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Abstract: Bats are known to be potential reservoirs of numerous human-pathogenic viruses. They
have been identified as natural hosts for coronaviruses, causing Severe Acute Respiratory Syndrome
(SARS) in humans. Since the emergence of SARS-CoV-2 in 2019 interest in the prevalence of coro-
naviruses in bats was newly raised. In this study we investigated different bat species living in a
sympatric colony in the Wavul Galge cave (Koslanda, Sri Lanka). In three field sessions (in 2018 and
2019), 395 bats were captured (Miniopterus, Rousettus, Hipposideros and Rhinolophus spp.) and either
rectal swabs or fecal samples were collected. From these overall 396 rectal swab and fecal samples, the
screening for coronaviruses with nested PCR resulted in 33 positive samples, 31 of which originated
from Miniopterus fuliginosus and two from Rousettus leschenaultii. Sanger sequencing and phylogenetic
analysis of the obtained 384-nt fragment of the RNA-dependent RNA polymerase revealed that
the examined M. fuliginosus bats excrete alphacoronaviruses and the examined R. leschenaultii bats
excrete betacoronaviruses. Despite the sympatric roosting habitat, the coronaviruses showed host
specificity and seemed to be limited to one species. Our results represent an important basis to better
understand the prevalence of coronaviruses in Sri Lankan bats and may provide a basis for pursuing
studies on particular bat species of interest.

Keywords: bat coronavirus; Miniopterus fuliginosus; Rousettus leschenaultii; Sri Lanka; cave-dwelling;
sympatric colony; alphacoronavirus; betacoronavirus

1. Introduction

Bats (Chiroptera) are an order of mammals with the highest variety of species world-
wide [1]. In Sri Lanka, the suborders of Yinpterochiroptera and Yangochiroptera are both
represented in high numbers, accounting for almost 1/3 of the Sri Lankan mammals with
30 different species [2]. Their species variety and other unique features, specifically their
ability to fly long distances, their migratory behavior and gregarious roosting habits, make
them important virus reservoirs [1]. The study of these unique animal hosts is an important
field of virology in order to learn more about the co-evolution of bats and viruses and the
potential zoonotic transmission of viruses from bats to humans. Furthermore, an extensive
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knowledge about viral transmission mechanisms and virus-host interactions facilitates the
development of antiviral drugs and vaccines. In the past decades, a number of zoonotic
events has been resulting in an increase of emerging infectious diseases. Outbreaks of
Ebola and Marburg viruses, Hendra virus, Nipah virus and coronaviruses (SARS-CoV and
SARS-CoV-2, MERS-CoV) are among the most prominent examples [3-5]. Coronaviruses
(CoV) are a family of RNA viruses that can be subdivided into the genera of alpha- (x-CoV),
beta- (3-CoV), gamma- (y-CoV) and delta-coronaviruses (6-CoV) [6]. So far, predominantly
«-CoVs and (-CoVs were detected in bat species which may be their natural reservoir,
although they can also be found in other domestic animals such as swine and horses or
in wild animals such as donkeys [7]. Most probably, y-CoVs and 6-CoVs derived from
bird CoVs. Different CoVs such as HCoV-NL63 and HCoV-229E («-CoV), HCoV-OC43
and HKU1 (3-CoV) cause mild respiratory symptoms in humans [8]. The group of 3-CoVs
also includes virus species which can cause severe respiratory symptoms and which have
the potential to spread rapidly and easily among humans, demonstrated in the past and
current pandemics of SARS-CoV, MERS-CoV and SARS-CoV-2. Especially under these
circumstances, the understanding of bats and their role as reservoirs of certain viruses
has become of special interest and is being enhanced in numerous Asian countries [9-11].
Sri Lanka has a rich biodiversity, also reflected by the presence of 30 different bat species
inhabiting the island [12]. With such a high diversity, it can be assumed that «- and 3-CoVs
would be present in Sri Lankan bat populations, as bats are major hosts of these viruses.
Already in 2018, Kudagammana et al. have detected CoV in flying foxes (Pteropus medius)
in Sri Lanka [13]. Our research was focused on a population of bats in the Wavul Galge cave
(Koslanda, Sri Lanka), one of the largest natural caves in Sri Lanka which is permanently
occupied by five species of bats. With this study we expand the evidence of x- and 3-CoVs
in the two cave-dwelling Sri Lankan bat species R. leschenaultii and M. fuliginosus.

2. Materials and Methods

Investigative research on Sri Lankan bats was approved by the local governmental
authority (Department of Wildlife Conservation, Sri Lanka) and conducted in accordance
with relevant guidelines and regulations. Samples from Sri Lankan cave-dwelling bats
roosting in the Wavul Galge cave were taken at three different points in time (March
and July 2018 and January 2019). A total of 395 bats belonging to the genera Miniopterus,
Rousettus, Rhinolophus or Hipposideros were captured and kept in bat holding bags until
further processing to avoid sampling one individual twice. Sampling of the bats was
performed while using adequate personal protection equipment, namely safety gloves,
safety glasses and FFP3 masks. The bat species was determined macroscopically and
documented. Additionally, oral swabs were taken from each bat for molecular species
identification based on the cytochrome B gene [14]. Either rectal swabs were taken with
sterile swabs, or feces was collected with forceps from the bat holding bags if droppings
were available. Swabs and fecal samples were collected in tubes without any additives
and stored natively in liquid nitrogen for transportation. For further processing, 500 pL
of sterile PBS were added to rectal swabs or fecal samples. Rectal swab samples were
mixed by vortexing, and fecal samples were homogenized by using ceramic beads and
the FastPrep-24 device (MP Biomedicals, Eschwege, Germany). After a centrifugation step
the supernatants were collected and used for RNA extraction with the Viral RNA Mini Kit
(QIAGEN, Hilden, Germany).

