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Abstract: Bats are increasingly recognized as reservoirs for many different viruses that threaten public
health, such as Hendravirus, Ebolavirus, Nipahvirus, and SARS- and MERS-coronavirus. To assess
spillover risk, viromes of bats from different parts of the world have been investigated in the past.
As opposed to most of these prior studies, which determined the bat virome at a single time point,
the current work was performed to monitor changes over time. Specifically, fecal samples of three
endemic Swiss bat colonies consisting of three different bat species were collected over three years
and analyzed using next-generation sequencing. Furthermore, single nucleotide variants of selected
DNA and RNA viruses were analyzed to investigate virus genome evolution. In total, sequences of
22 different virus families were found, of which 13 are known to infect vertebrates. Most interestingly,
in a Vespertilio murinus colony, sequences from a MERS-related beta-coronavirus were consistently
detected over three consecutive years, which allowed us to investigate viral genome evolution in a
natural reservoir host.

Keywords: bats; viral metagenomics; Switzerland; virus; diversity; mutations; natural environment;
coronavirus; rotavirus; reservoir host; virus evolution

1. Introduction

It has been estimated that up to 75% of emerging and reemerging infectious diseases
originate from wildlife species [1,2]. The increase of zoonotic spillover is likely due to hu-
man population growth, high exposure of humans to wildlife and products of animal origin,
intensive livestock farming, climate change, habitat destruction, wildlife markets, and bush-
meat consumption [3–7]. The inter- and intraspecies transmission of infectious diseases is
based strongly on interactions between hosts, pathogens, and the environment [5].

Bats are considered to play a major role in disease emergence and as reservoir hosts
of viruses that pose a risk to public health [8–11]. Most of the viruses found in bat feces
originate from insects, plants, and fungi, representing the dietary habits of the animals [12].
However, many viruses of vertebrates are also found in bats, including emerging viruses such
as Hendravirus, Ebolavirus, Nipahvirus, and SARS- and MERS-coronavirus (CoV) [12–18].
The origin of SARS-CoV-2 has not yet been clarified. However, in several different animal
species, i.e., Himalayan palm civets, Asian palm civets, and bats of the species Rhinolophus
and Aselliscus, viruses closely related to SARS-CoV-2 have been detected [19]. Although
a beta-coronavirus named RaTG13 isolated from a bat of the species Rhinolophus affinis in
Yunnan province in China seems to be the virus most closely related to SARS-CoV-2, with
96.2% nucleotide identity [20], this virus is not assumed to be the direct progenitor of SARS-
CoV-2 [20,21]. SARS-CoV-2 is suspected to have a history of recombination and to share a
common ancestor with three other bat viruses called PRC31, RpYN06, and RmYN02, which
are more similar than RaTG13 in most of the genome [22,23].
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Several factors can facilitate the spillover of viruses from bats to other animals and/or
humans. Intrinsic factors such as body condition, reproduction status, age, and sex can
play a role, as well as extrinsic factors leading to habitat change, such as climate change,
loss of habitat, lack of food, and anthropogenic factors [2,24,25]. Furthermore, parturition
and breeding can lead to peaks of viral shedding caused by (i) the accumulation of many
bats in the maternity roosts and (ii) the establishment of a susceptible subpopulation of
newborn bats without immunity [26].

Approximately 51 different bat species have been identified in Europe, of which
30 species from 4 different families, i.e., Vespertilionidae, Rhinolophidae, Miniopteridae, and
Molossidae, are endemic in Switzerland [27–31]. Five endemic Swiss bat species, i.e., Nyctalus
noctula, Nyctalus leisleri, Nyctalus lasiopterus, Vespertilio murinus, and Pipistrellus nathusii, are
migratory and are known to fly long distances [27]. In this study we focused particularly
on the two non-migratory species Rhinolophus hipposideros and Myotis myotis, and on one
migratory bat species, Vespertilio murinus [27]. Rhinolophus hipposideros flies approx. 2.5 km
for hunting and 20 km for hibernation in winter roosts, while Myotis myotis covers approx.
20 km for hunting and up to 100 km for hibernation in winter roosts [27]. Vespertilio murinus
migrates over 800 km from summer to winter [27].

Next-generation sequencing (NGS) has been used to investigate the virus diversity
of various bat species in many different countries worldwide [31–39]. However, most of
the studies sampled at a single time point, and the few studies that sampled at different
time points did not assess the change in the virome over time [40], sampled at very short
intervals of three days [12] or two weeks [41], or did not analyze the genomes at the
single-nucleotide level [26,42–44].

The only metagenomic study of bats previously performed in Switzerland reported the
virome of 18 different bat species, providing a general overview of the viruses at different
locations and sample types [39]. For the present study, we re-sampled selected colonies
from that pilot study over two additional years to investigate the changes in the virome
composition and—for selected viruses, alpha- and beta-CoVs in particular—the evolution
of the genome sequence in the natural reservoir species. Virus evolution in the natural
host likely differs fundamentally between different species and from that observed upon
passaging in cell culture at standardized conditions, as many different internal and external
factors influence both the host and the virus, including stress, environmental conditions,
and the presence of other infectious agents.

2. Materials and Methods
2.1. Sample Type

Based on a previous virome study of Swiss bats [39], three colonies of different bat
species were selected for further investigation in the present study. The selected colonies
were located in the cantons of Aargau (AG), Grisons (GR), and Lucerne (LU). The geo-
graphic coordinates of bat colonies can be provided by the Swiss Bat Conservation Foun-
dation upon formal request. The samples were collected by the local caretakers in May
2019, 2020, and 2021 from the AG and LU colonies, and in the years 2019 and 2021 from the
GR colony. The AG colony consisted of approx. 150 to 200 Vespertilio murinus bats, the GR
colony of approx. 30 Rhinolphus hipposideros bats, and the LU colony of approx. 520 Myotis
myotis bats.

2.2. Sample Preparation and Collection

Fecal samples (fully filled 50 mL tubes) from bat colonies were collected from various
places on the floor during routine inspection in May by authorized persons when the
animals were present; 15 mL conical tubes fully filled with fecal samples were mixed 1:1
with phosphate buffered saline (PBS), vortexed vigorously, and homogenized overnight
(Hu-laMixerTM Sample Mixer, Life Technologies, Carlsbad, CA, USA) at 4 ◦C. The tubes
were then centrifuged for 10 min at 5903× g (Hereus Multifuge 3 S-R, Thermo Fisher,
Waltham, Massachusetts, USA), and 1 mL of the supernatant was transferred to a 2 mL
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tube and processed following an in-house protocol as described previously [39,45]. Briefly,
the supernatant was enriched for viral particles by centrifugation, filtration, and nuclease
treatment, which was followed by nucleic acid extraction, reverse transcription, second-
strand synthesis, and unspecific DNA amplification.

DNA was fragmented to 500 bp by sonication (E220 Ultrasonicator, Covaris, USA).
Sequencing libraries were prepared using a NEBNext Ultra II DNA Library Prep Kit for
Illumina (New England Biolabs, Ipswich, MA, USA), cleaned with AMPure XP beads (Beck-
man Coulter, Brea, CA, USA), and barcoded with NEBNext Multiplex Oligos (96 Unique
Dual Index Primer Pairs; New England Biolabs, Ipswich, MA, USA). The molarity and
size distribution of the libraries was determined on an Agilent 2200 TapeStation using
a D1000 HS ScreenTape (Agilent Technologies, Santa Clara, CA, USA). Sequencing was
carried out at the Functional Genomics Center Zurich (FGCZ) using an Illumina NovaSeq
6000 Benchtop sequencer (Illumina, San Diego, CA, USA) in paired-end NGS runs of
2 × 150 nucleotide read length. As sequencing control, PhiX Control v3 Library (Illumina,
San Diego, CA, USA) was used.

2.3. Virome Analysis

The generated raw sequences were analyzed by de novo assembly and reference-
guided in-house assembly pipelines as described previously [39,46]. Briefly, the Illumina
sequencing adapters (default), low-quality sequencing ends, and SISPA primers were
trimmed using Trimmomatic (v0.39) and cutadapt (v3.2) [47]. Subsequently, quality-
proofed reads were assembled using metaspades (v3.12.0) and compared to the NCBI
non-redundant database using blastn (v2.10.1+) [48]. Alignment summary statistics per
contig were collected by running samtools (v1.11) idxstats. Finally, trimmed reads were
aligned (cut-off: 10 reads over the genome) in a metagenomic pipeline of the SeqMan
NGen v.17 software (DNAStar, Lasergene, Madison, WI, USA) to an in-house database
containing over 60,000 full-length virus genomes downloaded from the NCBI database and
bat-associated viruses from the DBatVir database [49].

