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ABSTRACT

Considering that bat ecology alterations may be linked with pathogen spillover, research on bat
coronaviruses, particularly on the infection and transmission pattern among bats in relation with
their ecology, is essential. We captured bats distributed in Korea from 2021 to 2022, examined
coronaviruses in oral swabs, feces, urine, and ectoparasites, and were able to detect alphacor-
onavirus. We investigated coronaviruses, but noted no substantial differences in the body condi-
tion index in the coronavirus-positive bats. Binary logistic regression analysis revealed that bat
ecological factors that were significantly associated with coronavirus-positive were roost type,
sample type, and bat species. Coronavirus-positive ectoparasite cases suggested additional study
on the potential role of them as the viral transmission vectors or fomites. Reinfection of a different
coronavirus in recaptured bats was evident, suggesting the possibility that coronavirus circulation
can evade the potential protective immunity acquired from previous coronavirus infections. The
present findings provide comprehensive information on the coronaviruses transmission dynamics
within bat populations linked with bat ecology.
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Introduction . . . : . :
infection of bat coronaviruses did not display any clin-

Bats are infected by diverse viruses, of which have been
associated with the recent-emerging infectious diseases
in human population. Direct evidence of zoonotic
transmission between bats and human was identified
as the cause of infectious diseases by Nipah and Hendra
virus [1,2]. In addition, bat coronaviruses closely
related to SARS-CoV, SARS-CoV-2, and MERS-CoV
had been reported across the world, albeit there is no
direct evidence of their zoonotic transmission between
bats and human [3-5]. Thus, the zoonotic potential of
bat-originated viruses has received attention in relation
to potential pandemic.

Bat coronaviruses are one of the most common
viruses reported in bat species. Most human corona-
viruses are believed to share common ancestors with
bats, which is the subject of ongoing research on the
roles of bat coronaviruses in future potential pandemic
[6]. Bats infected with bat coronaviruses do not seem to
displays severe clinical symptoms. Experimental

ical signs in Leschenault rousette bats (Rousettus lesche-
naulti) [7]. SARS-CoV-2 infection in Brazilian Free-
Tailed Bats (Tadarida brasiliensis) and big brown bat
(Eptesicus fuscus) did not develop any clinical disease as
well [8,9]. However, although we could not confirm the
endemic or epidemic status of bat coronavirus-
associated infectious diseases in the studied bat popula-
tions, the viral transmission could be maintained
among them, exhibiting seasonality and cross-species
sharing [10].

Considering that viruses are obligate parasite requir-
ing hosts for their replication, viruses can evolve inside
the hosts. In this regard, it would help to analyze the
correlation between hosts factors of bats and bat
viruses. Recent studies have revealed that bat ecology
can be affected by human activities, which might
increase the zoonotic risk of bat viruses. Human impact
such as through agriculture, deforestation, and mining
has contributed to the high bat coronavirus prevalence
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[11]. In addition, habitat loss of bats due to human land
use has been associated with changes in bat ecology,
which has increased the spillover risk [12,13]. In addi-
tion to the human factors, diverse ecological, beha-
vioral, and molecular aspects of bats can be
considered to evaluate why several potential zoonotic
viruses have been circulating in bat species [14].
Prediction model integrating data on host ecology has
been shown to make more powerful prediction for
zoonotic reservoirs [15].

Thus, efforts have been made to elucidate the bat
ecological conditions that affect the circulation of bat
viruses among the bat populations. For instance, food
shortage and habitat changes were associated with win-
ter pulse of Hendravirus excretion, and alpha- and
betacoronaviruses were highly circulating in juvenile
and immature bats [16,17]. However, there exists
knowledge gaps regarding infection dynamic of bat
coronaviruses within bat species [6]. Therefore, in this
study, several natural bat habitats were selected and
chronologically monitored for bat coronaviruses as
well as ecological factors of the habituated bats so as
to study their relationship and the potential risk vari-
ables for bat coronavirus circulations in a specific
population.

Materials and methods
Samples & data collection

From January 2021 to December 2022, a total of 15
species of bats were captured in their natural habitats
across 7 provinces of South Korea (Supplementary
Figure S1, A). Using mist nets, we captured bats at
cave and abandoned mine entrances during the active
season. Inside-cave and abandoned mine captures in
the winter season were conducted using only hand nets,
without using any specialized equipment. Bat capturing
began 2 h before the sunrise, when the bats returned to
their roosts after feeding in the morning. Our sampling
time was adjusted based on the sunrise times for each
sampling day. Once captured, the bats were individu-
ally placed into cotton bags (20 x 14 cm; Ecotone,
Poland). After completing 1h of bat capturing, we
proceeded with urine and guano sampling, oral swabs,
banding, and measuring body weight (in grams) and
forearm length (in millimeters). After capturing the
bats, they were marked with individually numbered
metal rings (Incoloy Ring, PORZANA, diameter
3.5 mm, 2.8 mm, and 2.4 mm) attached to their forearm
before releasing them. We identified bat species based
on the criteria described by Yoon et al. [18], NIBR [19],
and Jo et al. [20]. Age discrimination was conducted