Extracted RNA was transcribed to cDNA with a random hexamer primer by using
SuperScript IV Reverse Transcriptase (Invitrogen, Carlsbad, CA, USA) according to the
manufacturer’s instructions. The coronavirus screening was performed with a nested PCR
assay [15] which is designed on the highly conserved RNA-dependent RNA polymerase
(RARP) gene of the coronavirus genome and amplifies a product of 455 bp. The original
protocol was slightly adapted as follows, using cDNA instead of RNA as sample material
and Platinum Taq DNA Polymerase (Invitrogen, Carlsbad, CA, USA) for PCR amplification.
For the first round of the nested PCR assay, mixtures contained 300 nM of primer PC252
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and 900 nM of primer PC2AS1, 2.5 mM MgCl,, 250 uM dNTPs, 1x Platinum Taq Buffer
and 0.5 U of Platinum Taq DNA polymerase. Water was added to a final volume of 23 uL
and 2 pL of cDNA were added per reaction. Positive and negative controls were included
in each PCR set up to validate the results. The thermal cycling of the PCR was performed
as described in the original protocol [15]. For the second round of the nested PCR assay,
mixtures contained 300 nM of primer PCS and 400 nM of primer PCNAs; all other reagents
were used in the same concentrations as in the first round. Water was added to a final
volume of 23 pL and 2 pL of the first-round PCR product were added. Thermal cycling of
the second PCR round was performed as described in the original protocol [15].

Products of both PCR rounds were run and analyzed simultaneously on a 1.5% agarose
gel containing DNA Stain G (SERVA, Heidelberg, Germany). Positive PCR products were
purified by using MSB Spin PCRapace Kit (Invitrogen, Carlsbad, CA, USA) and sequenced
with a BigDye Terminator Cycle Sequencing Kit on an Applied Biosystems 3500 Dx Genetic
Analyzer, using the corresponding forward and reverse primers for each strand.

Sanger sequences were analyzed by using Geneious Prime software, and low-quality
bases at the end of each sequence were trimmed before further processing. A nucleotide
alignment of 384 nt was calculated by using MAFFT algorithm v7.450 [16]; the alignment
contained all sequences of the positive samples as well as CoV reference strains obtained
from the NCBI database. Editing was performed with MEGA?7. A phylogenetic tree was
calculated by using MrBayes version 3.2.6 [17]. The model HKY85 with gamma-distributed
rate variation was selected for these calculations; parameters were set as follows: number
of runs: four; number of generations: 10,000,000; subsampling frequency: 10 and burn-in:
50%. The reference strain avian infectious bronchitis virus (NC_001451, ICTV type species
for y-CoVs) was selected as outgroup for the calculations. The phylogenetic tree was
visualized with the Geneious Prime software.

3. Results

In total, 255 rectal swabs and 141 fecal samples from different bat species were tested by
using the adapted nested PCR protocol for the generic detection of coronaviruses (Table 1).

Table 1. Overview of rectal swabs and fecal samples (CoV-positive/total of samples). Results are
listed per bat genus and sampling session.

Genus March 2018 June 2018 January 2019 Sampled Bats in Total
Rectal Rectal Rectal
Feces Feces Feces
swabs swabs swabs
Miniopterus 0/3 0/0 20/115 5/76 0/4 6/27 31/225
Rousettus 0/8 0/2 2/11 0/0 0/16 0/3 2/40
Hipposideros 0/3 0/0 0/1 0/0 0/16 0/7 0/27
Rhinolophus 0/62 0/9 0/0 0/0 0/16 0/17 0/104

Total samples

per session 76 11 127 76 52 54

A total of 33 samples were tested positive (Table 2). The positive samples of this study
were named after the corresponding bat species, the sampling session dates (March 2018
= 03-18, July 2018 = 07-18, January 2019 = 01-19) and the internal sample number. For
example, the positive rectal swab (RS) sample RS5170 from a M. fuliginosus bat collected in
July 2018 was named batCoV /MinFul/07-18 /RS170.
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Table 2. Details on the positive rectal swabs and fecal samples. The table lists the bat species determined by cytB sequencing

(sequence data available on request), the sampling date, sex and forearm length of the sampled bats, the given name of the

detected CoV and its GenBank accession number. All bats were captured and sampled in the Wavul Galge cave, Koslanda,

Sri Lanka. n.a. = not applicable.