2.3.1. Comparison of Viruses and Genes

Reads were cleaned from adapters and quality-trimmed with fastp (v0.20.1, [50]).
Reads matching ribosomal sequences were removed with sortmerna (v4.3.4, [51]) us-
ing the eukaryotic 18S and 28S reference sequences from SILVA [52]. Reads matching
bat genomes from Myotis myotis (NCBI ID GCF_014108235.1) or Rhinolophus ferrume-
quinum (NCBI ID GCF_004115265.1) with minimap2 (v2.24-r1122, [53]) were removed
as well. Surviving reads were re-paired with the repair.sh script from BBTools (https:
//sourceforge.net/projects/bbmap, accessed on 10 July 2022). Only paired reads were kept
and aligned to a collection of viral reference sequences (downloaded from NCBI on Febru-
ary 2022; see Table S1) using bowtie2 with the option –very-sensitive-local (v2.3.5.1, [54]).
The reference sequences were specific for each colony and were based on the results
from the virome analysis above. Single nucleotide variants (SNVs) were called with free-
bayes (v1.3.2-40-gcce27fc, [55]) with the options -p 1 –min-coverage 10 –skip-coverage
100,000 –min-alternate-count 2 –use-best-n-alleles 2 –min-alternate-fraction 0.1 –pooled-
continuous –min-mapping-quality 1. SNV calls were filtered for a minimal quality of
20 with the script vcffilter distributed with freebayes. Number of reads and percent genome
coverage were extracted with samtools (v1.10, [56]). The SNVs were filtered to include
only the two best-supported variants per site. Importantly, these were not necessarily the
reference SNVs from the reference assembly. Hence, we did not classify any of them as
reference SNVs, but only compared the change in SNV frequencies over time.

2.3.2. Test for Shifts in SNV Frequency

To test whether SNVs changed in frequency from one year to the later years, we
compared the allelic depths with Fisher’s exact test. We did this for 2019 vs. 2020, 2020 vs.
2021, and 2019 vs. 2021. The p-values from all comparisons were then adjusted to reflect

https://sourceforge.net/projects/bbmap
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false discovery rates (FDRs), and sites with an FDR < 0.01 were marked as significant. We
classified whether the SNVs had an effect on the coding sequence by comparing the protein
sequences containing the two best-supported SNVs with a custom script. We also identified
potentially novel SNVs by checking whether variants were already present in the earlier
year (s).

2.4. Phylogenetic Analysis

The NSP12 genes (encoding RNA-dependent RNA polymerase (RdRp)) of the alpha-
and beta-CoVs identified in this study were aligned using MUSCLE in MEGA X [57].
Phylogenetic trees were constructed in Mega X using the Maximum Likelihood algorithm
based on the Tamura–Nei model with 1000 bootstrap values and a cut-off of 70%. For both
viruses, full NSP12 reference genes were downloaded from the NCBI sequence database
based on BLAST analysis.

2.5. PCR

The presence of a Middle East respiratory syndrome-related coronavirus (MERS-
related CoV) detected by NGS each year in the AG colony was confirmed by RT-PCR
targeting the entire gene encoding the spike protein. First, RNA was extracted using the
QIAamp Viral RNA Mini Kit (Qiagen, Hombrechtikon, Switzerland) according to the man-
ufacturer’s manual with a sample volume of 140 µL and the following modifications: RNA
carrier was omitted, and for the elution step, 100 µL RNase free water was used instead of
60 µL AVE buffer. Then, the cDNA was synthesized using the SuperScript® IV First-Strand
Synthesis System kit (Thermo Fisher, Waltham, MA, USA) as described by the manufacturer
using 11 µL of RNA and random hexamers (Thermo Fisher, Waltham, MA, USA). To amplify
the genomic region of the spike protein, five overlapping pairs of specific primers were de-
signed using the Primer-BLAST tool (https://www.ncbi.nlm.nih.gov/tools/primer-blast/,
accessed on 10 July 2022) based on the sequences obtained from NGS. Additional primer
pairs were designed to fill gaps based on the Sanger sequences (Table S2). PCR was per-
formed using a Phusion Hot Start II High Fidelity DNA Polymerase kit (Thermo Scientific,
Waltham, MA, USA) in a three-step protocol (as described in the manual provided by the
manufacturer) with 45 cycles and 1.5 µL of cDNA in a final reaction volume of 25 µL. The
PCR products were visualized on 1.5% agarose gel with GelRed® (GelRed® Nucleic Acid
Gel Stain, Biotium, Fremont, CA, USA) staining. PCR products with the expected size
were purified by a QIAquick PCR Purification Kit (Qiagen, Hombrechtikon, Switzerland)
following the instructions of the manufacturer with an elution volume of 30 µL. Finally, the
DNA concentration was measured on the NanoDropTM OneC (Thermo Fisher Scientific,
Waltham, MA, USA), and sent to Microsynth (Balgach, Switzerland) for Sanger sequencing.

2.6. Data Availability

The nucleotide sequences of the coronaviruses detected in this study were registered
at GenBank under accession numbers ON325307–ON325310. All raw sequencing data were
uploaded to the Sequence Read Archive (SRA) under accession number PRJNA835632.

3. Results

The results present the unbiased virome of three bat colonies and the evolution of
selected virus genomes over three years.

3.1. Virome Analysis

In total, 1.69 × 108 raw sequencing reads were generated with an average of 2.17 × 107

reads per sample (range from 1.27 × 107 to 3.27 × 107 reads per sample) and analyzed
using a reference-based assembly. The raw sequencing reads also included sequences
of bacteriophages and plant viruses, which were excluded from further analysis. From
the total number of reads, 2.76 × 106 (1.63%) were classified as viral, of which 1.57 × 106

(57%) were determined as viruses from vertebrates and 1.19 × 106 (43%) as viruses from

https://www.ncbi.nlm.nih.gov/tools/primer-blast/
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invertebrates. Figure 1 shows a general overview of the different virus families from
vertebrates and invertebrates found in the different colonies and years. Figure 2 and
Supplementary Figures S1–S3 represent heatmaps of specific viruses of each colony aligned
to a collection of viral reference sequences. The reads classified as viral were assembled to
22 different virus families, i.e., 9 from vertebrates, 9 from invertebrates, and 4 families with
members infecting vertebrates or invertebrates.
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The virus sequences identified at least at one sampling time point in the AG colony be-
longing to 15 different virus families (Figure 1). Of these, seven families are known to infect
vertebrates, including Adenoviridae, Cirvoviridae, Coronaviridae, Nairoviridae, Peribunyaviridae,
Picornaviridae, and Polyomaviridae, and five families are known to infect invertebrates, in-
cluding Alphatetraviridae, Dicistroviridae, Iflaviridae, Nodaviridae, and Polycipiviridae. Three
of the virus families found include members that can infect vertebrates or invertebrates,
including Genomoviridae, Parvoviridae, and unclassified viruses. Five families of DNA
viruses were identified, i.e., Adenoviridae, Circoviridae, Genomoviridae, Parvoviridae, and
Polyomaviridae, along with nine families of RNA viruses, i.e., Coronaviridae, Nairoviridae,
Peribunyaviridae, Picornaviridae, Alphatetraviridae, Dicistroviridae, Iflaviridae, Nodaviridae, and
Polycipiviridae. The unclassified viruses included both RNA and DNA viruses. Sequence
reads from seven different virus families, i.e., Circoviridae, Coronaviridae, Genomoviridae,
Polyomaviridae, Iflaviridae, Parvoviridae, and unclassified viruses, were found at all three
time points. Seven others, including Adenoviridae, Genomoviridae, Peribunyaviridae, Parvoviri-
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dae, Alphatetraviridae, Dicistroviridae, and Nodaviridae, were only found at two time points.
The remaining four, including Nairoviridae, Picornaviridae, Polycipiviridae, and unclassified
viruses from vertebrates, were detected at just a single time point. Among the sequences
from viruses infecting vertebrates, reads from Coronaviridae and Circoviridae were the most
abundant. Specifically, sequences from a MERS-related CoV that was detected in this
colony in 2019 [39] were also detected in high numbers in 2020 and 2021. Reads from
bat-associated circovirus (aligned to MT815982) were also found at all three time points
and at high numbers (Figure 2A). Among the reads from viruses infecting invertebrates,
Iflaviridae, Alphatetraviridae, and Polycipiviridae were the most abundant, although the read
numbers varied greatly between the different sampling time points (Figures 1 and S1).

