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ABSTRACT

This study presents a comprehensive review of published literature on climate and health research to assess current trends,
gaps, demands, and priorities. A review of existing studies in the Republic of Korea reveals a notable lack of research on the
physical and mental health effects, both direct and indirect, of extreme weather events and climate-related disasters such
as localized torrential rain, floods, typhoons, landslides, and wildfires. Furthermore, there is limited research on climate
vulnerability (including vulnerable groups and regions), climate health adaptation, and the evaluation of policy effectiveness.
The need for modeling studies to predict future outcomes and prevent potential harm was also highlighted. To enhance a
climate-resilient health system, we propose the development of sustainable strategic plans, including the identification of new

indicators and the expansion of assessment areas. These findings will be actively utilized in public communication efforts,

particularly in the context of the second climate health assessment.

Key words: Climate change; Research trend; Health effect; Public health policy

*Corresponding author: Younjhin Ahn, Tel: +82-43-219-2950, E-mail: carotene@korea.kr

Introduction

The extensive direct and indirect impacts of climate change
are intensifying global public health threats, including health
system vulnerabilities and worsening health inequalities. The
World Health Organization has identified climate change and
health as a priority strategic goal and published a global plan
for strengthening climate-resilient health systems and pro-
moting low-carbon healthy societies (General Programme of
Work, 2025-2028) [1]. The Sixth Assessment Report of the

United Nations Intergovernmental Panel on Climate Change

1934

addresses a multitude of issues, including food and water secu-
rity, economic impacts, livelihoods, and hunger. It also identi-
fies heatwaves and vector-borne diseases as significant risks as-
sociated with climate change. Furthermore, it presents a com-
prehensive list of climate impacts and disaster risks that are ex-
pected to increase and decrease in East Asia.

A multitude of countries across the globe are employing a
plethora of strategic methodologies to mitigate the adverse ef-
fects of climate change on health. The United Kingdom (UK)
has established and implemented climate change impact as-

sessment and adaptation policies based on the Climate Change
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Key messages
(D What is known previously?

In response to the increasing frequency and intensity of
extreme weather events worldwide, including heatwaves
and the illnesses they cause, major countries (United
Kingdom, United States of America, and Japan) are un-
dertaking investigations, studies, and assessments of cli-
mate impact on the relationship between climate change
and health.

@ What new information is presented?

A review of climate and health research in the Republic
of Korea (ROK) revealed a preponderance of studies ex-
amining the impact of heat exposure on total mortality.
However, there is a dearth of research investigating the
vulnerability of specific groups and regions to climate-re-
lated disasters, such as torrential rains, floods, typhoons,
landslides, and wildfires.

® What are implications?

This study is significant in that it identifies and orga-
nizes the overall research needs and priorities based on
a survey on the status of climate and health research in
the ROK. Continued research and multifaceted in-depth
analyses will be required to identify indicators for the
second national assessment of the impact of climate on
health and strengthen their utilization.

Act (2008), including the Climate Change Risk Assessment,
National Adaptation Program, and Adaptation Reporting
Program [2]. The UK Health Security Agency (established in
April 2021) publishes the Health Effects of Climate Change
report, which facilitates comprehension and informs decision-
making regarding the impact of climate change on health. The
fourth edition of the report, published in 2013, comprises 15
chapters, each independently developed and written by ap-
proximately 90 experts, with a focus on climate health [3]. The

agency also released the Adverse Weather and Health Plan to
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build community resilience and protect health from adverse
weather [4]. The United States Centers for Disease Control and
Prevention (CDC), in collaboration with the National Oceanic
and Atmospheric Administration and the National Weather
Service, announced a new Heat & Health Initiative to protect
the public from the risks of heat exposure, including nation-
wide HeatRisk Forecast, HeatRisk Dashboard, and Clinical
Guidance services [5]. The National Climate Assessment re-
port is published every 4 years under the “Global Change
Research Act (enacted in 1990),” and the fifth report revealed
that the frequency and magnitude of disasters caused by cli-
mate change, including extreme weather events, are increasing
compared with those in the past 80 years [6]. The 2023 Lancet
Countdown Report on health and climate change revealed that
the average annual number of individuals aged 65 years or
older who died from heatstroke in the previous decade (2013-
2022) showed an 85% increase compared with the preceding
decade (1991-2000). This finding underscores the necessity
for health-centric climate action and response strategies [7].
This study aims to obtain the requisite research evidence to
evaluate the impact of climate change on human health and to
ascertain the current research status, needs, and priorities by
conducting a systematic review of the literature on climate and
health in the Republic of Korea (ROK). For the implementa-
tion of the second assessment in 2020, detailed scientific inves-
tigation and research, including the discovery of new indica-
tors and expansion of assessment areas, and mid- to long-term
directions will be considered, with the aim of developing the
health impact sector. The results of the second assessment will

be actively used for public communication.
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Methods

The current state of research in the ROK was identified us-
ing PubMed, the most used international database of academic
articles in the field of healthcare, based on the literature search
formula. The screened articles were reviewed and included
in the literature list manually if they included epidemiologic
studies on climate change-related health effects in the ROK.
Literature information was collected through manual searches
for relevance to the research topic. The search keywords were
divided into six categories to examine published literature:
Korea, climate change, climate change related terms, tempera-
ture, climate disasters, and other related terms. To ensure the

inclusion of only studies conducted in the ROK, the search was

limited to literature that included the terms “Korea,” “South
Korea,” and “Republic of Korea.” Search keywords and formu-
las were finalized through a review by the investigators and ex-
pert consultation (Table 1).

