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World Malaria Day 2026: Driven to End Malaria

Xiaonong Zhou'**; Junhu Chen's Zhigui Xia'; Shizhu Li'

On April 25, 2026, the world observes World
Malaria Day under the theme “Driven to End Malaria:
Now We Can. Now We Must.” Established by the
World Health Organization (WHO) member states in
2007, this annual event rallies global consensus in the
fight against malaria, one of the most devastating
mosquito-borne infectious diseases (7). Between 2000
and 2024, malaria control interventions averted an
estimated 2.3 billion cases and 14 million deaths
worldwide. Effective tools — including insecticide-
treated nets (ITNs), seasonal malaria chemoprevention
(SMC), and malaria vaccines — have driven these
gains (2). Already, 25 countries are deploying malaria
vaccines to protect 10 million children annually, next-
generation mosquito nets account for 84% of all newly
distributed nets, and approximately 37 countries
reported fewer than 1,000 cases in 2024. Momentum
continues: Georgia, Suriname, and Timor-Leste
achieved malaria-free certification in 2025, bringing
the global total to 47 countries and one territory. Yet
the resurgence of malaria in Cabo Verde following
certification underscores the fragility of these
achievements (2). For China, which received WHO
malaria-free certification in 2021 (3), the current
priority is consolidating elimination gains and
preventing the re-establishment of local transmission
through imported cases. Drawing on the evolution of
World Malaria Day and the 2026 theme, this article
analyzes technical bottlenecks in global malaria control,
examines the impact of the persisting global epidemic
on China's elimination achievements, and proposes a
dual-track strategy combining strengthened domestic
vigilance  with global
governance.

active  participation in

Current Global Malaria Status and Major

Technical Challenges
Despite millennia of efforts to combat malaria, the
disease remains a formidable threat to global public
health. The World Malaria Report 2025 reveals that
the global burden continues to grow: an estimated 282
million cases and 610,000 deaths occurred in 2024,
representing increases of 3% (approximately 9 million

Copyright © 2026 by Chinese Center for Disease Control and Prevention

cases) and 2% (approximately 12,000 deaths)
compared with 2023 (2). After declining by 25.6%
between 2000 and 2015, case incidence rose by 8.5%
from 2015 to 2024, while the mortality rate held
steady at 13.8 per 100,000 population at risk. Progress
toward the Global Technical Strategy (GTS) 2025
targets has fallen significantly off track — the 2024
incidence stands at 3.5 times the target, and the
mortality rate at three times the target (2). Sub-
Saharan Africa bears the overwhelming burden,
accounting for approximately 94% of all cases (265
million) and 95% of all deaths (579,000) in 2024. Five
countries alone — Nigeria, the Democratic Republic
of the Congo, Uganda, Ethiopia, and Mozambique —
contributed nearly half of all global cases, underscoring
the extreme geographic concentration of the disease
2.

Three interconnected categories of factors drive this
rising burden. First, biological challenges have
intensified: antimalarial drug resistance continues to
spread (e.g., artemisinin partial resistance confirmed in
Eritrea, Rwanda, Uganda, and the United Republic of
Tanzania) (2,4), pfhrp2/3 gene deletions increasingly
compromise diagnostic accuracy (5-6), and insecticide
resistance among vector mosquitoes has become
widespread (7-8). Second, systemic and operational
weaknesses persist, including suboptimal intervention
delivery, limited access to quality healthcare,
surveillance gaps, and frequent stock-outs of essential
(2,9). Third, disruptions
compound these challenges — notably armed conflict
and insecurity (e.g., in Ethiopia, Sudan, and Yemen),
climate-related events (e.g., in Madagascar), and

commodities external

significant reductions in international development
assistance (2).

Underlying this heavy disease burden are critical
technological bottlenecks and external challenges. First,
biological resistance poses an escalating threat to future
malaria  epidemiology.  Plasmodium  falciparum
resistance to artemisinin-based combination therapies
(ACT's) — the cornerstone of current treatment — has
emerged in parts of the Greater Mekong Subregion
and several African regions, directly jeopardizing
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frontline therapeutic strategies (10-12).
Simultaneously, Anopheles spp. mosquitoes are rapidly
developing resistance to mainstream insecticides such
as pyrethroids, substantially eroding the protective
efficacy of insecticide-treated bed nets and other
conventional vector control tools (7,13). Second, a
significant gap persists in the development and
deployment of innovative tools. Although World
Malaria Day themes in 2022 and 2023 highlighted
"innovation" and innovation,
implementation,” respectively, vaccine development
remains insufficient. Beyond the recent pilot rollout of
RTS, S and R21 vaccines in Africa, the field still lacks
highly effective, affordable, and broadly applicable
vaccines suited to diverse epidemiological settings
(14-15). Furthermore, climate change is altering

"investment,

temperature and precipitation patterns, reshaping
mosquito vector habitats and exposing previously non-
endemic areas to new transmission risks, thereby
compounding the technical challenges of global control
(16). Arguably the most significant factor, however, is
the weakening of intervention capacity during the
post-pandemic period, driven by the worldwide
economic downturn.

Impact and Challenges of Rising Global
Epidemic on China's Consolidation of

Elimination Achievements

China officially received WHO certification for
malaria-free status in 2021, marking a milestone in the
nation's public health history (3). However, the 2026
World Malaria Day theme — "Driven to End Malaria:
Now We Can. Now We Must" — underscores that
the global epidemic has not yet reached a turning point
and that concerted international action remains
essential to achieve worldwide elimination. This
landscape of high external risk and low internal
transmission poses severe challenges to China's efforts
to consolidate its elimination achievements.

First, imported cases continue to exert persistent
pressure, and the challenge of preventing re-
transmission remains acute, particularly in border areas
such as Yunnan Province (I7). China maintains
extensive economic, trade, and personnel ties with
highly endemic regions in Southeast Asia and Africa.
Between 2017 and 2024, China reported 16,571
imported cases, with the annual number rebounding
steadily since 2021 to reach 3,155 in 2024 (18) —
predominantly from high-burden countries including
Nigeria, the Democratic Republic of the Congo, and
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Myanmar. In Myanmar's border areas adjacent to
Yunnan, malaria cases surged from just 2,583 in 2019
to 34,171 in 2024, while imported cases in Yunnan
rose to 564 in the same year (79). Frequent cross-
border movement and shared ecological landscapes
sustain  vector mosquito populations, including
Anopheles  minimus, along these borders. Without
prompt detection and containment of imported cases,
secondary local transmission can readily occur, creating
a high risk of resurgence (20). The WHO's data
confirming a global rebound in malaria incidence
further intensifies the pressure on China's port
quarantine and disease control systems (2).

Second, the risk of post-elimination complacency
and eroding technical capacity looms large. As
indigenous cases disappear, malaria prevention and
control efforts become increasingly invisible and
susceptible to neglect. In primary healthcare facilities,
younger clinicians lack firsthand diagnostic experience
with malaria's hallmark symptoms — periodic chills
and high fever — elevating the risks of misdiagnosis
and delayed treatment (27). The 2017 World Malaria
Day theme, "Malaria Elimination: Let's Bridge the
Gap," carries renewed significance for China today: if
post-elimination  surveillance systems lose their
sensitivity and gaps emerge in the specialized
workforce, the country's malaria-free achievement will

become increasingly vulnerable (22).

China's Path to Consolidating Elimination
Achievements and Deepening Global

Cooperation

Confronting the current stalemate in global malaria
control, China should seize the momentum of World
Malaria Day 2026 and embrace the spirit of "Driven to
End Malaria: Now We Can. Now We Must" by
pursuing a dual-track strategy: strengthening domestic
defenses  against  importation  while  actively
contributing to global efforts. In doing so, China can
share its expertise toward building a global community

of shared health.

Strengthening Internal Defenses: Precise
Measures to Prevent Re-Transmission of

Imported Malaria
The core of domestic prevention lies in maintaining
a robust surveillance and response system alongside
strong clinical treatment capabilities.
First, China must reinforce implementation of the

Chinese Center for Disease Control and Prevention
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"1-3-7" surveillance and response approach (23). This
pioneering framework — case reporting within 1 day,
investigation within 3 days, and focus response within
7 days — has been formally incorporated into WHO
technical guidelines (24). With thousands of imported
cases arriving annually, rigorous enforcement is
essential, particularly through precise management of
border areas and migrant worker populations, to
ensure timely, standardized handling of every focus and
decisively interrupt potential transmission chains.

Second, primary healthcare capacity and public
awareness must be strengthened. Because most
imported cases involve Plasmodium falciparum —
which carries a high risk of progressing to severe disease
— targeted training for medical staff in key areas
should microscopy  skills and
standardized use of antimalarial drugs (25). Alongside
World Malaria Day campaigns, efforts should promote
self-protection awareness among outbound workers
and border residents. Concurrently, county-level risk
maps for malaria transmission re-establishment should
be updated annually.

Finally, vector surveillance and environmental
management must be strengthened. Ongoing
monitoring of mosquito density and insecticide

enhance ensure

resistance, combined with elimination of breeding sites
through patriotic health campaigns and a One Health
approach, will reduce transmission risk at its source
(26). Expanding the establishment of mosquito risk-
free communities will further help interrupt potential
malaria transmission.

Deepening Global Participation:
Implementing Partnerships to Promote

the Achievement of SDGs

A central goal of World Malaria Day 2026 is to
advance the United Nations Sustainable Development
Goals (SDGs), particularly SDG 17 (Partnerships)
(27). As a responsible major country, China should
actively contribute to global malaria control, thereby
reducing the worldwide burden and indirectly
alleviating import pressure at home. On one hand,
China can share proven solutions and technical
expertise. The "1-3-7" surveillance and response
approach, antimalarial drug research and development
— spanning discovery, clinical trials, regulatory
approval, and public health deployment — and vector
control technologies all offer valuable models for
African and Southeast Asian countries. Through
South-South cooperation mechanisms, China should

Chinese Center for Disease Control and Prevention

support health system capacity-building in high-
burden nations by providing technical training,
material assistance, and on-site guidance (28). On the
other hand, China must strengthen international
cooperation in research and innovation. Responding to
the calls for innovation issued on World Malaria Day
in 2022 and 2023, Chinese research institutions and
enterprises should deepen collaboration with the
WHO and relevant international organizations,
focusing on critical global challenges such as drug
resistance, vaccine development, and novel vector
control tools. Chinese scientists, in particular, can play
a distinctive role in monitoring and addressing
artemisinin resistance, contributing vital scientific and
technological support to global malaria control and
elimination efforts.

CONCLUSION

On World Malaria Day 2026, the World Health
Organization and its partners launch the campaign
“Driven to End Malaria: Now We Can. Now We
Must,” a rallying cry for global public health and a
resolute response to the complex realities of worldwide
malaria transmission. The staggering burden of
hundreds of millions of cases each year reminds us that
malaria remains an ever-present threat. For China,
elimination is not the finish line but the start of a new
chapter. The nation must remain vigilant in preventing
re-transmission from the thousands of imported cases
arriving annually, while also looking outward —
actively advancing SDG 3’s goal of “good health and
well-being” by sharing experience, providing technical
assistance, and strengthening scientific cooperation
with high-burden countries. Only by uniting globally,
closing persistent gaps, and driving innovation can we
transform the vision of a malaria-free world into
reality.
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Vital Surveillances

Epidemic Status of Soil-Transmitted Helminthiasis
— China, 2023-2024

Huihui Zhu'; Jilei Huang'; Changhai Zhou'; Tingjun Zhu'; Luyuan Zhao'; Shizhu Li'"**; Menbao Qian'*

Summary
What is already known about this topic?
Established in 2016, China’s national surveillance
system for soil-transmitted helminthiasis provides
annual data that are essential for its control.
Surveillance data from 2016 to 2022 indicated a steady
decline in the overall infection rate, from 2.46% in
2016 to 0.64% in 2022.

What is added by this report?

In 2023 and 2024, the infection rates of soil-
transmitted helminth (STH) were 0.53% and 0.47%,
respectively, according to national surveillance. The
overall infection rate has declined since 2016.

What are the implications for public health
practice?

Soil-transmitted helminthiasis exhibits a low prevalence
nationwide, yet displays significant geographical and
demographic heterogeneity, as well as ongoing
transmission risks. Tailored strategies must be
implemented to strengthen national control efforts,
transmission  control  and

advance prevent

interruptions.

ABSTRACT

Introduction: This study reports on 2023-2024
national from China's soil-
transmitted helminthiasis surveillance network, which
covers over 400 counties across 31 provincial-level
divisions (PLADs) and the Xinjiang Production and
Construction Corps (XPCC). These findings aim to
guide future control strategies.

Methods: In 2023 and 2024, each PLAD will select
10%—15% of its jurisdictions as annual surveillance
counties, resulting in 437 and 459 counties being
chosen, respectively. Using geographically stratified
cluster random sampling, 1,000 participants were
enrolled in each county. Stool samples from all
participants and soil samples from five households in
each village were collected and examined. Infection
rates and intensities were calculated and compared

surveillance data

Copyright © 2026 by Chinese Center for Disease Control and Prevention

using the Chi-square test.