In the GR colony, viral reads belonging to 15 different families were identified for at
least at one sampling time point (Figure 1). Although this number is identical to that of the
AG colony, the specific virus families only partial overlap. Of the 15 families, 6 are known
to infect vertebrates, including Adenoviridae, Circoviridae, Hepadnaviridae, Peribunyaviridae,
Picornaviridae, and Reoviridae, and 6 families are known to infect invertebrates, including
Birnaviridae, Dicistroviridae, Iflaviridae, Nodaviridae, Nudiviridae, and Polycipiviridae. Three
of the virus families found include members that can infect vertebrates or invertebrates,
including Genomoviridae, Parvoviridae, and unclassified viruses. Six families of DNA viruses
were identified, i.e., Adenoviridae, Circoviridae, Genomoviridae, Hepadnaviridae, Parvoviridae,
and Nudiviridae, and eight families of RNA viruses, i.e., Peribunyaviridae, Picornaviridae,
Reoviridae, Birnaviridae, Dicistroviridae, Iflaviridae, Nodaviridae, and Polycipiviridae. The unclas-
sified viruses included both RNA and DNA viruses. Ten virus families, i.e., Adenoviridae,
Circoviridae, Genomoviridae, Parvoviridae, Peribunyaviridae, Reoviridae, Birnaviridae, Dicistro-
viridae, Iflaviridae, and unclassified viruses, were detected at both collection time points,
whereas five virus families, including Hepadnaviridae, Picornaviridae, Nodaviridae, Nudiviridae,
and Polycipiviridae, were just found at a single time point. Among sequences from viruses
infecting vertebrates, reads from the Genomoviridae family, specifically Pteropus-associated
gemycircularvirus 10 (aligned to NC_038493), were the most abundant (Figures 1 and 2B).
Among the reads from viruses infecting invertebrates, the Parvoviridae family (mainly
aligned to mosquito densovirus, NC_015115) was most abundant (Figure S2).

The number of different virus families identified in the LU colony was 15, as in the AG
and GR colonies, and again, the different families only partially overlapped (Figure 1). Of
these, seven families are known to infect vertebrates, including Adenoviridae, Astroviridae,
Circoviridae, Coronaviridae, Picornaviridae, Polyomaviridae, and unclassified viruses, and five
families are known to infect invertebrates, including Bacculoviridae, Dicicstroviridae, Iflaviri-
dae, Iridoviridae, and Polycipiviridae. Three of the virus families found include members that
can infect vertebrates or invertebrates, including Genomoviridae, Parvoviridae, and Reoviridae.
Seven families of DNA viruses were identified, i.e., Adenoviridae, Circoviridae, Genomoviridae,
Parvoviridae, Polyomaviridae, Bacculoviridae, and Iridoviridae, along with seven families of
RNA viruses, i.e., Astroviridae, Coronaviridae, Picornaviridae, Reoviridae, Dicistroviridae, Iflaviri-
dae, and Polycipiviridae. The unclassified viruses included both RNA and DNA viruses.
Sequence reads from ten different virus families, i.e., Adenoviridae, Circoviridae, Coronaviridae,
Genomoviridae, Parvoviridae, Polyomaviridae, Dicistroviridae, Iflaviridae, Polycipiviridae, and un-
classified viruses, were detected at all three time points. Sequence reads from three different
virus families, i.e., Picornaviridae, Iridoviridae, and Reoviridae from vertebrates, were found
at two time points. The remaining virus families, Bacculoviridae, Astroviridae, and Reoviridae
from invertebrates, were found at a single time point. Among the sequences from viruses
infecting vertebrates, reads from Genomoviridae, Parvoviridae, and Circoviridae were the most
abundant. One of the viruses with a constantly high read abundance over the years was a
CoV belonging to the genus alpha-coronavirus (aligned to MN065811) (Figure 2C). Although
the reads per million (RPM) was consistently high, the genome coverage in the year 2020
was poor.
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As in the AG colony, bat-associated circovirus (aligned to MT815980) was the most
abundant virus from vertebrates and showed the same RPM pattern, with the highest
number in 2020 (Figure 2C).

3.2. Variability of Selected Genomes and ORFs over Time

We analyzed SNVs and amino acid substitutions in single-sequence reads of selected
DNA and RNA viruses of vertebrates relative to reference genomes (Tables 1 and 2).

Table 1. SNVs detected in selected DNA viruses found in the bat colonies. Genes are shown with the
length and number of synonymous (s)/non-synonymous (ns) nucleotide (nt) substitutions.

Colony Virus Gene Length nt-Substitutions
s/ns

AG

Bat circovirus
Rep 920nt 2/0

Cap 845nt 5/0

Bat-associated circovirus
Rep 920nt 10/3

Cap 779nt 14/0

Pipistrellus pipistrellus
polyomavirus LTAg 2’512nt 1/0

GR AAV2

Rep68 1’609nt 0/2

Rep78 1’865nt 0/2

Rep20 937nt 0/2

Rep52 1’193nt 0/2

Starling circovirus Cap 830nt 1/0

LU

Cyclovirus Rep 830nt 0/6

Circovirus Rep 830nt 3/3

Dependoparvovirus Cap 494nt 3/1

Bat AAV Cap 2’175nt 2/2

Murine-associated porcine bocavirus
NP1 599nt 1/0

VP1 1’850nt 3/0

3.2.1. Variability of Selected DNA Virus Genomes

In the AG colony, sequences aligned to two different circoviruses (bat circovirus isolate
Acheng30, NC_035799, and bat-associated circovirus isolate BatACV/BtVm/Switzerland/2019,
MT815982) and one polyomavirus (pipistrellus pipistrellus polyomavirus 1 PyV8-SHZC27,
LC426677) were analyzed (Table 1). In the gene for the replication protein (rep) of the bat-
associated circovirus, only three non-synonymous nucleotide substitution were detected out of
a total of 13 substitutions. In the sequences encoding the late T-antigen of the polyomavirus,
only a single synonymous nucleotide substitution was observed.

In the GR colony, changes in the sequences aligned to adeno-associated virus 2 (AAV2,
AF043303) and starling circovirus (DQ172906) were analyzed (Table 1). In four genes of
AAV2, i.e., rep68, 78, 40, and 52, two non-synonymous nucleotide substitutions per gene
were identified. In the circovirus, only one synonymous nucleotide substitution in the
capsid protein (cap) was found.

In the LU colony, sequences aligned to five different viruses, i.e., cyclovirus TsCyV-
1_JP-NUBS-2014 (NC_027530), circovirus sp. strain UK03/Ukr/2014 (KY302871), depen-
doparvovirus sp. strain Neo1306140 (MF579866), bat AAV isolate 09YN (MH167452), and
murine-associated porcine bocavirus isolate MAPBV/NYC/2014/M074/0626 (MF175076)
were analyzed (Table 1). In the rep genes of both the cyclovirus and the circovirus, six
nucleotide substitutions were detected. All substitutions in the cyclovirus rep sequences
were non-synonymous, while three of the six substitutions in the circovirus genome were
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non-synonymous. In dependoparvovirus, four nucleotide substitutions were detected, of
which one was non-synonymous. The cap gene of bat AAV had two non-synonymous
mutations. In bocavirus NP1, VP1, and VP2 genes, none of the seven detected nucleotide
substitutions resulted in an amino-acid change.

Table 2. SNVs detected in selected RNA viruses found in the bat colonies. Genes are shown
with the length and the number of synonymous (s)/non-synonymous (ns) nucleotide (nt) and
novel substitutions.

Colony Virus Gene Length nt-Substitutions
s/ns Novel

AG MERS-related CoV

ORF1ab 21’322nt 172/14 14

S 4’049nt 9/3 3

ORF4a 284nt 0/1 1

ORF4b 698nt 1/1 1

ORF5 683nt 3/1 1

E 248nt 2/0 0

M 656nt 8/0 0

N 1’301nt 8/2 2

ORF8b 581nt 1/4 3

GR

Bat rotavirus
NSP3 942nt 1/0 0

VP4 2’331nt 1/0 0

Mammalian
orthoreovirus

S1 1’417nt 0/1 1

L3 3’901nt 1/0 0

LU Alpha CoV

ORF1ab 20’230nt 184/35 20

S 4’094nt 75/24 23

ORF3 674nt 5/7 2

E 230nt 1/0 0

N 1’259nt 0/2 2

3.2.2. Variability of Selected RNA Virus Genomes

In the AG colony, sequences aligned to a MERS-related CoV (MG021452) were found
at all three time points. According to phylogenetic analyses based on the RNA-dependent
RNA polymerase (RdRp) gene, this virus sequence clustered with and showed the highest
similarity (approx. 87%) to a MERS-related CoV genome from China (MG021452) (Figure 3).

As there was some variation of the genome coverage over the three years—77% in
2019, 86% in 2020, and 91% in 2021—only sequences that were identified in at least two
years were analyzed for SNVs. Of the 186 substitutions found in the ORF1ab gene, 14
were non-synonymous and 14 were novel (Table 2). A substitution was classified as novel
when it was not previously present in the dataset. In the gene encoding the spike (S)
protein, 12 substitutions were identified, of which 3 were non-synonymous and 3 were
novel. In ORF4a and b, one non-synonymous substitution was detected in each gene, and
in both genes, one substitution was novel. In ORF5, one out of four substitutions was
non-synonymous and one substitution was novel. In genes encoding the envelope (E) and
membrane (M) proteins, all substitutions were synonymous, while for the gene encoding
the nucleocapsid (N) protein, 2 out of 10 substitutions detected were non-synonymous and
2 were novel. Finally, for ORF8b, five substitutions were identified, of which four were
non-synonymous and three were novel (Table 2).
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algorithm based on the Tamura–Nei model with the 1000 replications bootstrap method. Only
values ≥ 70% are displayed. Evolutionary analyses were conducted in MEGA X.

