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Epidemiological changes in
tuberculosis and genotyping
characteristics of Mycobacterium
Tuberculosis in Ningxia, China

Guangtian Liu?, Jufen Lv?, Linlin Chen?, Yinglong Ma'*,
Bofei Liu'* and Xuefeng Jiang*

The Fourth People’s Hospital of Ningxia Hui Autonomous Region, Yinchuan, China, ?The College of
Public Health, Ningxia Medical University, Yinchuan, China

Introduction: China is one of the three countries with the largest TB burden
globally, with an increased number of patients reported in 2021.

Objective: In this study, we aimed to investigate the epidemiological profile
of tuberculosis (TB) and the genotype characteristics of Mycobacterium
tuberculosis (MTB) in the Ningxia Hui Autonomous Region, China.

Methods: From 2005 to 2023, to provide a scientific basis for the precise
prevention and control of TB. Epidemiological data on TB in Ningxia were
obtained from the China Disease Control and Prevention Information System
from 2005 to 2023. The temporal trend of TB incidence was assessed using
a Joinpoint regression analysis (Joinpoint 5.2.0), and spatial autocorrelation
analyses were performed using ArcGIS 10.8. Spoligotyping and McSpoligotyping
based on 222 isolated MTB strains.

Results: From 2005 to 2023, 51,345 patients with TB were reported in Ningxia.
The incidence of TB decreased from 48.22/100,000 in 2005 to 30.47/100,000
in 2023. Joinpoint analysis showed that the incidence of TB in all age groups
exhibited an overall decreasing trend. The incidences were significantly lower
among urban residents than among rural residents. A spatial analysis showed
that the southern mountainous area had a high incidence, with an average
annual incidence of more than 60/100,000 in the Xiji, Lund, and Haiyuan
counties, and this showed significant spatial clustering in 2007, 2009, 2014,
2016, and 2018. Genotyping showed that Beijing was the main genotype in
Ningxia, accounting for 80.63% of the total (78.26% in 2005-2012 and 83.18%
in 2013-2023). A cluster analysis showed that the Beijing type had strong
intraregional transmission characteristics. The overall incidence of TB in Ningxia,
China, showed a significant downward trend, but the prevalence was high in the
southern mountainous regions and rural populations. The high aggregation of
Beijing-type genotypes suggests a risk of intra-regional transmission and the
need to strengthen surveillance and transmission chain analyses.

Conclusion: TB incidence in Ningxia declined from 48.22 to 30.47/100,000
(2005-2023), yet remains high in southern mountainous regions. Persistent
Beijing-type M. tuberculosis strains dominate, suggesting sustained transmission.
Targeted interventions and further molecular studies are needed to enhance
control in endemic areas.
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1 Introduction

Tuberculosis (TB), caused by Mycobacterium tuberculosis (MTB),
remains one of the leading causes of death from infectious diseases
worldwide. In 2021 alone, an estimated 10.6 million new cases and
1.6 million deaths were reported globally (Organization, W.H, 2021).
Although substantial progress has been made in reducing the TB
incidence globally, significant regional disparities persist (Guo et al.,
2023; Orgeur et al., 2024). China accounts for approximately 8.4% of
global TB cases, with considerable geographic heterogeneity in the
disease burden owing to socio-economic, environmental, and
demographic factors (AlKhateeb et al., 2020; Chakaya et al., 2021).
The western provinces, particularly the Ningxia Hui Autonomous
Region, face disproportionately higher TB incidences, primarily
owing to economic underdevelopment, the limited healthcare
infrastructure, and high internal migration. With an annual incidence
of 30-40 per 100,000—almost double the national average—Ningxia
remains a TB hotspot. However, comprehensive molecular
epidemiologic data on circulating MTB strains in the region remain
limited, hindering targeted public health interventions.

Understanding MTB genotypic diversity is crucial for elucidating its
transmission dynamics and designing region-specific control strategies
(Qian et al., 2002; Wada et al., 2009). The Beijing genotype, predominant
in East Asia, has been associated with increased virulence and drug
resistance, and it plays a key role in sustaining transmission in high-
burden areas (Castillos de Ibrahim das Neves et al., 2023; Dlamini et al.,
2023). Whereas whole-genome sequencing (WGS) offers high-resolution
insights into strain diversity and transmission chains, its widespread
implementation in resource-limited settings is constrained by cost-
associated and technical demands. Spoligotyping and its improved
variant, McSpoligotyping, offer cost-effective and scalable alternatives,
capable of lineage identification and international comparisons based on
established databases (Napier et al., 2023).

The aim of this study was to conduct a comprehensive assessment
of the temporal, spatial, and molecular epidemiology of TB in Ningxia
from 2005 to 2023. By analysing the incidence trends, spatial
distribution, and genotypic profiles of MTB strains (Yang et al., 2023),
we seek to improve the understanding of local transmission patterns.
Our findings will support the development of tailored control strategies
in Ningxia and contribute to the broader global effort to map MTB
diversity and enhance molecular surveillance in under-resourced regions.

2 Methods
2.1 Genotyping experiments

2.1.1 Strain source and isolation

From 2005 to 2023, 222 MTB strains were isolated from patients
treated at the Fourth People’s Hospital of the Ningxia Hui Autonomous
Region. Owing to resource constraints for long-term strain
preservation, the sample size was limited but representative of the
major endemic areas of Ningxia, covering both southern counties with
high incidences (e.g., Xiji) and northern districts with low incidences
(e.g., Xinggqing). Culturing and isolation were performed in the
reference laboratory of the Fourth People’s Hospital of the Ningxia Hui
Autonomous Region. The H37Rv standard reference strain was
provided by the National Tuberculosis Reference Laboratory of the
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Chinese Centres for Disease Control and Prevention. In total, 222
isolates were successfully genotyped using spoligotyping and
McSpoligotyping. This study was approved by the Ethics Committee
of the Fourth People’s Hospital of Ningxia Hui Autonomous Region,
with ethics review number 2025-QSY-005.