A total of 210 research articles were identified, including
203 articles identified using PubMed and seven articles that
were hand-searched based on titles, abstracts, and key terms.
The criteria for study inclusion were as follows: epidemiolog-
ic studies of climate change-related health effects in the ROK
(including multi-country/multi-city studies) and publication
in peer-reviewed journals in English. The exclusion criteria
included the unavailability of the full text, no direct relation
to climate change, and no direct relation to health epidemiol-

ogy (animal, plant, vector, ecosystem, exposure assessment,

Table 1. Terms used to literature mining on climate change and health in the Republic of Korea

Category Search terms

Korea ((Korea|[Title/Abstract]) OR (South Korea[Title/Abstract]) OR (Republic of Korea[Title/Abstract]))

Operator AND

Climate change (climate change*[Title/Abstract])

Operator AND

Climate change ((Warming|[Title/Abstract]) OR (global warming|[Title/Abstract]) OR (greenhouse gases|Title/Abstract]) OR

related terms (greenhouse effect*[Title/Abstract]) OR (climate extreme*[Title/Abstract]) OR (weather extreme*[Title/

Abstract]) OR (extreme event™[Title/Abstract])

Operator OR

Temperature (temperature*[Title/Abstract]) OR (temperature change*[Title/Abstract]) OR (extreme temperature*[Title/
Abstract]) OR (atmospheric temperature*[Title/Abstract]) OR (air temperature*[Title/Abstract]) OR (hot
extreme*[Title/Abstract]) OR (heat*[Title/Abstract]) OR (heat wave*[Title/Abstract]) OR (heatwave*[Title/
Abstract]) OR (high temperature*[Title/Abstract]) OR (high air temperature*[Title/Abstract]) OR (cold*[Title/
Abstract]) OR (cold spell*{Title/Abstract]) OR (low temperature*[Title/Abstract]) OR (low air temperature*[Title/
Abstract])

Operator OR

Climate disaster

Operator
Other related terms

(precipitation*(Title/Abstract]) OR (wildfire*[Title/Abstract]) OR (Flood*[Title/Abstract]) OR (flooding|[Title/
Abstract]) OR (storm*[Title/Abstract]) OR (drought*[Title/Abstract]) OR (sea level*[Title/Abstract]) OR
(tropical cyclone*[Title/Abstract])

OR

(Infectious disease*[Title/Abstract]) OR (malnutrition*[Title/Abstract]) OR (Mental health[Title/Abstract]) OR
(Displacement*[Title/Abstract]) OR (crop production*[Title/Abstract]) OR (food production*[Title/Abstract])
OR (water availability[Title/Abstract]) OR (ecosystems|[Title/Abstract]) OR (species loss*[Title/Abstract]))

*Truncation.
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economic, water requirements, food production, energy con-
sumption, and other related topics). Accordingly, 72 studies

were eventually included after excluding 138 (Figure 1).

Results

A review of the literature on climate health in the ROK
revealed a total of 72 studies conducted over an 18-year pe-
riod (2006-2023). By year, 2018 had the highest number of
publications with 11 studies (Supplementary Figure 1; avail-
able online). To identify trends in research topics by year, a to-
tal of 72 studies were tagged with keywords to identify high-
frequency words (top 10) and changes in the frequency of ap-
pearance by year. In 2014, the co-occurrence of words related
to climate health was generally high, and since 2018, the words

» <«

“heat wave,” “temperature,” and “mortality” have increased in
frequency. The years with the highest number of publications,
2022, 2018, and 2014, had proportionally higher frequen-
cies of climate change and health topic words, and the most

frequently used word in 2020 was “temperature” (Figure 2).

The analysis of the cross-section of health outcome studies by

N

climate change factor revealed that the highest number of stud-
ies were on total mortality from heatwaves and a wide range
of health outcomes associated with heatwaves have been pub-
lished. Nevertheless, there is a paucity of studies assessing the
efficacy of research and policies pertaining to climate-related
hazards, including precipitation, storms, floods, landslides,
wildfires, and heavy snowfall, as well as pollen (Figure 3).
With regard to climate change factors, the studies overwhelm-
ingly focused on heatwaves (87.5%), followed by cold waves
(30.6%) (Supplementary Figure 2; available online). Regarding
the health outcomes associated with climate change, the most
frequently reported findings were total mortality (34.7%); car-
diovascular mortality (27.8%); respiratory mortality (13.9%);
and water-, food-, and vector-borne infections (9.7% each)
(Supplementary Figure 3; available online). With regard to ef-
fect modifiers, approximately 50% of the studies considered
vulnerability factors, with the elderly representing the most
common vulnerability factor (37.5%). However, few studies
have explored the potential influence of income, occupation,
and education as effect modifiers (Supplementary Figure 4;

available online).

- No full text available (n=2)
- Not pertaining to review of interest (n=4)
- Not relevant outcomes (n=126)

Excluded (n=6)
- Not relevant outcomes (n=2)
- Systematic review papers (n=4)

210 Articles identified by
Identification - PubMed (n=203)
- Manual search (n=7)
/ Excluded (n=132)
S
4 N
Screening & .
eligibility 78 Articles
& J
S
4 N
& J
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Figure 1. Flow diagram for litera-
ture search and study selection
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Discussion

The average global temperature has increased by approxi-
mately 1°C since pre-industrial times, and the UK Met Office
has forecast that the global average temperature increase target
of 1.5°C set by the international community to combat climate
change may be exceeded next year. A review of global climate
change trends over time (Supplementary Figure 5; available
online) revealed a correlation between the number of “heat-
waves” that became more severe with global warming and the
observed increase in the global surface temperature. Since the
Paris Agreement, which was adopted in 2015 with the ob-
jective of addressing reduction in greenhouse gas emissions
and climate change adaptation in a comprehensive manner,
the frequency of references to “net zero” and “climate adapta-
tion” has increased markedly. Notably, tags related to climate
and health are underrepresented, particularly given the timing
and frequency of references to “climate disasters,” which have
increased in recent years. This indicates the necessity and ur-

gency for a comprehensive investigation and research in the
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climate health sector in the context of a global climate emer-
gency, including a surge in heat-related illnesses, to prepare for
a complex and potentially super-hazardous situation.