Sample Species Date Sex Forearm Length (cm) Bat CoV Description Accession Number
RS85 M. fuliginosus ~ 07/07/18 m 476 batCoV/MinFul/07-18/RS85 MW987547
RS90 R. leschenaultii  07/07/18  f 5.67 batCoV/RousLesch/07-18/RS90  MW987539
RS91 M. fuliginosus  07/07/18 £ 4.55 batCoV /MinFul/07-18/RS91 MW987548
RS94 M. fuliginosus ~ 08/07/18 m 453 batCoV/MinFul/07-18/RS94 MW987549
RS96 M. fuliginosus  07/07/18 £ 4.49 batCoV /MinFul/07-18/RS96 MWO987554
RS106 M. fuliginosus ~ 07/07/18 £ 4.54 batCoV/MinFul/07-18/RS106 MWO987555
RS112  R.leschenaultii  07/07/18  f n.a. batCoV/RousLesch/07-18/RS112  MW987540
RS114 M. fuliginosus ~ 07/07/18 £ 4.65 batCoV/MinFul/07-18/RS114 MW987550
RS118 M. fuliginosus ~ 07/07/18 £ 4.65 batCoV/MinFul/07-18/RS118 MW987556
RS124 M. fuliginosus  07/07/18  f 4.65 batCoV/MinFul/07-18 /RS124 MW987546
RS158 M. fuliginosus ~ 08/07/18  f 441 batCoV /MinFul/07-18/RS158 MW987566
RS170 M. fuliginosus ~ 08/07/18  f 491 batCoV/MinFul/07-18/RS170 MW987545
RS172 M. fuliginosus ~ 08/07/18  f 4.64 batCoV/MinFul/07-18 /RS172 MW987552
RS187 M. fuliginosus  08/07/18  f 4.61 batCoV/MinFul/07-18 /RS187 MW987563
RS190 M. fuliginosus ~ 08/07/18 m 4.65 batCoV /MinFul/07-18/RS190 MW987559
RS193 M. fuliginosus ~ 08/07/18 4.58 batCoV /MinFul/07-18 /RS193 MW987560
RS198 M. fuliginosus  08/07/18 £ 4.54 batCoV /MinFul/07-18/RS198 MW987564
RS199 M. fuliginosus ~ 08/07/18  f 4.51 batCoV /MinFul/07-18 /RS199 MW987542
RS236 M. fuliginosus  09/07/18 £ 4.67 batCoV /MinFul/07-18 /RS236 MW987543
RS276 M. fuliginosus ~ 10/07/18 £ 4.45 batCoV /MinFul/07-18/RS276 MW987553
RS277 M. fuliginosus ~ 10/07/18 m 4.65 batCoV /MinFul/07-18 /RS277 MW987561
RS278 M. fuliginosus  10/07/18  f 441 batCoV /MinFul/07-18 /RS278 MW0987557
F95 M. fuliginosus  07/07/18  f 4.38 batCoV/MinFul/07-18/F95 MW987541
F128 M. fuliginosus ~ 07/07/18 m 4.55 batCoV/MinFul/07-18/F128 MW987562
F142 M. fuliginosus ~ 07/07/18 £ 4.69 batCoV/MinFul/07-18 /F142 MW987544
F153 M. fuliginosus ~ 07/07/18 m 4.59 batCoV/MinFul/07-18/F153 MW987568
F155 M. fuliginosus  08/07/18  f n.a. batCoV/MinFul/07-18/F155 MW987567
F334 M. fuliginosus ~ 23/01/19 m 4.65 batCoV/MinFul/01-19/F334 MW987565
F347 M. fuliginosus ~ 23/01/19  f 4.76 batCoV/MinFul/01-19/F347 MW987569
F350 M. fuliginosus ~ 23/01/19  f 4.51 batCoV/MinFul/01-19/F350 MW987571
F351 M. fuliginosus ~ 23/01/19 m 455 batCoV/MinFul/01-19/F351 MW0987558
F353 M. fuliginosus ~ 23/01/19 m 4.58 batCoV /MinFul/01-19/F353 MW987570
F356 M. fuliginosus ~ 23/01/19 m 4.56 batCoV/MinFul/01-19/F356 MW0987551

Sanger sequencing of the positive samples revealed a consensus sequence of at least

384 nucleotides. The sequences of batCoV/MinFul/07-18/RS91 and batCoV /MinFul/07-
18/RS94 showed 100% identity, as did the sequences batCoV/MinFul/07-18/RS114 and
batCoV /MinFul/01-19/F356. All other samples were unique in the 384 nt sequence with
at least one nucleotide difference to the others (with identities ranging from 65% to 99%).
This is visualized by an alignment-based nucleotide heatmap of all Sri Lankan bat samples
(Figure 1). Twenty-seven of the M. fuliginosus sequences (both rectal swabs and fecal
samples) have a high identity of 100-95%. Further four sequences have an identity of
less than 80-75% to the other samples, while three of them (batCoV /MinFul/07-18/F153,
-01-19/F347 and -01-19/F353) share a high identity of 98-99% among each other. Only the
sample batCoV /MinFul/07-18/F350 has a lower identity of 77% to the three sequences
and the lowest identity of 75-76% to all other M. fuliginosus sequences.
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Figure 1. Heatmap based on a nucleotide alignment of 384 bp PCR product of the RARP gene of the coronavirus genome.
The figure illustrates the identities of all CoV-positive rectal swabs or fecal samples collected in the Wavul Galge cave,

Koslanda, Sri Lanka, at three different points in time. Red sequences represent positive M. fuliginosus bats, whereas blue
sequences indicate positive R. leschenaultii bats.

Apart from this, the two positive samples from R. leschenaultii bats share an identity
of 56-63% to the M. fuliginosus sequences. Among each other, the sequence identity is 90%.

