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Abstract

Bats and their ectoparasites are significant reservoirs and potential vectors of emerg-
ing zoonotic pathogens, yet the viral diversity within bat-associated arthropods
remains poorly characterized. This study reports the identification of a novel coltivi-
rus (order Reovirales), provisionally designated Stricticimex coltivirus (SCCV), in a
newly described bat bug species, Stricticimex phnomsampovensis, collected from
cave-dwelling wrinkle-lipped free-tailed bats (Mops plicatus) in Cambodia. Metage-
nomic sequencing and phylogenetic analysis revealed that SCCV clusters within the
Coltivirus genus, showing closest similarity to Tai Forest Reovirus (TFRV) previously
isolated from African bats. SCCV was detected in 18.4% of examined bat bugs and
successfully isolated in VeroEG6 cells, with replication confirmed in multiple mamma-
lian cell lines. The discovery of SCCV extends the known diversity and geographic
range of coltiviruses and highlights bat ectoparasites as overlooked hosts of poten-
tially zoonotic viruses. These findings underscore the importance of integrated One
Health surveillance targeting both bats and their ectoparasites to better assess the
risk of pathogen spillover in biodiverse regions with high human-animal contact.
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Author summary

In this study, we identify a novel coltivirus, named Stricticimex coltivirus (SCCV),
in a newly described bat bug species collected from cave-dwelling bats in Cam-
bodia. Using metagenomic sequencing and phylogenetic analysis, we find that
SCCV is closely related to Tai Forest Reovirus, previously identified in African
bats. We successfully isolated the virus in mammalian cell lines, suggesting
potential to infect vertebrate hosts. This discovery not only expands the known
diversity of coltiviruses but also underscores the role of bat ectoparasites as
underexplored reservoirs of potentially zoonotic viruses. Our findings emphasize
the importance of integrated One Health surveillance efforts targeting both bats
and their ectoparasites to better assess the risk of virus spillovers in regions
where human and wildlife habitats overlap.

Introduction

Bats, as one of the most diverse mammalian groups, are recognized as reservoirs for a
wide range of pathogens, including viruses with zoonotic potential, and have therefore
become a major focus of disease surveillance [1]. Their ecological characteristics—
such as high species diversity, colony-based roosting, long lifespans, and frequent
contact with humans and domestic animals—create opportunities for pathogen main-
tenance and spillover. At this wildlife—human interface, ectoparasitic arthropods associ-
ated with bats may play an important but underexplored role in pathogen transmission.
While ectoparasitic arthropods are well-known vectors of human pathogens in other
host systems, their role in pathogen transmission among bats, humans, and other spe-
cies remains poorly understood [2]. Common bat-associated ectoparasites, including
bat bugs (Cimicidae and Polyctenidae), bat flies (Nycteribiidae and Streblidae), fleas
(Ischnopsyllidae), mites (Acari), and ticks (Argasidae and Ixodidae), are hematopha-
gous and have been reported to occasionally feed on non-bat hosts, including domestic
animals, wildlife, and humans [2]. Such cross-host feeding behavior may facilitate the
transmission of pathogens between bats and other species, positioning these ectopar-
asites as potential bridge vectors. Consistent with this, multiple bat-associated ectopar-
asites have been shown to harbor zoonotic and potentially zoonotic pathogens [3,4],
underscoring their potential relevance for public and animal health [2,5-9].

Cimicid insects (family Cimicidae) are hematophagous ectoparasites that primar-
ily feed on mammals, including humans and bats. In Cambodia, the known cimicid
fauna comprises six species (Table 1) [10,11]. Between the two species of bed bugs,
only Cimex hemipterus (Fabricius, 1803) primarily feeds on humans [12—14]. The
other cimicids reported from Cambodia, including Aphrania thnotae (Klein, 1970),
Aphrania vishnou (Mathur, 1953), Cimex insuetus (Ueshima, 1968), Crassicimex
apsarae (Klein, 1969), and Stricticimex parvus (Ueshima, 1968), are bat-associated
ectoparasites that predominantly parasitize bats and are typically restricted to bat
roosting environments, such as caves and roosts, like most cimicid species [14].
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Table 1. Cimicidae species reported in Cambodia.

Subfamily Species Year of Location Host
report
Cimicinae Cimex insuetus Ueshima 1968 1969 [11] Angkor Wat, Siem Reap Taphozous melanopogon
(Syn. Cimex angkorae Klein 1969) bicolor Temminck [15]
Cimex hemipterus (Fabricius, 1803) 1969 [10] Pochentong, Chrui Chang War (sic.; Humans
(Bed bug, cosmopolitain) Chrroy Chang War);
Phnom Penh, Kompong Séla (sic.; Kam-
pong Seila);
Kampot
Cacodminae | Aphrania thnotae Klein, 1970 1970 [15] Ang Sdock, Takeo province, Prek Takong | Scotophilus kuhli gaird-
Kandal province neri Kloss
Aphrania vishnou (Mathur, 1953) 1969 [11] Prek-Léap, Phnom Penh (Klein, 1969a); Cynopterus sphinx
(Syn. Aphrania orientalis Ferris & Usinger, 1953) Barong region, Phnom Penh; (Mathur, 1953), Sco-
Prek Phnau, Phnom Penh; tophilus kuhli gairdneri
Phnom Chiso (sic Phnom Chisor) Kloss (mentioned as
Scotophilus temmincki),
Cynopterus brachyolis
angulatus;
humans [10]
Crassicimex apsarae Klein, 1969 1969 [10] Angkor Wat, Siem Reap [10]; Taphozous melanopogon
Vat Nokor (sic. Wat Nokor) Kampong bicolor Temminck [10]
Cham province [15]
Stricimex parvus Ueshima, 1968 1969 [10] Vat Nokor in Kampong Cham [15] Taphozous melanopogon