during two periods, from late July to mid-September,
when juvenile and adult bats can be reliably distin-
guished, following the criteria outlined by Gannon
[21]. To elaborate further, bats collected using mist
nets were acclimated in cotton bags for 1 hour. If
urine droplets were observed when the bat was
removed from the bag, the droplets were collected
using sterile swabs or directly into viral transport
media. For guano samples, feces deposited in the cotton
bags during the acclimation period were collected. For
oral samples, we used the NFS-1 swab applicator
(Noble Bio, Korea). Just before handling each bat,
a sterile swab was removed from its packaging, and
the bat’s oral cavity was gently swabbed to collect saliva
samples. If ectoparasites were found on the bat, they
were collected using sterilized forceps. All samples were
stored in viral transport media (Noble Bio, Korea),
placed in insulated coolers with ice packs, and trans-
ported immediately to the laboratory. Upon arrival,
samples were stored at —80°C until further analysis.
When the samples were collected, the date, location,
bat species, sex, colony size, roost type, and body con-
dition index (BCI) were recorded. The roost types were
categorized according to the following criteria. The
study site has been continuously monitored for the
past 20 years, and the species composition and popula-
tion size within the cave have remained stable. Based
on this extensive data, we divided the roost types into
five distinct periods, each reflecting both seasonal and
reproductive phases of the bat species present. These
periods include early hibernation (December 1 to
January 31), end of hibernation (February 1 to
March 20), diurnal roosting (excluding maternity and
hibernation periods), pre-natal period (May 1 to
June 30), and post-natal period (July 1 to August 20).
The BCI was calculated as a ratio of mass and forearm
length (mass/forearm length). In addition, the air sam-
ples were collected using an MD8 airport (Sartorius,
Germany) at the entrance of the cave (Supplementary
Figure 1, B). Air collectors were strategically installed at
key points within the cave where all resident bats pass
through, particularly in the main passageways. The
cross-sectional area of these movement corridors was
approximately 2-3 meters in width and 4-5 meters in
height. The collectors operated at a flow rate of 30 liters
per minute for 40 min, and to maximize sample collec-
tion, the filters were replaced twice at the same loca-
tion, resulting in a total air volume of approximately
1,200 liters per session.

Notably, three natural habitats of a bat species,
R. ferrumequinum were selected for the chronological
monitoring of bat coronaviruses in the bat species:
Sanpyeong mine in Anseong (February-April and



December 2021), Myodong mine in Hampyeong
(January, = March,  April,  August,  October,
December 2021), and Beollari cave in Jeju (January,
March, June, August, and December 2021). Sampling
was conducted outside the birthing period (June to late
July) for bat species inhabiting the cave in our study
area. Specifically, surveys were carried out at the end of
May, prior to the breeding season, and at the end of
July, after birthing had already occurred. To minimize
potential impacts on reproductively active females and
their offspring, we avoided sampling during the peak
birthing period. This study was approved by the
Research Planning Review Committee of the National
Institute of Ecology (NIEIACUC-2021-001). We
declare that we adhered to the Wildlife Protection and
Management Act of Korea as well as the Institutional
Research Ethics Regulations and Guidelines. All hand-
ling and sampling permissions were obtained from the
seven corresponding local governments on each
sampling year. We also have adhered to ARRIVE
guideline which checKklist is also uploaded.

RNA extraction

All samples, except for the ectoparasite and air samples,
were vortexed and centrifuged at 3,000 xg for 15 min at
4°C. The ectoparasites were mixed with 1 mL of viral
transport media and homogenized with a 2.8-mm cera-
mic bead in 1.5 tube (Crio Manufacturing Corporation,
USA) using a bead homogenizer, while the filters from
air samplings were melted with 10 mL of viral transport
media in a petri dish (SPL, Korea). The prepared sam-
ples were centrifuged at 3,000 xg for 15min at 4°C.
Then, all supernatant (250 ul) was used for RNA
extraction using Trizol LS (Ambio, USA), following
the manufacturer’s manual. The final RNA was eluted
into 30 uL of DEPC water.

Consensus primers-based RT-nested PCR for
coronaviruses screening

The ¢cDNA was synthesized using the M-MLV reverse
transcriptase kit (Promega, USA) from the extracted RNA
as per the manufacturer’s instructions. To detect the cor-
onaviruses, consensus primers-based nested PCR targeting
the conserved RdRp region was performed. In the first
PCR, a mixture containing 2 puL of cDNA, PCR Master
Mix (Bioneer, Korea), 1 uM of each primer, and nuclease-
free water (NFW) was used to a final volume of 20 pL. The
primers  used included  Chu-RdRp-NI1-F  (5-
GGKTGGGAYTAYCCKAARTG-3") and Chu-RdRp-N1
-R (5-TGYTGTSWRCARAAYTCRTG-3’). In the second
PCR, a mixture containing 1 uL of the first PCR product,
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PCR Master Mix, 1 pM of each primer, and NFW was used.
The primers used in this study included Chu-RdRp-N2-F
(5-GGTTGGGACTATCCTAAGTGTGA-3) and Chu-
RdRp-N2-R  (5-CCATCATCAGATAGAATCATCAT
-3”). Both PCRs were conducted under the same conditions:
95°C for 10 min, followed by 40 cycles of 95°C for 30 s, 48°C
for 30 s, and 72°C for 40 s, and a final extension step of 72°C
for 5min. The PCR products were visualized on a 1%
agarose gel to observe the target band. If the target band
was observed, it was purified by the gel extraction method
using the GeneAll® ExpinTM Combo GP kit (GeneAll,
Korea) as per the manufacturer’s protocol. Finally, the
purified PCR  products dispatched  to
Cosmogenetech Company (Seoul, Korea) for sequencing.
The obtained sequences were aligned using BioEdit (ver-
sion 7.2) software, and the target sequence was confirmed
by BLAST search (NCBI, USA).