2.1.2 Spoligotyping of strains

Spoligotyping approaches have been described previously (Zeng
et al,, 2016; Abebe et al., 2019; Yin et al., 2023; Getahun et al., 2024).
Briefly, we used the standard 43 spacer oligonucleotides for the
dot-detection standard protocol. The PCR amplification conditions were
as follows: 96°C for 3 min, 96°C for 1 min, 55°C for 1 min, 72°C for 30 s,
for a total of 35 cycles, followed by 72°C for 5 min. For membrane
preparation, each oligonucleotide corresponded to a spacer-region
sequence between the direct repeat (DR) sites. For hybridisation and
detection, 20 pL of the polymerase chain reaction (PCR) product was
added to 150 pL of 2*SSPE/0.1% sodium dodecyl sulphate, heated and
denatured at 100°C for 10 min, diluted, and added to the notch; this was
hybridised with the membrane at 55°C for 60 min, and the membrane
was washed and incubated at 42°C or 30°C with a horseradish peroxidase
streptavidin—conjugate. Membrane detection was performed using a
CDP star and exposed to an X-ray film for 5 min.

2.1.3 McSpoligotyping of strains

McSpoligotyping was performed as described previously (Zeng
etal, 2018; Pan et al., 2021). Briefly, PCR amplification and melting
curve analysis were performed as one program and completed
continuously on a SLAN48P real-time fluorescence PCR instrument.
This system is a three-tube four-colour system, which means that for
each sample, three tubes are needed for detection, and in total, 43
spacers are detected. The 25 pL reaction system included the following:
McSpoligotyping PCR Mix (A/B/C), 19.75 pL; McSpoligotyping
enzyme mixture, 0.25 pL; and the sample to be tested/negative control/
positive control, 5 pL. The reaction conditions were as follows: 50°C
for 5 min — 95°C for 10 min — (95°C for 15 s — 57°C for 15 s — 72°C
for 5 s) x 50 cycles. The melting curve program was set as follows: 95°C
for 1 min — 35°C for 1 min — 3°C-90°C with a heating rate of
0.04°C/s for melting analysis, and during this stage, fluorescence
signals from the FAM, ROX, and CY5 channels were collected.

2.1.4 Clustering analysis of genotypes

The spoligotyping results were converted into 43-bit binary strings
(‘I indicates the presence of spacer sequences, and ‘0’ indicates their
absence), and invalid data owing to PCR amplification failure or
ambiguous signals were excluded to ensure data integrity. The
pre-processed binary data were compared with the SITVIT2!
database® (Brudey et al., 2006) to obtain Spoligotype International
Type (SIT) numbers and lineage information to form a complete
strain characterisation dataset. Using the Spoligotyping module of the
MIRU-VNTRplus online platform® (Weniger et al, 2012),
we imported the binary data files, calculated the pairwise genetic
distances between strains based on the Jaccard distance to generate the
symmetric distance matrix, and constructed the minimum generative

1 http://www.pasteur-guadeloupe.fr:8081/SITVIT2/upload
2 http://www.pasteur-guadeloupe.fr:8081/SITVIT2
3 https://www.miru-vntrplus.org
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distance matrix based on the Kruskal algorithm. Using the Kruskal
algorithm to construct the minimum spanning tree (MST) and
according to the classical definition of the MTB clonal complex (CC;
Weniger et al., 2010), the maximum spacer sequence divergence
threshold was set to 1, and the strains with divergence <1 were
classified as the same CC. Hierarchical Spring Embedder was used to
optimise the MST layout to reduce cross-links, and node positions
were manually adjusted when necessary. To verify the topological
stability, 1,000 bootstrap analyses were performed, and branches with
>70% support were considered plausible.

2.2 Data sources, cleaning, processing,
analysis, and visualisation

Epidemiological data on TB were obtained from the China
Information System for Disease Control and Prevention. Data
cleaning and processing and statistical analyses were performed using
Excel 2020 with a focus on variables such as sex, age, diagnostic
indicators, and treatment information. Age groups were classified into
three categories (0-14, 15-64, and >65 years) based on the statistical
yearbook published by the Ningxia Statistics Bureau.

Subsequently, Joinpoint regression analysis (Version 5.2.0,
Information Management Services Inc., Calverton, MD, United States)
was used to fit the data into a series of segmented linear regression
models connected by “joinpoints” (Li Huizhang, 2020). This approach
was used to analyse temporal trends in the time-series data and
characterise the epidemiological features of TB in the region.
Additionally, spatial autocorrelation analysis was performed using
ArcGIS 10.8 (Esri, Redlands, CA, United States) to preliminarily
explore the spatial epidemiological patterns and geographical
distribution of TB in the region.

3 Results
3.1 Demographic trends

During 2005-2023, 51,345 patients with TB were reported in the
Ningxia Hui Autonomous Region. The patients had an average age of
50.07 + 20.53 years (0-10), including 29,330 males and 22,015
females, with a male-to-female ratio of 1.331:1. Further, 37,410
(72.86%) were Han, 13,811 (26.90%) were Hui, and 124 (0.24%) were
from other ethnic groups; 19,835 (38.63%) were urban residents and
31,388 (61.13%) were rural residents, with 122 (0.24%) having
unknown addresses. The distribution of occupations was mainly
farmers, students, retirees, and those engaged in housework or
unemployed, with farmers accounting for 66.05% (Table 1). Notably,
the average delay in seeking medical care was 62.6 + 179.96 days;
42.47% were referred, 37.54% sought care directly, and the rest came
from tracing, recommendations, health check-ups, or screenings.
Most patients (94.98%) were newly diagnosed, whereas 5.02% were
retreatment cases; 53.19% tested pathogen-positive, 43.52% tested
negative, and a small proportion had extrapulmonary TB or missing
results. Among pathogen-positive patients, the cure rate was 79.27%,
whereas some experienced adverse reactions, treatment failure, or
death; 83.86% received the standard 2HRZE/4HR regimen, with the
others following alternative treatments (Table 1).
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TABLE 1 Characteristics of TB patients in Ningxia from 2005 to 2023.