Furthermore, a phylogenetic tree was calculated with all sequences obtained from
this study and other CoV reference strains from the NCBI database (Figure 2). In general,
all M. fuliginosus sequences were allocated to the branch of «-CoV. The 29 highly identi-
cal sequences (95-100% identity) form a separate phylogenetic clade with three further
Miniopterus spp. sequences from China and Hongkong [18,19]. The four M. fuliginosus
sequences showing a lower identity on nucleotide level (Figure 1) were allocated to differ-
ent groups in the phylogenetic tree. While three of them cluster with a Miniopterus spp.
batCoV HKUS strain, the least identical sequence (batCoV/MinFul/07-18/F350) forms a
common clade with a Miniopterus spp. batCoV HKU? strain. Human CoV-like 229E and
NL63 are assigned also to the x-CoVs but have a higher distance to bat CoV strains.

Both sequences from R. leschenaultii samples were allocated to the branch of 3-CoV.
Within this branch, both sequences form a small group with two other -CoVs from
Rousettus spp. sampled in India [20]. Other 3-CoVs like HCoV OC43 and SARS-CoV-2

strains from China and Sri Lanka form separate groups and have a higher distance from
this branch.
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Figure 2. Phylogenetic tree of coronavirus sequences from Sri Lankan M. fuliginosus bats (given in red) and R. leschenaultii
bats (given in blue) and other reference sequences of different - and 3-CoVs. The tree is divided into the two groups
of a- and B-CoVs. In addition, the y-CoV avian infectious bronchitis virus (NC_001451, marked with an asterisk) was
included as outgroup for the calculation. The phylogenetic tree was calculated with Bayesian algorithm, and 5 mio trees
were calculated with a subsampling frequency of 25 and a burn-in of 50%. Substitution model HKY85 was selected with a
gamma-distributed rate variation. Branch label values for the 27 bat CoV sequences that form a joint clade are not displayed
in the tree; their posterior probability values range between 0.52 and 1.

4. Discussion

In this study we detected a- and 3-CoVs in R. leschenaultii and M. fuliginosus bats in
Sri Lanka for the first time. Only in 2018, another study found 3-CoVs in Sri Lankan flying
foxes (Pteropus medius), but since there was no access to the sequences we were not able to
include them in our phylogenetic analysis for comparison [13].
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4.1. x-CoV's in Miniopterus fuliginosus Bat Samples

In total, we found 31 «x-CoVs from M. fuliginosus rectal swabs and fecal samples.
The focus of the bat sampling in our study was on M. fuliginosus bats, mainly because of
their migration behavior. Therefore, we collected the highest number of samples from
this species during all three sampling sessions. In return, most of our samples that were
screened positive were obtained from M. fuliginosus bats. A first comparison in a nucleotide
alignment and the corresponding heatmap shows that the sequences have a high variety
among each other. Even the first cluster of 29 samples partially reveals identities of 97%
and less which can be considered low for this short sequence on the highly conserved RARP
gene. The structural functionality of the RARP gene is essential for viral replication; this
gene is therefore less susceptible to mutation events than other parts of the genome [21].
Despite this, RNA viruses like CoVs replicate with a mutation rate of one per 1000 to 10,000
nucleotides [22], which results in the development of novel coronaviruses and also explains
a high diversity of the RARP gene on nucleotide level. The separation of the M. fuliginosus
sequences into at least two clusters therefore indicates the presence of different x-CoVs
within the species. The phylogenetic analysis supports the assumption that different viral
strains are present which all belong to the group 1 x-CoVs [22]. The related CoV HKUS8
and CoV HKUY strains in that cluster were obtained from Miniopterus spp. as well. As
reported elsewhere before, different bat species from the genus Miniopterus probably serve
as hosts for HKU7, HKUS and closely related CoVs [18]. The presence of multiple viral
strains within the M. fuliginosus cave population would be reasonable, considering the fact
that these bats migrate seasonally from small surrounding colonies to the Wavul Galge
cave, using it as a pre-maternity cave [2]. The migration time is between July and August
and matches our second sampling session (July 2018), when we found most of the positive
samples (25 x-CoVs in M. fuliginosus bats, see Table 1) [12]. Another explanation might
also be that 65% of the positive samples were from female M. fuliginosus bats. In general,
the number of female bats was increased at that sampling point, as 85% of the sampled
M. fuliginosus bats in July 2018 were females. Persistence and circulation of different x-CoV
strains in the small neighboring colonies could be assumed, and further studies would be
necessary to investigate whether transmission or exchange of these different virus strains
within the M. fuliginosus species occurs when they migrate to the Wavul Galge cave.

4.2. B-CoVs in Rousettus leschenaultii Bat Samples

In addition to the detected x-CoVs in M. fuliginosus samples, we found two 3-CoVs
in R. leschenaultii bat samples. R. leschenaultii is a fruit bat and the only cave-dwelling
megachiropteran species [12]. In contrast to the M. fuliginosus species, they do not show
seasonal migration behavior but are long-term inhabitants of the Wavul Galge cave. Both
positive samples were taken during the same session (July 2018); the low sequence identity
of 90% suggests that we detected two different 3-CoVs strains that probably persist in
the R. leschenaultii population of the Wavul Galge cave. A follow-up study with a higher
number of samples from R. leschenaultii bats could prove whether the virus can be found in
more R. leschenaultii bats or whether even more (3-CoVs strains are present in this species.