The substitutions were distributed equally over the genome, except for the locus
encoding the spike protein and the ORF3, which showed a lower number of substitutions
(Figure 4). However, this is likely an artifact because the genomic region was only covered
in the NGS data from the 2020 sample. To overcome this issue, we RT-PCR amplified and
Sanger sequenced the genomic region encoding the spike protein from samples collected
at all three time points. The analysis revealed that of the 429 substitutions, 333 were
synonymous and 96 were non-synonymous. The majority of substitutions were found in
the N-terminal domain (NTD) and the receptor-binding domain (RBD), while there were
fewer in the S1 and S2 subdomains (SD-1 and SD-2) (Figure 5). The non-synonymous
substitutions were equally distributed over the regions of NTD and RBD, whereas the
distribution of non-synonymous substitutions in the region of the SD-1 and SD-2 showed
a gap.
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Figure 5. Overview of SNVs distributed over the spike protein locus (arrow) of MERS-related-
CoV from the AG colony based on RT-PCR and Sanger sequencing. The domains (N-terminal
domain of the S1 subunit (NTD); receptor-binding domain of the S1 subunit (RBD); subdomains
of S1 and S2 subunits (SD-1 and SD-2)) were predicted by ClustalW alignment to the homologous
regions of available MERS-related CoVs. Each triangle indicates an SNV; green, synonymous;
red, non-synonymous.

The MERS-related CoV contig of 2019 had previously been uploaded to GenBank
(MT818221). The contig of 2020, which was covered completely (30’047 nt), and of 2021,
which was partial (25’618 nt), are uploaded now, as well, and can be found under accession
numbers ON325307 and ON325308, respectively.

In the GR colony, one synonymous nucleotide substitution was identified in each of
two bat rotavirus segments encoding NSP3 (aligned to MN433625) and VP4 (aligned to
MN433620). In the two mammalian orthoreovirus segments sequenced, one substitution
was synonymous (L3, aligned to KU194660), and the other was non-synonymous and also
novel (S1, aligned to JQ979272) (Table 2). However, it is important to mention that the
coverage for both viruses in the year 2021 was low.

In the LU colony, sequences aligned to alpha-CoVs (MN535733 and MN535734) were
found at all three time points and were chosen for further analysis. According to phylo-
genetic analysis based on the NS12 gene, these virus genomes clustered together in the
phylogenetic tree and showed similarity (approx. 83%) to an alpha-CoV genome from
China (OM030318), which is a member of the genus alpha-coronavirus, subgenus unclassified
alpha-coronavirus (Figure 6). In the ORF1ab, 219 substitutions were detected, of which
35 were non-synonymous and 20 were novel (Table 2). In the gene encoding the spike pro-
tein, 99 substitutions were identified, of which 24 were non-synonymous and 23 were novel.
In ORF3, 12 nucleotide substitutions were detected, of which 7 were non-synonymous
and 2 were novel. In the gene encoding the envelope protein, only one substitution was
detected, which was synonymous and not novel. Finally, the two substitutions in the gene
encoding the nucleocapsid protein were both non-synonymous and novel (Table 2). Contigs
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from the de novo analysis were uploaded to GenBank under accession numbers ON325309
(2019; 27’932 nt, full genome) and ON325310 (2021; 27’259 nt, almost complete).
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Figure 6. Phylogenetic tree based on nucleotide sequence identity of the NS12 protein (which
includes RdRp) of selected alpha-coronaviruses. Sequences found in this study are marked by black
dots. Phylogenetic analysis was performed using the Maximum likelihood algorithm based on the
Tamura–Nei model with the 1000 replications bootstrap method. Only values ≥ 70% are displayed.
Evolutionary analyses were conducted in MEGA X.
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In comparison to the MERS-related CoV from the AG colony, the substitutions were
more evenly distributed over the genome in alpha-CoV from the LU colony and were more
frequently non-synonymous (Figures 4 and 7). However, in alpha-CoV, the nucleocapsid
protein was less covered in the sequence from 2020. Of the 230 substitutions detected in the
MERS-related CoV, 26 (11.3%) were non-synonymous, while of the 333 substitutions in the
alpha-CoV genome, 68 (20.4%) were non-synonymous. The number of novel substitutions
detected was comparable in alpha-CoV (47, 14.1%) and MERS-related CoV (25, 10.9%)
(Table 2, Figures 4 and 7).
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4. Discussion

NGS and metagenomic analysis of ground stool samples of three different bat colonies
of the species Rhinolophus hipposideros, Vespertilio murinus, and Myotis myotis sampled over
three years identified genome sequences of 22 different virus families infecting vertebrates
or invertebrates. A comparable number of virus families infecting vertebrates has been
found in similar studies from the United States, South Africa, and French Guiana [35,36,58].
Viruses of vertebrates detected in our study, i.e., Coronaviridae, Adenoviridae, Circoviridae,
and Parvoviridae, have been repeatedly detected in studies from Croatia, the United States,
and China [12,34,36,40,59]. However, as opposed to these other reports, genomes of viruses
that belong to the Rhabdoviridae, Retroviridae, and Poxviridae were not detected in our
study. Circoviridae and Genomoviridae were the only viruses of vertebrates detected in all
colonies and at all time points. Virus genomes from these two families were also the most
abundant in a recent study from Argentina [37]. Nonetheless, direct comparison of viral
diversity between various studies is challenging, since many factors, i.e., sample size, type,
preparation, in silico analysis, bat species, location, and health of the bats, may affect
virus composition.

Insectivorous bats hunt for prey in areas close to their roosting place. The presence
and abundance of particular types of insects changes across seasons and from year to
year. Indeed, no single virus species has been detected at two time points, although the
diversity of viruses from invertebrates detected in each colony in our study was vast and
several members of Iflaviridae and Parvoviridae were present in all years and all colonies
(Figure 1). Viruses belonging to the family Iflaviridae can infect members of the orders
Lepidoptera, Hymenoptera, Hemiptera, and Diptera [60–66]. Members of Parvoviridae, subfamily
Densovirinae, infect invertebrates of six orders, including Blattodea, Diptera, Hymenoptera,
Hemiptera, Lepidoptera, and Orthoptera [67], which are the main source of food for the bat
species analyzed here [27]. In the GR colony, a high abundance of members of the subfamily
Densovirinae was detected, similar to a previous study from China that also analyzed fecal
samples [68].

The composition of virus genomes was similar in the three colonies, although each
colony consisted of a different bat species. The ratio of virus families infecting vertebrates
and invertebrates was 10 to 8 for AG and LU, and 9 to 9 for GR (Figure 1). Of note, some
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virus families consist of members that infect vertebrates (e.g., subfamily Parvovirinae within
Parvoviridae) and other members that infect invertebrates (e.g., Densovirinae within Par-
voviridae). Some virus families were detected in all colonies at least once. Among viruses
infecting vertebrates, these included Circoviridae, Genomoviridae, Parvoviridae, Adenoviridae,
Picornaviridae, and unclassified viruses. Among viruses infecting invertebrates, these in-
cluded the Iflaviridae, Dicistroviridae, Parvoviridae, Polycipiviridae, and Genomoviridae. Viruses
belonging to Circoviridae, Adenoviridae, and Parvoviridae are frequently detected in bats all
over the world regardless of the species [8,9,36,58,69,70]. In our study, only Genomoviridae,
Circoviridae, Iflaviridae, and Parvoviridae were detected in all colonies and at all time points.
Adenoviridae, Parvoviridae, Dicistroviridae, and Genomoviridae were present at three time
points in one colony (LU) and at two time points in the AG (likely because of the low read
number obtained from that colony in 2020) and GR colonies (only two sampling time points
available). Some virus families, e.g., Polyomaviridae and Nairoviridae, were detected just
once or in two non-consecutive years. Nairoviridae, especially the genus Orthonairovirus,
are known to use arthropods as hosts, and to be transmitted from there to mammals, birds,
and bats [71]. Members of this family were found in the Vespertilio murinus bats of the AG
colony in 2020 as well as in several other bat species in different countries, such as Eptesicus
nilsonii in Germany and Pipistrellus pipistrellus and Myotis mystacinus in France [31,72].
Similarly, members of the family Polyomaviridae are well known to infect bats of multiple
species and countries [33,73–75] and were also detected at all time points in the AG and LU
colonies in our study. In the GR colony, polyomaviruses were not detected, although these
viruses have been detected previously in bats of the genus Rhinolophus [76]. The differences
found between the colonies may be due to the differences concerning the bat species, the
environment, the hunting territory, and/or food availability.