Characteristic ‘ Total (n = 51,345)

Age, years

Mean 50.07

SD 20.53
Sex, n (%)

Women 22,015 (42.88)
Men 29,330 (57.12)

Nation, n (%)

Han ethnic group 37,410 (72.86)
Hui Islamic ethnic group living across China 13,811 (26.90)
Other ethnic groups 124 (0.24)
Urban and rural distribution, n (%)
Urban residents 19,835 (38.63)

Rural residents 31,388 (61.13)

Unknown address 122 (0.24)
Occupational groups, n (%)

Farmers 33,914 (66.05)
Domestic and non-working 4,872 (9.49)
Students 3,456 (6.73)

Other occupations 9,103 (17.73)

The joinpoint regression analysis showed that the overall trend of
the registered incidence of TB in Ningxia decreased from 2005 to 2023,
and the registered incidence of TB in Ningxia showed a significant
downward trend, with an average annual decrease of 4.77%
(APC = —4.77,95% CI: —5.99 to —3.56%, p < 0.05), decreasing from
48.22 to 30.47 per 100,000 (Figure 1 B). From 2005 to 2023, the
prevalence varied by age group, with the highest prevalence in the 65
and older age group, followed by the 15-64 age group, and the lowest
prevalence in the 0-14 age group (Figure 1 A). TB incidence in Ningxia
showed a significant decline across all age groups. The most notable
decrease was among children aged 0-14, with an annual reduction of
13.46% (p < 0.001) (Figure 1C). In the 15-64 age group, the incidence
decreased by 6.12% annually (p < 0.001) (Figure 1D), whereas in those
65 and older, the decline was minimal and not statistically significant
(p = 0.342) (Figure 1E). Urban and rural trends also differed, with the
urban TB incidence decreasing by 5.77% annually (Figure 1F), a
significantly greater reduction than the 2.61% annual decline in rural
areas (p < 0.05) (Figure 1G). During this period, the average treatment
delay for TB in the region decreased by 1.43% annually (p = 0.004). The
most significant improvement occurred between 2005 and 2013, with
an annual reduction of 7.38% (p < 0.05). However, from 2013 to 2023,
treatment delays increased by 3.61% per year (p < 0.05), indicating a
concerning reversal in progress (Figure 1H).

3.2 Spatial analyses
From 2005 to 2023, the TB incidence varied significantly across

regions. Xingqing District had the lowest average annual incidence at
2.50/100,000, whereas Xiji County had the highest at 64.07/100,000.
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FIGURE 1

Trends in tuberculosis incidence in Ningxia from 2005 to 2023. (A) Tuberculosis incidence rates by age group for each year. (B) Trend chart of changes
in tuberculosis in the whole population. (C) Trend chart of tuberculosis changes in 0—-14 years old. (D) Trend chart of changes in tuberculosis from 14
to 64 years of age. (E) Trend map of tuberculosis changes at 65 years and above. (F) Trend chart of tuberculosis among urban residents. (G) Trends in
tuberculosis among rural residents. (H) Trends in tuberculosis treatment delays.

Three northern plain areas—Xingging, Jinfeng, and Dawukou
Districts—maintained rates below 30/100,000, whereas three southern
mountainous areas—Xiji, Longde, and Haiyuan Counties—recorded
rates exceeding 60/100,000. The spatial analysis showed fluctuations
in Moran’s I index (—0.057 to 0.458), with significant TB clustering in
2007, 2009, 2014, 2016, and 2018 (p < 0.05). High-high clustering was
concentrated in southern regions, such as Yuanzhou, Longde, and
Jingyuan, whereas low-low clustering was observed in northern
regions, including Lingwu, Huinong, Panglao, and Helan (Figure 2;
Table 2).

3.3 Molecular findings

Genotyping revealed distinct shifts in the MTB lineage
distribution between 2005-2012 and 2013-2023. During 2005-2012,
the traditional spoligotyping of 115 strains identified 22 genotypes,
with the Beijing family predominating (78.26%, 90/115). Among
these, 11 genotypes matched known SIT codes, whereas 12 strains
formed 11 novel genotypes (10.43% of the total). Non-Beijing strains
(21.74%) included T1 (7.83%, 9/115), MANU2 (2.61%, 3/115), and U
(0.87%, 1/115) lineages. From 2013 to 2023, the McSpoligotyping of
107 strains resolved 18 genotypes, showing increased Beijing family
dominance (83.18%, 89/107) and reduced novel genotype detection
(4.67%, 5/107). Non-Beijing strains (16.82%) comprised T (11.1%,
12/107) and U (0.93%, 1/107) lineages, with no MANU?2 isolates
detected (Table 3).

The cluster analysis of MTB strains using spoligotyping and
McSpoligotyping revealed distinct transmission patterns. The
spoligotyping of 115 isolates identified three major clusters, Beijing
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(79.13%, 91/115), MANU2 (3.48%, 4/115), and T (8.70%, 10/115),
with 8.70% (10/115) as unique genotypes (clustering rate: 91.0%).
Within the Beijing cluster, SIT1 dominated (90.11%, 82/91), followed
by SIT269 (5.49%), and rare subtypes (NEW/SIT796/SIT406). The
MANU?2 cluster included SIT54 (n=2), SIT1192 (n=1), and an
unclassified strain, whereas the T cluster comprised SIT334 (n = 6),
SIT54 (n=2), S393 (n=1), and a novel genotype (Figure 3A). In
contrast, the McSpoligotyping of 107 isolates resolved two lineages,
Beijing (83.18%, 89/107) and T (8.41%, 9/107), with 8.41% (9/107) as
unique genotypes (clustering rate: 91.59%). The Beijing lineage
exhibited higher homogeneity, with the predominance of SIT1
increasing to 93.26% (83/89), alongside rare subtypes (SIT190/
SIT265/SIT621/NEW). The T lineage diversified into SIT3 (n =5),
SIT334 (n = 2), and SIT7 (n = 1 each; Figure 3B).