The phylogeny of both sequences allocates them to other 3-CoVs of the HKU9Y strain.
Rousettus spp. in India [20], China [23,24] and Singapore [25] already tested positive for
HKU9 3-CoVs and may be their natural reservoir.

4.3. Presumed Host Specificity of Bat CoVs

Apart from the presented results, the sampled Rhinolophus spp. and Hipposideros spp.
were not tested positive for any CoVs. Generally speaking, the number of sampled bats
was probably insufficient to make a final statement, and further sampling with an increased
number of bats should follow to study the prevalence of CoV in these species more
thoroughly. Another aspect is the shedding of viruses in some bat species, possibly
influenced by seasonal changes and environmental conditions [26,27]. We collected samples
in January, March and July. Sampling Rhinolophus spp. and Hipposideros spp. at other
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points in time might clarify whether these species shed CoVs in other seasons of the
year. Interestingly, the prevalence of CoV in the Wavul Galge cave seems to be very host
specific, although M. fuliginosus, R. leschenaultii, Rhinolophus spp. and Hipposideros spp.
roost sympatrically in the cave. For example, we could only detect x-CoVs in M. fuliginosus
bats, although Hipposideros spp. are also known to carry «-CoVs and are assumed to be the
natural host of human CoV 229E [28]. Furthermore, Rhinolophus spp. are known to carry
SARS-like 3-CoVs and may be the natural reservoir of the pandemic SARS-CoV-2 [10].
Although transmission of CoVs is generally possible [10,29], it did not seem to occur in this
sympatric colony. One reason may be the spatial separation of the different species inside
the Wavul Galge cave; therefore, direct contact between the species is only likely when
entering or exiting the cave. Still, the probability of aerosol-based transmission between the
species in the cave should be considered to be very high. Therefore, long-term monitoring
of all bat species in the cave could help understand host specificity and transmission
dynamics of these viruses.

4.4. Evaluating the Risk of Viral Spillover to Humans

As a result of the Covid-19 pandemic, in 2021, Grange et al. developed an open-
source risk ranking tool to evaluate the risk of viral spillover to humans and the spreading
potential of these viruses [30]. For their ranking, they selected innovative risk factors,
divided into host risk factors, environmental risk factors and virus risk factors. With the
help of this tool (https:/ /spillover.global /ranking-comparison; accessed on 10 June 2021),
we evaluated the spillover risk of the x-CoVs and 3-CoVs we detected in R. leschenaultii
and M. fuliginosus samples in Sri Lanka. For this purpose, we used the phylogenetic tree
and selected the closest related strains. For R. leschenaultii, we checked the bat coronavirus
HKU9 which has a high ranking score of 80 out of 155 and can be found in position 14
of the overall risk ranking of 887 viruses (https:/ /spillover.global /virus/21; accessed on
10 June 2021). The risk factors of this Rousettus bat coronavirus HKU9 are for example the
high host diversity (found in 11 bat species), the global distribution of the virus and the high
interaction of wildlife, domestic animals and humans in these regions. For the x-CoVs from
M. fuliginosus samples, we checked three of the closest related CoVs. The bat coronavirus 1
was the closest related strain for most of the x-CoVs from M. fuliginosus samples. With a
risk score of 72 out of 155 it is ranked at position 40 (https://spillover.global /virus/49;
accessed on 10 June 2021). The virus can be found in six different bat species, including
three Miniopterus spp. and one species from the genera Hipposideros, Myotis and Rhinolophus,
respectively. This host range may be of interest because Hipposideros and Rhinolophus bat
species roost in the same cave, but were not tested positive for any CoVs so far. As discussed
before, long-term monitoring may reveal CoVs in these species as well and could further
support the host range given by the spillover ranking tool. Another important factor that
has an impact on the spillover risk is the interaction of animals and humans in the region
where the virus is found. The distribution of the virus is only semi-global and may explain
its lower spillover risk. The Miniopterus bat coronavirus HKU8 can be found in position
107 with a spillover risk of 65 out of 155 (https:/ /spillover.global /virus/114; accessed on
10 June 2021). It can only be found in Miniopterus spp. and is distributed semi-globally;
in its distribution area, the interaction between humans and host animals is high. The
same applies to the last bat coronavirus HKU7 which can be found semi-globally in two
Miniopterus spp. and one Taphozous spp., while the interaction of the hosts and wild animals
with humans is rated as medium. Consequently, this virus has the low position of 382 in
the overall ranking with a risk score of 56 out of 155.

To sum up, this tool provides a good ranking system to evaluate the risk of spillover
events to humans. The results confirm what has already been discussed before by assigning
a rather low risk for zoonotic events to the a-CoVs detected in the M. fuliginosus species. In
contrast, the 3-CoVs from R. leschenaultii samples were ranked with a higher risk, which
is reasonable considering the fact that other related 3-CoVs from bat species are already
known for their role in different spillover events.
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The risk factors that are included in this ranking tool (virus, host and environmen-
tal factors) point out the high impact of the interaction of humans and wildlife which
contributes significantly to the accumulation of zoonotic events.

