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Introduction: Bats are considered the natural reservoirs of several viruses
including coronaviruses (CoVs), two genera of which, alpha- and
betacoronaviruses, infect humans. Despite widespread screening of bat
samples for novel viruses, information on the diversity of coronaviruses in bats
inhabiting Russian territory remains scarce. Here, we analyzed the presence and
diversity of alphacoronaviruses (Alpha-CoVs) in bats from European Russia.

Methods: Fourty three fecal samples from bats of 8 species: P. nathusii, P. kuhlii,
M. brandltii, M. daubentonii, N. noctula, V. murinus, M. dasycneme, and P. auritus
were taken to study.

Results and discussion: We detected Alpha-CoV RdRp gene fragments in 30%
(13/43) of samples examined in 75% (6/8) of species sampled. Phylogenetic
analysis of RdRp showed that most of the identified Alpha-CoV sequences fall
into clades within the Pedacovirus subgenus, with minor clusters of
nyctacoviruses or myotacoviruses. We assert that closely related pedacoviruses
have been circulating for a long time (from 2015 to 2021) in a large region from
European Russia to Northern Europe. We propose that closely related
pedacoviruses collected from common areas represent a separate species,
which we name NE-Alpha coronavirus, with its host being bats of the genus
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Pipistrellus that inhabit a region from the European part of Russia to Northern
Europe. Among the animals sampled, 4.6% (2/43) carried two Alpha-CoVs
related to different subgenera (pedacovirus/myotacovirus or pedacovirus/
nyctacovirus) simultaneously. We confirmed the presence of two different
Alpha-CoV subgenera related to pedacovirus and nyctacovirus in P. kuhlii
captured in 2021 and kept in captivity using whole genome sequencing of
these viruses. The presence of two or more coronaviruses in one individual
animal host is an essential prerequisite for recombination to occur. We also
obtained two Alpha-CoV whole genomes from two specimens of P. nathusii
captured in 2015. The genomic organization of BatCoV/MOW15-21 and BatCoV/
MOW15-23 was similar to other Alpha-CoVs, but the assembled genomes
contained a long insertion in the ORFlab gene which has not been described
in other Alpha-CoVs, except for a single sequence from P. nathusii captured in
the Netherlands. We propose that the insertion encodes a previously
undescribed domain of unknown function, probably related to the SEA

domain superfamily.
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Introduction

Coronaviruses (CoVs - order Nidovirales, family Coronaviridae,
subfamily Coronavirinae) are enveloped viruses characterized by a
positive-sense, single-stranded RNA genome of approximately 26-
32 kilobases. They are classified into four genera: Alpha- (Alpha-
CoV), Beta- (Beta-CoV), Gamma- (Gamma-CoV), and
Deltacoronavirus (Delta-CoV) (Woo et al., 2009). A wide
diversity of CoVs has been reported from bat host species,
including dozens of strains from bats in Asia, Africa, the
Americas, and Europe. Bats are also the presumed reservoir hosts
of the closest relatives of the zoonotic viruses SARS-CoV and SARS-
CoV-2 (Hu et al, 2015; Wacharapluesadee et al., 2015; Anthony
et al, 2017; Wong et al., 2019).

Two genera of CoVs infect mammals: Alpha-CoVs and Beta-
CoVs (King et al.,, 2011; Woo et al., 2012; Lelli et al., 2013). Alpha-
CoVs include 15 subgenera with 26 species, while Beta-CoVs
include 5 subgenera with 14 species (https://ictv.global/
report_9th/RNApos/Nidovirales/Coronaviridae). Human and
animal coronavirus infections mainly result in respiratory and
enteric diseases (V'kovski et al.,, 2021). To date, seven
coronaviruses which infect humans have been identified. Two of
them are Alpha-CoVs (HCoV-NL63, HCoV-229E), while the other
five are Beta-CoVs (HCoV-OC43, HCoV-HKU1, SARS-CoV,
MERS-CoV, SARS-CoV-2). These Alpha-CoVs and two Beta-
CoVs (HCoV-0OC43, HCoV-HKU1) cause mild respiratory
diseases with a seasonal pattern in humans and phylogenetic
evidence suggests that some of these may have originated in bats
centuries before present (Kesheh et al., 2022).
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Bats are the natural reservoirs of several other viruses, including
emerging viruses with high pathogenic potential for humans or
livestock (Olival et al., 2017). Largescale environmental,
demographic and ecological changes are thought to be the drivers
of increasingly frequent zoonotic diseases that have emerged into
people over the last few decades (Allen et al., 2017). For bat
coronaviruses, these changes likely drive increasing human
contact with bats for food, guano collection, competition over
agricultural resources (e.g. fruit trees), exposure of domestic
animals, and other factors, leading to increased opportunity for
viral spillover (Holmes, 2013; Tao et al., 2017; Wang and Anderson,
2019; El-Sayed and Kamel, 2021). The risk of spillover is likely
heightened for CoVs because of their capacity for recombination,
facilitated by overlap of host species ranges, co-roosting by different
bat species, and the presence of multiple CoV strains in individual
bats (Anthony et al., 2017; Boni et al., 2020; Irving et al., 2021).