4 Discussion

We observed that the patients were mainly middle-aged and older
adults from 2005 to 2023 in Ningxia, China, similar to observations in
most other provinces in the country. Farmers accounted for most
patients, at 66.05%. China is one country with a high burden of TB,
which has a slow onset and a long course, causing great harm to people.
With the continuous introduction of new anti-TB drugs, the
implementation of various prevention and control measures, and the
substantial investment of funds, the epidemic has been controlled,
exhibiting a downward trend (Chen et al., 2024; Tao Li et al,, 2024). In
2005, the Ningxia Hui Autonomous Region started to use a unified
online reporting system to manage TB. Since then, the incidence of TB
has declined. The reported incidence of TB significantly decreased
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FIGURE 2
Spatiotemporal distribution of tuberculosis incidence in Ningxia. (A) Distribution of tuberculosis incidence in Ningxia. (B) Hotspot analysis of
tuberculosis incidence in Ningxia in 2007. (C) Hotspots of tuberculosis incidence in Ningxia in 2009. (D) Hotspots of tuberculosis incidence in Ningxia
in 2014. (E) Hotspot analysis of tuberculosis incidence in Ningxia in 2016. (F) Hotspots of tuberculosis incidence in Ningxia in 2018.

from 2005 to 2012, from a peak of 64.15 per 100,000 in 2006 to 40.36
per 100,000 in 2012. TB control in the Ningxia Hui Autonomous
Region was effective during this period. On the one hand, during this
period of rapid economic development, the level of medical technology
significantly improved, curbing the spread of TB to a certain extent. On
the other hand, the improvement in public health awareness and living
conditions is crucial (Zhang et al., 2020). In the following years, from
2012 to 2019, the reported incidence remained between 30 and 40 per
100,000, which we refer to as a stable period. However, owing to the
comprehensive outbreak of Coronavirus Disease 2019 (COVID-19) in
China in 2020, changes in social management methods, lifestyles, and
medical services led to a temporary decrease in the reported incidence
of TB to <30 per 100,000 (Zhang et al., 2023).

Delays in seeking medical care remain a serious issue (Li et al.,
2013). This situation slightly improved from 2005 to 2013, but since
2013, there has been a rebound in delays in seeking medical care, and
methods to find patients have gradually changed from passive to
With social developments, the

proactive. epidemiological
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characteristics of TB are changing. From the perspective of its
geographical distribution, the western side of the southern
mountainous area had a high incidence of TB, with an annual average
incidence of more than 60/10,000, indicating clustering characteristics.
The southern mountainous area, represented by “Xi Hai Gu,” was
identified by the United Nations Food Development, in 1972, as one
of the 22 “least suitable areas for human habitation” in the world
(Organization, W.H, 2015). Owing to the harsh living conditions,
residents lack knowledge regarding TB and have poor nutrition,
leading to a continuously high incidence of TB in this area. TB is
closely linked to poverty. This situation is gradually improving;
however, this area remains a key focus from the perspective of disease
prevention and control (Wang et al., 2021).

The Beijing genotype is the predominant MTB genotype
worldwide, particularly in China, where it has an advantage over other
genotypes. Studies have reported that the Beijing genotype accounts for
approximately 83.3% of the MTB strains in Beijing (Liu et al., 2018) and
73.2% nationwide (Wan et al., 2011). Our study showed that the
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TABLE 2 Global spatial autocorrelation of TB incidence in the Ningxia, 2005-2023.

Year Moran’s | Expected index Variance Z-Score p-value
2005 0.232 —0.048 0.023 1.836 0.066
2006 0.153 —0.048 0.023 1.314 0.189
2007 0.249 —0.048 0.022 1.991 0.046
2008 0.172 —0.048 0.023 1.439 0.150
2009 0275 —0.048 0.024 2.093 0.036
2010 0213 —0.048 0.024 1.688 0.091
2011 0.062 —0.048 0.024 0.712 0.476
2012 ~0.041 ~0.048 0.023 0.045 0.964
2013 0.132 —0.048 0.022 1.202 0229
2014 0.401 —0.048 0.021 3.087 0.002
2015 0239 —0.048 0.022 1.934 0.053
2016 0.458 —0.048 0.021 3455 0.001
2017 0.069 —0.048 0.024 0.761 0.446
2018 0.226 —0.048 0.019 2.009 0.045
2019 0.119 —0.048 0.024 1.077 0.282
2020 0.181 —0.048 0.024 1.479 0.139
2021 —0.057 —0.048 0.023 ~0.062 0.950
2022 0.072 —0.048 0.023 0.791 0.429
2023 0.038 —0.048 0.024 0.557 0577

TB, Tuberculosis.

TABLE 3 Genotype distribution of 222 MTB isolates in the Ningxia region.