This study included a systematic literature review for deter-
mining the current status of climate health-related research in
the ROK. To this end, the results of studies published to date
were analyzed and reviewed, as well as unmet research needs,
new areas and indicators for the second climate health impact
assessment, and mid-term research and research promotion
tasks. The literature review revealed that the majority of studies
published between 2006 and 2023 concentrated on heatwaves
and total mortality as the primary exposure and outcome vari-
ables, respectively. Furthermore, there was an increasing trend
by year with regard to the number of studies published com-
pared with 2011, with the highest number of studies published
in 2018. The year 2018 was marked by one of the most severe
heat waves in the ROK’s meteorological history, with an aver-
age of 31 days of extreme heat across the country (in compari-
son to the average of 14 days per year over the past decade).
As indicated by data obtained from the Korea Disease Control
and Prevention Agency (KDCA)’s emergency department sur-
veillance system for heat-related illness, the highest number of
emergency department visits, hospitalizations, heat-related ill-
nesses, and heat-related deaths were reported during this pe-
riod [8]. A recent expert opinion stated that an accurate pic-
ture of mortality from heatwaves required an approach that
considered mortality trends in the broader context of tempera-
ture fluctuations, in addition to methods for counting excess
deaths from heatwaves [9]. Therefore, more in-depth research
will be required to expand the scope of the study and consider
various groups, such as people with underlying medical condi-

tions (e.g., cardiovascular disease), high-activity groups (e.g.,

www.phwr.org Vol 17, No 45, 2024

athletes, laborers, and firefighters), and low-activity vulnerable
groups (e.g., infants, pregnant women, and the elderly), as well
as regional and geographical vulnerabilities, daily temperature
differences, tropical nights, and cumulative heatwave days.

A list of recent climate health publications on the CDC
website shows that the main areas of research include allergies
(e.g., pollen), extreme weather events (e.g., exposure to high
temperatures), and climate disasters (e.g., wildfires). The UK
Health Protection Agency has officially published its “2023-
2024 Adverse Weather and Health Plan” and has included
thunderstorm, drought, and storm research among its priori-
ties [4]. As indicated in the Report on Climate Change on the
Korean Peninsula [10], the projected future change in extreme
weather indices (precipitation/day, warm days/night) is an-
ticipated to increase. The frequency and intensity of extreme
weather events in the country are increasing, leading to wors-
ening socioeconomic health inequalities. Therefore, there is
a need to plan research priorities and promote multi-faceted
research in future climate health impact assessments consider-
ing the geographical, regional, and sociodemographic climate
vulnerability characteristics of the ROK, such as natural disas-
ters (typhoons, floods, landslides, forest fires, and heavy rains)
and the health emergency surveys associated with them, re-
search on surveillance systems for the health impact of extreme
weather, prediction of health outcomes under future scenarios,
and evaluation of policy effects.

The KDCA has established a mid-term research strategy
centered on domestic research needs such as climate disas-
ters, future scenario-based predictive modeling, and climate
vulnerability analysis, with detailed plans for phased research
implementation. The findings will be integrated into the sec-

ond climate health impact assessment to provide evidence for

1939


http://www.phwr.org

PHWR

the formulation of climate and health policy, with the objective
of minimizing the health impacts of the climate crisis and en-

hancing climate resilience and recovery.
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ABSTRACT

From 2019 to 2022, bacterial pathogens causing acute diarrhea in the Republic of Korea were analyzed to understand
trends and provide foundational data for response strategies. A total of 41,227 stool samples from patients with diarrhea were
collected and analyzed, resulting in the identification of 6,974 bacterial pathogen strains (16.9%). The main pathogens were
Salmonella spp. (1,272 isolates, 18.2%), pathogenic Escherichia coli (1,934 isolates, 27.7%), and Campylobacter spp. (732
isolates, 10.5%). Annual analyses showed high isolation rates of Salmonella spp. and pathogenic E. coli in 2020 and 2021,
whereas the isolation rate of Campylobacter spp. increased by 2022. The monthly analysis indicated the highest isolation rates
from June to August, peaking at 26.0% in August. The highest isolation rates were observed in the 0-9 years (37.0%) and
>60 years (33.2%) age groups. Males had a higher isolation rate (53.8%) than females (46.2%). This study contributes to the

understanding of the epidemiology and risk factors of waterborne and foodborne infectious diseases by providing essential data

for effective prevention and response strategies.
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Introduction

Infectious disease surveillance primarily focuses on identi-
fying individuals who have been in contact with patients with
infectious diseases and preventing the further spread of infec-
tious diseases through rapid diagnosis and isolation. In the late
1960s, the World Health Organization expanded this concept
to “epidemiological surveillance,” emphasizing more compre-
hensive measures beyond simple tracking. By the late 1990s,

the U.S. Centers for Disease Control and Prevention defined

1948

“infectious disease surveillance” as a concept that includes data
analysis and information sharing to support the planning, im-
plementation, and evaluation of public health initiatives.

Such development of the surveillance concept is also be-
ing applied to the management of waterborne and foodborne
infectious diseases (WFIDs). WFIDs, caused by infectious
pathogens such as bacteria and viruses, lead to symptoms such
as diarrhea, vomiting, fever, and abdominal pain. These dis-
eases continue to occur globally each year and are recognized

as a major public health problem [1]. In particular, the risk of
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Key messages
(D What is known previously?

Waterborne and foodborne infectious diseases primarily
occur in summer and have high incidence rates among
vulnerable groups such as children and the elderly. The
primary pathogens include Salmonella spp., pathogenic
E. coli, and Campylobacter spp.

(@ What new information is presented?

The analysis results indicate a continued annual increase
in Salmonella spp. Furthermore, in 2022, there was a
significant rise in the isolation of Gram-positive bacteria,
including Staphylococcus aureus, Bacillus cereus, and
Clostridium perfringens.

(® What are implications?

It is important to manage food and personal hygiene in
response to climate and environmental changes. In ad-
dition, the changing patterns of disease prevalence high-
light the need for new hygiene management and preven-

tive measures.

WFIDs is increasing due to the expansion of the foodservice
industry and the growing institutional food services, which
heighten the likelihood of multiple individuals being infected
simultaneously. These infectious diseases are becoming an
even greater concern due to the losses associated with patient
treatment and hospitalization.