Results: In 2023 and 2024, the infection rates of
soil-transmitted helminth (STH) were 0.53%
(2,381/449,220) and 0.47% (2,233/476,756) ,
respectively, with significant differences. High STH
prevalence was concentrated in Sichuan, Yunnan, and
Chongging in both years, with obvious infection
heterogeneity according to sex and age. Hookworm
infection was the dominant type, followed by Ascaris
lumbricoides and  Trichuris trichiura. Environmental
soil monitoring confirmed the presence of Ascaris eggs
and hookworm larvae.

Conclusion: Despite the low overall prevalence, soil-
China
geographically and demographically heterogeneous.

transmitted  helminthiasis  in remains
Targeted strategies are required to strengthen control
measures and work toward control and eventual
interruptions.

Soil-transmitted  helminths  (STH),
hookworms, Ascaris lumbricoides and Trichuris trichiura
(I), pose a major health threat in China. Heavy
infections intestinal

primarily

cause damage, leading to
malnutrition, stunting, anemia, impaired immune
function in children, and adverse pregnancy outcomes
(2-3). Despite historical declines in prevalence due to
control programs and improved living standards, STHs
remain widely distributed (4-6). A 2015 national
survey on key parasitic diseases reported an overall
STH infection rate of 4.49% in China, corresponding
to an estimated 29.12 million infected individuals (6).
In 2016, China integrated STH surveillance into a
Central Government-funded Project for the Control of
Malaria and Other Key Parasitic Diseases, establishing
a nationwide surveillance system (7). From 2016 to
2022, the national STH surveillance program gradually
expanded to over 400 monitoring counties across all 31
provincial-level divisions (PLADs) and the Xinjiang

Production and Construction Corps (XPCC).

CCDC Weekly /Vol.8/No. 18 531
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Epidemiological patterns of STH infections have
evolved (7-13). Using 2023-2024 national STH
surveillance data, this study analyzed infection status in
China to provide evidence for future control strategies.

METHODS

Study Population and Sampling

National surveillance across all 31 PLADs and the
XPCC in 2023-2024 will employ a stratified cluster
random sampling design. Annually, each PLAD selects
10%-15% of its counties (totaling 437 and 459
counties, respectively). Each county was stratified into
five geographical sectors (east, west, south, north, and
central) with one administrative village randomly
selected per sector. From each village, 200 permanent
residents were enrolled by cluster sampling, with 1,000
participants per county (7-13) representing all age
groups. Each participant provided a fresh stool
specimen (30 g).

Five households per village were randomly chosen
for environmental sampling. One composite soil
sample (>400 g) was collected from each household's
farmland or garden, subdivided for pathogen-specific
analysis: 350 g for hookworm larval detection and 50 g
for Ascaris lumbricoides egg identification.

Examination Methods
Fecal samples were analyzed for soil-transmitted
helminth eggs using the modified Kato-Katz thick
smear method, with duplicate slides per sample. Soil
samples were processed for hookworm larvae via warm
saline (5% NaCl, 45 °C) sedimentation and for Ascaris

lumbricoides eggs via saturated sodium nitrate flotation.

Quality Control

The National Institute of Parasitic Diseases, Chinese
Center for Disease Control and Prevention (National
Center for Tropical Diseases Research), hereafter
referred to as the National Institute of Parasitic
Diseases (NIPD), delivers standardized training and
on-site supervision. Provincial and municipal CDCs
provided technical training and validated the results by
reexamining 10% of positive and 5% of negative slides
from each site. The NIPD also performed random
slide rechecks.

All data were entered into the national Parasitic
Disease Control Information Management System at
the county level and subjected to multi-tier verification
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(municipal, provincial, and national). At each stage,
discrepancies triggered the return and correction of
data. The national authorities conducted a final review
to obtain a definitive dataset.

Statistical Analysis

Data were analyzed using SAS 9.2 (SAS Institute
Inc., Cary, NC, USA). Overall and species-specific
(hookworm, Ascaris lumbricoides, Trichuris trichiura)
infection rates and intensities were calculated, stratified
by PLAD, sex, and age group, with between-group
comparisons made by chi-square test (o =0.05). Soil
detection rates for hookworm larvae and Ascaris eggs
were also determined using the following formula:

infection rate(%) = (number of positive

cases/number examined) x 100% (1)

detection rate(%) = (number of positive soil samples/

number of soil samples examined) x 100%. 2)

RESULTS

Overall Prevalence of STH Infections

The STH infection rates in 2023 and 2024 were
0.53% (2,381/449,220) and 0.47% (2,233/476,756)
respectively (Table 1). The infection rate is
significantly lower in 2024 than in 2023 ( )(2=7.56;
P<0.05).

Geographical Distribution
The STH infection rates in PLADs and XPCC
demonstrated marked geographical heterogeneity, and
the highest PLAD prevalence was recorded in Sichuan,
Yunnan, and Chongging in both years. No infections
were detected in the four PLADs in 2023 or in eight
PLADs in 2024 (Table 1).

Gender Distribution
Sex heterogeneity was observed in both years. The
infection rate was significantly higher in women
compared to men both in 2023 (x?2=23.15,
P<0.0001) and in 2024 ( x %=6.87, P<0.01).

Age Distribution
Age group heterogeneity was found, with the highest
infection rate observed in individuals aged 60 years and
above, and the lowest in individuals aged 0—6 years in
both years. Statistically significant differences in
infection rates were identified among all age groups in
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2023 ( x2=350.72, P<0.0001) and 2024 ( x 2=364.77,
P<0.0001) (Table 2).

Hookworm Infection

The overall hookworm infection rate was 0.31%
(1,413/449,220) and 0.31% (1,456/476,756) in 2023
and 2024 respectively, and no significant difference
was found (x2=0.63, P>0.05) between them. The
infection rates exceeded 1.00% in three PLADs —
Chongging, Yunnan, and Sichuan — in both years. No
infections were detected in 16 PLADs in 2023 or 17
PLADs in 2024 (Table 1). Moreover, sex and age
differences were statistically significant in both years
(P<0.001) (Table 2).

Ascaris lumbricoides Infection

The overall infection rate of Ascaris lumbricoides was
0.13% (603/449,220) in 2023 and 0.08%
(383/476,756) in 2024, the infection rate was higher
in 2023 than in 2024 (x2=63.17, P<0.001). Rates
were above 1.00% in two PLADs by 2023 and in no
PLADs by 2024. No infections were detected in 9
PLADs in 2023 and in 14 PLADs in 2024 (Table 1).
Moreover, sex and age differences were statistically
significant in both years (P<0.001), except for sex,
which showed no statistical significance in 2023
(P>0.05) (Table 2).

Trichuris trichiura Infection

The overall Trichuris trichiura infection rate was
0.10%  (459/449,220) in 2023 and 0.10%
(459/476,756) in 2024 respectively, and no significant
difference was found ()(2=0.81, P>0.05) between
them. The prevalence was <1.00% in all PLADs in
both years, except Sichuan in 2023. No infections were
detected in 14 PLADs in 2023 or in 17 PLADs in
2024 (Table 1). No significant sex differences were
observed in either year (7~0.05), while age differences
were statistically significant in both years (2<0.0001)
(Table 2).

Infection Intensity
Over 85% and 93% of hookworm, Ascaris
lumbricoides, and Trichuris trichiura infections were
mild in 2023 and 2024, respectively. Moderate and
severe cases were observed in all three species in both

years (Table 3).

Soil Contamination
The detection rates of Ascaris eggs were 1.93%

Chinese Center for Disease Control and Prevention

(52/2700) and 1.37% (37/2,691) in soil samples, and
positive samples were identified in nine and four
PLADs in 2023 and 2024, respectively. The highest
detection rates were found in Qinghai and Sichuan in
both years, and contamination was found in both
farmland and vegetable garden soils.

The detection rates of hookworm larvae were 2.44%
(66/2,700) and 2.27% (61/2,691) in the soil samples,
respectively, and positive samples were identified in
seven and five PLADs in 2023 and 2024, respectively.
The highest detection rates were observed in Jiangxi
and Anhui in 2023 and in Yunnan and Chongging in
2024, and larvae were present in both farmland and
vegetable garden soils.

DISCUSSION

Soil-transmitted helminthiasis remains a persistent
public health challenge that has long been endemic to
China (74). Since the 20th century, nationwide control
efforts have made substantial progress. Successive
national parasite surveys demonstrated a marked
decline in STH infection rates from 53.58% in 1990
(4) to 4.49% in 2015 (6). Despite this reduction,
transmission continues, with pockets of hyper-
endemicity highlighting control complexity (15). The
National Implementation Plan for Comprehensive
Control of Key Parasitic Diseases (2024-2030) calls
for enhanced and control targets: highly endemic
PLADs should reduce infection rates by >10% by 2025
and by >30% by 2030, while other PLADs maintain
low prevalence. Sustained, intensive interventions are
crucial to improve STH control in China.

A national STH surveillance system currently covers
over 400 monitoring counties across all 31 PLADs and
XPCC (7). Surveillance data from 2016 to 2022
indicate a steady infection rate decline from 2.46% to
0.64% (7-13). New data show rates of 0.53% (2023)
and 0.47% (2024), continuing the downward trend,
highlighting  persistent  epidemiological  patterns.
Infections were clustered regionally, with higher
prevalence in warm, humid southern PLADs (Sichuan,
Yunnan, and Chongging), climate and
agricultural practices favor transmission, particularly of
hookworm (15). Lower rates occurred in cooler, more
developed eastern and northeastern regions (Beijing,
Shanghai, and Heilongjiang). Demographically,
infection rates were higher in women and peaked
among adults >60 years, followed by children aged
7-14 years and adults 45-59 years, consistent with
known at-risk populations (7-13). Older adults

where
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TABLE 3. Infection intensity of hookworm, Ascaris lumbricoides, and Trichuris trichiura in China, 2023—-2024.

2023 2024
Species No. infected Ratio of infection (%) No. infected Ratio of infection (%)
Mild Moderate Severe Mild Moderate Severe Mild Moderate Severe Mild Moderate Severe
Hookworm 1,324 41 48 93.70 2.90 340 1,371 42 43 94.16 2.88 2.95
Ascaris lumbricoides 516 86 1 85.57 14.26 0.17 371 10 2 96.87 2.61 0.52
Trichuris trichiura 439 19 1 95.64 4.14 0.22 431 28 0 93.90 6.10 0

frequently face farming; children face risks from
outdoor activities and hygiene practices. Given
hookworm dominance, strategies  should
prioritize this species while maintaining comprehensive
efforts against all major STH.

future

Surveillance data showed persistent Ascaris egg
contamination in PLADs (Qinghai and Sichuan), and
with hookworm larvae in various regions (Jiangxi and
Yunnan), indicating ongoing environmental

STH should

prioritize sanitation improvements, such as expanding

transmission risk. Future control
access to hygienic toilets and enhancing environmental
management, to disrupt transmission and lower
infection rates.

Given geographical disparities, regionally targeted
strategies are required. In highly endemic areas,
focused interventions should aim to reduce infection
rates, and a comprehensive strategy of health education
as the precursor and source control as the mainstay
should be implemented. In low-endemic areas, efforts
should shift toward transmission control and eventual
elimination. Currently, STH infection rates exceed
1.00% in only four PLADs, whereas all others remain
below this threshold. Specific provincial objectives for
transmission control and interruption were set in line
with  the National Implementation Plan for
Comprehensive Control of Key Parasitic Diseases
(2024-2030). PLADs are advised to align activities
with the national standard Control and Interruption of
Soil-transmitted Helminth Transmission (WS/T629-
2018) and to utilize the forthcoming Measures of
Evaluation for Soil-transmitted Helminth
Transmission ~ Control  and  Interruption  to
systematically advance toward STH control and
eventual interruption in China.

China has made significant
transmitted helminthiasis prevention and control,

strides in  soil-
where the National Surveillance System plays a key
role. Currently, the national prevalence is low.
However, considerable disparities persist across regions
and population groups, with some areas reporting

536 CCDC Weekly / Vol. 8 /No. 18

elevated infection rates. Therefore, implementing
targeted interventions in high-prevalence regions
guided by national surveillance results is essential. In
areas where conditions allow, efforts should be made to
control and eliminate soil-transmitted helminthiasis,
advancing China’s efforts towards a new phase of
parasitic disease control.
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Comparative Epidemiology and Transmission Risk Assessment of
Imported and Indigenous Dengue Fever at the National and
Selected Provincial Levels, China, 2005-2025

Sihan Li'; Meilan Huang’ Qian Ren'; Yanping Zhang'; Qiulan Chen'*

ABSTRACT

Introduction: This compared
epidemiological imported and
indigenous dengue fever cases in China from 2005 to
2025 and assessed the dynamic provincial transmission
risks.

Methods: This study compared the 21-year trends

in national surveillance data. It examined temporal

study
characteristics of

changes in the countries of origin of imported cases
and the dynamic risk ratio of indigenous to imported
cases across ten high-import provinces, as well as the
disparity of epidemiological characteristics between
imported and indigenous cases.