Migratory behavior may increase contact with animals and pathogens and conse-
quently increase the number of viruses. However, in our analysis of sedentary (Rhinolophus
hipposideros and Myotis myotis) and migrating species (Vespertilio murinus), no gross differ-
ences in relative numbers of viral sequences were observed. It has previously been shown
that the virome of migrating species is not remarkably abundant, and that migration can
indeed lower infection risk because animals leave contaminated habitats, and infected and
sick animals may remain behind or may not survive migration [39,77].

Coronaviridae members were consistently detected in the colonies of AG and LU over
the three years. Both alpha- and beta-CoVs were found in previous studies performed
on bat samples from many locations in Europe [78–84]. MERS-related-CoV was detected
at all three time points, with the highest number of reads in 2020; the number of reads
slightly decreased in 2021. So far, no human-pathogenic beta-CoVs have been isolated from
bats in Europe. However, the viruses previously identified share 76–83% similarity with
SARS-CoV, MERS-CoV, and SARS-CoV-2 [43,83,85,86]. The MERS-related-CoV sequence
consistently found in all three years in the AG colony in our study showed the highest
similarity (approximately 87%) to a MERS-related-CoV genome from China (MG021452).
The AG colony is not accessible to the public, and contact with intermediate hosts in this
region, and therefore a spillover event, is rather unlikely. It has been demonstrated that
bats are the original reservoir host of MERS-CoV, and that dromedaries or camels can
serve as intermediate hosts [18,87–89]. MERS-CoV uses the receptor human-dipeptidyl-
peptidase-4 (hDPP4) for cell entry; however, most of the circulating MERS-related-CoV
strains found in bats cannot bind hDPP4 properly and therefore likely use another receptor
for cell entry [90,91]. Most importantly, MERS-related CoVs are not known to infect
humans [85,90]. Nevertheless, Lau et al. showed that Tylonicteris-bat-CoV-HKU4 (Ty-
BatCoV-HKU4), a Merbecovirus isolated from bats in southern China, can use hDPP4 as well
as dromedary-camel-DPP4 (dc-DPP4) and Tylonicteris pachypus-DPP4 (Tp-DPP4) for cell
entry and can infect hDPP4-transgenic mice [92,93]. As MERS-CoV can use only hDPP4
and dc-DPP4 but not Tp-DPP4 for cell entry, this indicates a risk that Ty-BatCoV-HKU4
may overcome the species barrier and may have the potential for direct bat-to-human
transmission [93].
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RNA viruses are predominant in the emergence of new diseases due to high mutation
rates, which lead to the appearance of new mutants with increased fitness, highly diverse
populations, and finally, easier adaptation to new hosts and outbreak events [94,95]. During
the SARS-CoV pandemic, the virus may have been transmitted from bats to civets (an
amplification host) and finally to humans [16,96]. Therefore, tracing the evolution of
RNA viruses, especially CoVs, is of utmost importance. Many CoV sequences have been
found since the SARS pandemic in 2003, allowing investigation of virus development
over time in different locations and hosts. Furthermore, multiple studies following the
emergence of new variants in the human population and with focus on the mutations of
viruses in vitro have been conducted [93,97–104]. However, in vitro studies are performed
under sterile conditions without the influence of multiple viral and bacterial co-infections
as is commonly reported in bat samples and that can be insignificant, detrimental, or
even beneficial for some viruses. Furthermore, the exact number of replication cycles is
known in laboratory settings, while in the natural environment it can be only estimated.
This might be an advantage regarding the accuracy of results and the ability to compare
between different studies because the circumstances can be neglected in the interpretation
of the results. However, in vitro discoveries cannot always be applied to the natural
situation. For example, Lau et al. showed evidence that MERS-CoV isolated from bats
was able to directly infect cells via the hDPP4 receptor [93]. However, no such direct
transmissions have been reported in the natural environment. Various factors in the
natural environment can influence host and infection dynamics, i.e., stress, lack of food
and habitat, high animal density, which enables the introduction of new variants in a
population, or multiple coinfections within individuals, which can lead to recombination
events. Furthermore, intrinsic factors such as sex, age, breeding, and general health status
may play a role in virus infection and surveillance [2,24–26], factors which cannot be
mimicked in in vitro conditions.

The most important aspect of our work is that we can investigate virus genome evolution,
including that of alpha- and beta-CoVs, in the natural reservoir species and environment. The
substitution rate of both alpha- and beta-CoVs detected in this study was within the range
of previously described values from 2 × 10−2/nt/year to 1 × 10−5/nt/year [105–107]. The
general substitution rate of MERS-related-CoV was slightly lower (3.8 × 10−3/nt/year) than
that of alpha-CoV (5.9 × 10−3/nt/year). This difference may be due to the poorer coverage
of MERS-related CoV in 2019. Moreover, the number of novel and non-synonymous substi-
tutions in alpha-CoV was also higher than in MERS-related CoV. The absolute numbers of
substitutions in both MERS-related- and alpha-CoV were highest in ORF1ab, followed by the
genes encoding the spike protein and the nucleocapsid protein, and correlated well with the
substitutions found in SARS-CoV-2 genomes of human origin [108]. The absolute numbers of
substitutions correlated directly with the length of the genes. The relative numbers of substitu-
tions in the alpha-CoV genome were the highest in the spike protein with 1.2 × 10−2/nt/year,
followed by ORF1ab and the genes encoding the envelope and nucleocapsid proteins with
5.4 × 10−3/nt/year, 2.17 × 10−3/nt/year, and 7.9 × 10−3/nt/year, respectively. The spike
protein is known as a mutational hotspot [109–112]. Due to poorer coverage of the spike pro-
tein sequences in MERS-related CoV, not many substitutions were detected by NGS. However,
Sanger sequencing of RT-PCR products from the genome region encoding the spike protein
amplified from samples collected in the three consecutive years showed 429 substitutions, of
which 96 were non-synonymous.

These data cannot be directly compared to the NGS data, which provide high se-
quencing depth at each nucleotide, while the Sanger sequencing data represent “frozen”
sequences assembled from five overlapping RT-PCR products that are likely derived from
multiple virus genomes. Nevertheless, Sanger sequencing shows that the spike protein
region of MERS-related CoV is also highly variable and contains regions with higher fre-
quencies of substitutions. Most interestingly, comparable regions with mutational hotspots
were also found in a previous study of the genomes of SARS-CoV-2 from humans [113],
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although the overall number of nt substitutions was much lower in that report compared
to our data.

Many studies have been performed to better understand the mutation pattern of SARS-
CoV-2 and the dynamics of CoV evolution in the human population worldwide [107,114,115].
Qualitatively, the mutation pattern of the virus genomes from bats analyzed in this study was
surprisingly comparable to that of other CoVs from humans [105,106,108,109,111,112] despite
the differences in physiology, lifestyle, and environmental factors of the two different species.
Bats are known to harbor viruses without showing any clinical signs. Their immune system is
believed to have adapted to their unique biological and physiological characteristics, such as
flight, longevity, and formation of large colonies. Moreover, their immune system is able to
adapt and cope with viral infections over a long time of co-evolution, as they phylogenetically
belong to the oldest species of mammals. Indeed, bats can control viral replication more
effectively than other mammals [8,116–118].

Bats live in large, closed colonies where introducing new viruses to the population is
difficult. However, once a new virus has been introduced, it may infect many individuals,
which can lead to an increased number of replications and variants. Nevertheless, strains
from different locations of bat SARS-like-CoV have similarities of approx. 90%, including
strains identified in Russia and Bulgaria [80,83]. Humans, on the other hand, have much
more open social structures compared to bats. Travel and contact with many random
individuals may lead to effective spreading of virus and rising numbers of variants. While
in human studies, mostly a single CoV variant is analyzed since samples are collected
from individuals, in bat colonies, we can anticipate that several circulating variants are
sequenced from the collection of fecal mixture from many bats.

In the DNA viruses found in our study, the number of substitutions was, as expected,
relatively small, and the majority were synonymous, with one exception. Of the 12 nu-
cleotide substitutions found in the rep genes of AAV2, 10 were non-synonymous. It is well
known that parvoviruses such as parvovirus B19 in humans mutate at a much higher fre-
quency than other DNA viruses [119–122]. This appears to also hold true for parvoviruses
in bats.

Circovirus genomes were detected in all three colonies. The number of substitutions in the
cap ORF of GR and AG was small and all were synonymous. However, of the substitutions found
in the rep sequences analyzed, some were non-synonymous. The number of substitutions per
location and year was higher in the circoviruses in our study, with a rate of 6.02 × 10−4/nt/year
to 7.9 × 10−3/nt/year, compared to previously reported values in porcine circovirus 3 (PCV3)
of 2.35 × 10−5/nt/year to 7.32 × 10−4/nt/year [123–125], but comparable to that of psittacine
beak and feather disease virus (PBFDV) (3.41 × 10−3/nt/year, [126]). It has been suggested that
circoviruses may tolerate higher substitution rates than other DNA viruses due to their small
genomes and low probability of accumulating deletions [127,128]. The vast diversity among
PBFDV genomes supports the theory that viral evolutionary rates are not just dependent on the
activity of high-fidelity polymerase, but also on genome architecture. Specifically, the loop-like
DNA structures found in PBFDV may provide important recombination sites [105,126].