Due to the public health significance of WFIDs, patho-
gen surveillance for WFIDs is prioritized over others. In the
U.S., FoodNet [2], along with FoodNet Canada (formerly
C-EnterNet) in Canada [3], and the National Institute of
Infectious Diseases in Japan, are making leading efforts to gen-
erate pathogen detection-related data [4]. These initiatives aim
to detect pathogens early and prevent the spread of infectious

diseases.

www.phwr.org Vol 17, No 45, 2024

In the Republic of Korea (ROK), the Korea Disease Control
and Prevention Agency (KDCA) has been conducting tests on
pathogens causing WFIDs since 1972, in collaboration with
public health centers nationwide, municipal and provincial
institutes of public health and environment, and KDCA labo-
ratories nationwide. In 2001, an active pathogen surveillance
system was established, and in 2003, the KDCA launched the
Enteric Pathogens Active Surveillance Network (Enter-Net).
Since 2008, the KDCA has improved surveillance opera-
tions in various ways such as expanding the target pathogens,
shortening the reporting cycle, and speeding up the delivery
of related results and information. Since 2010, the KDCA has
been providing relevant organizations with periodic reports
on domestic trends of diarrhea occurrence, based on a weekly
reporting system. Since 2012, the surveillance network was ex-
panded to monitor a total of 10 pathogens by adding 4 Gram-
positive bacteria and 1 Gram-negative bacterium to the exist-
ing surveillance pathogen list.

Currently, this surveillance project collects specimens and
clinical data from patients with diarrhea at approximately 70
collaborating hospitals nationwide, which are participating
in the project. Additionally, 18 municipal and provincial in-
stitutes of public health and environment conduct laboratory
tests to identify the causative pathogens. The Bacterial Diseases
Division of the Laboratory Diagnosis and analysis Department
at the KDCA then conducts a comprehensive analysis of these
results to provide information on the occurrence patterns of
acute diarrhea and the associated pathogens.

In recent years, the impact of climate change on the out-
break and spread of WFIDs has gained increasing attention.
Climate change-induced temperature rise, changes in wa-

ter temperature, changes in precipitation, and the growing
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frequency of natural disasters are changing the survival and
transmission environments of pathogens, thereby increasing
the risk of infectious disease outbreaks [5]. Consequently, ana-
lyzing the correlation between climate change and WFID out-
breaks has become crucial. The need for reliable pathogen sur-
veillance data is also increasing to support these analyses.

This study aimed to analyze the isolation status and charac-
teristics of bacterial pathogens associated with acute diarrhea,
as identified through the WFID pathogen surveillance project
over the past 4 years, from 2019 to 2022.

Methods

1. Specimen Collection

This study targeted fecal specimens collected from patients
with acute diarrhea at collaborating hospitals nationwide, as
part of a WFID pathogen surveillance project conducted over 4
years, from 2019 to 2022. Specimens were collected from 77
collaborating hospitals nationwide, and sent in a refrigerated
state (14°C) to 18 municipal and provincial institutes of public

health and environment, as well as the KDCA.

2. Pathogen Isolation and Identification

Major bacterial pathogens were isolated and identified us-
ing methods such as microbial culture, biochemical tests, and
genetic detection assays. The target pathogens for isolation in-
cluded Salmonella spp., pathogenic Escherichia coli (E. coli),
enterohemorrhagic E. coli (EHEC), enterotoxigenic E. coli
(ETEC), enteropathogenic E. coli (EPEC), enteroinvasive E.
coli (EIEC), Campylobacter spp., Vibrio parahaemolyticus (V.
parahaemolyticus), Shigella spp., Clostridium perfringens (C.

perfringens), Staphylococcus aureus (S. aureus), Bacillus cereus

1950

(B. cereus), Listeria monocytogenes (L. monocytogenes), and
Yersinia enterocolitica (Y. enterocolitica).

Each pathogen was cultured using selective media specific
to the respective pathogen following enrichment culture. The
isolated strains were then confirmed through biochemical tests

and detection of toxin genes and pathogen-specific genes.

Results

The results of testing stool specimens collected from a to-
tal of 41,227 patients with diarrhea nationwide through the
WFID pathogen surveillance project over the past 4 years
(2019-2022) showed that the surveillance target pathogens
were confirmed in 6,974 specimens, accounting for 16.9%
of all specimens. The identified pathogens were classified as
Salmonella spp. (1,272 cases, 18.2%) and pathogenic E. coli
(1,934 cases, 27.7%). Among the pathogenic E. coli, there
were 1,647 cases of EPEC (85.2%), 178 cases of ETEC (9.2%),
103 cases of EHEC (5.3%), and 6 cases of EIEC (0.3%). In
addition, 14 cases of V. parahaemolyticus (0.2%), 5 cases of
Shigella spp. (0.1%), 732 cases of Campylobacter spp. (10.5%),
975 cases of C. perfringens (14.0%), 1,163 cases of S. aureus
(16.7%), 803 cases of B. cereus (11.5%), 11 cases of L. mono-
cytogenes (0.2%), and 65 cases of Y. enterocolitica (0.9%) were
isolated (Figure 1).

Regarding the annual pathogen isolation status, pathogenic
E. coli showed a decreasing trend from 2019 to 2021 but then
increased drastically from 400 cases in 2021 to 571 cases in
2022. Salmonella spp. increased from 259 cases in 2020 to
409 cases in 2022 over 3 years. S. aureus, B. cereus, and C.
perfringens also exhibited an increasing trend in isolation in

2022. Campylobacter spp. showed an increasing trend until
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Figure 1. Monthly isolation rates of water-and food-borne bacterial pathogens in the Republic of Korea
(A) Isolation rate of Gram-negative bacteria. (B) Isolation rate of Gram-positive bacteria.