were

Identification of ectoparasite species collected from
the bats

DNA was extracted from the ectoparasite samples,
from which coronavirus was detected using the
QIAamp DNA Mini kit (QIAGEN, Germany) accord-
ing to the manufacturer’s instructions. To identify the
parasite species, PCR specific for the parasite’s 16S
rDNA was performed [22]. PCR was performed with
a total volume of 20 uL using 2 uL of template DNA, 10
uL of PCR Master Mix (Bioneer, Korea), a volume of 1
uM primers each and volume of NFW. The primers
used in this study were Tick 16S rDNA-F (5'-
TTGGGCAAGAAGACCCTATGAA-3") and Tick 16S
rDNA-R (5- CCGGTCTGAACTCAGATCAAGT-3").
The conditions for PCR are as follows; 95°C for 5 min,
followed by 40 cycles of 95°C for 45 s, 55°C for 1 min,
and 72°C for 90 s with a final extraction at 72°C for
1 min. The PCR products were purified by observing
the electrophoresis target band using 1% agarose gel
and then processed with gel-extraction using the
GeneAll® ExpinTM Combo GP (GeneAll, Korea) pro-
tocol. The PCR products were submitted to cosmogen-
etech company (Seoul, Korea) for sequencing with both
the primers. The obtained sequence was aligned
through BioEdit (7.2ver) software, and the target
sequence was analyzed with BLAST search.

Phylogenetic analysis

A total of 66 partial RdRp sequences of the corona-
viruses were deposited at the GenBank (0OQ401100 to
0Q401158 and OOR700183 to GOR700189). The par-
tial RDRP sequences of coronaviruses in this study
were aligned with the reference sequences using
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ClustalW implemented in BioEdit version 7.2 [23,24].
Each sequence was trimmed based on the portions that
had 100% length matching with the reference.
Phylogenetic analysis was performed using the
Tamura-Nei model in MEGA 11 software, and
a phylogenetic tree was constructed with maximum
likelihood, 2,000 bootstrap replicates. The resulting
tree was saved in the Newick (nwk) file format and
was further edited using Treeviewer software [25].

Statistical analysis

Each sample type (e.g. oral swabs, urine, guano, and
ectoparasites) was analyzed separately, with positivity
assessed independently for each sample type per bat,
ensuring that the detection ratio reflected the positivity
rate for each sample type across all individuals without
inflating the ratio due to multiple positive samples from
the same bat. Student’s T-test was used for the compar-
ison of numeric data; for instance, BCI data. The sta-
tistical analysis and graphs generation were performed
using GraphPad software (Ver. 9.5.0). Furthermore,
binary logistic regression analysis was performed
using SPSS software (Ver. 26) to examine the correla-
tion between coronavirus positivity as a dependent
variable and bat ecological factors such as the year,
quarter, location, total number of bats, number of spe-
cies in habitat, number of bats per one colony, sample
type, roost type, species, sex, BCI, and others as inde-
pendent variables (Supplementary Table S1). The date
was divided into quarters. BCI data was considered as
scale variables, while the year, quarter, location, total
number of bats, number of species in habitat, number
of bats per one colony, sample type, roost type, species,
and sex treated as nominal variables. Logistic regression
analysis was performed with bootstrap 1000.

Results
Coronavirus detection and distribution

A total of 1,530 bat-associated samples in 934 bats were
collected, which included oral swabs (501), guano
(528), urine (207), and ectoparasite samples (294),
along with biological and ecological information such
as the sex, age, body weight, and forearm length.
Moreover, 13 air samples were collected. When 1,543
samples were tested for the presence of coronavirus
through RT-nested PCR targeting the RNA-dependent
RNA polymerase (RdRp) gene and sequencing analysis,
Alphacoronaviruses were detected in 4.86% (75/1,543)
of samples, which were collected from bat habitats in 6
out of 7 regions in Korea.

When examining the monthly count of samples for
detecting the coronavirus and their positivity rates,
a higher number of samples tested positive for the
coronavirus isolated during the bat’s breeding season,
spanning June to August. Regarding the positivity rates,
the variations in sample sizes for each month should be
considered, as it could give relatively higher values even
when the actual count of samples with coronavirus
detection was lower (Figure la).

Among the 15 bat species investigated, 7 tested posi-
tive, which included R. ferrumequinum (21/75),
Miniopterus fuliginosus (12/75), Myotis macrodactylus
(26/75), Myotis aurascens (3/75), Murina hilgendorfi (4/
75), Myotis petax (5/75), and Myotis bombinus (4/75).
All samples obtained through air collecting were iden-
tified to be negative for coronaviruses.

On examining the positive rates of coronavirus
based on regions and species, Baram Cave in
Pyeongchang  (9.09%; 5/55), Sut Cave in
Mungyeong (4.87%; 15/308), Sanpyeong Mine in
Anseong (5.78%; 10/173), Beollari Cave and Buk
Oreum Cave in Jeju (4.09%; 27/660), Myodong
mine and Deogyang Mine in Hampyeong (2.13%; 5/
235), and Gossi Cave in Yeongwol (11.82%; 13/110)
had the highest rates, in a descending order
(Figure 1b). When considering the species, the high-
est positive rates were detected in Murina hilgendorfi
(21.05%; 4/19), Myotis petax (20.00%; 5/25), Myotis
macrodactylus (12.50%; 26/207), Myotis aurascens
(5.66%; 3/53), R. ferrumequinum (3.76%; 21/559),
Miniopterus fuliginosus (3.11%; 12/386), and Myotis
bombinus (2.11%; 4/190), in a descending order
(Figure 1c).