The collection of ground stool samples is an easy, noninvasive tool to surveil endemic
bat populations. The gathered metagenomics data expand our knowledge of the variability
of virus composition over time and the evolution of specific virus genomes in a natural
reservoir species. This approach, nevertheless, has some limitations. First, the outcome
and validity of the results can vary depending on the coverage and sequencing depth.
For example, only few reads from RVs were obtained in 2021, which did not allow us to
draw any conclusions on virus evolution. Similarly, the coverage and sequencing depth
specifically from the genome region encoding the spike protein of MERS-related CoV
from the AG colony was highly variable between the three consecutive years, a problem
that was only partially overcome by targeted Sanger sequencing. Second, the colonies
were re-sampled after a long interval; thus, new strains may have been introduced into
the population.
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In conclusion, this study gives insight into the complex diversity, abundance, and
evolution of the virome and of the genomes of particular viruses in three selected bat
colonies and provides a basis for further studies investigating how viruses can change over
time in the natural reservoir host and environment.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/v14091911/s1, Figure S1: Heatmap of specific genomes of viruses
from invertebrates detected in the AG colony; Figure S2: Heatmap of specific genomes of viruses
from invertebrates detected in the GR colony; Figure S3: Heatmap of specific genomes of viruses from
invertebrates detected in the LU colony; Table S1: Database of specific viruses used for the alignment;
Table S2: The primer pairs used for sequencing of the spike protein locus of the MERS-related CoVs
from the Aargau colony including the expected product length.
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72. Brinkmann, A.; Kohl, C.; Radonić, A.; Dabrowski, P.W.; Mühldorfer, K.; Nitsche, A.; Wibbelt, G.; Kurth, A. First detection of
bat-borne Issyk-Kul virus in Europe. Sci. Rep. 2020, 10, 22384. [CrossRef]

73. Tao, Y.; Shi, M.; Conrardy, C.; Kuzmin, I.V.; Recuenco, S.; Agwanda, B.; Alvarez, D.A.; Ellison, J.A.; Gilbert, A.T.; Moran, D.; et al.
Discovery of diverse polyomaviruses in bats and the evolutionary history of the Polyomaviridae. J. Gen. Virol. 2013, 94, 738–748.
[CrossRef]

74. Fagrouch, Z.; Sarwari, R.; Lavergne, A.; Delaval, M.; de Thoisy, B.; Lacoste, V.; Verschoor, E.J. Novel polyomaviruses in South
American bats and their relationship to other members of the family Polyomaviridae. J. Gen. Virol. 2012, 93, 2652–2657. [CrossRef]

75. Misra, V.; Dumonceaux, T.; Dubois, J.; Willis, C.; Nadin-Davis, S.; Severini, A.; Wandeler, A.; Lindsay, R.; Artsob, H. Detection of
polyoma and corona viruses in bats of Canada. J. Gen. Virol. 2009, 90, 2015–2022. [CrossRef]

76. Vidovszky, M.Z.; Tan, Z.; Carr, M.J.; Boldogh, S.; Harrach, B.; Gonzalez, G. Bat-borne polyomaviruses in Europe reveal an
evolutionary history of intrahost divergence with horseshoe bats distributed across the African and Eurasian continents. J. Gen.
Virol. 2020, 101, 1119–1130. [CrossRef] [PubMed]

77. Satterfield, D.A.; Marra, P.P.; Sillett, T.S.; Altizer, S. Responses of migratory species and their pathogens to supplemental feeding.
Philos. Trans. R Soc. Lond. B Biol. Sci. 2018, 373, 20170094. [CrossRef] [PubMed]

78. Lelli, D.; Papetti, A.; Sabelli, C.; Rosti, E.; Moreno, A.; Boniotti, M.B. Detection of coronaviruses in bats of various species in Italy.
Viruses 2013, 5, 2679–2689. [CrossRef] [PubMed]

79. Drexler, J.F.; Corman, V.M.; Drosten, C. Ecology, evolution and classification of bat coronaviruses in the aftermath of SARS. Antivir.
Res. 2014, 101, 45–56. [CrossRef]

80. Drexler, J.F.; Gloza-Rausch, F.; Glende, J.; Corman, V.M.; Muth, D.; Goettsche, M.; Seebens, A.; Niedrig, M.; Pfefferle, S.; Yordanov,
S.; et al. Genomic characterization of severe acute respiratory syndrome-related coronavirus in European bats and classification
of coronaviruses based on partial RNA-dependent RNA polymerase gene sequences. J. Virol. 2010, 84, 11336–11349. [CrossRef]
[PubMed]

81. Rizzo, F.; Edenborough, K.M.; Toffoli, R.; Culasso, P.; Zoppi, S.; Dondo, A.; Robetto, S.; Rosati, S.; Lander, A.; Kurth, A.; et al.
Coronavirus and paramyxovirus in bats from Northwest Italy. BMC Vet. Res. 2017, 13, 396. [CrossRef] [PubMed]

82. Rihtaric, D.; Hostnik, P.; Steyer, A.; Grom, J.; Toplak, I. Identification of SARS-like coronaviruses in horseshoe bats (Rhinolophus
hipposideros) in Slovenia. Arch. Virol. 2010, 155, 507–514. [CrossRef]

83. Alkhovsky, S.; Lenshin, S.; Romashin, A.; Vishnevskaya, T.; Vyshemirsky, O.; Bulycheva, Y.; Lvov, D.; Gitelman, A. SARS-like
Coronaviruses in Horseshoe Bats. Viruses 2022, 14, 113. [CrossRef]

84. Annan, A.; Baldwin, H.J.; Corman, V.M.; Klose, S.M.; Owusu, M.; Nkrumah, E.E.; Badu, E.K.; Anti, P.; Agbenyega, O.; Meyer, B.;
et al. Human betacoronavirus 2c EMC/2012-related viruses in bats, Ghana and Europe. Emerg. Infect. Dis. 2013, 19, 456–459.
[CrossRef]

85. Crook, J.M.; Murphy, I.; Carter, D.P.; Pullan, S.T.; Carroll, M.; Vipond, R.; Cunningham, A.A.; Bell, D. Metagenomic identification
of a new sarbecovirus from horseshoe bats in Europe. Sci. Rep. 2021, 11, 14723. [CrossRef]

86. Ar Gouilh, M.; Puechmaille, S.J.; Diancourt, L.; Vandenbogaert, M.; Serra-Cobo, J.; Lopez Roïg, M.; Brown, P.; Moutou, F.; Caro,
V.; Vabret, A.; et al. SARS-CoV related Betacoronavirus and diverse Alphacoronavirus members found in western old-world.
Virology 2018, 517, 88–97. [CrossRef] [PubMed]

87. Al-Salihi, K.A.; Khalaf, J.M. The emerging SARS-CoV, MERS-CoV, and SARS-CoV-2: An insight into the viruses zoonotic aspects.
Vet. World 2021, 14, 190–199. [CrossRef] [PubMed]

88. Mohd, H.A.; Al-Tawfiq, J.A.; Memish, Z.A. Middle East Respiratory Syndrome Coronavirus (MERS-CoV) origin and animal
reservoir. Virol. J. 2016, 13, 87. [CrossRef] [PubMed]

89. Azhar, E.I.; El-Kafrawy, S.A.; Farraj, S.A.; Hassan, A.M.; Al-Saeed, M.S.; Hashem, A.M.; Madani, T.A. Evidence for camel-to-
human transmission of MERS coronavirus. N. Engl. J. Med. 2014, 370, 2499–2505. [CrossRef] [PubMed]

90. Anthony, S.J.; Gilardi, K.; Menachery, V.D.; Goldstein, T.; Ssebide, B.; Mbabazi, R.; Navarrete-Macias, I.; Liang, E.; Wells, H.; Hicks,
A.; et al. Further Evidence for Bats as the Evolutionary Source of Middle East Respiratory Syndrome Coronavirus. mBio 2017, 8,
e00373-17. [CrossRef]