(Syn. Strictimex khmerensis Klein, 1969)

bicolor Temminck [10],
Chaerephon plicatus
(Buchannan, 1800);
Humans [15]

https://doi.org/10.1371/journal.pntd.0014372.t001

Notably, two bat-associated species, A. vishnou (Mathur, 1953) and S. parvus (Ueshima, 1968), have been reported to
readily feed on humans upon cave entry [10,15]. This capacity to feed on both bats and humans highlights their potential
role as bridge vectors for pathogen transmission. In Cambodia, activities such as bat guano farming and bat ecotourism
increase human exposure to bats and their ectoparasites, underscoring the need to better understand their potential pub-
lic health implications.
Recent advancements in sequencing technologies have significantly increased virus discoveries, particularly in bats
and arthropods due to their relevance in potential spillover events to humans and livestock [3,16—28]. One particularly
intriguing interface is the bat-arthropod interaction, as these ectoparasites and their microbiome may influence the ecology
of infested bats, affecting their health, survival, and behavior [3,29]. Although there is increasing evidence of pathogens
in bat ectoparasites, surveillance efforts remain skewed toward viruses in bats themselves, while bacterial pathogens are
more frequently studied in their ectoparasites [2,29,30]. Only a few zoonotic viruses have been identified in bat-associated
ectoparasites, including Issyk-Kul and Kasokero viruses (Bunyaviridae) in bats and bat ticks [31-34]. Additionally, Kaeng
Khoi virus, another bunyavirus, was found in S.x parvus, C. insuetus and free-tailed bats in Thailand, with neutralizing
antibodies detected in cave guano miners, suggesting a potential vector role [35,36]. However, beyond these findings, our
understanding of the virome of bat-associated ectoparasites, their feeding ecology, vectorial capacity, and public health
risks remains limited.
One virus group that exemplifies these knowledge gaps in bat ectoparasite-associated zoonotic viruses is the genus of
Coltivirus within the family of Spinareoviridae, order Reovirales. Currently, there are six member species of coltiviruses;
Colorado tick fever virus (CTFV), Eyach virus (EYAV), Kundal virus (KUNDV), Tai Forest reovirus (TFRV), and Tarumizu
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virus (TarTV) [37]. Coltiviruses are named after its first described member CTFV [38], and are segmented dsRNA viruses,
usually transmitted by ticks. CTFV infections in humans are mainly reported in North America and are linked to flu-like
symptoms, meningitis and encephalitis [39]. The other prominent Coltivirus, EYAV appears to be broadly distributed in
Europe with isolations from ticks from Germany [40] and France [41] and associated with human neurological disease
through serological evidence [40,42]. Except CTFV and EYAV, all Coltiviruses were identified through molecular surveil-
lance in the last ten years. Most known Coltiviruses or Colti-like viruses were identified and isolated from ticks: Dermacen-
tor sp. for CTFV, Ixodes sp. for EYAV as well as Shelly headland virus (SHLV) from Australia [17], and Gierle tick virus in
Belgium [43], Hyalomma sp. for KUNDV from India [44] and Jeddah tick coltivirus from Saudi Arabia [45], and Haemaph-
ysalis sp. for TarTV in Japan [46] and O’hara headland virus in Australia [47]. Exceptions are Lishui pangolin virus (LSPV)
identified in China in 2018 from dead pangolins (Manis javanica) [48] and TFRV found 2016 in African free-tailed bats
(Chaereophon aloysiisabaudiae) in Cote d’lvoire [49]. Out of all Coltiviruses, only CTFV is well characterized including

its environmental stability, clinical presentation [50] and transmission through ticks, blood transfusion and vertical trans-
mission from mother to child [51]. Available serological diagnostics are limited to in-house ELISAs, IFA and neutralization
tests for CTFV [52-56] and EAYV [42,57,58].

The discovery of novel viruses at the bat-arthropod interface remains a critical frontier in understanding zoonotic risk,
particularly in biodiverse regions where human activities increasingly overlap with wildlife habitats. This study describes
the identification of a previously unrecognized Stricticimex species in Cambodia and a novel coltivirus in Southeast Asia,
expanding both the known diversity of bat ectoparasites and their associated virome. These findings highlight the ecolog-
ical complexity of bat-ectoparasite-pathogen interactions and underscore the need for targeted surveillance to evaluate
their potential role in pathogen transmission and emerging infectious disease threats.

Materials and methods
Ethics statement

The field mission was conducted in accordance with Cambodian guidelines and received formal approval from the Ministry
of Agriculture, Forestry and Fisheries (MAFF), Ministry of Health National Ethics Committee for Health Research (NECHR
#008), local governments, and land/site owners. All necessary permissions were obtained prior to data collection, ensuring
compliance with local regulations and ethical standards. The study prioritized biosecurity measures, minimized disruption
to the environment and wildlife, and upheld principles of transparency, respect, and responsible data handling.

Collection and processing of bat bugs

The cave of Ta Rumm is located in Sampeu hill, Banan district, Battambang province, north-western Cambodia (13.022N,
103.095 E). This cave has two vertical entrances, accessible by descending 7—8 meters using a custom-made ladder
installed by local guano miners (Fig 1A and 1B). The cave hosts a roost of nearly two million wrinkle-lipped free-tailed bats
(Mops plicatus) (Fig 1C), the sole species documented to inhabit this location [59]. Bat guano is harvested in this cave on
average twice a month using shovels and a custom pulley system.