Results: Indigenous cases dominated the epidemic
in China (90.1%, 134,129/148,893). Imported cases
(9.9%, 14,764/148,893) were the initial trigger,
increasing notably before the local epidemic season.
They were predominantly men (70.5%) aged 25-49
years, mainly “farmers and workers (38.6%)” and
“commercial/service personnel (22.9%)”. In contrast,
indigenous cases had a balanced sex ratio (1.1:1), and
“household/unemployed/retired ~ persons  (32.1%)”
constituted the largest occupational group. Further
spatiotemporal analysis revealed that: 1) The primary
source country for imported cases nationwide shifted
from Cambodia (41.1%) to Myanmar (29.6%); 2)
Imported cases in Yunnan were predominantly from
Myanmar (71.1%) and “farmers and workers
(50.5%)”, whereas in Guangdong, they were more
diverse  in  origin  and  dominated by
“commercial/service personnel (30.2%)”; 3) The risk
ratio of indigenous to imported cases across ten
provinces exhibited significant heterogeneity: Yunnan
and Guangdong were persistent high-risk areas,
whereas Sichuan and Jiangsu maintained lower risk.
Hunan and Chongqing exhibited high-risk in recent
years, with Chongqing’s ratio reaching 36.5 in 2025
and Hunan’s 15.5 in 2024.

Conclusions: The dengue fever epidemic in China
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was initiated by importation; however, the scale and
risk  of subsequent local transmission varied
significantly and dynamically across provinces. Control
strategies should integrate source interception of
imported cases with tailored interventions addressing
distinct  importation  profiles,  evolving  local
transmission risks, and population characteristics across
provinces.

Dengue fever (DF) has increased sharply worldwide,
with cases increasing from 0.5 million in 2000 to 5.2
million in 2019 (/-2). In 2024, the number of
reported cases surged to 14.4 million, with 11,000
deaths worldwide. Southeast Asia and the Western
Pacific region bear the highest burden of severe cases
and fatality rates, respectively, imposing a substantial
public health burden (2—4).

Southeast Asia remains the primary source of
imported dengue fever cases into China, and imported
cases have repeatedly triggered large local outbreaks
(5-6). The geographical scope of local transmission has
expanded northward, affecting 28 provincial-level
administrative divisions, 217 cities, and 895 counties
by 2024, highlighting a growing public health
challenge (5-6). However, comparative analyses of the
epidemiological of imported and
indigenous dengue fever cases nationwide are relatively

characteristics

scarce, particularly lacking the latest data following the
coronavirus disease 2019 (COVID-19) pandemic
(5-10). There is a notable lack of quantitative analyses
assessing the importation-transmission risk across
provinces and phases, as well as the origin counties of
imported cases (5-11).

Therefore, based on the latest national surveillance
data spanning 21 years (2005-2025), this study
systematically analyzes differences between imported
and indigenous cases in terms of seasonality,
geographical distribution, and population distribution.

Copyright © 2026 by Chinese Center for Disease Control and Prevention
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It further quantifies the import-transmission risk ratios
and their dynamic changes across different provinces
and compares the dynamic differences of origin
countries at the national and subnational levels, aiming
to identify high-risk provinces and populations. These
findings will provide evidence for the formulation of
targeted  region-specific prevention and
strategies in China.

control

METHODS

Data Sources

Dengue fever case data were obtained from the
National Notifiable Reporting ~ System
(NNDRS), including cases reported by 31 provincial-
(PLADs) and the
Xinjiang Production and Construction Corp (XPCC).
The case data included demographic, clinical, and
temporal variables. This study primarily conducted a
comparative analysis of imported and local cases in

Chinese PLAD:s.

Disease

level administrative divisions

Case Definitions

Dengue fever cases were defined according to the
Diagnostic Criteria for Dengue Fever (WS 216-2018)
(12). Both clinically diagnosed and laboratory-
confirmed cases reported in China between January 1,
2005, and December 31, 2025, were included.
Imported dengue fever cases (13) were defined as cases
in individuals with a history of travel to dengue-
endemic countries or regions within 14 days before
symptom onset, for which local infections were
excluded through epidemiological investigation.
Indigenous dengue fever cases (13) were defined as
those occurring in individuals who had resided in
China during the 14 days prior to symptom onset and
had no history of international travel. Indigenous cases
included both intra- and inter-provincial transmission.

Statistical Analysis

The temporal, spatial, and population distributions
of imported and indigenous dengue fever cases, as well
as the source countries of imported cases in China and
in the two high-burden PLADs of Guangdong and
Yunnan from 2005 to 2025, were analyzed. The
normality of continuous variables was assessed prior to
analysis. Normally distributed data are presented as the
mean * standard deviation, while non-normally
distributed data are summarized as median and
interquartile range (IQR). Inter-group comparisons
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were conducted using appropriate non-parametric
tests. Categorical data were computed as frequency
(percentage) and compared using the chi-square test,
with the significance level set at @ =0.05. The
transmission risk ratio of indigenous to imported cases
was calculated for the 10 PLADs with the highest
number of imported cases. A higher ratio indicates a
greater number of indigenous cases relative to the given
number of imported infections, corresponding to an
elevated relative risk of local transmission. Microsoft
Excel 2019 was used for data management and
visualization. SPSS (version 27.0.1, IBM Corp,
Armonk, New York, United States) was used to
perform inter-group comparisons. R (version 4.3.3,
Vienna University of Economics and Business, Vienna,
Austria) was used to illustrate changes in the
proportions of infection sources.

RESULTS

General Characteristics

Overall epidemic trend with major peaks. The
number of dengue cases reported annually in China
fluctuated significantly over the 21-year period,
characterized by two distinct high-incidence cycles.
Following a low-incidence phase (2005-2012, mostly
<600 cases annually), the first major epidemic occurred
in 2014, with a peak of 46,864 cases (Figure 1A). After
a period of moderate fluctuations, a second epidemic
cycle began in 2019 (22,188 cases), culminating in a
second historical peak of 24,278 cases by 2024. The
incidence dropped sharply in 2020-2021 (778 and 41
cases, respectively) owing to the COVID-19 pandemic
before rebounding significantly from 2022 onward.

Overall composition and dominance of indigenous
transmission.  Between 2005 and 2025, a total of
148,893 dengue fever cases were reported in China. Of
these, 134,129 (90.1%) cases were indigenous, whereas
14,764 (9.9%) were imported (Figure 1A,
Supplementary Table S1, available at http://weekly.
chinacde.cn/). The epidemic was predominantly driven
by indigenous transmission, with the annual reported
numbers ranging from 10 to 46,605 during this long
period (Figure 1B). In contrast, imported cases served
as the initial trigger and maintained baseline presence

(Figure 1A-1C, Supplementary Table S1).

Seasonality Difference in Imported and

Indigenous Cases

Pronounced seasonal epidemic peaks. Indigenous
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FIGURE 1. Temporal trends of reported dengue fever cases in China. (A) Number of reported cases; (B) Percentage of

infection sources; (C) Monthly distribution of reported cases.

cases peaked sharply in late summer and autumn.
August, September, and October accounted for
118,885 cases (Supplementary Table S1). October
accounted for 54,966 cases (41.0%), transmission was
minimal from December to June (only 0.7% of the

540 CCDC Weekly / Vol. 8 /No. 18

total indigenous cases).

Role of imported cases in initiating outbreaks.
Imported cases occurred throughout the year but
showed distinct peaks. The number of imported cases
began to increase in May (848) and June (1,433),
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before the local epidemic surge (Supplementary
Table S1). The highest numbers were recorded in
August (2,423) and September (2,452). This pattern
suggests that imported cases, which increase ahead of
the local transmission season, are key drivers seeding
local outbreaks.

Monthly shift in case-type dominance. The monthly
composition ratios of case types demonstrated a clear
seasonal cycle. Imported cases were predominant from
December to June, constituting over 95% of cases
from January to April. A pivotal shift occurred in July,
when indigenous cases outnumbered imported cases
(Supplementary ~ Table S1). Indigenous cases
dominated the peak period from August to October,
comprising 86.8%, 95.1%, and 96.1% of cases,
respectively. By December, the pattern had reverted,
with imported cases exceeding indigenous cases

(Figure 1C, Supplementary Table S1).

Regional Distribution of Imported and

Indigenous Cases

The number of PLADs reporting indigenous cases
increased from 8 in 2005 to 27 in 2023. From 2005 to
2025, Guangdong accounted for the highest number
of indigenous cases (86,566), followed by Yunnan
(28,771), Guangxi (4,179), Chongging (3,402), Fujian
(2,683), and Zhejiang (2,402) (Supplementary
Table S2, available at http://weekly.chinacdc.cn/).
However, from 2019 to 2023, Yunnan reported
significantly more indigenous cases than other PLADs,
ranking first. From 2005 to 2018, Chongqing reported
no more than 10 indigenous cases annually, but this
number surged sharply to 1,269 in 2019 and 1,973 in
2025.

In 2005, China reported imported dengue cases in 8
PLADs; by 2019, this had increased to 29 PLADs. By
2025, all 31 PLADs in China reported imported
dengue cases, ranging from 1 to 4,173. The highest
number of imported cases was recorded in Yunnan at

4,173 (28.3%) (Supplementary Table S2).

Dynamics of Source Countries at National

and Subnational Levels
National-level composition and trends. In 2005,
imported cases originated from nine different countries
or regions and had expanded to 52 countries by 2025.
The majority of imported cases (87.1%) were from
Southeast Asian countries, with Cambodia (29.1%),
Myanmar (24.3%), and Thailand (8.0%) being the
predominant source countries (Table 1). The
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composition shifted over time: the proportion from
Southeast Asia was 79.1% during 2005-2009,
decreased slightly to 76.2% in 2010-2014, peaked at
89.0% in 2015-2019 (driven by a surge from
Cambodia, 41.1%), and reached 85.8% in
2020-2024, with Myanmar, Laos, and Cambodia
becoming the leading sources (Table 1).
Yunnan Province: high concentration from Myanmar.
Yunnan Province reported 4,173 imported cases,
with an even higher concentration from Southeast Asia
(3,979, 95.4%) (Table 2). Myanmar was the dominant
source (72.4%), followed by Laos (10.3%) and
Cambodia (6.9%). This concentration intensified over
time: Myanmar’s contribution rose from 60.0% to
67.5% (2005-2019), before peaking at 80.9% in
2020-2025. Concurrently, the overall share of
Southeast Asian sources increased from 86.0% to
99.0% in the most recent period (Table 2).
Guangdong Province: dynamic shifts in major sources.
Guangdong Province documented 2,960 imported
cases, of which 2,512 cases (84.9%) originated from
Southeast Asia. Cambodia (37.4%), Thailand (13.3%),
and Malaysia (8.9%) were the main sources (Table 3).
The primary source countries varied significantly by
period: Thailand and Indonesia led in 2005-2009;
Thailand led in 2010-2014; Cambodia dominated in
2015-2019; while in 2020-2025, sources diversified,
with Thailand and Indonesia becoming primary
sources and Cambodia’s share falling (Table 3).

Transmission Risk Ratio

Overall trends. The indigenous-to-imported risk
ratio, defined as the number of indigenous cases per
imported case, was analyzed for ten Chinese provinces
from 2005 to 2025. This ratio reflects the relative risk
of local outbreaks following importation. Over the 21-
year study period, the risk ratios exhibited significant
annual and periodic fluctuations. Extreme peaks
indicate years of intense local transmission, such as
Yunnan Province in 2022 (ratio: 86.3), Guangdong
Province in 2024 (81.1), and Chongging Municipality
in 2025 (36.5) (Figure 2). In contrast, a risk ratio
below 1.0, common across many PLADs and years,
signified the predominance of imported cases with
minimal local spread (Figure 2).

PLADs with persistent high risk.  Yunnan and
Guangdong Provinces were identified as persistently
high-risk areas. Yunnan maintained elevated risk ratios
(2.0-5.0) from 2014 to 2019, with a peak of 86.3 in
2022. Guangdong exhibited a bimodal pattern, with a
peak in 2015 (11.3) and a larger one in 2023 (37.9)
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TABLE 1. Distribution of countries of origin of imported dengue cases in China, 2005 to 2025.