2021, but its isolation in 2022 was similar to that in the pre-
ceding year. Y. enterocolitica was isolated in 23 cases in 2020,
and its isolation decreased to 15 cases in 2021, but increased
again to 18 cases in 2022. V. parahaemolyticus was isolated
in 2 cases in 2020 and 1 case in 2021, with an increase to 4
cases in 2022. Shigella spp. were isolated in 2 cases in both
2020 and 2021, but no isolation cases was reported in 2022. L.
monocytogenes was isolated in 4 cases in 2020 and in 3 cases
in both 2021 and 2022 (Figure 2).

The analysis of the monthly isolation rates of pathogenic
bacteria revealed that the annual average isolation rates of bac-
terial pathogens ranged from 15.2% to 18.6% over the past 4
years. A comparison with the monthly average temperature
indicated that the isolation rates tended to be high from June
to September, when the temperature was above 20°C. In par-
ticular, the average isolation rates of Gram-negative bacteria
were the highest in July and August, while the isolation rates of
Gram-positive bacteria peaked in June. Salmonella spp., patho-

genic E. coli, and Campylobacter spp. showed a tendency to be

www.phwr.org Vol 17, No 45, 2024

continuously isolated from May to October. The isolation of
S. aureus, a Gram-positive bacterium, slightly increased from
May but exhibited a decreasing trend after August. C. perfrin-
gens was isolated throughout the year, regardless of the season,
and the isolation rate of B. cereus increased in June and July
(Figure 1).

The results of analyzing the isolation rate of pathogenic
bacteria by age and sex revealed that the highest isolation rates
were found in individuals aged 0-9 years (37.0%) and those
aged 60 years or older (33.2%). In terms of the outbreak trends
by age group over the past 4 years, Salmonella spp. consistent-
ly exhibited a high isolation rate among those aged under 10
years and those in their teens. Pathogenic E. coli was isolated
across all age groups, with particularly high isolation rates in
individuals aged under 5 years. Campylobacter spp. tended
to be isolated mainly from individuals in their 20s, while the
Gram-positive bacterium C. perfringens demonstrated a higher
isolation rate with increasing age. B. cereus was predominant-

ly isolated from individuals in their 50s and 60s. The results
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Table 1. The isolation rates of water-and food-borne bacterial pathogens by sex and age (2019-2022)
2019 2020 2021 2021 Total
No. of o No. of % No. of o No. of o No. of by
isolate isolate ? isolate isolate isolate ?
Sex
Male 797 525 828 53.2 935 547 1,193 545 3,753 53.8
Female 722 475 728 46.8 774 45.3 997 45.5 3,221 46.2
Age (yr)
0-4 255 16.8 358 23.0 511 29.9 610 27.9 1,734 24.9
5-9 170 11.2 161 10.3 240 14.0 278 12.7 849 12.2
10-19 149 9.8 153 9.8 179 10.5 210 9.6 691 9.9
20-29 93 6.1 51 3.3 56 3.3 72 3.3 272 3.9
30-39 67 4.4 52 3.3 55 3.2 47 2.1 221 3.2
40-49 92 6.1 73 4.7 55 3.2 74 3.4 294 4.2
50-59 173 114 133 8.5 116 6.8 174 7.9 596 8.5
60-69 183 12.0 186 12.0 168 9.8 242 11.1 779 11.2
70-79 181 11.9 203 13.0 159 9.3 247 11.3 790 11.3
=80 156 10.3 186 12.0 170 9.9 236 10.8 748 10.7

indicated a significant difference in the detection of pathogenic

bacteria by age group (p<0.05), with a higher isolation rate in

men (53.8%) than in women (46.2%), showing a significant

1952
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difference between the sexes (p<0.05) (Table 1, Figure 3).
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Figure 3. The isolation rates of water-and food-borne bacterial pathogens by year and age (2019-2022)
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Conclusion

This study analyzed the status of 6,974 bacterial patho-
gens isolated from 41,227 cases of acute diarrhea confirmed
through the WFID surveillance network over 4 years, from
2019 to 2022. The major pathogens—Salmonella spp., patho-
genic E. coli, and Campylobacter spp.—are common causes
of food poisoning and exhibited high isolation rates from May
to October, coinciding with rising temperatures. This suggests
that changes in environmental factors, such as increased tem-
peratures due to climate change, can significantly impact the
prevalence of major pathogens associated with WFIDs [0].

In particular, Salmonella spp., among the major pathogens,
has shown an increasing trend over the past 3 years. This rise
may be linked to large-scale infection incidents, such as the
mass food poisoning case associated with a kimbap restaurant
in Gyeonggi Province in 2021, which likely contributed to an
increase in patients with acute diarrhea [7]. Campylobacter
spp. is primarily contracted through contact with and con-
sumption of raw chicken or poultry. However, large-scale out-
breaks caused by companion animals have also been reported
in the U.S., warranting caution [8]. According to a report by
FoodNet in the U.S., Campylobacter spp. is identified as a ma-
jor pathogen causing acute diarrhea compared to Salmonella
spp. and pathogenic E. coli [9]. Therefore, special control mea-
sures are needed in the ROK as well, where poultry meat con-
sumption is high. In addition, the number of isolated cases of
Gram-positive bacteria, such as S. aureus and C. perfringens,
has also shown a continuous increase.

The analysis results by age revealed that the isolation rate of
pathogens was high among immune-vulnerable groups, such

as infants, children, and individuals aged 60 years or older. In

1954

particular, Salmonella spp. and pathogenic E. coli demonstrat-
ed high isolation rates across all age groups, with the highest
rates observed in infants and children. Conversely, C. perfrin-
gens exhibited increasing isolation rates with advancing age,
while Campylobacter spp. and B. cereus showed elevated iso-
lation rates in specific age groups. These differences can be in-
terpreted as variations in exposure routes to pathogens, which
may stem from differences in dietary habits and living environ-
ments among the age groups exposed to contaminated food or
water by causative pathogen.