In June 2022, the Institut Pasteur du Cambodge (IPC) field team entered the cave through the lower entrance wearing
full biosafety level 3-adequate personal protective equipment to collect fresh environmental samples (guano and urine)
from bats (Fig 1A- 1B). During this mission, 13 bat bugs (Fig 1D) were opportunistically collected, seven were preserved
in viral transport medium (VTM) consisting of 2.95% tryptose phosphate broth, 145mM of NaCl, 5% gelatin, 54 mM
Amphotericin B, 106/L U penicillin-streptomycin, 80 mg/L gentamicin (Sigma-Aldrich, Steinheim, Germany), while six bat
bugs were stored in 70% ethanol. The bat bugs in VTM were transferred into liquid nitrogen within six hours for transport
back to IPC and subsequently stored at -80°C until further analysis. The ethanol preserved bat bugs were kept on ice and
handed over to the Medical and Veterinary Entomology Unit at IPC for morphological identification.
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Fig 1. Ta Rumm cave in Phnom Sampov and bat bug collection. (A) IPC field team staff in personal protective equipment (B) Lower entrance of
the Ta Rumm cave. IPC field team collecting bat guano and urine inside the cave. (C) Wrinkle-lipped free-tailed bat (Chaerephon plicatus). (D-E) blood
engorged bat bugs (Stricticimex phnomsampovensis Suor & Maquart n.sp). (Photos: Jurre Y. Siegers/Institut Pasteur du Cambodge).

https://doi.org/10.1371/journal.pntd.0014372.9001

The initial identification prompted the need for more specimens. Subsequently, we provided additional tubes to local bat
guano collectors for further collection of bat bugs during a harvesting session in April 2023. In total, 80 specimens were
stored in VTM, six in 70% ethanol and one was left in no medium for later mounting on a cover slide. These were trans-
ported on ice back to IPC within 24 hours and subsequently stored as previously described.

Morphological bat bug identification

The bat bugs were determined using the determination key provided by Usinger (1966) [60] and the descriptions provided
in Ueshima (1968) [61], Klein (1969a, 1969b, 1970) [10,11,15].

Speciation (COI, 16s, and 18S) PCR and Sanger sequencing

Parasite species barcoding was performed using three PCR systems targeting invertebrate Cytochrome ¢ oxidase sub-
unit | (COI) [62], 16S and 18S rRNA genes [63—66]. Total nucleic acid of individual sample was extracted using Zymo
Research Direct-zol RNA MiniPrep kit (Zymo Research, Cat # R2050, CA, USA) according to the manufacturer’s instruc-
tions after a homogenization step (MagNA Lyser, Roche). Following reverse transcription using SuperScript Il First-Strand
Synthesis Super-Mix (Invitrogen, San Diego, CA) according to the manufacturer’s instructions, cDNA was used for the
different barcoding PCR protocols (Table 2).

The COI gene was targeted using primers LC01490-F and HC02198-R. During amplification, the following steps were
used: 1 cycle of 94°C for 2 minutes, 40 cycles of 94°C for 30 seconds, 50°C for 30 seconds, and 72°C for 1 minute, and
a final extension of 1 cycle of 72°C for 10 minutes. The 16S rRNA gene was targeted with the primers 16S LR-J and 16S
LR-N. Amplification was performed with the following conditions: 1 cycle of 94°C for 2 minutes, 35 cycles of 94°C for 30
seconds, 48°C for 40 seconds, and 72°C for 60 seconds, and a final extension of 1 cycle of 72°C for 7 minutes. Finally,
the 18S rRNA gene was targeted using pairs of primers 18S-1, 18S-3 and 18S-2, 18S-4. Following conditions were used
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Table 2. Primers used for species identification.

Name Sequence Target Size (bp) Reference
LC01490-F | 5-GGTCAACAAATCATAAAGATATTGG-3’ col 710 Folmer et al., 1994 [62]
HC02198-R | 5-TAAACTTCAGGGTGACCAAAAAATCA-3’
16S LR-J 5'-GCGAACATCGACAAGTCGAACGCACAT-3' 16S 415 Kambhampati et al., 1995;
16S LR-N 5-TTGTTTTCCTCCGCTTATTAATATGCTTAA-3' Simon et al., 1994 [64,66]
18S-1 5-CTGGTTGATCCTGCCAGTAGT-3' 18S 1,200 Tian et al., 2008
18S-3 5-GGTTAGAACTAGGGCGGTATCT-3'
18S-2 5'-AGATACCGCCCTAGTTCTAACC-3' 800

18S-4 5'-GATCCTTCTGCAGGTTCACC-3'

https://doi.org/10.1371/journal.pntd.0014372.t002

for both PCR and nested PCR steps: 1 cycle of 94°C for 2 minutes, 40 cycle of 94°C for 30 seconds, 48°C for 60 seconds,
and 72°C for 60 seconds, and final extension of 1 cycle of 72°C for 10 minutes.

All amplifications were performed using Invitrogen Platinum Taq polymerase and T100 Thermal Cycler, Bio-Rad. All
PCR products were subsequently sequenced by Sanger sequencing (Macrogen, Inc., Seoul, Republic of Korea) in both
forward and reverse directions using relevant primers from PCR systems (from the nested PCR for 18S amplification).

Phylogenetic analysis Cambodian bat bug

The obtained COI, 16S, and 18S sequences were concatenated and aligned with Geneious Prime 2023.2 (Geneious,
https://www.geneious.com). Additional sequences of Cimicidae species and outgroups were obtained from the National
Center for Biotechnology Information GenBank database (S1 Table). A Bayesian consensus tree was created using the
MrBayes [67] Geneious plugin, with the General Time Reversible model with gamma distribution and invariant sites [68].
Chain length was set to 5,000,000, sampling frequency to 500, and burn-in length to 100,000. The random seed was set
to 21,775. Phylogenetic trees were edited using TreeViewer.