2005-2012 (n = 115)

2013-2023 (n = 107)

Genotyping SIT  Number Spoligotype Genotyping SIT  Number McSpoligotype
Beijing 1 82 Beijing 1 83
1,364 1 621 1
Beijing-Like 269 5 T TR — 190 3 B
796 1 O T e 2,979 1 T T
406 1 T e 265 1 T T T T T r—
T1 53 2 frpp— T1 53 5 T —
334 6 —— 334 2 - T —
393 1 EE— 7 1 : e—
MANU2 54 2 —— 3,228 1 -
1,192 1 — 2,905 1 : frpe——
U 1,462 1 P — T2 848 1 — rrr—ce—
New - 2 T —— T3 37 1 I —
- 1 T ——— U 3,109 1 - e
- 1 New - 1 o f— |1 e——
- 1 e ——————r—— - 1 .. —
- 1 R ——— - 1 S —
- 1 « — - 1 e ——
- 1 - 1 T —
- 1 e e e
- 1 S ———p—
- 1 e —
- 1
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isolates from 2013 to 2023. MTB, Mycobacterium tuberculosis.
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proportion of the Beijing genotype among MTB strains in Ningxia is
80.63%. In Northern provinces, such as Shaanxi, the Beijing genotype
is dominant (Li et al., 2020). In contrast, southern regions, such as
Hainan and Guangxi, exhibit a lower prevalence of the Beijing
genotype, with Guangxi showing significant diversity of MTB strains,
including early branching strains of the Beijing lineage (Wan et al.,
2011). This indicates a high prevalence of patients infected with the
Beijing MTB genotype in Ningxia. The T and U families of the
genotypes were present in Ningxia. The results of the MTB clustering
analysis showed a high rate of clustering of the bacteria, indicating a
certain degree of relatedness, and they may be mainly spread within the
region; however, whether there is spatial overlap and an epidemiological
link among patients needs further verification (Liu et al., 2018).
According to our results, we recommend improving awareness
campaigns and educational initiatives to improve self-protection
awareness among farmers and high-risk groups. Enhancing
communication and cooperation within departments, such as the
education department, should be the focus, including promoting a
healthy lifestyle to reduce the incidence of TB (Chen et al,, 2023).
Furthermore, in terms of the treatment and management of patients
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with TB, strict control should be exercised over patients continuing to
engage in work that may spread the disease, and patients should wear
masks in crowded areas (Liu et al., 2024). Additionally, the follow-up
of patients after short-term chemotherapy should be strengthened to
prevent further spread. Moreover, targeted prevention and control
should be implemented, including publicity activities in cooperation
with local religious organisations, to ensure that local people participate
in monitoring and control while respecting cultural differences.

The findings of this study align with observations from other
regions with high TB burdens, providing a valuable comparative
context. For example, studies conducted in Latin American countries,
such as Mexico, revealed the high diversity of circulating MTB strains
and complex transmission dynamics, underscoring the challenges
faced in controlling the disease in similar socio-economic contexts
(Mejia-Ponce et al., 2023). Research from Sub-Saharan Africa has
similarly highlighted the prevalence and persistence of dominant
strains, especially those resistant to multiple drugs, contributing to
ongoing transmission despite targeted interventions (Ektefaie et al.,
2021). Likewise, in Southeast Asia, specifically Vietnam, persistent
high rates of drug resistance and the effectiveness of molecular
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surveillance strategies underline the critical importance of accurate
genomic data to inform TB-control policies (Huong et al., 2024). In
East Asia, a decade-long molecular epidemiological analysis in Japan’s
Chiba Prefecture revealed the sustained dominance of the modern
Beijing genotype, reflecting patterns similar to those observed in
Ningxia and highlighting the need for region-specific genotypic
surveillance (Kikuchi et al., 2022).

The spoligotyping and McSpoligotyping methods employed in
this study remain important tools, because of their cost-effectiveness
and convenience, and are particularly suitable for large-scale
surveillance in resource-limited regions; for example, one study
found that spoligotyping was the most widely used method in Latin
America, accounting for 60.9% of the total (Castillos de Ibrahim das
Neves et al., 2023). However, their limitations in accuracy and strain
discrimination must be acknowledged. One study showed that
spoligotyping can be used for low-resolution monitoring and WGS
for higher-resolution studies (Napier et al., 2023). Some studies have
documented discrepancies between spoligotyping and WGS,
suggesting that spoligotyping may lack sufficient resolution to reliably
distinguish between closely related strains, potentially leading to the
misinterpretation of transmission dynamics (Ramazanzadeh et al.,
2020; Bakuta et al., 2023). Thus, based on previous work, we continue
to use spoligotyping and McSpoligotyping for sequencing. In the
future, we will use WGS to compare the results of the two methods
and for further verification. Although this study presents novel
findings, there are certain limitations that need to be considered.
First, the molecular typing of representative strains is required to
better understand the epidemiological transmission patterns and
evolutionary characteristics of the strains. Second, the number of
strains isolated from patients was limited, indicating that future
studies should include a larger sample size to validate the results of
this study.

5 Conclusion

Our analysis showed that the TB epidemic in Ningxia has
remained prominent but has gradually decreased from 48.22 (per
100,000 people) in 2005 to 30.47 (per 100,000 people) in 2023.
Geographically, high-incidence areas are still concentrated in the
relatively poor areas of the southern mountainous regions.
Beijing-type MTB is the dominant strain responsible for most
patient infections. Molecular epidemiological investigations
conducted through spoligotyping and McSpoligotyping showed
that the main genotypes have persisted during the TB epidemic.
TB has always been a serious social issue, and controlling its
spread has become a critical global issue. The results of this study
provide a basis for recommendations for TB prevention and
control. Further molecular epidemiological studies are required
to provide new insights into the persistently high incidence of TB
in Ningxia.

Data availability statement

The original contributions presented in the study are included in
the article/supplementary material, further inquiries can be directed
to the corresponding authors.

Frontiers in Microbiology

10.3389/fmicb.2025.1582163

Ethics statement

The studies involving humans were approved by Ethics Committee
of The Fourth People’s Hospital of Ningxia Hui Autonomous Region.
The studies were conducted in accordance with the local legislation
and institutional requirements. Written informed consent for
participation in this study was provided by the participants’ legal
guardians/next of kin.

Author contributions

GL: Conceptualization, Data curation, Formal analysis, Funding
acquisition, Investigation, Methodology, Project administration,
Resources, Software, Supervision, Validation, Visualization, Writing —
original draft, Writing - review & editing. JL: Conceptualization, Data
curation, Investigation, Project administration, Software, Writing —
original draft, Writing - review & editing. LC: Data curation,
Investigation, Software, Validation, Visualization, Writing — original
draft, Writing - review & editing. YM: Conceptualization, Data
curation, Formal analysis, Project administration, Resources, Writing —
original draft, Writing - review & editing. BL: Conceptualization,
Formal analysis, Methodology, Resources, Validation, Writing — original
draft, Writing - review & editing. XJ: Conceptualization, Data curation,
Methodology,
administration, Resources, Supervision, Validation, Visualization,

Formal analysis, Funding acquisition, Project

Writing - original draft, Writing - review & editing.