Source country Total, n (%)  2005-2009, n (%) 2010-2014,n (%) 2015-2019, n (%) 2020-2025, n (%)
Southeast Asian countries 12,863 (87.1) 170 (79.1) 645 (76.2) 8,111 (89.0) 3,937 (85.8)
Cambodia 4,294 (29.1) 18 (8.4) 21 (2.5) 3,744 (41.1) 511 (11.1)
Myanmar 3,582 (24.3) 37 (17.2) 156 (18.4) 2,033 (22.3) 1,356 (29.6)
Thailand 1,187 (8.0) 17 (7.9) 127 (15.0) 697 (7.6) 346 (7.5)
Indonesia 917 (6.2) 25 (11.6) 71 (8.4) 214 (2.3) 607 (13.2)
Laos 828 (5.6) 8(3.7) 73 (8.6) 240 (2.6) 507 (11.1)
Philippines 675 (4.6) 19 (8.8) 81(9.6) 421 (4.6) 154 (3.4)
Malaysia 672 (4.6) 8(3.7) 80 (9.4) 378 (4.1) 206 (4.5)
Vietnam 548 (3.7) 24 (11.2) 17 (2.0) 323 (3.5) 184 (4.0)
Singapore 160 (1.1) 14 (6.5) 19 (2.2) 61(0.7) 66 (1.4)
Non-southeast Asian countries 1,901 (12.9) 45 (20.9) 202 (23.8) 1,005 (11.0) 649 (14.2)
Maldives 313 (2.1) 1(0.5) 11 (1.3) 124 (1.4) 177 (3.9)
India 277 (1.9) 13 (6.0) 55 (6.5) 196 (2.2) 13 (0.3)
Bangladesh 171 (1.2) 6 (2.8) 16 (1.9) 74 (0.8) 75 (1.6)
Sri Lanka 171 (1.2) 1(0.5) 6(0.7) 124 (1.4) 40 (0.9)
Angola 73 (0.5) 1(0.5) 28 (3.3) 29 (0.3) 15 (0.3)
Papua New Guinea 56 (0.4) 0(0.0) 5(0.6) 38 (0.4) 13 (0.3)
Pakistan (o 3) 0(0.0) 0(0.0) 24 (0.3) 18 (0.4)
Tanzania 2(0.3) 0(0.0) 3(0.4) 12 (0.1) 27 (0.6)
Other countries 756 (5.1) 23 (10.7) 78 (9.2) 384 (4.2) 271 (5.9)
Total 14,764 (100.0) 215 (100.0) 847 (100.0) 9,116 (100.0) 4,586 (100.0)

TABLE 2. Distribution of countries of origin of imported dengue cases in Yunnan Province, 2005 to 2025.

Source country Total, n (%) 2005-2009, n (%) 2010-2014,n (%) 2015-2019, n (%) 2020-2025, n (%)
Southeast Asian countries 3,979 (95.4) 43 (86.0) 174 (88.8) 2,158 (93.5) 1,604 (99.0)
Myanmar 3,020 (72.4) 30 (60.0) 123 (62.8) 1,557 (67.5) 1,310 (80.9)
Laos 431 (10.3) 7 (14.0) 37 (18.9) 142 (6.2) 245 (15.1)
Cambodia 286 (6.9) 1(2.0) 0(0.0) 272 (11.8) 13 (0.8)
Thailand 113 (2.7) 0 (0.0) 13 (6.6) 78 (3.4) 22 (1.4)
Vietnam 52 (1.2) 5(10.0) 0(0.0) 43 (1.9) 4(0.2)
Malaysia ( 9) 0 (0.0) 1(0.5) 35(1.5) 0(0.0)
Philippines 6 (0.6) 0(0.0) 0(0.0) 25(1.1) 1(0.1)
Indonesia 3(0.3) 0(0.0) 0(0.0) 4(0.2) 9(0.6)
Singapore 2(0.0) 0(0.0) 0(0.0) 2(0.1) 0(0.0)
Non-southeast Asian countries 194 (4.6) 7 (14.0) 22 (11.2) 149 (6.5) 16 (1.0)
India 29 (0.7) 0(0.0) 3(1.5) 26 (1.1) 0(0.0)
Sri Lanka 21(0.5) 0(0.0) 0(0.0) 20 (0.9) 1(0.1)
Bangladesh 12 (0.3) 0(0.0) 0(0.0) 9(0.4) 3(0.2)
Maldives 10 (0.2) 0(0.0) 0(0.0) 8(0.3) 2(0.1)
Other countries 22 (2.9) 7 (14.0) 19(9.7) 86 (3.7) 10 (0.6)
Total 4,173 (100.0) 50 (100.0) 196 (100.0) 2,307 (100.0) 1,620 (100.0)
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TABLE 3. Distribution of countries of origin of imported dengue cases in Guangdong Province, 2005 to 2025.

Source country Total, n (%) 2005-2009, n (%) 2010-2014,n (%) 2015-2019, n (%) 2020-2025, n (%)
Southeast Asian countries 2,512 (84.9) 41 (75.9) 179 (81.7) 1,720 (88.4) 572 (77.1)
Cambodia 1,107 (37.4) 4(7.4) 9(4.1) 974 (50.1) 120 (16.2)
Thailand 395 (13.3) 12 (22.2) 59 (26.9) 215 (11.1) 109 (14.7)
Malaysia 263 (8.9) 1(1.9) 38 (17.4) 137 (7.0) 87 (11.7)
Indonesia 197 (6.7) 11 (20.4) 21 (9.6) 63 (3.2) 102 (13.7)
Vietnam 182 (6.1) 6(11.1) 10 (4.6) 103 (5.3) 63 (8.5)
Myanmar 142 (4.8) 1(1.9) 11 (5.0) 113 (5.8) 17 (2.3)
Philippines 128 (4.3) 3(5.6) 15 (6.8) 84 (4.3) 26 (3.5)
Laos 59 (2.0) 0(0.0) 9(4.1) 17 (0.9) 33 (4.4)
Singapore 39 (1.3) 3(5.6) 73.2) 14 (0.7) 15 (2.0)
Non-southeast Asian countries 448 (15.1) 13 (24.1) 40 (18.3) 225 (11.6) 170 (22.9)
India 98 (3.3) 7 (13.0) 14 (6.4) 69 (3.5) 8(1.1)
Maldives 59 (2.0) 0(0.0) 4(1.8) 21(1.1) 34 (4.6)
Sri Lanka 58 (2.0) 0 (0.0) 4(1.8) 36 (1.9) 18 (2.4)
Bangladesh 52 (1.8) 3(5.6) 8 (3.7) 16 (0.8) 25 (3.4)
Pakistan 2(0.4) 0 (0.0) 0(0.0) 7(0.4) 5(0.7)
Tanzania 12 (0.4) 0(0.0) 0(0.0) 3(0.2) 9(1.2)
The United Arab Emirates 11 (0.4) 0(0.0) 0(0.0) 0(0.0) 11 (1.5)
Other countries 46 (4.9) 3(5.6) 10 (4.6) 73 (3.8) 60 (8.1)
Total 2,960 (100.0) 54 (100.0 219 (100.0) 1,945 (100.0) 742 (100.0)
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FIGURE 2. Transmission risk associated with imported dengue fever cases in the top 10 PLADs of China.

Abbreviation: PLAD=provincial-level administrative division.

and 2024 (81.1) (Figure 2). The sustained high ratios
in these PLADs indicate a high potential for imported
cases to trigger substantial local epidemics.

PLADs with intermittent high-risk outbreaks. Several
PLADs experienced intermittent high-risk outbreaks.
Zhejiang Province exhibited notable peaks in 2009
(39.8) and 2017 (15.2). Fujian Province recorded
peaks in 2007 (14.9), 2011 (11.0), and 2016 (16.8).
Hunan and Chonggqing showed a sharp increase in risk
in recent years, with Hunan’s ratio rising to 15.5 in
2024 and 36.5 in 2025 (Figure 2). This pattern
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suggests sporadic, intense local transmission events
following import.

PLAD:s with consistently low risk.  Sichuan, Jiangsu,
Hubei, and Henan provinces generally had low or very
low risk ratios. In most years, ratios were at or near 0.
Minor, sporadic increases occurred, such as in Hubei
in 2014 (5.3) and 2023 (4.6) (Figure 2); however,
these were limited in scale and duration. The
epidemiology in these PLADs is characterized by
imported cases with a low propensity to spark major
local outbreaks.
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Population Characteristics

From 2005 to 2025, males accounted for 53.7% of
dengue fever cases in China. There was a significant
gender disparity in the gender distribution between
indigenous and imported cases ( x 2=2000.51, P<0.01)
(Table 4). In terms of age distribution, indigenous
dengue fever cases were older [40 (27, 55) years] than
imported cases [36 (28, 45) years] (2=27.783, P<0.01).
The 25-49 age group constituted the majority of cases,
with a higher proportion of imported cases than
indigenous cases. Conversely, individuals aged 70 years
and above were more prevalent among indigenous
cases (Table 4). Among indigenous cases, the highest
proportion were unemployed individuals and retirees,
whereas the most common occupations among
imported cases were farmers and workers.

The distribution of indigenous and imported cases
among different genders, age groups, and occupational
populations in Guangdong exhibited significant
differences (Table 4). 71.6% of indigenous cases were
distributed in the 25-69 age group, with the highest
proportion (35.7%) being unemployed household
workers and retirees. The imported cases were
predominantly male (2549 years), mainly commercial
and public place service personnel (30.2%), farmers
and workers (25.5%), and unemployed household
workers and retirees (23.9%). The differences in
indigenous and imported cases among genders, age
groups, and occupations in Yunnan were also
statistically ~ significant  (Table 4). Occupational
distribution was primarily farmers and workers
(33.8%), unemployed household workers and retirees
(20.2%), and commercial and public place service
personnel (19.8%). The proportion of farmers and
workers in imported cases (50.5%) was higher than
among indigenous cases (31.4%).

DISCUSSION

This  study analyzed the  epidemiological
characteristics of imported and indigenous dengue
fever cases and dynamic provincial transmission risks in
China from 2005 to 2025. The key findings and
innovations are discussed below:

First, a key innovation of this study is the dynamic
stratification and pattern identification of local
transmission risk across ten key PLADs using the risk
ratio metric. The results not only reaffirm the status of
Yunnan and Guangdong as persistently high-risk
PLADs (8-9) but also identify PLADs with
intermittent high-risk outbreaks and those with
consistently low risk. This approach moves beyond
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previous studies that primarily described absolute case
numbers or spatial distribution (10-11), offering a
quantitative framework to assess the efficiency or
vulnerability of different PLADs in converting
imported cases into local epidemics. Notably, the sharp
increase in risk ratios in PLADs such as Hunan and
Chongqing during 2023-2025 signals that these areas
are emerging as high-risk frontiers, with critical
implications for early warning and resource allocation.
Second, our study delineates the strong association
between the seasonality of local transmission and the
importation of cases. We found that indigenous cases
were overwhelmingly concentrated from August to
October, while imported cases began to increase
significantly before the local epidemic season (e.g.,
May and June), confirming that imported cases serve as
a crucial trigger for local outbreaks. This aligns with
previous research that identified international travel as
the primary pathway for viral introduction (5-6).
However, by moving beyond the focus on import risk
and air travel models from Southeast Asia (5), our
study quantitatively assessed the spatiotemporal
heterogeneity in the relative risk of local outbreaks
following importation across different PLADs using a
21-year risk ratio. This represents a significant

advancement in the understanding of varying
provincial vulnerabilities to seeded outbreaks (7).
Third, our study systematically characterizes

dynamic shifts in primary source countries and reveals
distinct provincial importation profiles. Nationally, the
dominant source country shifted from Cambodia
(2015-2019) to Myanmar (2020-2025), reflecting
changing epidemic landscapes in neighboring countries
and the situation of personnel exchanges with China.
More importantly, we identified fundamental
differences  between Yunnan and Guangdong
provinces. Imported cases in Yunnan were highly
concentrated from Myanmar and predominantly
involved “farmers and workers,” highlighting a cross-
border pattern of labor migration. In contrast,
Guangdong received imported cases from more diverse
sources, with “commercial/service personnel” being the
largest occupational group. These findings extend the
observations by Yue et al. (2021) on source countries
for these two provinces (2004—2018) and provide more
recent evidence of the shift toward Myanmar. They
also reveal stark contrasts in the occupational structure
of imported cases, offering precise demographic
insights for targeted border surveillance (8).

Compared with previous national studies, our
analysis covers the entire period before, during, and

after the COVID-19 pandemic (1/4). The sharp decline
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TABLE 4. Population characteristics of imported and indigenous dengue cases.