Alphacoronavirus diversity in Korean bat species

Based on the nucleotide sequences of partial RdRp,
phylogenetic analysis and BLAST results indicate that
all  detected  coronaviruses belong to  the
Alphacoronavirus (4.68%, 75/1,543) group.

A phylogenetic tree was constructed using align-
ments between the sequences from positive samples
and reference sequences, with a focus on a 212-bp
region of matching bases. The sequences of length
<212 bp, detected in positive samples, were excluded
from the tree-building process. As a result, the tree was
constructed using sequences from 66 to 75 positive
samples.

Among the Alphacoronaviruses discovered in this
study, six clades were identified: B1, B2, Myosis/
China, M. ful/Japan, B15-41/Korea, and B15-40/
Korea (Figure 2).
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Figure 1. The graph depicting the number and ratio of samples in which the coronavirus was detected. (a) A graph depicting the
number and ratio of samples wherein the coronavirus was detected, categorized by the months of sample collection during
2021-2022. The red dots represent the positivity rate, while the blue bars indicate the number of coronavirus-positive samples. (b)
Graph showing the number of samples detected positive for coronavirus by region. Numbers in parentheses indicate percentages. (c)
Graph showing the number of samples detected positive for coronavirus by bat species. The numbers in parentheses represent

percentages.

The B1 clade was mainly composed of positive sam-
ples related to Myotis macrodactylus from Jeju and
Yeongwol, with a reference sequence of Bat coronavirus
Mm_CoV-2 (Genbank accession number, LC469030.1)

discovered in Japan. The B2 clade was primarily com-
posed of positive samples related to R. ferrumequinum
from five regions excluding Yeongwol, as well as posi-
tive samples related to three other species. The B2 clade
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Figure 2. A phylogenetic tree representing the maximum likelihood of nucleotide sequences for 59 alpha-coronavirus sequences
detected in the study and 55 reference sequences. The reference sequences of coronaviruses, other than Alphacoronavirus reference
sequence, were grouped into respective clades according to their taxonomic classification. The red circles below the graph represent
the clades, and the red text indicates the clade name. The detected viruses in this study are represented by boxes, with background
colors indicating the related species and colors indicating the geographic location of the collected samples.

appeared to be most closely related to Kenya bat cor-
onavirus BtKY81 (GenBank accession number,
GU065425.1).

There are also viruses that form clade (M. ful/Japan
clade) along with references that were all previously
reported Alphacoronaviruses from East Asian coun-
tries, including South Korea, China, and Japan.
Alphacoronaviruses in the clade were all samples col-
lected from Mungyeong, and 4 out of 5 positive

sequences matched with bat species M. fuliginosus.
The alphacoronaviruses in Myosis/China clade con-
sisted of three regions and three species, while B15-41
clade was clustered with alphacoronavirus found in
Korea, 2015. The alphacoronaviruses, 22B-92-G and
22B-188-G which did not belong to any clade with
another alphacoronaviruses in this study were found
to be closely related to porcine epidemic diarrhea virus
(PEDV) and Miniopterus bat coronavirus HKUS.



Alphacoronaviruses from R. ferrumequinum were
mostly detected in the B2 clade, while those from
Miniopterus fuliginosus were detected in M. ful/Japan
and B15-41 clades. Alphacoronaviruses from Myotis sp.
were in clades Bl and Myosis/China. This bat species-
specific alphacoronaviruses were not detected in any
specific region of the bat habitats, instead they were
distributed across different regions.

Identification of coronaviruses in ectoparasites
collected from the captured bats

In this study, 294 ectoparasites were collected from the
captured bats. The parasitic sample that tested positive
revealed two types of extracellular parasites upon mor-
phological classification (Figure 3a,b). Among them,
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coronaviruses were detected in six ectoparasites. Based
on the 16S rDNA sequence analysis [22], the ectopar-
asites, B21-7-P, B21-8-P, B21-16-P, and B21-17-P
belonged to Megastrebla, while B22-86-P and B22-88-
P belonged to Spinturnix (Table 1). This result suggests
that the 16S rDNA sequence analysis is consistent with
morphological classification. Among the coronavirus-
positive ectoparasites, in two cases, the coronavirus was
positive in the captured bats from which the ectopar-
asites were collected. Comparison of the partial RDRP
sequences from ectoparasites and bats of their origin
(Supplementary Figure S2, Supplementary Table S2)
revealed sequence identities of 99.6% in the samples
B21-16 (Oral) and B21-16-P  (Megastrebla)
(Figure 3c) and 100% for B22-86 (Guano) and
B22-86-P (Spinturnix), respectively (Figure 3d).