Despite improvements in personal hygiene and medical
technology, WFIDs continue to occur due to environmental
factors such as changes in dietary habits and the growing food-
service industry. To address this issue, it is crucial to continu-
ously monitor pathogen outbreaks through the national patho-
gen surveillance project and to establish effective prevention
and management measures for infectious diseases based on the
accumulated data. Information obtained through collaborative
efforts between hospitals and municipal or provincial institutes
of public health and environment will provide essential data

for the prevention and management of WFIDs.
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Investigation of the Distribution of Bed Bugs (Hemiptera: Cimicidae)
Occurring in the Republic of Korea from 2023 to 2024

Gi—hun Kim @, Sun-Ran Cho @, Hee-lIl Lee*

Division of Vectors and Parasitic Diseases, Department of Laboratory Diagnosis and Analysis,
Korea Disease Control and Prevention Agency, Cheongju, Korea

ABSTRACT

Bed bugs are ectoparasites, and approximately 110 species belonging to 24 genera have been reported globally. Three species
of bed bugs are used for human blood-feeding: Cimex lectularius, Cimex hemipterus, and Leptocimex bouetii. It is believed
that the bed bug population was continuously reduced in the Republic of Korea (ROK) and then eradicated in 1945. However, C.
lectularius has recently been reported by travelers or US military units stationed in the ROK. C. hemipterus has not been observed
since it was first reported in 1934. However, it was recently reported at a house in Osan. In this study, we attempted to survey
distribution of bed bugs to confirm the species identification and analyze their genetic diversity. To identify the bed bug species,
morphological and molecular identification were performed. Adults can be identified using morphological characteristics.
Whereas, larvae and nymphs can be identified by molecular methods, because their morphological characteristics are unclear.
Phylogenetic analysis was performed by sequencing cytochrome oxidase I to analyze genetic diversity. As a result of the study,
two species of bed bugs were identified living in the ROK, and C. hemipterus was mainly collected. While C. hemipterus was
confirmed to have a single genotype, three genotypes of C. lectularius were confirmed. The results of this study may be used as

a baseline for bed bug monitoring and control in the ROK.

Key words: Bedbugs; Cimex lectularius; Cimex hemipterus; Species identification; Genetic variation

*Corresponding author: Hee-ll Lee, Tel: +82-43-719-8560, E-mail: isak@korea.kr

Introduction hemipterus is endemic to subtropical and tropical regions of

Southeast Asia, Africa, and Australia [4,5]. L. boueti is a spe-

Bed bugs are ectoparasites, with more than 110 species in cies only found in Africa [6]. Bed bugs are insect that undergo

24 genera reported worldwide [1], primarily feeding on bats
and birds, although some species feed on humans [2]. Species
that suck human blood include Cimex lectularius, Cimex he-
mipterus and Leptocimex boueti. C. lectularius is found in

various countries within temperate regions [3,4], while C.

www.phwr.org Vol 17, No 45, 2024

incomplete metamorphosis, going from eggs to nymphs and
then directly to adults. At each growth stage, they require blood
feeding at least once to growth to the next stage [7]. The adults
are characterized by their brown body color and lay eggs every

two to three days, producing approximately 200 to 500 eggs.
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Key messages
(D What is known previously?

Bed bugs used to be present in the Republic of Korea
(ROK), but their population has declined steadily since
1945 and they are thought to have been eradicated.

(@ What new information is presented?

Cimex lectularius and Cimex hemipterus have previously
been reported in the ROK. C. hemipterus was identi-
fied as having a single genotype. Three genotypic groups
were identified in C. lectularius.

(® What are implications?

The possibility that native C. hempterus has been intro-
duced from other countries is high, but confirmation is
difficult because of the lack of historical diversity data.
Three genotype groups were identified for C. lectularius,
two of which have a high possibility of being introduced
to other countries and two of which are most likely im-
ported from other countries. Another genotype group is
likely to be an indigenous strain, but could not be ana-
lyzed due to a lack of samples. Therefore, additional
sample acquisition is necessary.

The adults typically live approximately from 9 to 18 months,
and can survive for up to 9 months or more without feeding [8].

The number of countries where bed bugs are endemic have
been increased dramatically after World War II (1939-1945),
and their habitats also have been spread after the war due to
active logistics movements, rapidly expanded urbanization, in-
creased global travels, and most importantly the development
of insecticide resistance [9,10]. The spread in Europe preced-
ed that in Asia, with the United Kingdom reporting the first
outbreak of C. lectularius in 1503 and an estimated 4 million
people affected by bed bugs at London in 1939 [5]. In 1948,
Germany reported that 40% of their urban areas were infested

with bed bugs [5]. In Asia, Japan was not reported to have bed

1964

bugs until the 18th century, but they were first reported in the
1860s at the southern region, where international trade was
active, and have been reported ever since [5]. China reported
the outbreaks of C. lectularius and C. hemipterus in 1953 fol-
lowing with national bed bug survey [5]. In the Republic of
Korea (ROK), a survey in 1934 confirmed the distribution of
C. lectularius and C. hemipterus, but there have been no re-
ports of bed bug outbreaks since 1945 [11,12]. However, in
2007, a person who had been in New Jersey reported the pres-
ence of bed bugs, and C. lectularius has since been collected
from United States military bases and residences domestically
[13,14]. C. hemipterus was first reported in 1934 and was re-
discovered in 2021 [14].

Previous studies on bed bugs reported in the ROK have fo-
cused on identifying insecticide resistance rather than species
distribution in the country [12,14,15]. Because the survey was
conducted in a relatively limited geographic area, it is hard to
difficult for determining the national distribution of bed bugs.
Genetic diversity and associations with species reported abroad
were not identified, making it difficult to confirm whether they
were introduced from overseas. Therefore, this study aims to
identify the species and analyze the genetic diversity of bed
bugs collected from across the country to inform the current

status of bed bug occurrence in the ROK.

Methods

1. Collecting Bed Bug Samples

From November 2023 to April 2024, 243 bed bugs were
collected from 52 locations through health centers, public
health and environment research institute, and pest control

companies. The obtained samples were stored at ~20T in 1.5
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ml tubes for species identification and experiments.