Indigenous cases, Imported cases

Region Group Total, n (%) n (%) n (%) * xX*value P
Male 80,029 (53.7) 69,521 (51.8) 10,508 (71.2)
Gender 2,000.51 <0.01
Female 68,864 (46.3) 64,608 (48.2) 4,256 (28.8)
0-9 5,744 (3.9) 5,530 (4.1) 214 (1.5)
10-24 21,897 (14.7) 20,149 (15.0) 1,748 (11.8)
A%;egrrcs")‘p 25-49 72,713 (48.8) 62,307 (46.5) 10,406 (70.5) 3,478.55 <0.01
50-69 37,570 (25.2) 35,302 (26.3) 2,268 (15.4)
70+ 10,969 (7.4) 10,841 (8.1) 128 (0.9)
Nationwide
Household/unemployed/ 45687 (30.7)  43,061(32.1) 2,626 (17.8)
retired persons
Farmers and workers 38,218 (25.7) 32,527 (24.2) 5,693 (38.6)
Commercial/service personnel 24,555 (16.5) 21,178 (15.8) 3,377 (22.9)
Occupation Teachers and students 16,369 (11.0) 15,490 (11.5) 879 (6.0) 3,114.62 <0.01
Other occupations and unknown 14,285 (9.6) 13,310 (9.9) 975 (6.6)
Staff members 6,114 (4.1) 5,172 (3.9) 942 (6.4)
Individuals and freelancers 3,663 (2.5) 3,391 (2.5) 272 (1.8)
Male 46,808 (52.3) 44,707 (51.6) 2,101 (71.0)
Gender 428.30 <0.01
Female 42,718 (47.7) 41,859 (48.4) 859 (29.0)
0-9 3,626 (4.1) 3,609 (4.2) 7 (0.6)
10-24 13,893 (15.5) 13,537 (15.6) 356 (12.0)
A?;egrr‘;;p 25-49 42,836 (47.3) 40,192 (46.4) 2,194 (74.1) 97571 <0.01
50-69 22,214 (24.8) 21,841 (25.2) 373 (12.6)
70+ 7,407 (8.3) 7,387 (8.5) 0 (0.7)
Guangdong
AT eI el 31,992 (35.7) 31,284 (36.1) 708 (23.9)
retired persons
Farmers and workers 18,153 (20.3) 17,398 (20.1) 755 (25.5)
Commercial/service personnel 14,027 (15.7) 13,134 (15.2) 893 (30.2)
Occupation  Other occupations and unknown 10,810 (12.1) 10,605 (12.3) 205 (6.9) 887.50 <0.01
Teachers and students 10,160 (11.3) 10,025 (11.6) 135 (4.6)
Staff members 3,260 (3.6) 3,038 (3.5) 222 (7 5)
Individuals and freelancers 1,124 (1.3) 1,082 (1.2) 2(1.4)
Male 18,026 (54.7) 15,327 (53.3) 2,699 (64.7)
Gender 191.33 <0.01
Female 14,918 (45.3) 13,444 (46.7) 1,474 (35.3)
0-9 1,438 (4.4) 1,297 (4.5) 141 (3.4)
10-24 4,822 (14.6) 4,238 (14.7) 584 (14.0)
A%;eg:‘s")‘p 25-49 16,591 (50.4) 13,920 (48.4) 2,671 (64.0)  449.01 <0.01
50-69 8,207 (24.9) 7,498 (26.1) 709 (17.0)
70+ 1,886 (5.7) 1818 (6.3) 68 (1.6)
Yunnan
Farmers and workers 11,149 (33.8) 9,040 (31.4) 2,109 (50.5)
Household/unemployed/ 6,647 (20.2) 6,298 (21.9) 349 (8.4)
retired persons
Commercial/service personnel 6,518 (19.8) 5523 (19.2) 995 (23.8)
Occupation Teachers and students 3,510 (10.7) 3,172 (11.0) 338 (8.1) 946.76  <0.01
Individuals and freelancers 2,073 (6.3) 1,972 (6.9) 101 (2.4)
Other occupations and unknown 1,852 (5.6) 1,705 (5.9) 147 (3.5)
Staff members 1,195 (3.6) 1,061 (3.7) 134 (3.2)
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in indigenous cases in 2020-2021 due to non-
pharmaceutical interventions (NPIs), followed by a
rapid rebound of both imported and indigenous cases
post-2022, reaching a historical sub-peak in 2024,
corroborates the complex impact of NPIs on dengue
transmission, as reviewed by Wu et al. (2022), and
provides the latest empirical evidence from China (15).

This study has several limitations. First, under-
reporting of surveillance data, particularly for mild and
asymptomatic infections, is a possibility (/6). In
addition, disparities in monitoring capabilities across
PLADs may have led to data bias. Second, the study
primarily analyzed dengue fever-reported cases in
Chinese mainland, excluding cases from Hong Kong
Special Administrative Region (SAR), Macao SAR, and
Taiwan, China; therefore, the analysis of importation
risk may be incomplete. Moreover, this study did not
control for confounding factors such as temperature,
precipitation, and mosquito vector density when
analyzing case counts. The hazard ratio was calculated
from the reported case numbers, without accounting
for potential confounding factors. Future research
could integrate multisource data to build more refined
risk-prediction models.

In summary, this study underscores the limitations
of a strategy. Future
prevention and control efforts should transition toward
precision strategies based on provincial risk profiles.
These strategies include enhanced monitoring and
health education for travelers from specific source
countries (e.g., Myanmar) and occupational groups
(e.g., laborers) in border PLADs such as Yunnan;
strengthened screening of travelers from multiple
endemic areas in commercial hubs such as Guangdong;
and preemptive reinforcement of vector surveillance
and response capacity in emerging high-risk PLADs
such as Hunan and Chongqing. Continuous
monitoring of dynamic changes in importation sources
remains vital.
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SUPPLEMENTARY MATERIAL

SUPPLEMENTARY TABLE S1. Cumulative monthly distribution of imported and indigenous cases, 2005-2025.

Month Total, n (%) Imported cases (%) Indigenous cases (%)
January 428 (100.0) 414 (96.7) 14 (3.3)
February 320 (100.0) 306 (95.6) 14 (4.4)

March 274 (100.0) 264 (96.4) 10 (3.6)
April 479 (100.0) 455 (95.0) 24 (5.0)
May 917 (100.0) 848 (92.5) 69 (7.5)
June 1,764 (100.0) 1,433 (81.2) 331(18.8)
July 5,630 (100.0) 1,907 (33.9) 3,723 (66.1)

August 18,416 (100.0) 2,423 (13.2) 15,993 (86.8)

September 50,378 (100.0) 2,452 (4.9) 47,926 (95.1)
October 57,191 (100.0) 2,225 (3.9) 54,966 (96.1)
November 11,999 (100.0) 1,409 (11.7) 10,590 (88.3)
December 1,097 (100.0) 628 (57.2) 469 (42.8)
Total 148,893 (100.0) 14,764 (9.9) 134,129 (90.1)

SUPPLEMENTARY TABLE S2. Cumulative number of imported and indigenous cases of dengue by region across China,
2005-2025.

uaos oo e e [ paos  tomaw eemes el
Guangdong 89,526 (100.0) 86,566 (96.7) 2,960 (3.3) Beijing 256 (100.0) 44 (17.2) 212 (82.8)
Yunnan 32,944 (100.0) 28,771 (87.3) 4,173 (12.7) Guizhou 167 (100.0) 78 (46.7) 89 (53.3)
Guangxi 4,398 (100.0)  4,179(95.0) 219 (5.0) Hebei 157 (100.0) 27 (17.2) 130 (82.8)
Fujian 4,041 (100.0) 2,683 (66.4) 1,358 (33.6) Shaanxi 123 (100.0) 33 (26.8) 90 (73.2)
Zhejiang 3,797 (100.0) 2,402 (63.3) 1,395 (36.7) Liaoning 116 (100.0) 32 (27.6) 84 (72.4)
Chongging 3,723 (100.0) 3,402 (91.4) 321 (8.6) Heilongjiang 43 (100.0) 9 (20.9) 34 (79.1)
Hunan 2,879 (100.0) 2,276 (79.1) 603 (20.9) Gansu 33 (100.0) 9 (27.3) 24 (72.7)
Jiangxi 1,598 (100.0) 1,346 (84.2) 252 (15.8) Shanxi 33 (100.0) 11 (33.3) 22 (66.7)
Hainan 977 (100.0) 865(88.5) 112 (11.5) Tianjin 33 (100.0) 3(9.1) 30 (90.9)
Sichuan 976 (100.0) 342(35.0) 633 (65.0) Jilin 25 (100.0) 3 (12.0) 22 (88.0)
Jiangsu 734 (100.0) 233(31.7) 501 (68.3) || Inner Mongolia 15 (100.0) 6 (40.0) 9 (60.0)
Hubei 715 (100.0) 324 (45.3) 391 (54.7) Ningxia 11 (100.0) 0 (0.0) 11 (100.0)
Henan 627 (100.0) 243(38.8) 384 (61.2) Xinjiang 9 (100.0) 5 (55.6) 4 (44.4)
Shandong 365 (100.0) 108 (29.6) 257 (70.4) Qinghai 4 (100.0) 3 (75.0) 1(25.0)
Shanghai 310 (100.0) 74 (23.9) 236 (76.1) Xizang 1(100.0) 0(0.0) 1 (100.0)
Anhui 257 (100.0) 52(20.2) 205 (79.8) Total 148,893 (100.0) 134,129 (90.1) 14,764 (9.9)

Abbreviation: PLAD=provincial-level administrative division.
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Preplanned Studies

A Topographic Analysis of Malaria Transmission
— Khyber Pakhtunkhwa, Pakistan, 2019-2022

ljaz ul Haq'*

Summary
What is already known about this topic?
Malaria remains a recurrent public health problem and
is among the leading contributors to morbidity and
mortality in Pakistan. However, research specifically
linking malaria transmission with topographic factors
in Pakistan is limited.

What is added by this report?

This study supplements existing knowledge by
different
topographic regions of Khyber Pakhtunkhwa Province,
Pakistan.

transmission, whereas low-altitude regions showed high

examining malaria transmission across

High-altitude regions experienced low
transmission rates.

What are the implications for public health
practice?

Considering topography in malaria control strategies
may help policymakers design more targeted and
effective prevention measures to reduce the burden of
recurrent malaria in the region.

ABSTRACT

Introduction: Malaria is a major public health
concern in Pakistan. Data examining the relation
between topography and malaria transmission in
Pakistan are limited. This study aimed to analyze
malaria transmission in relation to topography across
Khyber Pakhtunkhwa from 2019 to 2022.

Methods: This retrospective study analyzed malaria
case data collected from the provincial health
department, the District Health Information System,
and district health offices across Khyber Pakhtunkhwa.
Time-series analysis was conducted to determine
malaria trends over time.

Results: The results showed the highest cumulative
case counts in Charsadda (303,900), Dera Ismail Khan
(292,070), and Bannu (241,640), whereas high-
altitude districts, such as Kolai Palas (2.56 km),
reported far fewer cases (<1,000). These findings
indicate an inverse relation between altitude and

Copyright © 2026 by Chinese Center for Disease Control and Prevention

malaria incidence, highlighting high vector density in
low-altitude regions.

Conclusion: Topography strongly influences malaria
risk. Integrating elevation-based spatial data into
provincial malaria control policies is recommended.

Malaria remains a major public health concern, with
more than 282 million cases and over 610,000 deaths
reported worldwide by 2024, despite decades of
progress in control and prevention efforts. Millions of
people in Pakistan are affected annually (7). The global
disease burden of malaria is particularly high in sub-
Saharan Africa and parts of Asia, where environmental
and geographical conditions strongly influence the
transmission dynamics of Plasmodium parasites (2).
Malaria control strategies in Pakistan focus on optimal
resource allocation to enhance surveillance and reduce
burden, particularly in the context of
population vulnerability, displacement, and climate
change (3).

Despite intensive efforts to eliminate malaria since
the 1960s, the disease resurged in the 1970s and has

remained endemic in several regions because of

disease

multiple factors, including environmental and
socioeconomic  conditions that contribute to
transmission  (4). Topography is an important

determinant of malaria transmission, as regions with
high elevation and low temperatures generally exhibit
low transmission risk (5). However, recent advances in
spatial modeling, remote sensing, and Geographic
Information Systems have enhanced malaria risk
assessment by producing high-resolution risk maps (6).

Malaria is recurrent across all provinces of Pakistan;
however, the country remains a low-resource setting
and bears a high burden of malaria-related morbidity,
mortality, and prevention Topographic
variations in Khyber Pakhtunkhwa (KP) have not been
adequately considered in previous analyses. Therefore,

Costs.

this study analyzed malaria transmission patterns in KP
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from 2019 to 2022.

Secondary data on malaria incidence were obtained
from the Provincial District Health Information
System and District Health Offices across multiple
districts. These data included the number of malaria
cases reported in each district. Case records were
initially verified by a district medical entomologist and
subsequently approved by a provincial medical
entomologist. Blood smear microscopy was used for
malaria diagnosis (7). Data on latitude, longitude, and
altitude were obtained from the Provincial
Meteorological Department, Peshawar.

KP is located in northwestern Pakistan and is the
third most populous province in the country. The
study population included all districts of KP, while the
target population comprised malaria-sensitive districts.
The province was categorized into three zones to assess
the impact of topography on malaria transmission:

Southern KP: Bannu, Tank, Karak, and Dera Ismail
Khan.

Northern KP: Haripur, Abbottabad, Dir, Kohistan,
Swat, and Chitral.

Central KP: Peshawar, Charsadda, Nowshera, and
Mardan.

Districts were further classified as low-altitude
(<0.46 km), mid-altitude (0.46-1.22 km), and high-
altitude (>1.22 km; Supplementary Table S1, available
at heeps://weekly.chinacdc.cn/).

The topographic distribution of KP highlighting
high-altitude regions, such as Chitral and Swat, and
low-altitude regions, such as Bannu and Dera Ismail
Khan.

Statistical analyses were performed using SPSS
(version 25.0, Armonk, NY, USA: IBM Corp.).
Pearson’s correlation analysis was used to assess the
association between altitude and malaria incidence.
QGIS software was used to generate maps and figures.
A time-series analysis was conducted to examine
malaria trends across KP districts. Space—time
permutation scan statistics were applied to identify
malaria hotspots in the region.