91. Raj, V.S.; Mou, H.; Smits, S.L.; Dekkers, D.H.; Müller, M.A.; Dijkman, R.; Muth, D.; Demmers, J.A.; Zaki, A.; Fouchier, R.A.; et al.
Dipeptidyl peptidase 4 is a functional receptor for the emerging human coronavirus-EMC. Nature 2013, 495, 251–254. [CrossRef]

http://doi.org/10.1128/JVI.06671-11
http://www.ncbi.nlm.nih.gov/pubmed/22345464
http://doi.org/10.3201/eid1512.090646
http://doi.org/10.1007/s12250-016-3930-2
http://doi.org/10.1099/jgv.0.001485
http://doi.org/10.1038/s41598-020-79468-8
http://doi.org/10.1099/vir.0.047928-0
http://doi.org/10.1099/vir.0.044149-0
http://doi.org/10.1099/vir.0.010694-0
http://doi.org/10.1099/jgv.0.001467
http://www.ncbi.nlm.nih.gov/pubmed/32644038
http://doi.org/10.1098/rstb.2017.0094
http://www.ncbi.nlm.nih.gov/pubmed/29531149
http://doi.org/10.3390/v5112679
http://www.ncbi.nlm.nih.gov/pubmed/24184965
http://doi.org/10.1016/j.antiviral.2013.10.013
http://doi.org/10.1128/JVI.00650-10
http://www.ncbi.nlm.nih.gov/pubmed/20686038
http://doi.org/10.1186/s12917-017-1307-x
http://www.ncbi.nlm.nih.gov/pubmed/29273042
http://doi.org/10.1007/s00705-010-0612-5
http://doi.org/10.3390/v14010113
http://doi.org/10.3201/eid1903.121503
http://doi.org/10.1038/s41598-021-94011-z
http://doi.org/10.1016/j.virol.2018.01.014
http://www.ncbi.nlm.nih.gov/pubmed/29482919
http://doi.org/10.14202/vetworld.2021.190-199
http://www.ncbi.nlm.nih.gov/pubmed/33642804
http://doi.org/10.1186/s12985-016-0544-0
http://www.ncbi.nlm.nih.gov/pubmed/27255185
http://doi.org/10.1056/NEJMoa1401505
http://www.ncbi.nlm.nih.gov/pubmed/24896817
http://doi.org/10.1128/mBio.00373-17
http://doi.org/10.1038/nature12005


Viruses 2022, 14, 1911 21 of 22

92. Luo, C.M.; Wang, N.; Yang, X.L.; Liu, H.Z.; Zhang, W.; Li, B.; Hu, B.; Peng, C.; Geng, Q.B.; Zhu, G.J.; et al. Discovery of Novel Bat
Coronaviruses in South China That Use the Same Receptor as Middle East Respiratory Syndrome Coronavirus. J. Virol. 2018,
92, e00116-18. [CrossRef]

93. Lau, S.K.P.; Fan, R.Y.Y.; Zhu, L.; Li, K.S.M.; Wong, A.C.P.; Luk, H.K.H.; Wong, E.Y.M.; Lam, C.S.F.; Lo, G.C.S.; Fung, J.; et al.
Isolation of MERS-related coronavirus from lesser bamboo bats that uses DPP4 and infects human-DPP4-transgenic mice. Nat.
Commun. 2021, 12, 216. [CrossRef]

94. Moya, A.; Holmes, E.C.; González-Candelas, F. The population genetics and evolutionary epidemiology of RNA viruses. Nat. Rev.
Microbiol. 2004, 2, 279–288. [CrossRef]

95. Woolhouse, M.E.; Gowtage-Sequeria, S. Host range and emerging and reemerging pathogens. Emerg. Infect. Dis. 2005, 11,
1842–1847. [CrossRef]

96. Lau, S.K.; Woo, P.C.; Li, K.S.; Huang, Y.; Tsoi, H.W.; Wong, B.H.; Wong, S.S.; Leung, S.Y.; Chan, K.H.; Yuen, K.Y. Severe acute
respiratory syndrome coronavirus-like virus in Chinese horseshoe bats. Proc. Natl. Acad. Sci. USA 2005, 102, 14040–14045.
[CrossRef] [PubMed]

97. Wu, H.; Xing, N.; Meng, K.; Fu, B.; Xue, W.; Dong, P.; Tang, W.; Xiao, Y.; Liu, G.; Luo, H.; et al. Nucleocapsid mutations
R203K/G204R increase the infectivity, fitness, and virulence of SARS-CoV-2. Cell Host Microbe 2021, 29, 1788–1801.e1786.
[CrossRef] [PubMed]

98. Van Cleemput, J.; van Snippenberg, W.; Lambrechts, L.; Dendooven, A.; D’Onofrio, V.; Couck, L.; Trypsteen, W.; Vanrusselt, J.;
Theuns, S.; Vereecke, N.; et al. Organ-specific genome diversity of replication-competent SARS-CoV-2. Nat. Commun. 2021, 12,
6612. [CrossRef] [PubMed]

99. Rantam, F.A.; Prakoeswa, C.R.S.; Tinduh, D.; Nugraha, J.; Susilowati, H.; Wijaya, A.Y.; Puspaningsih, N.N.T.; Puspitasari, D.;
Husada, D.; Kurniati, N.D.; et al. Characterization of SARS-CoV-2 East Java isolate, Indonesia. F1000Res 2021, 10, 480. [CrossRef]

100. Molina-Mora, J.A.; Cordero-Laurent, E.; Godínez, A.; Calderón-Osorno, M.; Brenes, H.; Soto-Garita, C.; Pérez-Corrales, C.;
Drexler, J.F.; Moreira-Soto, A.; Corrales-Aguilar, E.; et al. SARS-CoV-2 genomic surveillance in Costa Rica: Evidence of a divergent
population and an increased detection of a spike T1117I mutation. Infect. Genet. Evol. 2021, 92, 104872. [CrossRef]

101. Kosuge, M.; Furusawa-Nishii, E.; Ito, K.; Saito, Y.; Ogasawara, K. Point mutation bias in SARS-CoV-2 variants results in increased
ability to stimulate inflammatory responses. Sci. Rep. 2020, 10, 17766. [CrossRef]

102. Liu, Z.; Zheng, H.; Lin, H.; Li, M.; Yuan, R.; Peng, J.; Xiong, Q.; Sun, J.; Li, B.; Wu, J.; et al. Identification of Common Deletions in
the Spike Protein of Severe Acute Respiratory Syndrome Coronavirus 2. J. Virol. 2020, 94, e00790-20. [CrossRef]

103. Gong, Y.N.; Tsao, K.C.; Hsiao, M.J.; Huang, C.G.; Huang, P.N.; Huang, P.W.; Lee, K.M.; Liu, Y.C.; Yang, S.L.; Kuo, R.L.; et al.
SARS-CoV-2 genomic surveillance in Taiwan revealed novel ORF8-deletion mutant and clade possibly associated with infections
in Middle East. Emerg. Microbes Infect. 2020, 9, 1457–1466. [CrossRef]

104. Graepel, K.W.; Lu, X.; Case, J.B.; Sexton, N.R.; Smith, E.C.; Denison, M.R. Proofreading-Deficient Coronaviruses Adapt for
Increased Fitness over Long-Term Passage without Reversion of Exoribonuclease-Inactivating Mutations. mBio 2017, 8, e01503-17.
[CrossRef]

105. Duffy, S.; Shackelton, L.A.; Holmes, E.C. Rates of evolutionary change in viruses: Patterns and determinants. Nat. Rev. Genet.
2008, 9, 267–276. [CrossRef]

106. Woo, P.C.; Huang, Y.; Lau, S.K.; Yuen, K.Y. Coronavirus genomics and bioinformatics analysis. Viruses 2010, 2, 1804–1820.
[CrossRef]

107. Tay, J.H.; Porter, A.F.; Wirth, W.; Duchene, S. The Emergence of SARS-CoV-2 Variants of Concern Is Driven by Acceleration of the
Substitution Rate. Mol. Biol. Evol. 2022, 39, msac013. [CrossRef] [PubMed]

108. Sahin, E.; Bozdayi, G.; Yigit, S.; Muftah, H.; Dizbay, M.; Tunccan, O.G.; Fidan, I.; Caglar, K. Genomic characterization of SARS-
CoV-2 isolates from patients in Turkey reveals the presence of novel mutations in spike and nsp12 proteins. J. Med. Virol. 2021, 93,
6016–6026. [CrossRef] [PubMed]

109. Das, J.K.; Roy, S. A study on non-synonymous mutational patterns in structural proteins of SARS-CoV-2. Genome 2021, 64, 665–678.
[CrossRef] [PubMed]

110. Zhao, L.P.; Lybrand, T.P.; Gilbert, P.B.; Hawn, T.R.; Schiffer, J.T.; Stamatatos, L.; Payne, T.H.; Carpp, L.N.; Geraghty, D.E.; Jerome,
K.R. Tracking SARS-CoV-2 Spike Protein Mutations in the United States (January 2020–March 2021) Using a Statistical Learning
Strategy. Viruses 2021, 14, 9. [CrossRef]