2. Morphological and Molecular Identification of

Bed Bugs

Samples were examined under a dissecting microscope for
morphological identification using the methods of Usinger
(1966), Ghauri (1973), and Walpole (1987) [16]. By mor-
phological identification, C. lectularius was found to have a
pronotum width/length ratio greater than to 2.5, and the later-
al lobes of the pronotal plate were broad, while C. hemipterus
was found to have a pronotum width/length ratio of 2.5 or less,

and the lateral lobes of the pronotal plate were narrow (Figure

®)

Figure 1. Bed bugs for morphological identification character.

(A) Cimex lectularius, (B) Cimex hemipterus

1) [12].

Molecular biological identification was performed simulta-
neously to ensure accurate species identification. For molecular
biological identification, DNA was extracted using the Clear-
STM Quick DNA extraction kit (Invirustech), and the extract-
ed DNA was subjected to amplification of cytochrome oxidase
I (COI) using the ProFlex PCR System (Applied Biosystems)
(Table 1). The PCR conditions were followed by Seri Masran
and Ab Majid [17]. After the sequencing of PCR products were

sequenced, species identification was performed using blast.

3. Genetic Diversity and Phylogenetic Analysis
To confirm genetic diversity and overseas introduction, the
sequence was compared with the COI base sequence registered
in NCBI GenBank [18]. For the analysis of C. lectularius, COI
sequences reported from six countries, including the United
States, were used. And for C. hemipterus, col sequences re-
ported from nine countries, including Bangladesh, were used.
Triatoma dimidiata (JQ575031.1) was used as an outgroup.

For sequence alignment, the sequences were converted to

Table 1. Classification of bed bug species and PCR conditions
Target site Primer name Sequence Size (bp)
COI CHP-10 (F) 5-TTC GGA ATG TGG GCA GGG AT-3’ 468
CHP-10 (R) 5-GGT TAT TCC GGC AGG ACG TAT-3’
Temperature (C) Time Cycle
94 4 min 1
94 30 sec
60-45" 30 sec 30
72 1 min
94 30 sec
45 30 sec 30
72 1 min
72 10 min 1
PCR=polymerase chain reaction; COI=cytochrome oxidase I; F=forward primer; R=revers primer: bp=base pair. “The PCR touchdown
process reduces the annealing temperature by 0.5C per cycle.
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FASTA format using Bioedit (ver 7.7.1), and a phylogenetic
tree was constructed using the neighbor-joining (NJ) method
using Molecular Evolutionary Genetics Analysis (MEGA) (ver.
11.0.13).

Results

1. Current Status of Bed Bug Occurrence in

the Republic of Korea

Bed bug samples were collected from 52 locations in 15
provinces, and after morphologically categorizing the sam-
ples, 226 individuals (93.0%) of C. hemipterus were identi-
fied in 48 locations, and 17 individuals (7.0%) of C. lectularius

were identified in four locations. Furthermore, C. hemipterus
is widespread throughout the country and only one area was
identified where both species were collected at the same time
(Table 2). C. lectularius was collected from two regions in
Seoul, one in Gyeonggi-do, and one in Jeollanam-do. Bed bugs
were most commonly found in residential homes (33.3%),
followed by dormitories (29.3%) and Gosiwon (25.3%). A
Korean goshiwon is an establishment that provides accommo-

dation with lodging or study facilities.

2. Genetic Diversity and Phylogenetic Analysis of
Bed Bugs
As a result of identifying the genetic diversity of domestically

Table 2. Bed bug collection and securing area by 17 regions

Collection site

Collection environment

Species :
Province

City

Cimex lectularius ~ Seoul
Gyeonggi  Anyang (Manan-gu)

Jeonnam Sinan

Cimex hemiptrus  Seoul

Mapo-gu, Eunpyeong-gu, Geumcheon-gu,

Yeongdeungpo-gu

Yongin (Suji-gu), Anyang (Dongan-gu), Namyangju, Paju

Incheon Yeonsu-gu, Seo-gu
Daejeon Yuseong-gu, Jung-gu
Gwangju Seo-gu

Ulsan Ulsan, Ulju-gun
Busan Jung-gu

Gyeonggi

Gangwon Wonju

Chungbuk

Chungnam

Asan

Gyeongbuk  Uljin

Gyeongnam Gimhae, Yangsan, Jinju, Changwon, Goseong

Jeonbuk Gunsan
Jeonnam Jindo, Mokpo, Wando
Jeju Seogwipo

Yeongdeungpo-gu, Jungnang-gu

Songpa-gu, Guro-gu, Jung-gu, Yongsan-gu, Gwanak-gu,

Pyeongtaek, Anseong, Gimpo, Osan, Siheung, Seongnam, Gositel, dormitory, residential

Cheongju (Sangdang-gu, Heungdeok-gu), Chungju
Cheonan (Seobuk-gu, Dongnam-gu), Seocheon, Gongju,

Gositel, residential area
Gositel
Residential area

Gositel, residential area, sauna

Dormitory, residential area
Residential area
Residential area
Dormitory, residential area

Passenger ship

area, office

Dormitory

Dormitory, residential area

Dormitory, residential area,
hotel

Dormitory

Dormitory, residential area,
airplane

Passenger ship

Dormitory, residential area

Hotel

1966
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collected C. hemipterus, all samples have the same genotype
(Figure 2). Phylogenetic analysis of 13 genotypes and phy-
logenies from overseas showed agreement with 9 genotypes,
except for India (OM108444.1), China (MK883766.1),
Norway (OM700201.1) and Mauritania (OP898553.1). They
also showed no sequence differences with domestic genotype
(OP185034.1) reported in previous studies. Analysis of the

genetic diversity of C. lectularius revealed that C. lectularius

collected from the three sites in Seoul were identified as the
same genotype (CL1), but species collected from Anyang
(CL2) and Sinan (CL3) were categorized into different groups
(Figure 3). As a result of phylogenetic analysis with foreign
genotypes, the Seoul strain was confirmed to be similar to the
genotypes of the United States (KU874630.1) and the Czech
Republic (MF680529.1), and the Anyang strain was con-