The incidence of malaria varies across the
topography of KP from 2019 to 2022. Between 2019
and 2022, the confirmed malaria cases varied
significantly across the KP districts (Table 1).
Charsadda had the highest cumulative burden
(303,900 cases), followed by Dera Ismail Khan
(292,070 cases), Bannu (241,640 cases), and Mardan
(233,749 cases). By contrast, districts, such as Kohistan
Lower (423 cases), Kolai Palas (606 cases), and
Kohistan Upper (1,637 cases), recorded the lowest

548 CCDC Weekly / Vol. 8 /No. 18

number of cases. Districts with low altitudes, such as
Dera Ismail Khan (0.18 km) and Lakki Marwat (0.17
km), reported high case numbers, whereas high-
altitude regions, such as Kolai Palas (2.56 km) and
Kohistan Upper (1.91 km), showed markedly fewer
cases. Malaria incidence per 10,000 population is
shown in Supplementary Table S1, which indicates
that northern districts have a lower incidence than
southern districts with low altitude.

Districts, such as Bannu, Dera Ismail Khan, and
Lakki Marwat, are located at low altitude but
accounted for more than 60% of cases; similarly, in
central KP, Peshawar, Mardan, Charsadda, and
Nowshera recorded higher confirmed malaria cases
compared with those of other districts of KP
(Figure 1). A negative correlation was observed
between altitude and malaria incidence rates from
2019 to 2022 (Figure 2). Space—time permutation
analysis was used to identify hotspot districts based on
incidence (Supplementary Figure S1, available at
https://weekly.chinacdc.cn/). Lakki Marwat and Tank,
located at low altitudes, exhibited the highest incidence
rates, indicating persistent spatial hotspots, whereas
Shangla, Hangu, and Bannu demonstrated emerging
and expanding temporal risks. Districts located at low
altitudes (<1,500 ft) had a high malaria burden,
whereas high-altitude districts (>4,000 ft) consistently
reported low case counts.

DISCUSSION

This study investigated the spatial distribution of
malaria incidence based on topographic features across
several districts of KP, Pakistan. The findings
demonstrate a strong association between malaria
incidence and topographic factors.

Spatial heterogeneity in vector density and disease
risk has emerged as a major concern. Kouame et al.
showed that even within the same region, the relation
between vector abundance and malaria incidence may
differ because of local geographical and environmental
factors (7). This insight is particularly important in the
context of KP, where variable topography creates
localized transmission patterns that cannot be
addressed using uniform control approaches. In our
study, malaria incidence hotspot districts were
identified, showing that low-altitude areas had high
malaria case counts. This pattern suggests that altitude
plays a modifying role in malaria transmission within
provinces. There is evidence that malaria transmission
declines with increasing altitude, as highland areas

Chinese Center for Disease Control and Prevention
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TABLE 1. District-wise confirmed malaria cases in Khyber Pakhtunkhwa.
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District 2019 (n) 2020 (n) 2021 (n) 2022 (n) Latitude (° N) Longitude (° E) Altitude (km)
Bannu 32,640 68,284 70,983 69,733 32.986 70.604 0.36*
Dera Ismail Khan 51,209 78,252 75,800 86,809 31.862 70.901 0.18*
Lakki Marwat 34,240 50,705 48,114 85,480 32.613 70.901 0.17*
Tank 25,734 22,807 25,132 33,576 32.216 70.389 0.26*
Abbottabad 1,861 190 923 474 34.168 73.221 1.26%
Haripur 7,263 3,530 3,996 5,019 33.994 72.910 0.521
Kohistan Upper 402 133 412 690 34.250 73.500 1.91%
Mansehra 1,901 1,087 1,586 1,756 34.331 73.198 1.09"
Battagram 419 632 279 2,352 34.672 73.024 1.047
Tor Ghar 1,821 525 266 1,907 34.449 70.199 2.448
Kohistan Lower 20 62 169 172 35.250 73.500 1.68%
Kolai-Palas 20 24 100 462 35.100 73.000 2.56%
Karak 13,243 17,306 17,084 25,813 33.111 71.091 0.55"
Kohat 22,048 24,612 25,746 40,640 33.589 71.443 0.49%
Hangu 13,073 17,598 21,335 31,138 33.522 71.062 0.81%
Buner 21,096 18,184 32,177 48,014 34.394 72.615 0.80"
Chitral Lower 6,621 3,327 5,445 4,143 35.370 71.740 1.498
Dir Lower 27,721 27,640 39,994 47,309 35.370 71.740 0.97*
Malakand 16,711 11,886 14,543 20,104 34.503 71.905 0.45*
Swat 21,085 23,280 17,684 14,066 35.223 72.426 0.98t
Dir Upper 12,883 11,434 12,011 7,234 35.208 71.875 1.848
Shangla 14,419 20,157 26,066 41,316 34.802 72.757 1.528
Chitral Upper 679 332 484 453 35.833 71.783 1.50%
Mardan 45,446 48,968 57,322 82,013 34.199 72.040 0.28*
Swabi 7,182 4,589 4,527 4,230 34.117 72.281 0.34*
Charsadda 53,718 74,692 87,219 88,271 34.149 71.743 0.30*
Nowshera 29,467 20,780 29,518 43,286 34.011 71.988 0.55"
Peshawar 8,852 7,274 10,713 37,370 34.026 71.560 0.37*

* means low altitude (<0.46 km);

T means mid-altitude (0.46—1.22 km);
$ means high altitude (>1.22 km).

report significantly fewer cases than those of low-
altitude areas (8). Previous studies have developed
high-resolution models
population density, climate, and surface hydrology (9).
In our study, districts with seasonal flooding and
irrigation infrastructure had high malaria incidence,
which is consistent with these findings. Furthermore,
our results align with those of studies from Africa that
identified significant associations between malaria
frequency and topographic variables, such as elevation
and slope. Their spatial modeling approaches informed
the analytical framework of our study, underscoring
the need to incorporate topography into disease
surveillance systems. High topographic features restrict

malaria incorporating
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malaria transmission from highland areas to lowlands,
where malaria-related morbidity is high (2).
Geographical highlands influence vector density.
Bannu District, a southern district, has a low altitude
but high mosquito density, which leads to elevated
malaria prevalence. Malaria transmission is higher in
KP than in other provinces, such as Punjab and Sindh
(3). Punjab may have more effective vector control
strategies. In addition to altitude, increased
temperature (>22.4 °C) enhances vector density and,
consequently, malaria transmission (Z0). Climatic
factors, such as high rainfall, humidity, and flooding,
promote habitat development, vector population
growth, vector longevity, and breeding site availability,
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FIGURE 1. Confirmed malaria cases in various districts of Khyber Pakhtunkhwa, Pakistan.
Note: Low-altitude districts [including Bannu and Dera Ismail (D.I) Khan] accounted for more than 60% of total cases.
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thereby facilitating malaria transmission. Several
studies have examined malaria incidence in parts of
KP; however, these efforts have largely been limited to
district-level analyses or have focused primarily on
environmental factors (3,10). These studies assessed
the effects of temperature, humidity, and rainfall on
malaria incidence in Pakistan. By contrast, there
remains a lack of systematic topographic evaluations
assessing how elevation, slope, and terrain influence
malaria transmission across Pakistan, particularly in
KP. Furthermore, no previous study has specifically
examined spatial trends using province-wide data
from KP.

This study has some limitations. First, data were
obtained from the District Health Information System
and district health offices. Malaria cases are often
underreported because of poor communication or
because hospital and facility staff are engaged in
competing responsibilities. Second, at the district level,
there is typically only one medical epidemiologist
responsible for multdiple facilities, which further
contributes to data limitations.

In conclusion, this study highlighted the importance
of topography in malaria transmission. High altitudes
were associated with few cases, whereas low altitudes
were associated with high malaria transmission in KP.
Altitude was negatively correlated with malaria
incidence throughout the study period. Low-altitude
districts with a high malaria burden require weekly
surveillance, including hotspot mapping and the
allocation of up to 150,000 rapid diagnostic tests
(RDTs) per year. Mid-altitude districts require
biweekly monitoring, hotspot mapping, and the
allocation of up to 70,000 RDTs per year. High-
altitude districts with a low malaria burden require
monthly surveillance, hotspot monitoring, and the
allocation of up to 10,000 RDTs per vyear.
Policymakers should consider altitude-related risks in
hotspot areas when designing malaria prevention
strategies in the region.
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SUPPLEMENTARY MATERIAL

SUPPLEMENTARY TABLE S1. Estimated district-wise population and malaria
Cl (2019-2022).

incidence per 100,000 population with 95%

District Pop. Cases Incidence/100,000*
strie 2019 2020 2021 2022 2019 2020 2021 2022 2019 2020 2021 2022
2,609.35 5,336.12 542232 5,207.07
Bannu 1,250,886 1,279,657 1,309,089 1,339,198 32,640 68,284 70,983 69,733 (2,575.28, (5,281.09, (5,365.58, (5,152.03,
2,643.42) 5,391.16) 5,479.06) 5,262.11)
Dera Ismail 3,385.84 5,062.49 4,798.30 5,376.90
Khan 1,512,447 1,545,721 1,579,727 1,614,481 51,209 78,252 75,800 86,809 (3,348.83, (5,011.44, (4,746.14, (5,323.48,
3,422.85) 5,113.54) 4,850.46) 5,430.31)
Lakki 4,104.84 5947.88 5,522.45 9,600.07
Marwat 834,137 852,488 871,243 890,410 34,240 50,705 48,114 85,480 (4,044.34, (5,871.53, (5,448.25, (9,507.64,
4,165.34) 6,024.23) 5,596.65) 9,692.50)
6,214.38 5,394.28 5,821.92 7,618.03
Tank 414,104 422,800 431,679 440,744 25,734 22,807 25,132 33,576 (6134.55, (5325.83, (5746.74, (7528.20,
6294.21) 5462.73) 5897.10) 7707.86)
151.46 15.16 72.20 36.35
Abbottabad 1,228,714 1,253,288 1,278,354 1,303,921 1,861 190 923 474 (144.61, (8.67, (67.21, (33.09,
158.31) 21.64) 77.19) 39.61)
683.63 325.74 361.52 445.16
Haripur 1,062,422 1,083,670 1,105,344 1,127,450 7,263 3,530 3,996 5,019 (668.84, (314.61, (349.72, (431.92,
698.42) 336.87) 373.32) 458.40)
Kohistan 177.49 57.29 173.14 282.90
Upper 226,487 232,149 237,953 243,902 402 133 412 690 (160.41, (48.00, (156.06, (262.52,
194.57) 66.58) 190.22) 303.28)
121.52 68.05 97.25 105.46
Mansehra 1,564,393 1,597,245 1,630,787 1,665,034 1,901 1,087 1,586 1,756  (115.95, (63.81, (91.61, (99.82,
127.09) 72.29) 102.89) 111.10)
87.56 129.36 55.93 461.81
Battagram 478,520 488,569 498,829 509,304 419 632 279 2,352 (79.44, (118.84, (49.36, (443.58,
95.68) 139.88) 62.50) 480.04)
1,099.37 310.43 154.05 1,081.70
Tor Ghar 165,641 169,120 172,671 176,297 1,821 525 266 1,907 (1,047.35, (284.34, (137.86, (1,030.66,
1,151.39)  336.52) 170.24)  1,132.74)
Kohistan 9.20 27.82 73.98 73.46
Lower 217,428 222,863 228,435 234,146 20 62 169 172 (5.35, (21.04, (62.76, (62.23,
13.05) 34.60) 85.20) 84.69)
12.26 14.36 58.37 263.08
Kolai-Palas 163,071 167,147 171,326 175,609 20 24 100 462 (7.09, (8.56, (47.60, (239.68,
17.43) 20.16) 69.14) 286.48)
1,5636.96 1,965.27 1,898.30 2,806.48
Karak 861,636 880,592 899,965 919,765 13,243 17,306 17,084 25,813 (1,509.83, (1,931.57, (1,865.07, (2,764.51,
1,564.09) 1,998.97) 1,931.53) 2,848.45)
2,326.14 2,543.24 2,605.70 4,028.49
Kohat 947,838 967,742 988,065 100,8814 22,048 24,612 25,746 40,640 (2,291.65, (2,505.27, (2,567.05, (3,977.21,
2,360.63) 2,581.21) 2,644.35) 4,079.77)
2,593.08 3,415.50 4,051.65 5,786.01
Hangu 504,149 515,240 526,575 538,160 13,073 17,598 21,335 31,138 (2,552.10, (3,360.11, (3,987.36, (5,712.45,
2,634.06) 3,470.89) 4,115.94) 5,859.57)
2,292.47 1,935.38 3,354.27 4,902.23
Buner 920,231 939,556 959,286 979,431 2,1096 18,184 32,177 48,014 (2,248.01, (1,891.49, (3,297.77, (4,832.93,
2,336.93) 1,979.27) 3,410.77) 4,971.53)
Chitral 1,713.08 843.10 1,351.45 1,007.14
Lower 386,497 394,613 402,900 411,361 6,621 3,327 5,445 4,143 (1,669.04, (816.18, (1,307.02, (970.85,
1,757.12)  870.02) 1,395.88) 1,043.43)
2,085.67 2,034.81 2,880.90 3,334.47
Dir Lower 1,329,120 1,358,361 1,388,245 1,418,786 27,721 27,640 39,994 47,309 (2,044.16, (1,993.22, (2,825.12, (3,274.19,
2,127.18) 2,076.40) 2,936.68) 3,394.75)
2,389.42 1,664.56 1,994.77 2,700.81
Malakand 699,375 714,062 729,058 744,368 16,711 11,886 14,543 20,104 (2,343.19, (1,619.48, (1,943.16, (2,643.05,
2,435.65) 1,709.64) 2,046.38) 2,758.57)
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Continued

b Pop. Cases Incidence/100,000*
istrict
2019 2020 2021 2022 2019 2020 2021 2022 2019 2020 2021 2022