Host : R. ferrumequinum Genus : Megastrebla Host : M. bombinus Genus : Spinturnix
10 20 30 40 50 60 70 80 90 100 110 120
B B I T T B e e T T T e e P I I B B IR IR B IR B I I I I
B21-16-0 ATCGCTTATGTAATGAGCTTGCGCAAGTGTTGACAGAAGTTGTTTATTCTAATGGTGGTTTTTATTTGAAACCAGGTGGTACTACGTCAGGTGACGCTACTACAGCTTACGCTAACTCAG
B2Lo16=P .ttt et e e e e e e e e e e e e e e e e e e
130 140 150 160 170 180 190 200 210 220 230 240
cesslocecloces leeeeleoeelecaaleneelocealecaalecnealocealanas leeeeloaas leeeeleaan leeeelaaas leeooloooelenns leeeeloaan |
B21-16-0 TGTTTAATATCTTCCAAGCAGTCAGTGCCAATATTAACCGCTTACTAAGTATCGATAGTAATGTGTGTAATAATGTTGGCGTCAAAGCTCTACAGAGAGAGTTGTATGATAACTGTTACA
B2L-16-P ...t oCottttt ettt e e e e e e e e e e e e e e e e e
250 % Identity
B21-16-O GGTCATCGACTG o
B21-16-P ............ 99.6%
10 20 30 40 50 60 70 80 90 100 110 120
B I I [ I i R I I IR RN ITT I P I IR IR I T (I I IR T P B |
B22-86-G CTGCAATGATTCTGGGTTCTAAACATACTACATGCTGTAGCAATACAGATCGTTATTATAGACTGTGCAATGAGCTTGCACAGGTGCTTACAGAGGTTGTTTACTCCAATGGTGGTTTCT
B22-86=P ...ttt ettt e et e e et e et e e e e e et e e e e ettt e e e e e e
130 140 150 160 170 180 190 200 210 220 230 240
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B22-86-G ATATGAAACCTGGAGGTACTACTTCTGGTGATGCCACTACAGCTTACGCCAACTCAGTCTTTAACATCTTTCAGGCTACTAGCGCTAATATTAACAGACT TCTTAGTGTAGACAGTAATA
B22-B6=P ...ttt e e e e e e e e e e e e e e e e e e
250 260 270 280 290 300 310 320 % Identity
R B T I T R e R T I IR IR IR I R I I R R I IR |
B22-86-G ACTGTAACAACATCGGTGTGAAAGCCTTACAGCGACGTCTTTACGACTGCTGTTATAGGTCATCTCATGTTGACGATGAT 100%
T S

Figure 3. External parasites collected from bats and a sequence comparison between the coronavirus detected in samples obtained
from bats and the coronavirus detected in the external parasites attached to the bats at the time of sample collection. (a) Collected
bat ectoparasite in R. ferrumequinum, estimated to belong to the genus Megastrebla. (b) Collected bat ectoparasite in M.Bombinus,
estimated to belong to the genus Spinturnix. (c) Sequence comparison between coronavirus detected in oral swab samples collected
from ID: E001389 (R. ferrumequinum) and coronavirus detected in the external parasite. (d) Sequence comparison between
coronavirus detected in guano samples collected from ID: 1001876 (M. bombinus) and coronavirus detected in the external parasite.
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Coronavirus detection of recaptured bat cases

During the sample collection from the captured bats, five
cases of recaptured bat samples were recorded (bat IDs:
E000318, E001259, E001257, E001270, and A002616) in
same roost site, wherein the coronavirus was detected
more than once (Supplementary Table 3). In the cases of
E000138 and E001259, coronaviruses were not detected in
March and February of 2021, respectively, rather was
detected in October and December of 2021. In the case of
E001257 and A002616, the coronavirus was detected on
February 2021 and June 2022, respectively, but not in
March 2021 and July of 2022. Notably, in the case of
E001270, the coronavirus was detected in both March and
December of 2021 (Figure 4a). The coronaviruses detected
inabat E001270 (R. ferrumquinum) shared 72.3% sequence
identity in partial RDRP region (Figure 4b), belonging to
different clades of B15-41/Korea and B2, respectively
(Figure 2).
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Relationship between BCl of the captured bats and
coronavirus-positive results

The comparison results of the BCI (the body mass
divided by forearm length) between coronavirus-
positive and -negative samples for each month from
2021 to 2022, except for the difference in August, indi-
cated minimal variation. Statistical analysis was con-
ducted on species (M. fuliginosus, R. ferrumequinum,
M. aurascens, M. macrodactylus) showing sufficient posi-
tive and negative sample data for BCI analysis.
Particularly, statistically significant differences were
detected in three species (i.e. R. ferrumequinum;
P-value 0.004, M. fuliginosus; P-value 0.022,
M. macrodactylus; P-value 0.028). M. fuliginosus and
M. macrodactylus, the bats that tested positive for cor-
onavirus, exhibited significantly lower BCI when com-
pared to negative bats. However, for R. ferrumequinum,
the opposite trend was observed (Figure 5).

(E001270, Oral : Guano)

(A002616, Guano : Guano)

Jan |Feb|Mar|Apr|May|Jun| Jul |Aug|Sep|Oct|Nov|Dec

Jan |Feb|Mar|Apr|MayIJun| Jul |Aug|Sep|Oct|Nov|Dec

J.O 20 30 40 50 60 70 80 90 100 110 120
..................... Peeealonealonaaloaaeloneeloneeloneelocealocealocaalonaalonaalonaeloneeloneelonealoeealocealonnn
B21-52-0 TACAG'PACTAGTGCGATAACAATTATCATACAATGAGCGCTGCAAACTTTTAAC'I‘GTCAAG’I‘TATTACAAGTATTGCTATTAACGCCCAAAATGCGATTAATGTTAGCACTGACTGCTTG
B21-376-G C..... CGAT.AC.TG..... [ CTCT.T...T.G.GC...G..GCCA.CA........ CAC...A....CG.TA.TT.GT.A...G..... Y T
130 140 150 160 170 180 190 200 210 220 230 240
..................... T T T T T R [P D FA
B21-52-0 AAAGATGTTAAAAACAGAATTGGCATAAM.ALsALuj TGCATCACCTGATGTCGTACCACCTGGTTTTAAACAAAAACCGCCGTTAGAATAGACCACTTCAGTTAGCACTTGTGCCAACTC
B21-376-G G.....A..... C..T..G..A..G........ A..A..G........ CoBiiiiiieannn. C...Teuun... A.A....... A..A..... T..C.A...... C..A.G...
250 260 270 280 290 % ldentity
..................... (TP I L s (P D |
B21-52-0 ATTACACAATCTATAATAACGGTTATAGT TAGTACAACAATTTTCATGCTTAGAAC 72.3%
B21-376-G  ......... G.G...oovvnt C.CT.CAG.GT....G...G..GTG..... B = uo . °