Virus sequencing
Twist comprehensive viral research panel

The sequencing libraries were generated from homogenized, pooled (n=4) bat bugs using the combination of Twist Library
Preparation Enzymatic Fragmentation (EF) kit 2.0 (#104211) and hybridization with Twist Comprehensive Viral Research
Panel (#1035550), according to the manufacturer’s protocol (Twist Total Nucleic Acids Library Preparation EF Kit 2.0 for
Viral Pathogen Detection and Characterization Protocol and Twist Target Enrichment Standard Hybridization v1 protocol).
Briefly, RNA was extracted using Direct-zol RNA Miniprep Kits (R2053) and the extracted nucleic acid was converted to
cDNA using ProtoScript Il First Strand cDNA Synthesis kit (E6560S) and Random Primer 6 (S1230S) from New England
Biolab (NEB). The NEB Next Ultra Il Non-Directional RNA second Strand Synthesis kit (E6111S) was subsequently used
to convert the single-stranded cDNA to double stranded DNA (dsDNA). The Illlumina TruSeg-compatible libraries were
generated using the Twist Library Preparation EF kit and the generated libraries were pooled with 6 libraries per pool.
Each library was measured for concentration and normalized to the same mass before pooling, with the total combined
mass not exceeding 4 pg. The pooled libraries then underwent hybridization capture using the Twist Comprehensive Viral
Research Panel. Following the enrichment, the enriched libraries were pooled again in equimolar ratios and sequencing
with loading concentration of 6pM and spiked with 1% Phix control V3 using lllumina Miseq. The pooled library was diluted
and denatured according to the standard Miseq System Denature and Dilute Libraries Guide (Document # 15039740v10),
and sequenced to generate paired-end 75bp reads using a 150 cycle Miseq V3 reagent kit (illumina, MS-102—-3001). After
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sequencing, demultiplexed FASTQ files were generated and analyzed using Genome Detective [69] which performs quality
control, de novo assembly of reads into contigs, and taxonomic assignment through similarity searches against custom
made and curated viral databases. The pipeline employs a novel alignment approach that reconstructs viral genomes by
reference-guided linking of de novo contigs, integrating both amino acid—level and nucleotide-level alignment scores. This
combined scoring strategy improves detection and assembly of divergent viruses.

NovaSeq

Sequencing libraries were generated from Coltivirus infected Vero cell supernatants using the NEBNext Ultra Il FS DNA
Library Prep Kit for lllumina (New England Biolabs, MA, USA) following the manufacturer’s instructions. First-strand cDNA
synthesis was performed using the ProtoScript Il First Strand cDNA Synthesis Kit (New England Biolabs, MA, USA), fol-
lowed by second-strand synthesis with the NEBNext Ultra 1| Non-Directional RNA Second Strand Synthesis Module (New
England Biolabs, MA, USA). The resulting double-stranded DNA was fragmented to an average size of approximately
400bp before adapter ligation. Adapter-ligated DNA fragments were then amplified by PCR using the NEBNext Multiplex
Oligos for lllumina. At each step, purification was performed using AMPure XP beads (Beckman Coulter), and DNA quan-
tification was carried out with a Qubit 4.0 fluorometer. Final libraries were sequenced on an lllumina NovaSeq X platform
(Macrogen, Inc.), generating paired-end 150 bp (PE150) reads.

Phylogenetic analysis coltivirus

A total number of 96 Reovirales including species in the genus, Mycoreovirus, Cypovirus, Dinovernavirus, Oryzavirus,
Fijivirus, Aquareovirus, Orthoreoviris, unclassified Reovirales, and all species of Coltiviruses were obtained from NCBI
GenBank (assessed on 2025-01-26). A full list of the GenBank protein accession numbers is provided as S3 Table.
Sequences were aligned with MAFFT v.7.490 [70], option L-INS-i and trimmed using trimAL [71], option -gappyout. Phy-
logenetic trees were constructed using IQ-TREE v.2.0.3 [72] using ModelFinder with the best-fit amino acid substitution
model Q.pfam+F +1+R6 for RdRp and LG +F +R3 for VP2 chosen according to Bayesian Information Criterion (BIC), with
1,000 bootstrap replicates used to assess branch support. Trees were visualized and annotated using FigTree v.1.4.4
(http://tree.bio.ed.ac.uk/software/figtree/) and Adobe lIllustrator 2024.

Genome annotation

Coltivirus genomes were annotated with Geneious Prime v2025.1.2 (Biomatters Ltd., New Zealand). Briefly, all available
Coltivirus sequences were downloaded from the NCBI database (accessed 29 October 2025). Each newly generated seg-
ment was aligned to annotated Coltivirus reference sequences using the Annotate from Database function implemented in
Geneious. Start and stop codons as well as reading frames were manually inspected and adjusted where necessary. Final
annotations were verified by visual inspection of translated coding sequences and exported in GenBank format for down-
stream analyses and submission to GenBank. The viral sequences were deposited in GenBank under accession numbers
PZ358652—-PZ358681.

Real-Time quantitative PCR (RT-qPCR)

A duplex real-time quantitative PCR (RT-gPCR) system was developed to target the viral RNA-dependent RNA poly-
merase (RdRp) gene. The sequence of this gene was aligned using CLC Genomics Workbench 5.5 with the closest avail-
able Coltivirus sequences, - Tai Forest reovirus (accession: KX989543.1) and Kundal virus (accession: NC_055248.1).
Based on this alignment, two probes were designed: one targeting the newly identified Stricticimex coltivirus sequence
and another targeting the Tai Forest reovirus sequence (Table 3). Prior to RNA extraction, samples underwent homog-
enization using a MagNA Lyser instrument (Roche) with 1.2—1.4 mm ceramic beads (Saint-Gobain, China). Viral RNA
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Table 3. Primers and probe designed to detect Stricticimex coltivirus (SCCV).

Name Sequence Target Size (bp)
Colti_F3 (Forward) 5 TGAAAAGTTTGGATGGGGTCA % RdRp 105
Colti_R3 (Reverse) 5' ACAGCCTCGTAATTAAAACCA 3’

Colti_P3_Kh (Probe 1) 5'-FAM GATGGTTGGTATGCTTGGCTT 3-BHQ1

Colti_P3_Tai (Probe 2) 5-HEX CGTAGCTAACTCATTAGAG 3’-BHQ2

https://doi.org/10.1371/journal.pntd.0014372.t003

was extracted from individual samples using the Direct-zol RNA MiniPrep Kit (Zymo Research, Cat #R2050, CA, USA),
following the manufacturer’s instructions. Bat bug RNA samples were screened using the developed duplex real-time
PCR. A 25pL reaction mix contained 5 pL of cDNA, 12.5 uL of 2x reaction buffer provided with the Superscript Il one-step
RT-PCR system with Platinum Taq Polymerase (Invitrogen, Darmstadt, Germany) containing 0.5uL of a 50mM MgSO,
solution (Invitrogen) and 0.3pL of 20-40U/pL of RNAsin ribonuclease inhibitor (Promega). Primers and probes were used
at final concentrations of 200nM. PCR cycling conditions were as follows: 50°C for 15 minutes followed by 95°C for 5 min-
utes before 45 cycles of 95°C for 15 seconds, 56°C for 30 seconds and 72°C for 1 minute, using CFX9 Real-Time PCR
detection system (Bio-Rad).