898.54 971.67 722.92 563.19
Swat 2,346,589 2,395,868 2,446,181 2,49,7551 21,085 23,280 17,684 14,066 (873.53, (944.92, (692.53, (533.81,

923.55)  998.42)  753.31)  592.57)
147366 1,281.01 1,317.98  777.46
Dir Upper 874,219 892,578 911,322 930,460 12,883 11,434 12,011 7,234 (1,434.42, (1,243.91, (1,280.63, (740.58,

1,512.90) 1,318.11) 1,355.33) 814.34)
2,069.79 2,831.17 358231 5555.92
Shangla 696,642 711,968 727,632 743,639 14,419 20,157 26,066 41,316 (2,023.69, (2,774.85, (3,515.63, (5,478.41,
2,115.89) 2,887.49) 3,649.00) 5,633.43)

Chitral 351.36 168.27 240.26 220.25
Upper 193,248 197,306 201,450 205,680 679 332 484 453 (323.58, (147.50, (216.15, (196.82,

379.14)  189.04)  264.37)  243.68)
1,906.89 201044 2,302.77 3,223.74
Mardan 2,383,250 2,435,682 2,489,267 2,544,031 45446 48,968 57,322 82,013 (1,869.21, (1,971.21, (2,259.63, (3,171.82,

1,944.57) 2,049.67) 2,345.91) 3,275.66)
473.00 296.01 286.01 261.75
Swabi 1,518,381 1,550,267 1,582,823 1,616,062 7,182 4,589 4,527 4,230 (456.88, (282.54, (272.90, (248.44,
489.12) 309.48) 299.12) 275.06)
3,433.79 4,676.30 5,348.28 5,301.45
Charsadda 1,564,393 1,597,245 1,630,787 1,665,034 53,718 74,692 87,219 88,271 (3,389.57, (4,620.33, (5,287.39, (5,239.84,
3,478.01) 4,732.27) 5,409.17) 5,363.06)
2,001.33  1,382.30 1,923.17 2,762.19
Nowshera 1,472,370 1,503,289 1,534,859 1,567,091 29,467 20,780 29,518 43,286 (1,958.33, (1,343.47, (1,880.45, (2,711.65,
2,044.33) 1,421.13) 1,965.89) 2,812.73)
197.08 158.46 228.36 779.43
Peshawar 4,491,511 4,590,324 4,691,311 4,794,520 8,852 7,274 10,713 37,370 (183.52, (146.36, (213.77, (754.63,
210.64) 170.56) 242.95) 804.23)
Note: Between 2019 and 2022, malaria incidence across districts showed substantial spatial and temporal variation. Southern districts,
including Lakki Marwat, Tank, Bannu, Dera Ismail Khan, and Hangu, recorded the highest malaria incidence, consistently exceeding 2,000
cases per 100,000 population, with Lakki Marwat peaking at 9,600 cases per 100,000 population in 2022. By contrast, northern districts,
including Abbottabad, Haripur, Mansehra, and Swat, exhibited markedly low incidence, often below 500 cases per 100,000 population,
indicating low transmission potential or more effective control.
Abbreviation: Pop=population; C/=confidence interval.
* shown as incidence (95% CI).
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SUPPLEMENTARY FIGURE S1. Space-time clustering characterized by a progressive increase in malaria incidence from

2019 to 2022.

Note: “.0” in years means the start of the year.
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Methods and Applications

Klebsiella pneumoniae Genome Database: A Global Resource for
Genomic Surveillance of Dissemination, Pathogenicity, and
Antimicrobial Resistance

Haijian Zhou'; Chongye Guo®’; Guomei Fan*; Jinrui Hu'; Zhigang Cui'; Xiaoli Du'; Linhuan Wu***; Biao Kan'*

ABSTRACT

Introduction: To address the escalating public
health threat of hypervirulent and antibiotic-resistant
Klebsiella  pnewmoniae (KP), we developed the
Klebsiella pneumoniae Genome Database (KPGD;
http://nmdec.cn/gepathogen/kp) to strengthen global
genomic surveillance of this pathogen.

Methods: KPGD integrates 75,987 genome
assemblies from 122 countries with standardized
annotations of serotypes, sequence types, antibiotic
resistance genes (ARGs), virulence factors (VFs), and
mobile genetic elements (MGEs). The platform offers
interactive  visualization modules and integrated
analytical tools that enable real-time epidemiological
monitoring and one-stop genomic analysis, thereby
supporting global efforts to track the dissemination of
resistant and hypervirulent KP (HvKp) and to inform

infection control and antimicrobial = stewardship
strategies.
Results: Longitudinal analyses revealed that the

emergence of HvKp is driven by the sustained
expansion of carbapenem-resistant high-risk lineages
under selection pressure from restricted, higher-tier
Conjugative  ARG-bearing  plasmids
carrying key resistance determinants largely mediate
this expansion. In contrast, selection by first-line,
narrower-spectrum  antibiotics appears to favor the
dissemination of virulence plasmids (predominantly
IncFIB types) as a compensatory mechanism to offset
resistance-associated fitness costs.

Conclusion: These  findings  collectively
underscore the need for surveillance systems that
simultaneously monitor high-risk lineages and the
dissemination of ARGs and VFs — particularly via
self-transmissible plasmids — to better understand and
anticipate bacterial adaptation under diverse antibiotic
pressures.

antibiotics.

552 CCDC Weekly / Vol. 8 /No. 18

Klebsiella pneumoniae (KP) ranks among the leading
causes of healthcare-associated infections worldwide,
with high morbidity and mortality driven by
carbapenem-resistant and hypervirulent strains The
World Health Organization (WHO) listed KP as a
critical pathogen on its Bacterial Priority Pathogens
List in both 2017 and 2024 (7). Of particular concern
are hypervirulent KP (hvKp) and carbapenem-resistant
hvKp (CR-hvKp). High-risk clones such as NDM-
positive  ST147-KL64  (with  mortality  rates
approaching 40%) (2-3) and ST23-KL1 (carrying
rmpA/rmpA2, iroB, and/or iucA) are expanding
rapidly — at an annual global growth rate of 59% and
of 30% in China (4). These trends underscore the
urgent need for systematic surveillance of carbapenem-
resistant KP (CRKP), hvKp, and CR-hvKp.

Genomic surveillance  provides  high-resolution
genetic insights that enable real-time reconstruction of
transmission chains and prospective threat assessment.
By elucidating pathogen evolution, dissemination
patterns, and clinically relevant phenotypes, it
strengthens public health responses (5-6). Clarifying
the evolutionary trajectories of antimicrobial resistance
(AMR) and virulence determinants further optimizes
clinical ~decision-making and supports targeted
infection control (7). This approach represents a
paradigm shift from traditional phenotype-based
monitoring, enabling outbreak tracing, epidemic
forecasting, early warning of high-risk strains, and real-
time assessment of emerging AMR and hypervirulence.

Discovering, surveying, and assessing the emergence
and spread of hypervirulent KP clones and sequence
types requires a comprehensive database of global KP
genomes. Although public databases such as the
National Center for Biotechnology Information
(NCBI) are available, existing resources lack the
integration of epidemiological ~metadata  with
standardized genomic annotations. To address these
critical gaps in global KP surveillance, we established
the Klebsiella Database

pneumoniae  Genome

Copyright © 2026 by Chinese Center for Disease Control and Prevention
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(KPGD), which integrates sequence types, serotypes,
antibiotic resistance genes (ARGs), virulence factors
(VFs), mobile genetic elements (MGEs), and associated
epidemiological metadata — including collection time
and geographic origin. KPGD carries significant public
health implications by enabling early warning of
emerging high-risk clones, supporting outbreak
investigations, and assisting public health agencies in
monitoring the dissemination of hypervirulent and
carbapenem-resistant KP.

METHODS

Data Source

KPGD integrates 75,987 KP genomes collected over
more than 40 years from 122 countries. Of these,
71,132 publicly available genomes were retrieved from
the National Center for Biotechnology Information
(NCBI)(8), and 4,855 sequences were collected
through national surveillance conducted by the
Chinese Pathogen Identification Net (China PIN),
which performs hospital-based sampling for febrile

respiratory syndrome; KP isolates obtained from lower

respiratory tract specimens testing positive by nucleic
acid detection were cultured and sequenced. These
4,855 sequences originated from 170 cities across 29
provincial-level administrative divisions (PLADs) in
China (Supplementary Figure S1, available at http://
weekly.chinacdc.cn/), spanning a period of over 40
years. A major component of the database is the
Chinese collection of 17,251 genomes, comprising
12,396 NCBI sequences combined with those from
the China PIN. All 75,987 genome assemblies
underwent uniform quality assessment using CheckM
(Queensland University of Technology, Queensland,
Australia, v1.2.2) (9). Genomes with completeness>
95%, contamination<5%, and consistency>95% were
retained for downstream analysis.

Analysis Methods
Genomes in KPGD were curated and analyzed using
the Global Catalogue of Pathogens (gcPathogen)
(10-11)
Supplementary Material, available at http://weekly.
chinacdc.cn/). Hyper-VFs (iroB, iucA, rmpA, and

rmpA2) and resistance genes were manually curated on

frameworks and tools (Figure 1 and

Genome NCBI NCBI public dataset China PIN dataset )
Quality control High
Sources -71,132 assemblies, including -4,855 assemblies from China -Consistance >95% N Q ali
& 12,396 from China -29 provinces -Completeness >95% B ty
Assemblies China -122 countries/regions -169 cities/regions —Contamination <5% Assemblies
-The years 1900-2024 -The years 1940-2024 -
PIN
Gene Prediction Genome Annotation MLST analvsi
-Genomic component analysis -ARGs annotation Sequence analysis
N L type -MLST schema
-Repeated structure detection -VFs annotation analysi & —L [
-Non-coding RNA prediction -MGEs annotation cgMLST analysis In
-cgMLST schema | nouse
1—‘ -Phylogenetic tree
data
Antibiotic re;istance Virulence factors & Mobile genetig Pan-genome
genes & Highly Hypervirulent elements & Associated “Roary ]

resistance genes data factors data

ARGs and VFs
-KO/ARG/VF annotation

J

Global surveillance for
the prevalence and

distribution of KP CRKP transmission
-List of subtypes and
functional genes for —  -spatiotemporal distribution maps .

prevention and control

-Detection frequencies of

Surveillance of HVKP and

Genomic analysis platform

-Pathogen Identification
-MGE:s and transferable

-Genomic data screening hypervirulent factors and ARGs ﬁ)l:SS/;i:::z;?u;:
for HVKP -MGE:s and transferable ARGs Ser ugtype predicti{m
-MOHIlOnng OfK'P S and VEs identification -MLST/cgMLST/SNP analysis
and in China

FIGURE 1. Data processing pipeline of the KPGD.

Abbreviation: KPGD=Klebsiella pneumoniae Genome Database; China PIN=Chinese Pathogen Identification Net.
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the basis of a systematic literature review.

RESULTS

Overview of the KPGD Web Interface and

Analytical Modules

The KPGD web platform (Figure 2A) provides
comprehensive statistical summaries, including total
genome counts and distributions of K/O antigens,
hvKp strains, ARGs, sampling countries, and collection
years. The "Genome Data" module supports advanced
queries by WHO regions, serotypes, sequence types
(S8Ts), ARGs, and VFs. Search outputs appear in an
interactive tabular format on a secondary page,
integrating curated metadata with analytical results.
The knowledge graph (Figure 2B)

collaborative networks of research institutions and

visualizes

investigators, along with relevant publications and
patents.

The AMR module identifies high-frequency, widely
distributed ARGs across hosts and ecological niches.
The MGE module maps mobile genetic elements
harboring critical ARGs and hyper-VFs, enabling
assessment of their horizontal transfer potential. The
hvKp module captures the dynamics and
epidemiological trends of hypervirulent strains
(Figure 2C), while the pan-genome analysis module
resolves core and accessory gene repertoires, including
conserved resistance determinants across lineages.