Figure 4. (a). Representation of the recaptured bats, arranged chronologically based on whether they were infected with the
coronavirus at any point. Blue arrows indicate samples collected from R. ferrumquinum, while the green arrows represent samples
collected from M. fuliginosus. For ID: E001270, coronavirus was detected both before and after recapturing. For ID: E00318 and
E001259, detection occurred only after recapturing. On the other hand, for ID: E001257 and A002616, coronavirus was detected only
before recapturing. (b). The picture comparing the sequences of the coronavirus detected before and after recapturing in ID:

E001270 (R. ferrumequinum).
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Figure 5. A graph comparing the positive and negative data of coronaviruses in bat-related samples with the body condition index (BCl) data
of the bats. (a-b) a graph comparing BCl by month for each year. (c-f) a graph comparing BCl by species differences by bat species.

Binary logistic regression analysis of bat-related
factors and coronavirus infection

Binary logistic regression analysis was conducted using
bat-related data and information on the presence of
coronavirus infection on a total of 1,530 samples
(excluding air collection samples and samples for
which statistical analysis was not feasible). Among
these, 129 samples had missing data and were not
included in the analysis, leaving a total of 1401 samples
for analysis. Owing to the substantial missing values in
the “age” data, this variable was excluded from the
logistic regression analysis.

Review of these results indicated that the P-values for
the sample type, roost type, and species were significant
within a 95% confidence interval, implying their relevance
in the analysis. Conversely, other variables were found to
be statistically insignificant. Upon analyzing the outcomes
related to the “roost type,” which reflects the condition of
bats at the time of sample collection, a pattern emerged
wherein samples collected during “diurnal roost” were
associated with a decreased likelihood of coronavirus
detection when compared to those collected during the
“post-natal” period. As for the “sample type” variable,
statistically significant distinctions were recorded between
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Table 2. Binary logistic regression analysis between coronavirus positives and independent variables of bat ecology.

Beta Standard Error P-value Oddss ratio (OR) 95% Confidence interval of OR
*Year 2021 0.682 0.557 0.221 1.977 0.664 — 5.890
**Quarter Q4 0.297
Q1 —4.311 3.292 0.190 0.013 0.000 - 8.502
Q2 22.124 3161.406 0.994  4057209104.224 0.000 - 0.000
Q3 -2.032 1.499 0.175 0.131 0.007 - 2.472
*** ocation Yeongwol 0.298
Mungyeong 11.543 3743334 0.998 103057.263 0.000 - 0.000
Hampyeong 12.689 3743.334 0.997 324125.216 0.000 - 0.000
Jeju 13.805 3743.333 0.997 989724.382 0.000 - 0.000
Anseong 8.512 3743.334 0.998 4975.927 0.000 — 0.000
Pyeongchang —3.751 3.380 0.267 0.023 0.000 - 17.709
****Total No. of Bat 1000<x < 3000 0.768
1<x <100 -1.926 4.389 0.661 0.146 0.000 - 793.895
100<x < 500 13.457 3743335 0.997 698694.987 0.000 - 0.000
500<x < 1000 1.284 3.298 0.697 3.612 0.006 - 2317.002
*****No. of Species 5<x<10 0.610
X<2 -2.196 6.284 0.727 0.111 0.000 — 24818.377
2<x<5 —2.437 3.240 0.452 0.087 0.000 - 50.086
***%*¥*No. of bats per one colony 1000<x < 3000 0.756
1<x <100 -16.388 4471410 0.997 0.000 0.000 - 0.000
100<x < 500 —15.838 4471410 0.997 0.000 0.000 - 0.000
500<x < 1000 —18.948 4471.409 0.997 0.000 0.000 - 0.000
#*Sample Type Ectoparasite 0.000
Oral —0.208 0.631 0.742 0.813 0.236 — 2.797
Urine 0.504 0.798 0.528 1.655 0.346 - 7.913
Guano —2.435 0.575 0.000 0.088 0.028 - 0.270
*Roost type Post-natal 0.159
Early-hibernation -1.127 2.237 0.614 0.324 0.004 - 25.969
End-hibernation 0.427 3.781 0.910 1.533 0.001 - 2534.608
Diurnal roost —3.094 1.349 0.022 0.045 0.003 - 0.638
Pre-natal —25.791 3161.408 0.993 0.000 0.000 - 0.000
#iSpecies Rhinolophus ferrumequinum 0.021
Miniopterus fuliginosus 0.519 0.776 0.503 1.681 0.368 - 7.685
Murina hilgendorfi —-0.354 1.544 0.818 0.702 0.034 - 14.466
Myotis aurascens 0.633 1.584 0.689 1.884 0.084 - 42.046
Myotis bombinus 0.749 111 0.500 2.115 0.240 - 18.676
Myotis macrodactylus —-1.721 0.882 0.051 0.179 0.032 - 1.007
Myotis petax —2.402 1.454 0.099 0.091 0.005 - 1.565
Pipistrellus abramus 18.154 4349.697 0.997 76573581.338 0.000 - 0.000
H##Sex Male 0.530 0.280 0.058 1.699 0.982 - 2.942
HHEBC BCI 2.108 3.783 0.577 8.233 0.005 - 13668.283

*Year: Year of bat sample collection; **Quarter: Quarter of bat sample collection; ***Location: Location of bat sample collection.