Funding

The author(s) declare that financial support was received for the
research and/or publication of this article. This study was supported
by the Natural Science Foundation of Ningxia (no. 2024AAC05094),
the Health System Research Project of Ningxia Hui Autonomous
Region (2024-NWZD-A005), and the Health System Research Project
of Ningxia Hui Autonomous Region (no. 2024-NWQP-B044). The
funders played no role in the study design, data collection and
analysis, decision to publish, or preparation of the manuscript.

Acknowledgments

We would like to thank Editage (www.editage.cn) for English
language editing.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Generative Al statement

The author(s) declare that no Gen Al was used in the creation of
this manuscript.

frontiersin.org


https://doi.org/10.3389/fmicb.2025.1582163
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://ind01.safelinks.protection.outlook.com/?url=http%3A%2F%2Fwww.editage.cn%2F&data=05|01|nithya.john@cactusglobal.com|44b19e07500540e2bb1008db57807487|762d8873d7774e7fbb6be4d2cccca312|0|0|638199981443990062|Unknown|TWFpbGZsb3d8eyJWIjoiMC4wLjAwMDAiLCJQIjoiV2luMzIiLCJBTiI6Ik1haWwiLCJXVCI6Mn0%3D|3000|||&sdata=sCP4VFQAZtdckWDw%2BQWS3VVVEVoPShf45rztfsnvzOM%3D&reserved=0

Liu et al.

Publisher’'s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated

References

Abebe, G., Abdissa, K., Abdella, K., Tadesse, M., Worku, A., and Ameni, G. (2019).
Spoligotype-based population structure of Mycobacterium tuberculosis in the Jimma
zone, Southwest Ethiopia. Microbiology 8:¢00744. doi: 10.1002/mbo3.744

AlKhateeb, M. H., Aziz, A., Eltahir, M., and Elzouki, A. (2020). Bilateral foot-drop
secondary to axonal neuropathy in a tuberculosis patient with co-infection of
COVID-19: a case report. Cureus 12:e11734. doi: 10.7759/cureus.11734

Bakula, Z., Dziurzynski, M., Decewicz, P, Bakonyté, D., Vasiliauskaité, L.,
Nakcerieng, B., et al. (2023). Spoligotyping of Mycobacterium tuberculosis - comparing
in vitro and in silico approaches. Infect. Genet. Evol. 115:105508. doi:
10.1016/j.meegid.2023.105508

Brudey, K., Driscoll, J. R., Rigouts, L., Prodinger, W. M., Gori, A., Al-Hajoj, S. A.,
et al (2006). Mycobacterium tuberculosis complex genetic diversity: mining the fourth
international spoligotyping database (SpolDB4) for classification, population genetics
and epidemiology. BMC Microbiol 6, 23. doi: 10.1186/1471-2180-6-23

Castillos de Ibrahim das Neves, Y., Reis, A. J., Xavier Maio, N., Vianna, J., and Perdiggo, J.
(2023). Genotyping methods and their contributions to the study of tuberculosis dynamic in
Latin America. J. Infect. Dev. Ctries. 17, 1373-1386. doi: 10.3855/jidc.17840

Chakaya, J., Khan, M., Ntoumi, F, AKklillu, E., Fatima, R., Mwaba, P, et al. (2021).
Global tuberculosis report 2020 - reflections on the global TB burden, treatment and
prevention efforts. Int. J. Infect. Dis. 113, S7-S12. doi: 10.1016/}.ijid.2021.02.107

Chen, X,, Peng, Y., Zhou, L., Wang, E, Chen, B., and Qu, Y. (2023). The necessity for
enhancing awareness of tuberculosis starting from the early college semesters: empirical
evidence from a cross-sectional research. Front. Public Health 11:1272494. doi:
10.3389/fpubh.2023.1272494

Chen, X,, Zhou, J., Yuan, Q., Zhang, R., Huang, C., and Li, Y. (2024). Challenge of
ending TB in China: tuberculosis control in primary healthcare sectors under integrated
TB control model-a systematic review and meta-analysis. BMC Public Health 24:163.
doi: 10.1186/s12889-023-16292-5

Dlamini, T. C., Mkhize, B. T, Sydney, C., Maningi, N. E., and Malinga, L. A. (2023).
Molecular investigations of Mycobacterium tuberculosis genotypes among baseline and
follow-up strains circulating in four regions of Eswatini. BMC Infect. Dis. 23:566. doi:
10.1186/512879-023-08546-9

Ektefaie, Y., Dixit, A., Freschi, L., and Farhat, M. R. (2021). Globally diverse
Mycobacterium tuberculosis resistance acquisition: a retrospective geographical and
temporal analysis of whole genome sequences. Lancet Microbe 2, e96-e104. doi:
10.1016/52666-5247(20)30195-6

Getahun, M., Beyene, D., Mollalign, H., Diriba, G., Tesfaye, E., Yenew, B., et al. (2024).
Population structure and spatial distribution of Mycobacterium tuberculosis in Ethiopia.
Sci. Rep. 14:10455. doi: 10.1038/s41598-024-59435-3

Guo, E, Wei, ], Song, Y, Li, B., Qian, Z., Wang, X,, et al. (2023). Immunological effects
of the PE/PPE family proteins of mycobacterium tuberculosis and related vaccines.
Front. Immunol. 14:1255920. doi: 10.3389/fimmu.2023.1255920