firmed to be similar to 3 foreign genotypes, including Canada

0.02

40

- MG587917.1 Cimex hemipterus voucher Bangladesh
MG770888.1 Cimex hemipterus isolate Iran
Seoul Eunpyeong-gu strain
Gimhae strain
Cheongju Seowon-gu strain
Seoul Songpa-gu strain
Seoul Mapo-gu strain
Seoul Gwanak-gu strain
Uljin strain
Siheung strain
Inchen Yeonsu-gu strain
Osan strain
Jindo strain
Ulsan strain
Anseong strain
Seoul Dongjak-gu strain
Mokpo strain
Daejeon strain
Gunsan strain
Seongnam strain
OP185034.1 Cimex hemipterus cytochrome c oxidase subunit | (COX1) gene - Korea
MG696803.1 Cimex hemipterus Bangladesh
GU985538.1 Cimex hemipterus isolate Czech Republic
JQ782821.1 Cimex hemipterus USA
JX826470.1 Cimex hemipterus isolate Thailand
KF018754.1 Cimex hemipterus isolate Czech Republic
KT851505.1 Cimex hemipterus voucher USMMYS Malaysia

CH1

L KY560443.1 Cimex hemipterus Iran

— MG552132.1 Cimex hemipterus Bangladesh

OP898553.1 Cimex hemipterus voucher Mauritania
OM700201.1 Cimex hemipterus voucher 517863-Norway

MK883766.1 Cimex hemipterus isolate China

OM108444.1 Cimex hemipterus isolate ASH1 India

MF680529.1 Cimex lectularius isolate-Czech Republic

JQ575031.1 Triatoma dimidiata cytochrome oxidase subunit 1 (COIl) gene partial cds mitochondrial

Figure 2. Phylogenetic classification of Cimex hemipterus

0.050

Seoul_strain
Seoul2_strain
KU874630.1 Cimex lectularius USA
Seoul3_strain
MF680529.1 Cimex lectularius isolate-Czech Republic
MF161527 Cimex lectularius isolate-Hungari
KR044731.1 Cimex lectularius-Canada
MG596836.1 Cimex lectularius-English
KR002584.1 Cimex lectularius-USA
Anyang_strain

cL1

CL2

MK141695.1 Cimex lectularius isolate Finland

Sinan_strain :I CL3

OM700201.1 Cimex hemipterus voucher 517863-Norway

JQ575031.1 Triatoma dimidiata cytochrome oxidase subunit 1 (COI) gene partial cds mitochondrial

Figure 3. Phylogenetic classification of Cimex lectularius
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(KR044731.1). The Sinan strain was identified as a different

genotype from the Seoul and Anyang strains.

Discussion

In general, there are many different species of bed bugs
worldwide, but three species of bed bugs feed on human blood.
Among them, C. lectularius and C. hemipterus are distributed
in the ROK, with C. hemipterus being the main species col-
lected in this study. According to a study reported in 1948, C.
hemipterus was distributed throughout the Korean Peninsula,
while C. lectularius was primarily found in the southern re-
gions [11]. However, in this study C. lectularius was also col-
lected in Seoul and Gyeonggi Province. Climate has a signifi-
cant impact on the habitat of C. hemipterus and C. lectularius.
However, due to the suitable temperature and humidity levels
within residential areas, bed bug reproduction is consistently
maintained. Thus, it is challenging to consider climate change
as a primary factor in the spread of bed bugs [9]. Physical fac-
tors such as people, clothing, vehicles and transportation are
also important in the spread of bed bugs [10,18-20]. A 2007
survey on bed bug infestations in the United States indicated a
sharply increase of bed bug populations in high-traffic gateway
cities, such as New York and Los Angeles [8]. Bed bugs have
also been reported on airplanes, ships, and other significant
modes of transportation [19,20]. In this study, C. hemipterus
was also found on airplanes and passenger ships.

The genetic diversity of domestic bed bugs was analyzed
to detect possibility of international introductions. It was con-
firmed that C. hemipterus has a single genotype distributed in
the ROK, which is the same genotype registered in a previous

study in the ROK (Osan, OP185034) [15]. In a previous study

1968

in the ROK, the same genotype was confirmed by comparing
with international genotypes from Malaysia, Kenya, and Iran
[15], which is consistent with this study. All previous studies in
neighbouring countries have also identified as the same geno-
type [17,21,22]. These results suggest that C. hemipterus has
very low genetic diversity due to its inbreeding characteristics
[23]. For example, Booth et al. [24] analyzed alleles to deter-
mine the genetic diversity of bed bugs collected from buildings
in North Carolina and New Jersey and reported that 330 out
of 332 individuals were found to have the same allele, indicat-
ing that they all had a single genotype.

However, three groups of C. lectularius genotypes were
identified in this study. Chebbah et al. [22] reported the pres-
ence of two genotype groups of C. lectularius collected in Paris,
France. This suggests the existence of genotype variations by
country. In the ROK, three strain groups were identified: the
Seoul, Anyang, and the Sinan strain group. Of these, the Seoul
strain showed similarities genotypes previously registered in the
United States and the Czech Republic, while the Anyang strain
was found to be similar to genotypes registered in Canada, the
United Kingdom, Finland, and the United States. This suggests
that both strains may have been introduced from abroad. In
contrast, the Sinan strain was identified as distinct group, with
clear differences from foreign strains. This strain is considered
likely to be indigenous to the ROK, but further sampling and
investigation is required to confirm this hypothesis.

The study found bed bugs in 15 out of 17 cities and prov-
inces (si and do) in the ROK. The bed bugs found in the ROK
include C. hemipterus and C. lectularius, of which C. hemip-
terus was dominant. Genetic diversity was analyzed to deter-
mine the possibility that the two bed bug species were intro-

duced overseas. As the C. hemipterus were confirmed to have
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the same genotype, it is difficult to determine whether they
were introduced or not. In contrast, three genotypic groups
were identified for C. lectularius, two of which were likely to
have been introduced from abroad. However, the Sinan strain
forms a different group from genotypes registered abroad and

is indigenous to the ROK, but further research is required.
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