5. Conclusions

With this study, we provide the first molecular biological analysis of different viruses
in bat species roosting in the Wavul Galge cave, Sri Lanka. We detected «-CoVs in
M. fuliginosus and 3-CoVs in R. leschenaultii bats. Our results indicate that different virus
strains are persistently present within both populations. Detailed gene and genome analy-
sis of the existing CoVs as well as further studies with a focus on the other sympatric species
(Rhinolophus spp. and Hipposideros spp.) might provide more insight into the prevalence,
circulation or persistence of different CoV strains in this cave. A long-term study would
be helpful to examine the seasonal shedding of the viruses and the impact of migration
behavior of the different bat species. Our results indicate that the detected CoVs are host
specific for the respective bat species and, despite the sympatric cohabitation in the Wavul
Galge cave, an inter-species transmission was not observed. This supports the assumption
that only particular bat species serve as natural reservoir for harmful human-pathogenic
viruses like SARS-CoV, while spill-over events may occur because of environmental impact
and the intrusion of humans to the living areas of the bat species [31]. Studying bats and
monitoring their viruses as well as the respectful interaction with their natural habitats are
both important factors to better understand and prevent zoonotic transmission from bats
to humans. Being the largest cave in Sri Lanka with as many as five sympatric bat species,
numbering over 100,000 individuals, the Wavul Galge cave provides an excellent natural
site for long-term monitoring of bat-borne viruses in Sri Lanka. Our study emphasizes the
need to periodically monitor all bat species and their viruses in this cave.

Author Contributions: Conceptualization, G.P, S.P., W.Y.,, AN. and C.K.; methodology, TM., T.P,
S.S., D.B, EK,M.0O., B.B.-Z, ES., G.P, S.P, LP, W.Y,, ANN. and C.K,; investigation, .M., T.P, S.S.,
D.B., EK, M.O., B.B.-Z., AN. and C.K,; resources, TM., TP, S.S., D.B.,, EK., M.O., BB.-Z., ES., G.P,
S.P,ILP, WY, ANN. and C.K,; writing—original draft preparation, T.M.; writing—review and editing,
G.P,SP,LP, WY, AN. and CK,; visualization, T.M.; supervision, W.Y., A.N. and C.K.; project
administration, ES., LP, W.Y.,, ANN. and C.K. All authors have read and agreed to the published
version of the manuscript.

Funding: This project has been partially funded through the Global Health Protection Programme
(IDEA, Identification of Emerging Agents) of the German Federal Ministry of Health.

Institutional Review Board Statement: This research was conducted according to the guidelines of
the Fauna and Flora Protection Ordinance (FFPO) of Sri Lanka, under the permit No. WL/3/2/05/18
issued by the Department of Wildlife Conservation, Sri Lanka.

Data Availability Statement: The data presented in this study are openly available in GenBank
(https:/ /www.ncbi.nlm.nih.gov/genbank/), Accession numbers MW987539-MW987571.

Acknowledgments: The authors are grateful to Ursula Erikli for copy-editing, to Marica Grossegesse
for supporting the IDEA project and to Nicole Kromarek for supporting the bat sampling at the
Wavul Galge cave, Sri Lanka.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript or
in the decision to publish the results.


https://www.ncbi.nlm.nih.gov/genbank/

Vaccines 2021, 9, 650 10 of 11

References

1. Han, HJ,; Wen, H.L.; Zhou, C.M,; Chen, EF,; Luo, L.M,; Liu, J.W.; Yu, X.J. Bats as Reservoirs of Severe Emerging Infectious
Diseases. Virus Res. 2015, 205, 1-6. [CrossRef] [PubMed]

2. Yapa, W.B.; Ratnasooriya, W.D. Ecology and Biology of Sri Lankan Bats. Univ. Colombo Rev. 2006, 1, 63-85.

3. Saéz, A.M.; Weiss, S.; Nowak, K.; Lapeyre, V.; Zimmermann, E; Diix, A.; Kiihl, H.S.; Kaba, M.; Regnaut, S.; Merkel, K.; et al.
Investigating the Zoonotic Origin of the West African Ebola Epidemic. EMBO Mol. Med. 2015, 7, 17-23. [CrossRef]

4. Martini, G.A.; Knauff, H.G.; Schmidt, H.A.; Mayer, G.; Baltzer, G. A Hitherto Unknown Infectious Disease Contracted from
Monkeys. “Marburg-Virus” Disease. Ger. Med. Mon. 1968, 13, 457-470.

5. Wild, TF. Henipaviruses: A New Family of Emerging Paramyxoviruses. Pathol. Biol. 2009, 57, 188-196. [CrossRef] [PubMed]

6. Wong, A.CP; Li, X,; Lau, S.K.P.; Woo, P.C.Y. Global Epidemiology of Bat Coronaviruses. Viruses 2019, 11, 174. [CrossRef]
[PubMed]

7.  Poudel, U,; Subedi, D.; Pantha, S.; Dhakal, S. Animal Coronaviruses and Coronavirus Disease 2019: Lesson for One Health
Approach. Open Vet. J. 2020, 10, 239-251. [CrossRef] [PubMed]

8. Cui, J,; Li, F; Shi, Z.L. Origin and Evolution of Pathogenic Coronaviruses. Nat. Rev. Microbiol. 2019, 17, 181-192. [CrossRef]

9.  Valitutto, M.T.; Aung, O.; Tun, K.Y.N.; Vodzak, M.E.; Zimmerman, D.; Yu, ]. H.; Win, Y.T.; Maw, M.T; Thein, W.Z.; Win, H.H.; et al.
Detection of Novel Coronaviruses in Bats in Myanmar. PLoS ONE 2020, 15, e0230802. [CrossRef]