Huong, D. T., Walker, T. M., Ha, D. T,, Ngoc, K. T. T,, Trung, V. N,, Nam, L. T, et al.
(2024). The implementation of whole-genome sequencing for Mycobacterium
tuberculosis in Vietnam. IJTLD Open 1, 320-322. doi: 10.5588/ijtldopen.24.0147

Kikuchi, T., Nakamura, M., Hachisu, Y., Hirai, S., and Yokoyama, E. (2022). Molecular
epidemiological analysis of Mycobacterium tuberculosis modern Beijing genotype strains
isolated in Chiba prefecture over 10 years. J. Infect. Chemother. 28, 521-525. doi:
10.1016/j.jiac.2021.12.020

Li Huizhang, Z. L. (2020). Ningxia: putting money down on culture construction of a
cultural industry owes as much to management as to history. Zhonghua Yu Fang Yi Xue
Za Zhi 54, 908-912. doi: 10.3760/cma.j.cn112150-20200616-00889

Liu, W,, Guo, ], Jiang, Q., Zhou, G., Dong, Y., Xu, B,, et al. (2024). Quality control
circle practices to improve mask-wearing compliance by patients diagnosed with
tuberculosis during external examinations. Patient Prefer. Adherence 18, 227-237. doi:
10.2147/ppa.S445632

Liu, Y., Zhang, X., Zhang, Y., Sun, Y., Yao, C., Wang, W, et al. (2018). Characterization
of Mycobacterium tuberculosis strains in Beijing, China: drug susceptibility phenotypes
and Beijing genotype family transmission. BMC Infect. Dis. 18:658. doi:
10.1186/512879-018-3578-7

Li, Y, Ehiri, J., Tang, S., Li, D,, Bian, Y, Lin, H., et al. (2013). Factors associated with
patient, and diagnostic delays in Chinese TB patients: a systematic review and meta-
analysis. BMC Med. 11:156. doi: 10.1186/1741-7015-11-156

Li, Y., Pang, Y., Zhang, T, Xian, X., Yang, J., Wang, R., et al. (2020). Genotypes of
Mycobacterium tuberculosis isolates circulating in Shaanxi Province. China. PLoS One
15:€0242971. doi: 10.1371/journal.pone.0242971

Frontiers in Microbiology

10.3389/fmicb.2025.1582163

organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or claim
that may be made by its manufacturer, is not guaranteed or endorsed
by the publisher.

Mejia-Ponce, P. M., Ramos-Gonzélez, E. J., Ramos-Garcia, A. A., Lara-Ramirez, E. E.,
Soriano-Herrera, A. R., Medellin-Luna, M. E, et al. (2023). Genomic epidemiology
analysis of drug-resistant Mycobacterium tuberculosis distributed in Mexico. PLoS One
18:€0292965. doi: 10.1371/journal.pone.0292965

Napier, G., Couvin, D., Refrégier, G., Guyeux, C., Meehan, C. ], Sola, C., et al. (2023).
Comparison of in silico predicted Mycobacterium tuberculosis spoligotypes and lineages
from  whole genome sequencing data. Sci. Rep. 13:11368. doi:
10.1038/541598-023-38384-3

Organization, W.H. (2015). Tuberculosis in China: a disease of poverty. Available
online at: https://www.who.int/hongkongchina/news/detail/23-03-2015-world-health-
organization-tuberculosis-in-china-a-disease-of-poverty (Accessed March 23, 2024).

Organization, W.H. (2021). Global Tuberculosis Report 2021. Available online at:
https://www.who.int/publications/i/item/9789240013131 (Accessed March 28, 2024).

Orgeur, M., Sous, C., Madacki, J., and Brosch, R. (2024). Evolution and emergence of
Mycobacterium  tuberculosis. ~ FEMS — Microbiol. ~ Rev. 48, fuae006. doi:
10.1093/femsre/fuae006

Pan, ], Ye, H., Wu, Z., Xiao, J., and Liu, J. (2021). One-step melting curve analysis-
based McSpoligotyping reveals genotypes of Mycobacterium tuberculosis in a coastal city.
China. Arch Microbiol 203, 4579-4585. doi: 10.1007/s00203-021-02441-0

Qian, L., Abe, C,, Lin, T. P, Yu, M. C, Cho, S. N,, Wang, S., et al. (2002). rpoB
genotypes of Mycobacterium tuberculosis Beijing family isolates from east Asian
countries. J. Clin. Microbiol. 40, 1091-1094. doi: 10.1128/JCM.40.3.1091-1094.2002

Ramazanzadeh, R., Shakib, P, Rouhi, S., Mohammadi, B., Mohajeri, P., and Borji, S.
(2020). Molecular epidemiology of Mycobacterium tuberculosis isolates in Iran using
spoligotyping. New Microbes New Infect 38:100767. doi: 10.1016/j.nmni.2020.100767

Tao Li, X. D, Jia, Z., and Zhao, Y. (2024). Recurrent tuberculosis towards end TB
strategy — China, 2025-2035. China CDC Weekly 6, 885-890. doi:
10.46234/ccdcw2024.189

Wada, T., Iwamoto, T., and Maeda, S. (2009). Genetic diversity of the Mycobacterium
tuberculosis Beijing family in East Asia revealed through refined population structure
analysis. FEMS Microbiol. Lett. 291, 35-43. doi: 10.1111/j.1574-6968.2008.01431.x

Wang, L., Xu, C., Hu, M., Qiao, J., Chen, W, Li, T, et al. (2021). Spatio-temporal
variation in tuberculosis incidence and risk factors for the disease in a region of
unbalanced socio-economic development. BMC Public Health 21:1817. doi:
10.1186/s12889-021-11833-2

Wan, K., Liu, J., Hauck, Y., Zhang, Y, Liu, J., Zhao, X., et al. (2011). Investigation on
Mycobacterium tuberculosis diversity in China and the origin of the Beijing clade. PLoS
One 6:¢29190. doi: 10.1371/journal.pone.0029190