Cell lines

All cell lines were obtained from either the American Type Culture Collection (ATCC) or the European Collection of Cell
Cultures (ECACC), except for the Rhileki cell line, which was provided by G.J. Smith (Duke-NUS, Singapore), and the
Aag-2 cell line, provided by J. Pompon (Duke-NUS, Singapore). The Rhileki cell line is a spontaneously immortalized,
clonal cell line derived from kidney tissue of a Rhinolophus lepidus bat (NUS-IACUC B01/12), as previously described
[73]. The invertebrate cell lines Aag-2 (Aedes aegypti) and C6/36 (Aedes albopictus, CRL-1660) were maintained

in Leibovitz L-15 medium (Sigma-Aldrich) supplemented with 5% fetal calf serum (FCS; Gibco), 10% tryptose phos-
phate broth (Sigma-Aldrich), 2mM L-glutamine (Gibco), and 100 U/mL penicillin-streptomycin (Pen/Strep; Gibco) at
28°C. Vertebrate cell lines were cultured at 37°C with 5% CO,. Most of these, including BHK-21 (baby hamster kidney,
Mesocricetus auratus, CCL-10C) and VeroE®6 (simian kidney, Cercopithecus aethiops, C1008), were grown in Dulbec-
co’s Modified Eagle Medium (DMEM; Sigma-Aldrich) supplemented with 10% FCS and 100 U/mL Pen/Strep. Caco-2
cells (human adenocarcinoma, HTB-37) were additionally supplemented with 1 mM HEPES (Gibco), while Rhileki cells
were supplemented with 1% non-essential amino acids (Gibco) and 1 mM sodium pyruvate (Gibco). HeLa (human ade-
nocarcinoma, CRM-CCL-2) and MDCK (Madin-Darby canine kidney, Canis familiaris, CCL-34) cells were maintained
in Minimum Essential Medium (MEM; Sigma-Aldrich) supplemented with 10% FCS and 100 U/mL Pen/Strep. For viral
infection experiments, the FCS content in the culture medium was reduced to 3% for invertebrate cell lines and 5% for
vertebrate cell lines (Table 3).

Virus isolation and propagation

For virus isolation, homogenized bat bug samples were sterile-filtered using a 0.45 um filter (Millipore, Burlington, MA,
USA) and inoculated to cell monolayers in six-well plates at approximately 80% confluence. Inoculated cells were main-
tained in DMEM supplemented with 2% FCS, Pen/Strep, and 0.25 pg/mL amphotericin B (Gibco) for seven days. Cell
morphology and cytopathic effects were automatically monitored every six hours using an IncuCyte S3 live-cell imaging
system (Sartorius, Goéttingen, Germany). At the end of the incubation period, cell supernatants were collected by cen-
trifugation and cells were harvested by trypsinization with 0.05% trypsin-EDTA (Gibco). All samples were subsequently
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analyzed by RT-gPCR. Following initial isolation in VeroE6 cells, the virus was further passaged in this cell line, and virus-
containing VeroEG6 culture supernatants were used for inoculating growth kinetic experiments.

Results

Description of Stricticimex phnomsampovensis

Upon examination, the Stricticimex specimens appeared to belong to a new species, closely related to Stricticimex parvus
and are described below. The updated list of bat bugs in Cambodia, their references, location and known hosts are pro-
vided in Table 1. The type series is kept in the collection of the Institut Pasteur du Cambodge, Phnom Penh.

Holotype. Fig 2. Male. Head: length: 0.44, slightly longer than wide (0,41), interocular space 5,3 times as wide as eye;
Head with 7 setae forming a “y” shape, joining together in the vertex; labrum with 10 pairs of bristles; 5 bristles (3 longer
and 2 medium) along inner margin of each eye in addition to about 3 pairs of vertex. Antennae measuring 1.7mm long,
always less than 2mm long; Segments I-1V: 0,15; 0,42; 0,7; 0,43. Second antennal segment as long as width of head,
0,42: 0, 41. Second and fourth segments are subequal. Rostrum 0,48 size of segments I-lll: 0,2:0,18:0,1. Pronotum 0,6
wide, twice as wide as long (0,6: 0,28) and straight on the inner sides, narrowed and rounded laterally and posteriorly.
Longest bristles at sides as long as those on pronotum. Hemelytral pads are almost twice as large as long (0.37:0.19) and

A {"

1’,”,/‘,!1/\

/OIY/"’,//"/ N \

@ /,°H|' VALYS)
1 LF

° "“ |
(73 Ve
b“\yvl

P

A
A

N

)
e %

Fig 2. Stricticimex phnomsampovensis Suor & Maquart n.sp description. (A) Drawing of Stricticimex phnomsampovensis Suor & Maquart n.sp
lateral view (left) and dorsal view (right) (B) Photo Male genital) (C) Male genital drawing.

https://doi.org/10.1371/journal.pntd.0014372.9002
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straight on inner sides, narrowed and rounded laterally and posteriorly. Longest bristles at sides about as long as those
on the pronotum. Abdomen suboval; second and third segments with 3—4 ill-defined rows of bristles, remaining segments
with 2 rows of bristles and with cluster of bristles on terminal segment. Ventral surface with much finer and numerous
bristles on the posterior part of each segment. Base of paramere forming an acute angle, then continuing by curving side-
ways, paramere half as long as the genital segment at base (Fig 2). Legs long and slender; hind femora about 4,5 times
as long as the greatest width, 0.79:0.18; tibiae 2 times longer than femora, 1.6:0.79.

Allotype female. Like male. Paragenital sinus sinuate broadly on hind margin of third tergite sublaterally. Ectospermalege
broad at opening, directed inwardly and then bent downward. Pronotum width/length: 0,68/0.3. Hemelytras width/length:
0.20/0.38. Hind tibia/femur; 1,86/0,94.