By integrating these genetic insights with
spatiotemporal, host, and clinical metadata, KPGD
facilitates early detection of dissemination events,
tracks the evolutionary trajectories of resistance and
hypervirulence, and monitors the spread of high-risk
MGEs — thereby providing a platform for proactive
public health intervention. For example, the high-risk
clones ST147 K164 _02a, ST23 KL1 Olab, and
ST45 KL24 O2a were confined to a limited number
of countries before 2010 but had spread globally by
2024, demonstrating clear international transmission.
Specifically, ST147_KL64_0O2a was detected in only
13 countries prior to 2010; its geographic range
expanded to 40 countries by 2015 and further to 47
countries by 2024. Similarly, ST23_KL1_Olab
exhibited a pronounced dissemination pattern, with its
country-level distribution increasing from 13 countries
in 2010 to 32 countries by 2024. Meanwhile,
ST45_KL24_0O2a was initially confined to 6 countries
before 2010, underwent rapid dissemination to reach
28 countries by 2015, and continued cross-border

554 CCDC Weekly / Vol. 8 /No. 18

transmission, expanding further to 32 countries by
2024.

Additionally, KPGD offers five integrated one-stop
online tools (Supplementary Material) for pathogen
identification, Single Nucleotide Polymorphism (SNP)
analysis, serotype prediction, detection of MGEs and
transferable ARGs and VFs, and Core Gene Multilocus
Sequence Typing (cgMLST) analysis (Figure 2D).

Temporal Dynamics and Evolutionary
Trends of High-Risk KP Lineages

Genomic surveillance through KPGD reveals a
dynamic and evolving risk landscape characterized by
distinct evolutionary trajectories among high-risk KP
lineages under different antibiotic selection pressures,
as stratified by the World Health Organization
(WHO)  Access, Watch, Reserve (AWaRe)
classification (72) (Figure 3A). These findings
underscore the need for lineage-specific surveillance
and intervention strategies.

Clonal group analyses identified several high-risk
lineages (Figure 3A), notably ST11_KL64_0O2a and
ST258_KL107_0O2afg, detected at elevated frequencies
(peaking at around 0.2, particularly after 2016) under
"Watch" antibiotic selection (carbapenems and other
B-lactams). ST11_KL64_0O2a persisted from 2010 to
2024  with  pronounced  enrichment among
carbapenem-resistant isolates, indicating adaptation to
last-resort  therapies. ST307_KL102_O2afg peaked
among carbapenem-resistant strains before 2015
(>0.07), potentially reflecting increased use of
imipenem and meropenem during that period (13),

before  declining  rapidly to  below 0.1
ST147_KL64_0O2a exhibited marked post-2020
expansion  (around  0.04), especially among

carbapenem- and ampicillin-resistant isolates. The
hypervirulent lineage ST23_KL1_Olab remained at
low frequencies (0-0.05), although its recent increase
among imipenem-resistant isolates suggests progressive
acquisition of resistance to broad-spectrum B-lactams.
At the population level, resistance frequencies
displayed distinct temporal patterns. Carbapenem-
resistance ARGs increased steadily, with B-lactam
ARGs among ertapenem- and meropenem-resistant
isolates rising from near zero in 2010 to 0.15-0.3 by
2024. In contrast, cephalosporin resistance declined
(below 0.25), while penicillin B-lactam
resistance fluctuated between 0.1 and 0.7. These trends
underscore a shifting AMR landscape and highlight
lineage-specific evolutionary strategies under defined

overall
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Abbreviation: KPGD=Klebsiella pneumoniae Genome Database; China PIN=Chinese Pathogen Identification Net;
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FIGURE 3. Risk Profiles and Evolutionary Trajectories of KP. (A) Longitudinal trends in ARGs, hyper-VFs, and major clonal
lineages among KP isolates (before 2000—2024). (B) Risk assessment of the top 10 clonal lineages based on resistance and
virulence determinants.
Note: For (A), Antibiotics are classified according to the WHO AWaRe framework ("Access" and "Watch"). Stacked bars
represent the frequencies of the top 10 clonal lineages (with "Others" denoting remaining types). Line plots depict temporal
changes in overall resistance and virulence frequencies under antibiotic pressure, while area charts summarize the
occurrence of key ARGs and hyper-VFs. For (B), Bars represent different clonal groups, with colors indicating high-risk
clones, including CR-hvKP, CRKP, and hvKP. Bubble plots illustrate the frequencies of carbapenem-resistance and
hypervirulence genes, as well as the frequencies of self-transferable plasmids associated with these determinants. Red
bubbles indicate an increasing trend for the corresponding clonal group, whereas blue bubbles indicate a decreasing trend.

Abbreviation: WHO=World Health Organization.
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ARGs ("Watch" antibiotics) further emphasize this
expansion (Figure 3A). NDM-1 emerged at 0.038
(2010-2015) and peaked at 0.13 (2022-2024).
NDM-5 rose from undetectable levels to 0.11 by
2022-2024. In contrast, ARGs associated with
antibiotics (e.g., TEM-1 in
amoxicillin/ampicillin-resistant  isolates)  remained
stable (around 0.1-0.5), consistent with their role in
first-line therapy. Other ARGs (OXA-2, CMY-2, and
CTX-M-27) persisted at low prevalence. Notably, the
near-universal presence of LptD (frequency=1.0)
among imipenem-resistant isolates suggests a potential
role in KP survival under carbapenem pressure. These
ARGs were predominantly  disseminated by
conjugative IncFII-type plasmids, including K(IncFII),
pHN7AS, and pKP91, whose frequencies fluctuated
widely (0 to 0.6), underscoring their central role in the
rapid horizontal transfer of carbapenem resistance.

Hyper-VE diversity was closely associated with
resistance profiles across KP populations (Figure 3A).
Among  imipenem-resistant  isolates  ("Watch"
antibiotic), hyper-VF richness was pronounced. Before
2000, the dominant combination (iroB, iucA, and
rmpA) peaked at 0.08 and then declined steadily.
Between 2011 and 2020, a two-factor combination
(iucA and rmpA) predominated (around 0.04),
surpassing all others. By 2024, all hyper-VF
combinations had decreased to around 0.005. These
hyper-VFs  were largely disseminated by self-
transmissible  IncFIB-type  virulence  plasmids,
including K(IncFIB) and pQil, peaking at around 0.5.

As shown in Figure 3B, ST23_KL1_O1lab harbored
a substantially higher proportion of hvKP strains than
other lineages. CR-hvKP strains were most frequently
detected in ST15_KL2 Olab, ST11_KIL64_O2a, and
ST147_KL64_02a. Notably, the three clonal lineages
displaying an increasing trend carried relatively low
frequencies of ARG-bearing self-transferable plasmids.
In contrast, all other clonal lineages (with decreasing
trends) carried the ARG-bearing self-transferable
plasmid K(IncFII), with the highest frequency
exceeding 0.8. However, all lineages carried the VEF-
bearing self-transferable plasmid K(IncFIB), with a
maximum frequency of approximately 0.6.

Time-series analyses revealed that fluctuations in
virulence plasmid prevalence closely aligned with
antibiotic regimes.  Higher  plasmid
frequencies were associated with "Access" antibiotics,
particularly ~ first-generation  cephalosporins  (e.g.,
cefalotin and cefazolin). This suggests that virulence
plasmid dissemination may be favored under first-line

"Access”

selection

Chinese Center for Disease Control and Prevention

antibiotic pressure, potentially compensating for
resistance-associated fitness costs and enhancing KP
persistence.

CONCLUSIONS

This study establishes the Klebsiella pneumoniae
Genome Database (KPGD) as a global resource for
genomic surveillance, addressing the public health
threats posed by the dissemination, pathogenicity, and
antimicrobial of  hypervirulent and
antibiotic-resistant lineages. By integrating 75,987
genomes from 122 countries with epidemiological
metadata and standardized bioinformatic pipelines,
KPGD enables high-resolution tracking of KP
transmission, evolution, and risk patterns across
decades and continents. These datasets can also be
integrated into national monitoring systems, such as
the China PIN, to support epidemic analysis, risk
assessment, and early warning of high-risk KP clones.

Genomic surveillance revealed distinct evolutionary
trajectories among high-risk lineages under differential

resistance

antibiotic selection  pressures. Clones including
ST11_KL64_02a and ST258_KL107_O2afg
persisted under carbapenem-dominated "Watch"

antibiotics, driven by horizontal acquisition of
carbapenemase genes (e.g., NDM-1 and NDM-5) via
conjugative  IncFll-type  plasmids. ~ Temporal
fluctuations in plasmid detection correlated with
changes in antibiotic usage, underscoring their role as
vectors for resistance dissemination.

The expansion of NDM-positive
ST147_KL64_02a represents a specific example of a
high-risk clone in which carbapenem resistance and
hypervirulence markers co-occur. This does not imply
that NDM universally drives hypervirulence. Future
studies should investigate region-specific associations
between carbapenemase genes and hypervirulence
markers.

Concurrently, a dynamic interplay between
resistance and pathogenicity was observed. Under first-
line "Access" antibiotic pressure, KP strains gained a
selective advantage through acquisition of IncFIB-type
virulence plasmids, facilitating the emergence of clones
exhibiting both high pathogenicity and antimicrobial
resistance (/4).

Collectively, these findings provide a genomic
framework for guiding public health strategies. KPGD
serves as a foundational global resource for identifying
emerging high-risk clones, elucidating the molecular
drivers of their success, and tracking the horizontal
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transfer of ARGs and VFs worldwide. Ensuring
equitable access to such genomic platforms will be
essential for coordinated international responses to the
growing threat of hypervirulent and antimicrobial-
resistant KP.

To this end, KPGD is an open and freely accessible
web platform available at http://nmdec.cn/gcpathogen/
kp. Unlike static genomic collections or one-time
analytical studies, KPGD provides interactive real-time
querying and integrated analytical modules for the
global research community without registration or
payment. Users worldwide can filter genomes by
WHO region, serotype, ST, ARG, VF, collection time,
and geographic origin.
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SUPPLEMENTARY MATERIALS

Bioinformatic analysis of the genomes in the Klebsiella pneumoniae Genome Database (KPGD) was performed
using the analysis tools within the gcPathogen one-stop analysis system (7), including pathogen identification,
multilocus sequence typing (MLST), core genome multilocus sequence typing (cgMLST), pan-genome analysis, and
genomic annotation for ARGs, VFs, and mobile genetic elements (MGEs) (Figure 1). A suite of one-stop online
tools has been integrated into KPGD. The following section describes their primary workflows and the underlying
software.

The Pathogen Identification Tool primarily employs bioinformatic software such as Kraken2 (2) and RNAmmer
(3) for sequence similarity comparisons against reference libraries, generating optimal alignments for species
identification. The results page displays the identified species, basic biological information, the corresponding
reference genome, and detailed 16S rDNA data. The 16S rDNA BLAST search uses an e-value threshold of <Ie-5,
and the top 10 hits are retained based on bit-score. For ANI-based analysis, a consistency threshold of >95% is
required for species assignment. If multiple species are detected, Kraken2 k-mer analysis is triggered; a species is
considered confirmed if its k-mer abundance exceeds 80% and the second-ranked species abundance falls below 3%.

Genomic annotation is performed using the integrated annotation tool of the gcPathogen platform (7). It
conducts genomic component analysis using PILER-CR v1.06 (4) for CRISPR array recognition, followed by repeat
structure detection using TRF v4.07b (5). Non-coding RNA prediction is then carried out with tRNAscan-SE v1.4
(6) and RNAmmer v1.2. Finally, gene prediction is performed using Prodigal v2.6.3 (7). The predicted genes can be
annotated against 11 commonly used functional databases, including KEGG (8), COG (9), NCBI-nr (10), CARD
(11), CAZy (12), PHI (13), SwissProt (14), VFDB (15), Pfam (16), MetaCyc (17), and AntiSMASH (18). The
alignment parameters are set as follows: query coverage >80%), subject coverage >80%), and sequence identity >90%.

The SNP Analysis Tool employs iVar (19) for SNP calling, Gubbins (20) to construct SNP matrices (excluding
recombinant regions), and IQ-TREE 2 (21) for phylogenetic tree construction, with mutation site details displayed
on the results page.

The Serotype Prediction Tool applies Kleborate (22), with the result file containing the species match degree,
data quality, ST (sequence type), serotype, and other relevant details.

The MGE and Transferable ARGs and VFs Detection Tool leverages annotation software such as ISEScan (23)
and MobileElementFinder (24) to annotate insertion sequences (IS), integrative conjugative elements (ICE),
integrons (IN), plasmids, transposons (Tn), and their associated ARGs and VFs, presenting their types, names,
genomic locations, and lengths. An ARG or VF is considered potentially transferable if it meets either of the
following criteria: (i) the same IS element is present within 10 kb both upstream and downstream of the gene; or (ii)
the gene is located within the sequence range of an ICE, integron, plasmid, phage, or transposon. These criteria are
applied to assess horizontal transfer potential.

Built on chewBBACA (25), the cgMLST Analysis Tool enables schema creation and allele calling for both
complete and draft genomes. With >3 genus- or species-level genomes uploaded, it generates visualized phylogenetic
trees and result files. The cgMLST analysis tool enables phylogenetic clustering of closely related isolates. When
these clusters are combined with spatiotemporal metadata (collection time and geographic origin), they can be used
to infer potential transmission chains and support outbreak investigations.
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