Weniger, T., Krawczyk, J., Supply, P, Harmsen, D., and Niemann, S. (2012). Online
tools for polyphasic analysis of Mycobacterium tuberculosis complex genotyping data:
now and next. Infect Genet Evol 12, 748-754. doi: 10.1016/j.meegid.2012.01.021

Weniger, T., Krawczyk, J., Supply, P,, Niemann, S., and Harmsen, D. (2010). MIRU-
VNTRplus: a web tool for polyphasic genotyping of Mycobacterium tuberculosis
complex bacteria. Nucleic Acids Res 38(Web Server issue), W326-W331. doi: 10.1093/
nar/gkq351

Yang, X. Y, Chen, S.S., Yi, J. L, Zhao, Y. E, Chen, H., Dai, X. W, et al. (2023). Analysis
of tuberculosis epidemiological characteristics and drug resistance among the floating
population in Beijing in 2019. Zhonghua Liu Xing Bing Xue Za Zhi 44, 949-953. doi:
10.3760/cma.j.cn112338-20221011-00870

Yin, C., Mijiti, X., Liu, H., Wang, Q,, Cao, B., Anwaierjiang, A., et al. (2023). Molecular
epidemiology of clinical Mycobacterium tuberculosis isolates from southern Xinjiang,
China using Spoligotyping and 15-locus MIRU-VNTR typing. Infect Drug Resist 16,
1313-1326. doi: 10.2147/idr.S§393192

Zeng, X., Li, H., Zheng, R., Kurepina, N., Kreiswirth, B. N., Zhao, X,, et al. (2016).
Spoligotyping of Mycobacterium tuberculosis complex isolates by use of ligation-based
amplification and melting curve analysis. J. Clin. Microbiol. 54, 2384-2387. doi:
10.1128/jcm.00857-16

Zeng, X., Xu, Y., Zhou, Y,, Li, H., Zheng, R, Tan, Y., et al. (2018). McSpoligotyping, a
one-step melting curve analysis-based protocol for Spoligotyping of Mycobacterium
tuberculosis. J. Clin. Microbiol. 56, €00539-18. doi: 10.1128/jcm.00539-18

Zhang, Q. Y, Yang, D. M., Cao, L. Q, Liu, J. Y,, Tao, N. N, Li, Y. F, et al. (2020).
Association between economic development level and tuberculosis registered incidence
in Shandong. China. BMC Public Health 20:1557. doi: 10.1186/s12889-020-09627-z

Zhang, Y., Zhang, L., Gao, W, Li, M., Luo, Q,, Xiang, Y., et al. (2023). The impact of
COVID-19 pandemic on reported tuberculosis incidence and mortality in China: An
interrupted time series analysis. J. Glob. Health 13:06043. doi: 10.7189/jogh.13.06043

frontiersin.org


https://doi.org/10.3389/fmicb.2025.1582163
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://doi.org/10.1002/mbo3.744
https://doi.org/10.7759/cureus.11734
https://doi.org/10.1016/j.meegid.2023.105508
https://doi.org/10.1186/1471-2180-6-23
https://doi.org/10.3855/jidc.17840
https://doi.org/10.1016/j.ijid.2021.02.107
https://doi.org/10.3389/fpubh.2023.1272494
https://doi.org/10.1186/s12889-023-16292-5
https://doi.org/10.1186/s12879-023-08546-9
https://doi.org/10.1016/s2666-5247(20)30195-6
https://doi.org/10.1038/s41598-024-59435-3
https://doi.org/10.3389/fimmu.2023.1255920
https://doi.org/10.5588/ijtldopen.24.0147
https://doi.org/10.1016/j.jiac.2021.12.020
https://doi.org/10.3760/cma.j.cn112150-20200616-00889
https://doi.org/10.2147/ppa.S445632
https://doi.org/10.1186/s12879-018-3578-7
https://doi.org/10.1186/1741-7015-11-156
https://doi.org/10.1371/journal.pone.0242971
https://doi.org/10.1371/journal.pone.0292965
https://doi.org/10.1038/s41598-023-38384-3
https://www.who.int/hongkongchina/news/detail/23-03-2015-world-health-organization-tuberculosis-in-china-a-disease-of-poverty
https://www.who.int/hongkongchina/news/detail/23-03-2015-world-health-organization-tuberculosis-in-china-a-disease-of-poverty
https://www.who.int/publications/i/item/9789240013131
https://doi.org/10.1093/femsre/fuae006
https://doi.org/10.1007/s00203-021-02441-0
https://doi.org/10.1128/JCM.40.3.1091-1094.2002
https://doi.org/10.1016/j.nmni.2020.100767
https://doi.org/10.46234/ccdcw2024.189
https://doi.org/10.1111/j.1574-6968.2008.01431.x
https://doi.org/10.1186/s12889-021-11833-2
https://doi.org/10.1371/journal.pone.0029190
https://doi.org/10.1016/j.meegid.2012.01.021
https://doi.org/10.1093/nar/gkq351
https://doi.org/10.1093/nar/gkq351
https://doi.org/10.3760/cma.j.cn112338-20221011-00870
https://doi.org/10.2147/idr.S393192
https://doi.org/10.1128/jcm.00857-16
https://doi.org/10.1128/jcm.00539-18
https://doi.org/10.1186/s12889-020-09627-z
https://doi.org/10.7189/jogh.13.06043

	Epidemiological changes in tuberculosis and genotyping characteristics of Mycobacterium Tuberculosis in Ningxia, China
	1 Introduction
	2 Methods
	2.1 Genotyping experiments
	2.1.1 Strain source and isolation
	2.1.2 Spoligotyping of strains
	2.1.3 McSpoligotyping of strains
	2.1.4 Clustering analysis of genotypes
	2.2 Data sources, cleaning, processing, analysis, and visualisation

	3 Results
	3.1 Demographic trends
	3.2 Spatial analyses
	3.3 Molecular findings

	4 Discussion
	5 Conclusion

	References

