrazinamide resistance was caused by
pncA gene mutations, suggesting regional variations in pncA gene mutation patterns.>~°

Streptomycin had the highest mutation rate among anti-tuberculosis drugs, with rpsL L43A (51.7%, 15/29) being the
main mutation in college student strains. Although streptomycin is now a second-line treatment due to resistance and
adverse reactions, it remains valuable for MDR-TB. The study showed that DR-TB patients had high resistance to
fluoroquinolone antibiotics, with gyr4 gene mutations (85.7%, 6/7) being dominant, including D94G, A90V, and A90A
each at 33.3% (2/6). The fluoroquinolone resistance rate among RR-TB/MDR-TB/Pre-XDR-TB strains (27.3%, 3/11)
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was significantly higher than for other types of resistance (2.8%, 4/142), indicating a need for attention as high resistance
could affect treatment plans for these patients. Fortunately, new drugs such as bedaquiline and delamanid were
fundamental to the treatment regimens for RR-TB/MDR-TB/ XDR-TB patients, and this study did not detect any
mutations in these drugs’ resistance genes, which was advantageous for the selection of treatment regimens.

The results of this study showed that over the past 20 years, with a five-year interval, there was a noticeable
downward trend in the incidence of drug-resistant strains, which might have been related to effective control measures
for TB. Particularly during the period from 2019 to 2023, amidst the COVID-19 pandemic, personal protective measures
effectively curtailed the spread of TB. However, unlike the declining trend in the incidence of drug-resistant tuberculosis,
the occurrence rate of RR-TB/MDR-TB/Pre-XDR-TB strains began to decline starting from 2009 to 2013. The accuracy
of the study results may have been affected by the limited number of cases, necessitating validation with a large number
of clinical strains. Additionally, in this study, Lineage 2 genotype strains dominated both resistant strains (85.7%, 42/49)
and RR-TB/MDR-TB/Pre-XDR-TB strains (90.9%, 10/11). Research indicated that Lineage 2 was closely associated
with drug resistance, which might have been due to different selective pressures faced by strains of various lineages.>’

This study revealed the dynamic of MTB in the college student population through WGS, finding that Lineage 2,
especially the Beijing genotype, was the predominant genotype in this group, followed by Lineage 4. Among all the
isolates, there was also one strain from Lineage 3, which was isolated from a student from the Xinjiang region. Research
suggested that strains from Lineage 3 were mainly concentrated in the Xinjiang region of China,”® indicating that the
tuberculosis infections in college students might have originated from their place of origin. Furthermore, studies have
shown that Lineage 2 had a higher transmissibility compared to Lineage 4, and was capable of frequently spreading
across regions. This aligns with the characteristic of internal migration within the college student population, further
explaining the widespread transmission of the Beijing genotype among this group.'* The terminal branch lengths and the
distance from nodes to tips of the Beijing genotype were shorter, indicating that the isolates of this genotype had a lower
mutation rate, which was also consistent with its higher transmissibility.'*

This study analyzed 153 isolates from college students, of which 16 exhibited clustering, and all clustered isolates
belonged to sublineage 2.2.1. The research indicated that Lineage 2 had a higher clustering rate than Lineage 4, and the
Beijing genotype was significantly associated with clustering. These findings were consistent with this result.’” While
there was no universally recognized gold standard for defining recent transmission, a general consensus was that
infections occurring within a 2-year period with < 10 SNPs indicated recent transmission.'*'® In this research, the
maximum clustering duration was 15 months, and the minimum was less than 1 month, with SNPs among clustered
isolates ranging from 0 to 3. Consequently, it was determined that these six clusters constituted recent transmission.
Among all clusters, Cluster 1, Cluster 4, Cluster 5, and Cluster 6 were associated with on-campus outbreaks, with
clustering times less than 3 months, highlighting a feature of brief cluster formation. Conversely, Cluster 2 and Cluster 3
implicated transmission across different schools. Our examination showed that the schools of the two students in Cluster
2 were separated by less than 3 kilometers, whereas student CP30121 in Cluster 3 was less than 5 kilometers distant from
another student’s school. We hypothesized that these two cases of cross-campus transmission might have happened by
accidental spatial dissemination. This also implied that the origins of tuberculosis outbreaks in schools might not stem
from within the schools but could be due to external infections.

This study had several limitations. First, strain samples were limited, resulting in inadequate representation of the
region and constraining the investigation of transmission patterns among college students. Second, all strains were
inactivated, precluding phenotypic drug susceptibility testing and thereby hindering the evaluation of the accuracy of
genotype resistance mutations. Lastly, the lack of comprehensive epidemiological data on the students could have led to
an underestimation of the incidence rate of TB outbreaks in schools. Despite some limitations, this study provides
valuable insights for schools and governments in formulating TB control measures. The findings indicate a high level of
drug-resistant gene mutations in Mycobacterium tuberculosis, highlighting the need to be vigilant about antibiotic misuse
among students and strengthen relevant regulatory measures. Additionally, further exploration into the trends of drug-
resistant genes related to anti-tuberculosis drugs and the mechanisms of unknown drug-resistant gene mutations is

essential to more effectively address the challenges posed by tuberculosis.
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Conclusions

In summary, this study systematically analyzed TB patients among the college student population over the past 20 years
using WGS and data compilation. The findings revealed a high frequency of drug resistance gene mutations, particularly
to isoniazid and streptomycin. Encouragingly, the frequency of these mutations is declining. No resistance was found to
newer drugs like bedaquiline and delamanid. Campus outbreaks result from both internal and external transmission,
underscoring the need for targeted prevention and control strategies to contain and reduce further spread within school
communities.
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