Etymology. The name refers to the location where this new species was found (Phnom Sampov).

Ecology. This species was found in a cave dominated by Mopsplicatus (Buchanan, 1800), probably feeding off the bats,
but they were aggressive, readily feeding on humans entering in the cave (Fig 1E).

Differential diagnosis. The new species, close to S. parvus differs by the following characters: (i) Clypeus short and
stout while it is more elongated and pointing forward in S. parvus; (ii) Hemelytrals pads twice as long as wide, where it is
square-shaped in S. parvus; (iii) Hind tibiae 2 times longer than femora, while it is 1,5 times longer in S. parvus; (iv) Shape
of paramere, usually straight or directed downward for S. parvus but curving sidewise on the left for S. phnomsampoven-
sis with a more acute angle (obtuse angle for S. parvus) at the phallobase.

Authorship. The authors of the new taxon, Stricticimex phnomsampovensis, are Suor and Maquart, and are different
from the authors of this article, in accordance with Article 50.1 and Recommendation 50A of the International Code of
Zoological Nomenclature (ICZN, 2012, https://www.iczn.org/the-code/the-code-online/).

Updated Key to the Species of Stricticimex (revision of Usinger’s 1966 key in Ueshima, 1968)

1.Fore femora slightly longer than tibiae. Size small, pronotum 0.6 mm wide. India......... pattoni (Horvath)

Fore femora is slightly shorter than tibiae. Size medium to large, pronotum 0.7 mm or more in width...2

2.Second antennal segment shorter or as long as than width of head..............cccccoo 3
Second antennal segment much longer than width of head..................o e 6
3.Hind femora less than 4 times as long as wide. South Africa..................... transversus Ferris & Usinger
Hind femora 4 times or more as [0Ng @S WIde. ........ooiii i e e e e 4
4.Second antennal segment as long as the lengh of the pronotum at median line or longer.................. 5

Second antennal segment shorter than length of pronotum. Interocular space wider than the length of second antennal
segment. Size medium. Pronotum 1.0mm wide. Egypt. ................... namru Usinger

5.Clypeus pointing forward, hemelytrals pads as long as wide, hind tibiae 1,5 times longer than fem-
ora. Obtuse angle at the base of the paramere, continuing almost in a straight line or slightly down-
11772 PSSR parvus Ueshima

Clypeus short and stout, hemelytrals pads twice as long as wide, hind tibiae 2 times longer than femora. Base of param-
ere forming an acute angle, curving sidewise. ........... phnomsampovensis n.sp.

6.Third antennal segment more than twice as long as fourth. Size large, pronotum 1.0 mm

or more in width. South AfriCa........ccociiiii e antennatus Ferris & Usinger
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7.Last antennal segment longer than width of head. Longest bristles at sides of
pronotum, wing pads and abdomen about 0.37 mm. Kenya............cc......... intermedius Ferris & Usinger

Last antennal segment subequal to width of head. Longest bristles at sides of pronotum, wing pads and abdomen about
0.31 mm. Democratic Republic of Congo. ......................... brevispinosus Usinger

Phylogenetic analysis of Stricticimex phnomsampovensis

A BLAST search of the COIl sequences obtained from bat bugs collected in Ta Rumm Cave revealed the closest match to
Cyanolicimex patagonicus (Haematosiphoninae), with a percentage identity of 82.77% and query coverage of 98% (Gen-
Bank: MG596833). The 16S sequences showed similarity to Leptocimex inordinatus (Cacodminae), with a 100% percent-
age identity but low query coverage (65-66%; GenBank: KT592539), indicating potential genetic divergence.

Analysis of the 18S gene fragment revealed high similarity to multiple species across different subfamilies, including
Cimex latipennis (Cimicinae, 98.9% identity, 100% query coverage; GenBank: KF018720), Latrocimex spectans (Latroci-
micinae, 98.7% identity, 99-100% query coverage; GenBank: MZ378786), and Cimex sp. (Cimicinae, 98.5-98.8% iden-
tity, 99% query coverage; GenBank: EU683122). Notably, trimmed sequence comparisons showed 100% similarity among
our specimens.

The Bayesian consensus tree, constructed using concatenated sequences of COI, 16S, and 18S rRNA gene frag-
ments, provides strong support for the classification of this newly discovered species within the Cacodminae subfamily
(Fig 3). This phylogenetic placement, combined with the genetic divergence observed, suggests Stricticimex phnomsam-
povensis represents a novel species within bat-associated Cimicidae (Fig 3).

Identification and Phylogenetic analysis of a Novel Coltivirus in Cambodian Bat Bugs

A novel coltivirus, Stricticimex coltivirus (SCCV), was identified in Stricticimex phnomsampovensis collected from Ta
Rumm Cave. The high level of amino acid identity between proteins of SCCV and Tai Forest reovirus (TFRV) and other
coltiviruses species suggest that SCCV belongs to the same genus (Table 4). Phylogenetic analysis of the available viral
genomes revealed that all identified proteins were most closely related to members of the genus coltivirus, which includes
the tick-borne pathogenic CTFV, other tick-associated viruses, and TFRV, previously identified in African free tailed bats
(Figs 4 and 5). Further in-depth analysis of the RNA-dependent RNA polymerase (RdRp) gene, based on amino acid
sequences, showed the highest similarity to TFRV, with nucleotide identity ranging from 74.6% to 75.1% and amino acid
similarity between 88.8% and 89.0% (Fig 4 and Table 4). Comparisons of other identified viral proteins revealed amino
acid similarities exceeding 70% for VP5,>80% for VP1, VP3, and VP10, and >90% for VP2, VP8, VP9, and VP11, all of
which were most similar to TFRV. Notably, VP4 displayed a partially shared similarity with Kundal (Table 4). Due to the
lack of available nucleotide or protein sequences for VP6, VP7, and VP12 from TFRYV, no contigs were generated for
these gene segments, leaving their genomic composition unresolved.