10. Latinne, A.; Hu, B.; Olival, K.J.; Zhu, G.; Zhang, L.; Li, H.; Chmura, A.A; Field, H.E.; Zambrana-Torrelio, C.; Epstein, ].H.; et al.
Origin and Cross-Species Transmission of Bat Coronaviruses in China. Nat. Commun. 2020, 11, 4235. [CrossRef]

11. Amaratunga, D.; Fernando, N.; Haigh, R.; Jayasinghe, N. The COVID-19 Outbreak in Sri Lanka: A synoptic analysis focusing on
trends, impacts, risks and science-policy interaction processes. Prog. Disaster Sci. 2020, 8, 100133. [CrossRef]

12.  Yapa, W.B. A Field Guide to the Bats of Sri Lanka, 1st ed.; Dilmah Conservation: Nawalapitiya, Sri Lanka, 2017; pp. 8, 55, 109.

13. Kudagammana, H.D.W.S,; Thevanesam, V.; Chu, D.K.W.; Eriyagama, N.B.; Peiris, ].5.M.; Noordeen, F. Coronaviruses in Guano
from Pteropus medius Bats in Peradeniya, Sri Lanka. Transbound. Emerg. Dis. 2018, 65, 1122-1124. [CrossRef] [PubMed]

14. Wibbelt, G.; Kurth, A.; Yasmum, N.; Bannert, M.; Nagel, S.; Nitsche, A.; Ehlers, B. Discovery of Herpesviruses in Bats. ]. Gen.
Virol. 2007, 88, 2651-2655. [CrossRef] [PubMed]

15. De Souza Luna, L.K.; Heiser, V.; Regamey, N.; Panning, M.; Drexler, ].E; Mulangu, S.; Poon, L.; Baumgarte, S.; Haijema, B.J.;
Kaiser, L.; et al. Generic Detection of Coronaviruses and Differentiation at the Prototype Strain Level by Reverse Transcription-
PCR and Nonfluorescent Low-Density Microarray. J. Clin. Microbiol. 2007, 45, 1049-1052. [CrossRef]

16. Katoh, K.; Standley, D.M. MAFFT Multiple Sequence Alignment Software Version 7: Improvements in Performance and Usability.
Mol. Biol. Evol. 2013, 30, 772-780. [CrossRef]

17.  Huelsenbeck, J.P.; Ronquist, . MRBAYES: Bayesian Inference of Phylogenetic Trees. Bioinformatics 2001, 17, 754-755. [CrossRef]
[PubMed]

18. Chu, D.K.W,; Peiris, ].5.M.; Chen, H.; Guan, Y.; Poon, L.L.M. Genomic Characterizations of Bat Coronaviruses (1A, 1B and HKUS)
and Evidence for Co-Infections in Miniopterus Bats. J. Gen. Virol. 2008, 89, 1282-1287. [CrossRef]

19. Lin, X.-D.; Wang, W.; Hao, Z.-Y.; Wang, Z.-X.; Guo, W.-P,; Guan, X.-Q.; Wang, M.-R.; Wang, H.-W.; Zhou, R.-H.; Li, M.-H_; et al.
Extensive Diversity of Coronaviruses in Bats from China. Virology 2017, 507, 1-10. [CrossRef] [PubMed]

20. Yadav, P.D.; Shete-Aich, A.; Nyayanit, D.A.; Pardeshi, P.; Majumdar, T.; Balasubramanian, R.; Ullas, P.T.; Mohandas, S.; Dighe, H.;
Sawant, P; et al. Detection of Coronaviruses in Pteropus & Rousettus Species of Bats from Different States of India. Indian . Med.
Res. 2020, 151, 226-235. [CrossRef]

21. Venkataraman, S.; Prasad, B.V.L.S.; Selvarajan, R. RNA Dependent RNA Polymerases: Insights from Structure, Function and
Evolution. Viruses 2018, 10, 76. [CrossRef] [PubMed]

22. Woo, PC.Y,; Lau, SK.P; Huang, Y.; Yuen, K.Y. Coronavirus Diversity, Phylogeny and Interspecies Jumping. Exp. Biol. Med. 2009,
234,1117-1127. [CrossRef]

23. Huang, C; Liu, WJ.; Xu, W,; Jin, T.; Zhao, Y.; Song, ].; Shi, Y.; Ji, W.; Jia, H.; Zhou, Y,; et al. A Bat-Derived Putative Cross-Family
Recombinant Coronavirus with a Reovirus Gene. PLoS Pathog. 2016, 12, €1005883. [CrossRef]

24. Obameso, J.O,; Li, H,; Jia, H.; Han, M.; Zhu, S.; Huang, C.; Zhao, Y.; Zhao, M.; Bai, Y.; Yuan, F; et al. The Persistent Prevalence
and Evolution of Cross-Family Recombinant Coronavirus GCCDC1 among a Bat Population: A Two-Year Follow-Up. Sci. China
Life Sci. 2017, 60, 1357-1363. [CrossRef]