****Total No. of Bat: Total number of bats in the sample collection location; *****No. species: Number of bat species in the habitat at the time of sample
collection; ******No. bats per one colony: Size of the bat colony at the time of sample collection.

*Sample type: Type of bat sample; **Roost type: Habitat condition at the bat sample collection location; *#Species: Bat species of the sample; **#Sex: Gender
of the bat; **#*Body Condition Index (BCl): Body Condition Index of the Bat. Significant data are highlighted in yellow.

the “Ectoparasite” samples and “Guano” samples. In addi-
tion, the “species” variable “Rhinolophus ferrumequinum”
was significantly correlated with coronavirus positivity
(Table 2).

Discussion

Despite the lack of clarity relating to the origins of
several viruses that posed a threat to humans, it has
been established that most of these viruses are closely
linked to spillover events occurring via interspecies
transmission among wild animals or between animals
and humans. As a result, research efforts are ongoing
on viruses present in various wild animals and their
zoonotic potential. Furthermore, it has now become
imperative to conduct comprehensive analyses of the
interactions between viruses and hosts at the interface

between humans and animals [26]. Moreover, efforts
are underway to examine the relationship between the
ecology of bats and viruses, as research using various
bat virus models have demonstrated that alterations in
bat ecology are associated with the spillover of patho-
gens [12,27-29]. In case of bat coronaviruses, we need
to investigate the coronavirus infection and transmis-
sion pattern among bat hosts. While recent studies have
revealed that co-infection and spillover of viruses can
occur among bats [30], additional ecological informa-
tion on which host factors are correlated with the
introduction and circulation of viruses among bat
populations could facilitate the development of strate-
gic measures, such as guiding targeted surveillance or
identifying risk factors, to address the potential for
zoonotic spillover.

In this study, only alphacoronaviruses were detected
in 4.86% (75/1,543) of the samples, which were obtained
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from bat habitats in 6 out of 7 regions in Korea using
RDRP-based RT-nested PCR. In the previous reports,
although there were both of alpha- and betacorona-
viruses circulating in Korean bats [10,13,31-33], betacor-
onaviruses were not frequently detected as
alphacoronaviruses. That might be able to substantiate
consistent the findings in this study. Based on the detec-
tion rate of coronaviruses, the overall coronavirus-
positive rates tended to surge in a specific period, indi-
cating periodic fluctuation. Notably, when the corona-
virus-positive ~ samples  were  sequenced  and
phylogenetically analyzed, host-specific circulation pat-
tern of bat coronaviruses became evident (Figure 2).
Alphacoronaviruses from R. ferrumequinum were mostly
detected in the B2 clade, while those from Miniopterus
fuliginosus were detected in the M. ful/Japan and B15-41
clades. Alphacoronaviruses from Myotis sp. were mostly
detected in clades, Bl, and Myosis/China. Although
Betacoronaviruses were not detected in this study, pre-
vious papers have reported that SARS-related corona-
viruses were mostly detected in R. ferrumequinum,
Korea [10,13]. Several evidences for bat species or genus-
specific coronavirus circulation have been reported [34-
36]. Although bats are known as reservoirs for recent
novel coronaviruses in human, considering the 1,400 bat
species on earth [37], it would be important to study
which species of bats harbor specific types of corona-
viruses and then identifying viruses with spillover poten-
tial among them. Thus, specific species of bats that are
carriers of potential viruses should be further studied
with regard to their distribution, migration patterns,
and interactions with other species.

Under the natural conditions, it is not clearly demon-
strated whether coronavirus-infected bats display clinical
symptoms. The indicators of clinical symptoms are
diverse, such as body temperature, body weight, coughs,
and diarrhea. Among the clinical indicators, body weight
was the easiest to measure in bats. However, factors such
as bat species and age caused variations in body weight,
making it insufficient to measure clinical changes based
solely on weight. Therefore, due to the limited circum-
stances for studying wild animals, we adopted the Body
Condition Index (BCI) to measure potential clinical
changes caused by coronavirus infection in the study
bats. Thus, in this study, we attempted to measure BCI
of the captured bats and compared them between the
coronavirus-positive and negative groups. The average
BCI at different sampling times between the two groups
were not significantly different. Although species-specific
(R ferrumequinum; P-value 0.004, M. fuliginosus;
P-value 0.022, M. macrodactylus; P-value 0.028) differ-
ences of BCIs between two groups were observed, the
apparent evidence for the clinical symptoms, such as BCI

decrease was not found, as higher BCI in the corona-
virus-positive group was observed in R. ferrumequinum.
Although the BCI was affected by the age of bats and
other factors such as their nutritional status, it may be
considered that the coronavirus infection in the natural
bats does not affect the BCIs. Referring to a previous
report that experimental infection of bat coronaviruses
in L. rousette bats did not show any clinical signs [7],
clinical symptoms arising from infection of alphacoro-
naviruses circulating in Korean bats is not likely.
However, additional factors such as body temperature
should be studied to confirm the minor clinical signs,
such as changes in BCI, caused by coronavirus infection
in bats under natural conditions.