Phylogenetic analyses of the conserved RdRp and VP2 protein sequences revealed that the SCCV clusters within
a distinct clade alongside known coltivirus and coltivirus-like viruses detected in bats (Figs 4 and 5). Notably, SCCV is
most closely related to Tai Forest reovirus (TFRV), originally isolated in 2006 from free-tailed bats (Mops aloysiisabau-
diae) in Cote d’lvoire. More distantly, and with greater uncertainty due to partial RdRp and VP2 sequences, SCCV also
shares similarities with coltivirus-like viruses detected in Taphozous melanopogon bats detected in Guangxi, China in
2017.
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Fig 3. Bayesian consensus tree of family Cimicidae (including all six described subfamilies) based on concatenated sequences of COIl, 16S,
and 18S rRNA gene fragments. GenBank accession numbers are indicated in S1 Table. The scale bar indicates the number of substitutions per site.

Main host groups of each species are indicated with circles (purple: bats; blue: birds; green: humans; gray: unknown host). Animal silhouettes used in

this figure were sourced from PhyloPic (https://www.phylopic.org/).

https://doi.org/10.1371/journal.pntd.0014372.g003

The strong bootstrap support for the clustering of SCCV sequences with TFRV indicates a relatively close evolutionary
relationship (Figs 4 and 5). Phylogenetic analysis of the RdRp and VP2 proteins further reveals that bat-associated colt-
iviruses form a monophyletic clade within the coltivirus genus. However, the presence of partial protein sequences intro-
duces some uncertainty at certain branching points and may not fully capture the true evolutionary relationships.

Taken together, the sequence data, gene segment identities, and phylogenetic placement strongly support SCCV as a
novel coltivirus species, expanding our understanding of bat-associated reoviruses. Further studies are needed to fill phy-
logenetic gaps and refine its evolutionary history and clarify its relationship to other Coltivirus members and whether bats
and bat-associated ectoparasites occupy a phylogenetic niche within the Coltivirus genus.
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https://doi.org/10.1371/journal.pntd.0014372.9005

Coltivirus prevalence in Cambodian bat bugs

A total of 87 individual bat bugs collected from Ta Rumm Cave in April 2023 were screened for coltivirus using a newly
developed real-time PCR assay targeting the RdRp gene. Sixteen (18.4%) tested positive, with Ct values ranging from
23.02 to 40.58 (mean Ct: 30.18). All positive samples were identified as the SCCV based on a specifically designed probe,
while no samples tested positive for Tai Forest reovirus (TFRV).

Virus Isolation

Virus isolation was attempted using homogenized bat bugs to inoculate C6/36 (Aedes albopictus), BHK-21 (Mesocricetus
auratus), Rhileki (Rhinolophus lepidus), and VeroE6 (Chlorocebus sabaeus) cell lines. Initial inoculations included sam-
ples with Ct values ranging from 23.02 to 40.58. Successful virus isolation was achieved in VeroEG6 cells from samples
with Ct values of 23.02 and 25.29. The presence of the virus was confirmed in the culture supernatant across three subse-
quent passages using the SCCV specific RT-PCR assay.
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Virus growth kinetics

The replication dynamics of one SCCV isolate was assessed in invertebrate (Aag-2, C6/36) and vertebrate (BHK-21,
Caco-2, MDCK, Rhileki, VeroEB) cell lines over 12 days. Culture supernatants and cells were analyzed by RT-PCR to
detect the presence of SCCV (Fig 6). Viral entry was observed in all tested cell lines at some point during the experiment
(Fig 6B). However, productive viral replication, indicated by the release of virus into the culture supernatant, was only
detected in Caco-2, HelLa, BHK-21, and VeroEG6 cells. Among these, BHK-21 and VeroE®6 cells exhibited the highest viral
titers, with replication increasing over time (Fig 6A).

Discussion

We report on the identification of a novel coltivirus species in a previously unknown bat ectoparasite, -stricticimex-,
species in Cambodia highlighting the importance of understanding potentially zoonotic viruses associated with bat ecto-
parasites. In recent years, several coltiviruses have been identified in Asia [74], however, to the best of our knowledge,
the coltivirus described in this study marks the first of its genus to be identified in Southeast Asia. Given the fact that
some members of the coltivirus genus can cause human disease highlights the importance of understanding potentially
zoonotic viruses associated with bat ectoparasites. Phylogenetic analyses suggest that the Stricticimex coltivirus and Tai
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Fig 6. In vivo growth kinetics of Stricticimex coltivirus (SCCV). Various invertebrate (AAg2 in red; C6/36 in blue and shades of green) and verte-
brate cell lines (Vero E6 in brown; BHK-21 in green; Caco-2 in purple; HelLa in orange; MDCK in yellow and shades of blue), including a bat-derived

cell line (in pink/violet), were inoculated with the SCCV isolate (passage 3 in Vero E6) for 1 hour at 37 °C. Supernatants (A) and cells (B) were collected
every 24 hours and analyzed by RT-PCR. Experiments were conducted in biological duplicates. The Ct values are plotted inversely to intuitively demon-
strate viral growth.

https://doi.org/10.1371/journal.pntd.0014372.9006
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Forest Reovirus (TFRV) may share a recent common ancestor, showing limited evolutionary divergence at the protein
level despite significant geographic separation. TFRV was isolated from the blood of African free-tailed bats (Chaereo-
phon aloysiisabaudiae) in Cote d’lvoire in 2006 and capable of causing cytopathic effects on C6/36 insect cells and on
various mammalian cell lines (VeroE6, human cell lines MRC-5 and Hep2, and a fruit bat cell line originating from Rou-
settus aegyptiacus (R0O5T)) [49]. Although both TFRV and SCCV were able to infect and replicate in several mammalian,
-including human-, cells, it remains to be determined whether both viruses are able to infect, replicate and cause disease
in humans.