25. Lim, X.F; Lee, C.B.; Pascoe, S.M.; How, C.B.; Chan, S.; Tan, ]. H.; Yang, X.; Zhou, P; Shi, Z.; Sessions, O.M.; et al. Detection and
Characterization of a Novel Bat-Borne Coronavirus in Singapore Using Multiple Molecular Approaches. J. Gen. Virol. 2019, 100,
1363-1374. [CrossRef]

26. Subudhi, S.; Rapin, N.; Misra, V. Immune System Modulation and Viral Persistence in Bats: Understanding Viral Spillover. Viruses
2019, 11, 192. [CrossRef]

27. Plowright, RK,; Eby, P; Hudson, PJ.; Smith, I.L.; Westcott, D.; Bryden, W.L.; Middleton, D.; Reid, P.A.; McFarlane, R.A,;
Martin, G; et al. Ecological Dynamics of Emerging Bat Virus Spillover. Proc. Biol. Sci. 2015, 282, 20142124. [CrossRef]

28. Corman, V.M,; Baldwin, H.J.; Tateno, A.F,; Zerbinati, R M.; Annan, A.; Owusu, M.; Nkrumah, E.E.; Maganga, G.D.; Oppong, S.;

Adu-Sarkodie, Y.; et al. Evidence for an Ancestral Association of Human Coronavirus 229E with Bats. J. Virol. 2015, 89,
11858-11870. [CrossRef] [PubMed]


http://doi.org/10.1016/j.virusres.2015.05.006
http://www.ncbi.nlm.nih.gov/pubmed/25997928
http://doi.org/10.15252/emmm.201404792
http://doi.org/10.1016/j.patbio.2008.04.006
http://www.ncbi.nlm.nih.gov/pubmed/18511217
http://doi.org/10.3390/v11020174
http://www.ncbi.nlm.nih.gov/pubmed/30791586
http://doi.org/10.4314/ovj.v10i3.1
http://www.ncbi.nlm.nih.gov/pubmed/33282694
http://doi.org/10.1038/s41579-018-0118-9
http://doi.org/10.1371/journal.pone.0230802
http://doi.org/10.1038/s41467-020-17687-3
http://doi.org/10.1016/j.pdisas.2020.100133
http://doi.org/10.1111/tbed.12851
http://www.ncbi.nlm.nih.gov/pubmed/29498228
http://doi.org/10.1099/vir.0.83045-0
http://www.ncbi.nlm.nih.gov/pubmed/17872515
http://doi.org/10.1128/JCM.02426-06
http://doi.org/10.1093/molbev/mst010
http://doi.org/10.1093/bioinformatics/17.8.754
http://www.ncbi.nlm.nih.gov/pubmed/11524383
http://doi.org/10.1099/vir.0.83605-0
http://doi.org/10.1016/j.virol.2017.03.019
http://www.ncbi.nlm.nih.gov/pubmed/28384506
http://doi.org/10.4103/ijmr.IJMR_795_20
http://doi.org/10.3390/v10020076
http://www.ncbi.nlm.nih.gov/pubmed/29439438
http://doi.org/10.3181/0903-MR-94
http://doi.org/10.1371/journal.ppat.1005883
http://doi.org/10.1007/s11427-017-9263-6
http://doi.org/10.1099/jgv.0.001307
http://doi.org/10.3390/v11020192
http://doi.org/10.1098/rspb.2014.2124
http://doi.org/10.1128/JVI.01755-15
http://www.ncbi.nlm.nih.gov/pubmed/26378164

Vaccines 2021, 9, 650 11 of 11

29. Lau, SK.P;Li, K.SM.; Tsang, A.K.L,; Shek, C.-T.; Wang, M.; Choi, G.K.Y.; Guo, R.; Wong, B.H.L.; Poon, RW.S,; Lam, C.S.F; et al.
Recent Transmission of a Novel Alphacoronavirus, Bat Coronavirus HKU10, from Leschenault’s Rousettes to Pomona Leaf-
Nosed Bats: First Evidence of Interspecies Transmission of Coronavirus between Bats of Different Suborders. J. Virol. 2012, 86,
11906-11918. [CrossRef] [PubMed]

30. Grange, Z.L.; Goldstein, T.; Johnson, C.K.; Anthony, S.; Gilardi, K.; Daszak, P; Olival, K.J.; O'Rourke, T.; Murray, S.;
Olson, S.H; et al. Ranking the Risk of Animal-to-Human Spillover for Newly Discovered Viruses. Proc. Natl. Acad. Sci. USA
2021, 118, €2002324118. [CrossRef] [PubMed]

31. Hu, B,; Ge, X.,; Wang, L.-F,; Shi, Z. Bat Origin of Human Coronaviruses. Virol. ]. 2015, 12, 221. [CrossRef] [PubMed]


http://doi.org/10.1128/JVI.01305-12
http://www.ncbi.nlm.nih.gov/pubmed/22933277
http://doi.org/10.1073/pnas.2002324118
http://www.ncbi.nlm.nih.gov/pubmed/33822740
http://doi.org/10.1186/s12985-015-0422-1
http://www.ncbi.nlm.nih.gov/pubmed/26689940

	Introduction 
	Materials and Methods 
	Results 
	Discussion 
	-CoVs in Miniopterus fuliginosus Bat Samples 
	-CoVs in Rousettus leschenaultii Bat Samples 
	Presumed Host Specificity of Bat CoVs 
	Evaluating the Risk of Viral Spillover to Humans 

	Conclusions 
	References