111. Rahbar, M.R.; Jahangiri, A.; Khalili, S.; Zarei, M.; Mehrabani-Zeinabad, K.; Khalesi, B.; Pourzardosht, N.; Hessami, A.; Nezafat,
N.; Sadraei, S.; et al. Hotspots for mutations in the SARS-CoV-2 spike glycoprotein: A correspondence analysis. Sci. Rep. 2021,
11, 23622. [CrossRef]

112. Graham, R.L.; Baric, R.S. Recombination, reservoirs, and the modular spike: Mechanisms of coronavirus cross-species transmis-
sion. J. Virol. 2010, 84, 3134–3146. [CrossRef]

113. Paul, D.; Pyne, N.; Paul, S. Mutation profile of SARS-CoV-2 spike protein and identification of potential multiple epitopes within
spike protein for vaccine development against SARS-CoV-2. Virusdisease 2021, 32, 703–726. [CrossRef]

114. Rouchka, E.C.; Chariker, J.H.; Chung, D. Variant analysis of 1,040 SARS-CoV-2 genomes. PLoS ONE 2020, 15, e0241535. [CrossRef]
115. Kemp, S.A.; Collier, D.A.; Datir, R.P.; Ferreira, I.A.T.M.; Gayed, S.; Jahun, A.; Hosmillo, M.; Rees-Spear, C.; Mlcochova, P.; Lumb,

I.U.; et al. SARS-CoV-2 evolution during treatment of chronic infection. Nature 2021, 592, 277–282. [CrossRef]

http://doi.org/10.1128/JVI.00116-18
http://doi.org/10.1038/s41467-020-20458-9
http://doi.org/10.1038/nrmicro863
http://doi.org/10.3201/eid1112.050997
http://doi.org/10.1073/pnas.0506735102
http://www.ncbi.nlm.nih.gov/pubmed/16169905
http://doi.org/10.1016/j.chom.2021.11.005
http://www.ncbi.nlm.nih.gov/pubmed/34822776
http://doi.org/10.1038/s41467-021-26884-7
http://www.ncbi.nlm.nih.gov/pubmed/34785663
http://doi.org/10.12688/f1000research.53137.1
http://doi.org/10.1016/j.meegid.2021.104872
http://doi.org/10.1038/s41598-020-74843-x
http://doi.org/10.1128/JVI.00790-20
http://doi.org/10.1080/22221751.2020.1782271
http://doi.org/10.1128/mBio.01503-17
http://doi.org/10.1038/nrg2323
http://doi.org/10.3390/v2081803
http://doi.org/10.1093/molbev/msac013
http://www.ncbi.nlm.nih.gov/pubmed/35038741
http://doi.org/10.1002/jmv.27188
http://www.ncbi.nlm.nih.gov/pubmed/34241906
http://doi.org/10.1139/gen-2020-0157
http://www.ncbi.nlm.nih.gov/pubmed/33788636
http://doi.org/10.3390/v14010009
http://doi.org/10.1038/s41598-021-01655-y
http://doi.org/10.1128/JVI.01394-09
http://doi.org/10.1007/s13337-021-00747-7
http://doi.org/10.1371/journal.pone.0241535
http://doi.org/10.1038/s41586-021-03291-y


Viruses 2022, 14, 1911 22 of 22

116. O’Shea, T.J.; Cryan, P.M.; Cunningham, A.A.; Fooks, A.R.; Hayman, D.T.; Luis, A.D.; Peel, A.J.; Plowright, R.K.; Wood, J.L. Bat
flight and zoonotic viruses. Emerg. Infect. Dis. 2014, 20, 741–745. [CrossRef] [PubMed]

117. Baker, M.L.; Schountz, T.; Wang, L.F. Antiviral immune responses of bats: A review. Zoonoses Public Health 2013, 60, 104–116.
[CrossRef] [PubMed]

118. Wilkinson, G.S.; Adams, D.M. Recurrent evolution of extreme longevity in bats. Biol. Lett. 2019, 15, 20180860. [CrossRef]
[PubMed]

119. Kerr, J.R.; Behan, W.M. High mutation rate in the NS1 gene of parvovirus B19 DNA amplified from skeletal muscle of a case of
mixed connective tissue disease. Rheumatology 2002, 41, 833–834. [CrossRef] [PubMed]

120. López-Bueno, A.; Villarreal, L.P.; Almendral, J.M. Parvovirus variation for disease: A difference with RNA viruses? Curr Top
Microbiol. Immunol. 2006, 299, 349–370. [CrossRef]

121. Shackelton, L.A.; Parrish, C.R.; Truyen, U.; Holmes, E.C. High rate of viral evolution associated with the emergence of carnivore
parvovirus. Proc. Natl. Acad. Sci. USA 2005, 102, 379–384. [CrossRef]

122. Abdelrahman, D.; Al-Sadeq, D.W.; Smatti, M.K.; Taleb, S.A.; AbuOdeh, R.O.; Al-Absi, E.S.; Al-Thani, A.A.; Coyle, P.V.; Al-Dewik,
N.; Qahtani, A.A.A.; et al. Prevalence and Phylogenetic Analysis of Parvovirus (B19V) among Blood Donors with Different
Nationalities Residing in Qatar. Viruses 2021, 13, 540. [CrossRef]

123. Franzo, G.; He, W.; Correa-Fiz, F.; Li, G.; Legnardi, M.; Su, S.; Segalés, J. A Shift in Porcine Circovirus 3 (PCV-3) History Paradigm:
Phylodynamic Analyses Reveal an Ancient Origin and Prolonged Undetected Circulation in the Worldwide Swine Population.
Adv. Sci. 2019, 6, 1901004. [CrossRef]

124. Dei Giudici, S.; Franzoni, G.; Bonelli, P.; Angioi, P.P.; Zinellu, S.; Deriu, V.; Carta, T.; Sechi, A.M.; Salis, F.; Balzano, F.; et al. Genetic
Characterization of Porcine Circovirus 3 Strains Circulating in Sardinian Pigs and Wild Boars. Pathogens 2020, 9, 344. [CrossRef]

125. Umemura, T.; Tanaka, Y.; Kiyosawa, K.; Alter, H.J.; Shih, J.W. Observation of positive selection within hypervariable regions of a
newly identified DNA virus (SEN virus)(1). FEBS Lett. 2002, 510, 171–174. [CrossRef]

126. Sarker, S.; Patterson, E.I.; Peters, A.; Baker, G.B.; Forwood, J.K.; Ghorashi, S.A.; Holdsworth, M.; Baker, R.; Murray, N.; Raidal, S.R.
Mutability dynamics of an emergent single stranded DNA virus in a naïve host. PLoS ONE 2014, 9, e85370. [CrossRef]

127. Kundu, S.; Faulkes, C.G.; Greenwood, A.G.; Jones, C.G.; Kaiser, P.; Lyne, O.D.; Black, S.A.; Chowrimootoo, A.; Groombridge, J.J.
Tracking viral evolution during a disease outbreak: The rapid and complete selective sweep of a circovirus in the endangered
Echo parakeet. J. Virol. 2012, 86, 5221–5229. [CrossRef] [PubMed]

128. Johne, R.; Fernández-de-Luco, D.; Höfle, U.; Müller, H. Genome of a novel circovirus of starlings, amplified by multiply primed
rolling-circle amplification. J. Gen. Virol. 2006, 87, 1189–1195. [CrossRef] [PubMed]

http://doi.org/10.3201/eid2005.130539
http://www.ncbi.nlm.nih.gov/pubmed/24750692
http://doi.org/10.1111/j.1863-2378.2012.01528.x
http://www.ncbi.nlm.nih.gov/pubmed/23302292
http://doi.org/10.1098/rsbl.2018.0860
http://www.ncbi.nlm.nih.gov/pubmed/30966896
http://doi.org/10.1093/rheumatology/41.7.833-a
http://www.ncbi.nlm.nih.gov/pubmed/12096244
http://doi.org/10.1007/3-540-26397-7_13
http://doi.org/10.1073/pnas.0406765102
http://doi.org/10.3390/v13040540
http://doi.org/10.1002/advs.201901004
http://doi.org/10.3390/pathogens9050344
http://doi.org/10.1016/S0014-5793(01)03258-6
http://doi.org/10.1371/journal.pone.0085370
http://doi.org/10.1128/JVI.06504-11
http://www.ncbi.nlm.nih.gov/pubmed/22345474
http://doi.org/10.1099/vir.0.81561-0
http://www.ncbi.nlm.nih.gov/pubmed/16603520

	Introduction 
	Materials and Methods 
	Sample Type 
	Sample Preparation and Collection 
	Virome Analysis 
	Comparison of Viruses and Genes 
	Test for Shifts in SNV Frequency 

	Phylogenetic Analysis 
	PCR 
	Data Availability 

	Results 
	Virome Analysis 
	Variability of Selected Genomes and ORFs over Time 
	Variability of Selected DNA Virus Genomes 
	Variability of Selected RNA Virus Genomes 


	Discussion 
	References