The Stricticimex coltivirus was identified in bat bugs present at a large colony of cave dwelling wrinkle lipped free-tailed
bats. Bat parasites are often considered to be host specific due to the ecological isolation of bats or the associated life
history strategies of these parasites [75] highlighting the possibility of a similar virus-host dynamic as for TFRV. TFRV is
the only coltivirus reported from bats, with no detection in ticks so far, suggesting a potentially unique virus-host relation-
ship. The prevalence of the SCCV in the collected bat bugs from Ta Rumm cave was notably high at nearly 20%. Given
that this study was limited to two sampling events within one year, more extensive surveillance is needed to determine if
similar prevalence rates are observed in other caves and during different seasons, and to understand if these rates are
influenced by factors such as the bat birthing period or seasonal variations in ectoparasite infestations, similar to patterns
observed with coronaviruses [76] and bat flies in other studies [77]. As SCCV was identified only in bat bugs, it remains
to be investigated if this is primarily a bat or a bat bug virus and whether it has the potential to infect other cave-dwelling
species such as rodents. In addition, Ta Rumm cave as well as other caves in the area are used for guano harvesting
increasing the chance of zoonotic pathogen transmission to humans either directly from bats or from bat ectoparasites.
Future serological studies should elucidate whether guano farming practices increase the risk of coltivirus exposure. In
addition, bat ecotourism, such as observation of bat mega colonies exodus at dusk, visits to pagodas inside bat caves,
can increase the risk of zoonotic pathogen exposure and transmission by bringing humans into close proximity with bat
colonies, thereby facilitating opportunities for direct or indirect contact with bats and bat excreta that may harbor zoo-
notic pathogens. The induction of CPE in VeroEG6 cells and SCCV'’s close phylogenetic relationship to human pathogenic
viruses suggest its potential to infect humans. Febrile ilinesses, like those caused by CTFV, are common in tropical
regions and often go undiagnosed. In remote areas in Cambodia, where guano collectors enter bat-inhabited caves,
limited healthcare access and a lack of diagnostic testing could mean that an SCCV-like disease remains undetected.
Together, this necessitates further research to explore the virus’s reservoir, host range, cross-species transmission capa-
bilities and serological studies into human exposure.

Merely identifying these viral sequences is not sufficient for comprehensive risk assessments. Detailed in vitro and in
vivo studies are required to evaluate their cross-species transmissibility, prior exposure in humans and other animals, and
pathogenicity. Such efforts should adopt a One Health approach, integrating human, animal, and environmental health
to achieve a holistic understanding of virus ecology. A proactive surveillance, rather than waiting for outbreaks to occur,
can potentially detect and prevent future zoonotic spillovers, thereby safeguarding global health. Additionally, this work
highlights the importance of traditional and molecular taxonomy of hematophagous parasites, which could further enhance
our understanding of potential vectors for animal and human pathogens. Particularly in tropical regions, there are still a
number of bat-associated parasites likely undescribed, which could serve as vectors for both known and unknown animal
and human-associated diseases. Future studies should pay particular attention to those closely related to species that
occasionally feed on humans or other non-chiropteran hosts, such as Leptocimex species. These behavioral traits may
indicate a broader host range in related species, including Sticticimex spp., suggesting their potential role in interspecies
pathogen transmission.

The bat bugs analyzed in this study belong to the Cacodminae subfamily, with S. phnomsampovensis exhibiting a close
phylogenetic relationship to other Stricticimex and Leptocimex species, as supported by both molecular and morphologi-
cal data. These phylogenetic findings align with previous studies that clarify relationships among Cimicoidea subfamilies
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[14,65,78]. Species within Cacodminae, including Leptocimex and Stricticimex, are obligate blood-feeding ectoparasites
primarily associated with bats from the Molossidae and Vespertilionidae families across Asia, Africa, and Europe [79]. The
species of Cacodminae subfamily, including species such as Leptocimex and Stricticimex, are blood-feeding ectoparasites
predominantly targeting bats of the Molossidae and Vespertilionidae families across various regions including Asia, Africa
and Europe [79]. Given the broader context, where tens of thousands of new arthropod species are described annually
[80], approximately 14,000 species of arthropods across over 400 genera are known to have developed the capacity to
feed on vertebrate blood, including specific groups like certain mosquitoes, ticks, fleas, and some flies, such as sand-
flies and horseflies. This represents a small fraction of the total arthropod species, indicating that blood-feeding (hema-
tophagy), is a relatively rare trait among arthropods [81]. However, the arthropods known for hematophagy have been
intensely studied due to their importance in transmitting pathogens.

Several limitations should be considered when interpreting our findings. First, although morphological characterization
strongly supports the placement of Stricticimex phnomsampovensis within the genus Stricticimex, molecular phylogenetic
analyses based on concatenated COI, 16S, and 18S rRNA gene fragments do not unambiguously resolve genus-level
boundaries within Cacodminae. The limited availability and occasional misidentification of reference sequences for bat-
associated cimicids in public databases constrain phylogenetic resolution at this taxonomic depth, and expanded, better-
curated molecular datasets will be required to refine genus-level relationships. Second, while SCCV was detected in bat
bugs and demonstrated productive replication in mammalian cell lines in vitro, the natural transmission cycle remains
unknown. The present study does not establish whether bats serve as vertebrate hosts or whether the virus is transmitted
between bat bugs, bats and humans. Addressing this question would require host range studies and serological investi-
gations in bats and exposed human populations. Finally, three genome segments of SCCV were not recovered. Sequenc-
ing of segmented RNA viruses can exhibit substantial segment imbalance due to library preparation bias, amplification
efficiency, and sequence divergence, as reflected in the nucleotide and amino acid similarities reported in Table 4. Conse-
quently, certain segments may assemble poorly or fall below similarity detection thresholds despite adequate overall read
depth ultimately limiting full genome reconstruction.

The discovery of a novel bat bug species and its associated virus underscore the critical need for One Health surveil-
lance, emphasizing the interconnectedness of ecosystems and the potential for zoonotic disease emergence. This study
demonstrates that with field access, modern analytical methods, and cross-disciplinary collaboration, pathogen detection
in high-risk areas can proactively identify emergence risks. By fostering a comprehensive understanding of pathogen
presence, emergence, and spread, One Health surveillance supports proactive public health strategies, mitigating out-
break risks and enhancing global health security [82].
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