Notably, in this study, we detected the presence of
coronaviruses in a subset of the 294 ectoparasites
collected from captured bats, suggesting a potential
bidirectional transmission mechanism between the
bats and their ectoparasites. External parasites were
first classified morphologically. Among them, the
external parasites that tested positive for coronavirus
were classified into two species morphologically.
Similarly, genetic analysis of the external parasites
that tested positive for coronavirus also classified
them into two species, Megastrebla and Spinturnix
genera. Remarkably, two coronavirus-positive ectopar-
asites were collected from the bats positive for coro-
navirus as well. Sequence comparison of partial RDRP
sequences demonstrated genetic relatedness, indicating
a potential role of ectoparasites in the transmission of
bat coronaviruses. However, there are a few studies on
coronaviruses in bat-associated ectoparasites, but their
findings are not similar. There are several indirect
evidence of the potential role of ectoparasites in the
coronavirus transmission. The ectoparasite loads were
correlated with coronavirus infection in Noack’s
roundleaf bats [38]. The potential binding of ACE in
Arthropod ectoparasites to SARS-CoV-2 was inferred,
but there was no infection [39]. Collectively, our find-
ing may underscore the importance of investigating
ectoparasites as vectors or fomites for coronaviruses
transmission among bats, albeit additional studies are
required on this issue.

Interestingly, during sampling, we could recapture
several bats and test them for coronavirus again. In our
findings, temporal dynamics were evident, with five
bats showing absence of coronaviruses in certain sub-
sequent months, followed by positive findings later.
These observations underline the complexity of viral
persistence and shedding within bat populations.
Importantly, among the five cases of recapture bats,
a R. ferrumequinum bat (E001270) exhibited corona-
virus presence in both March and December 2021, with



a 72.34% sequence identity in the partial RDRP region,
belonging to difference clades in the phylogenetic ana-
lysis. The concept of cross-protection may be consid-
ered when analyzing these patterns. While cross-
protection can be effective against closely related
viruses, genetic differences can limit its efficacy. As
experienced in SARS-CoV-2 pandemic, rapid viral evo-
lution and genetic differences can compromise cross-
protection against new variants [40]. Similarly, a report
suggested that immunity to a specific coronavirus may
not extend to other coronaviruses due to genetic and
antigenic differences [41]. Like in human, in bats, even
when immunity develops against a certain coronavirus
infection, new variants or new species of coronaviruses
can still cause infections. These findings shed light on
the intricate patterns of coronavirus recurrence, spe-
cies-specific differences, and temporal trends, thereby
providing insights into diverse coronavirus persistence
among a bat population.

The collected bat ecological data were analyzed by
binary logistic regression analysis after setting the positive
status of coronavirus in bats as dependent variables, and
the year, quarter, location, total number of bats, number
of species in habitat, number of bats/colony, sample type,
roost type, species, sex, and BCI as independent variables.
The bat ecological factors that were significantly asso-
ciated with coronavirus-positive cases were sample type,
roost type, and species, but other factors were found to be
non-significant. In case of roost-type variable, we categor-
ized the roost type into early hibernation, end-
hibernation, diurnal roost, and pre-natal and post-natal
based on the bat ecology. The diurnal roost was demon-
strated to be significantly associated with the coronavirus-
positive samples. However, the odds ratio was 0.045,
which meant that coronavirus-positive samples were not
higher than for the post-natal cases. As bats tend to move
around and change their habitats before breeding and
hibernation, comingling of different bat colonies during
this time may affect coronaviruses circulation [42], cor-
onavirus-positive rate during diurnal roosting period
seemed relatively low when compared to the breeding
and hibernation periods. In this study, sample type was
found to be a significant variable for coronavirus positiv-
ity. Especially, guano and ectoparasites were significantly
associated with coronavirus positivity. In a previous
meta-analysis, the detection of coronavirus was maxi-
mized in stool samples collected from workplace settings
[43]. However, in this study, the odds ratio of guano was
0.088, which meant relatively lower coronavirus-positive
rate. Previous studies on Nipahvirus and Hendravirus,
which belong to the Paramyxoviridae family, have
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shown that virus levels are significantly higher in preg-
nant females [44,45]. Additionally, Hendravirus is hori-
zontally transmitted through feces, urine, and saliva, and
factors such as habitat changes, climate variations, and
shifts in food availability are known to influence infection
dynamics [44]. These findings may provide evidence to
explain why our results differ from previous studies.
Therefore, additional studies on coronavirus tropism
and shedding from infected bats should be conducted,
incorporating factors such as pregnancy status, habitat
changes, and other environmental influences.

In conclusion, this study provided comprehensive
information on the relationship between coronaviruses
and bat ecology. Different bat species exhibited distinct
coronavirus circulation patterns. The clinical symptoms
in the coronavirus-positive bats were not clearly evi-
dent based on the BCI. Coronaviruses were detected in
two bat ectoparasites, suggesting additional study on
their potential role for the coronavirus transmission.
The recaptured bats displayed dynamic coronavirus
presence patterns such as reinfection with different
coronavirus in the same individual. Ecological factors
linked to coronavirus presence were analyzed, with the
roost type, sample type, and bat species are significant
factors. The study emphasizes comprehensive investiga-
tion into virus transmission dynamics within bat popu-
lations linked with bat ecology to understand their
potential risk for future spillover events.
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