Currently, information on the geographic distribution, as well
as geographic relationships of known species/subspecies of
coronaviruses, is fragmentary. Over the past few decades, studies
of European bats have shown that Alpha-CoVs and Beta-CoVs are
present in bats in Italy, Germany, Spain, Luxembourg, the
Netherlands, the United Kingdom, France, Hungary, Denmark,
and Russia (August et al., 2012; Lazov et al., 2021; Tan et al., 2023).
Data on SARS-like coronaviruses in horseshoe bats in the southern
regions of Russia has been published (Alkhovsky et al., 2022). as
well as a MERS-like coronavirus in Pipistrellus nathusii inhabiting
Moscow region (Speranskaya et al., 2023). However, there were no
published studies on the presence and characteristics of Alpha-
CoVs in Russian populations of bats.

frontiersin.org
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Fifty-seven species from 4 families of bats (Vespertilionidae,
Rhinolophidae, Miniopteridae, Molossidae) have been recorded in
Russia (Russian Working Group on Bats, https://zmmu.msu.ru/
bats/rbgrhp/ewelc.html), 16 vespertilionids considered the
commonest (https://zmmu.msu.ru/bats/rbgrhp/ewelc.html).

The aim of this study is to expand our knowledge of the
diversity and distribution of Alpha-CoVs in bats inhabiting
European Russia. describe the phylogeny of these and other
viruses, and elucidate information on their likely geographic
distribution in the region.

Materials and methods
Sample collection

In 2021 fecal samples were collected from 17 bats of 5 species:
Vespertilio murinus (n=9) captured in Moscow and Moscow region;
Mpyotis brandtii (n=3) captured in Kaluga, Moscow region
(Solnechnogorsk) and Joshkar-Ola; Pipistrellus nathusii (n=1) and
Nyctalus noctula (n=1) captured in Moscow; and Pipistrellus kuhlii
(n=3) captured in Rostov-on-Don (Figure 1). Bat capture and
sampling were conducted by professionally trained field staff of
the biology department of Lomonosov Moscow State University.
Samples collected in 2015 (n=26) were also tested in this study.
Detailed description of sample collection of animals captured in
2015 is described in our previous study (Speranskaya et al., 2023).
All bats captured in 2015 (n=26) were released after capture. In total
43 fecal samples were analyzed.

55.6552°,36.7436°
Moscow

Belarus

Ukraine

47.2360",39.677%"
Rostov-on-Don

FIGURE 1

10.3389/fevo.2024.1324605

Animals captured in Rostov-on-Don, Joshkar-Ola, Moscow and
Moscow region in 2021 were kept in captivity during several weeks
of rehabilitation. Bats were housed in individual boxes for each
species and relevant region. Fecal samples, rectal swabs, and
ectoparasites were collected from individual animals using
manual restraint without anesthesia. Species, sex, reproductive
and health status were determined visually by trained field
biologists. Fecal swabs were collected and kept in a transport
media with mucolytic agent (AmpliSens, Russia) for
transportation and stored at 4°C during transportation to the
laboratory. Samples were then stored at —80°C before processing.
The animals were released after the housing period.

Library preparation and
high-throughput sequencing

Total RNA sequencing was performed for collected fecal
samples. RNA was extracted using the QIAamp Viral RNA Mini
Kit (Qiagen, Germany). RNA carrier was dissolved in AVE buffer
and added to AVL buffer according to manufacturer’s
recommendations before extraction. Fecal samples (140 uL) were
added to the prepared AVL buffer with carrier RNA-Buffer AVE.
Further steps were performed according to the original protocol.
RNA was eluted with 60 puL of AVE buffer and stored at -70°C until
analysis. First strand cDNA was obtained using the NEBNext Ultra
IT RNA First Strand Synthesis Module (NEB, England). Second
strand cDNA was obtained using NEBNext Ultra' = II Non-
Directional RNA Second Strand Synthesis Module (NEB,

56,6362 ,47, 0000
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54.5301°, 36, 2687

Russian regions where bats were captured in 2015 and 2021. Figure is built with plot.ly (https://plot.ly).
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England). End preparation was performed with NEBNext End
Repair Module which is a part of NEBNext Ultra II DNA Library
Prep Kit for Illumina (NEB, England). MGIEasy DNA Adapters
(MGI, China) in the amount of 1.5 ul were ligated to double
stranded ¢cDNA using a ligation module which is also a part of
NEBNext Ultra II DNA Library Prep Kit for Illumina (NEB,
England). Libraries were then amplified with PCR Primer Mix
and PCR Enzyme Mix from the MGIEasy FS DNA Library Prep Kit.
High throughput sequencing was performed using DNBSEQ-G400
(MGI, China) with DNBSEQ-G400RS High-throughput Rapid
Sequencing Kit (FCS PE100) (MGI, China) and DNBSEQ-
G400RS Rapid Sequencing Flow Cell (FCS) (MGI, China).

Analytical method: bat Alpha-CoV diversity
and prevalence in European Russia

To estimate diversity and prevalence of Alpha-CoV's in bat fecal
samples we performed amplification of RdRp gene fragments for
CoVs, followed by NGS of the amplified fragments as described
previously in (Speranskaya et al., 2023).

Partial genome assembly of Alpha-CoVs

MGI PE100 raw data obtained from Pipistrellus kuhlii (sample
Ne132) collected in 2021 was used to assemble partial genomes of
two coronaviruses. The quality of the raw reads was assessed with
FastQC (Andrews, 2010). Trimming was performed using fastp
with default parameters (Chen, 2023). Reads aligned with hisat2
(Kim et al,, 2019) to the human genome hg38p105 were excluded
from analysis, and reads aligned to the RdRp palm fragment base
(palmDB) (Edgar et al., 2022) with DIAMOND (Buchfink et al,
2021) were further assembled with metaSPAdes (Nurk et al., 2017).
Contigs shorter than 350 bp were discarded from further analysis.
Taxonomic classification of resulting partial assemblies was carried
out Kraken2 (Wood et al, 2019) and its pluspf database, CAT
(https://github.com/dutilh/CAT), the latest version of its database
and blastn (Altschul et al., 1990). Contigs belonging to
Coronaviridae genome were further analyzed. Read mapping was
performed using bowtie2 (Langmead and Salzberg, 2012). The
result of read mapping was visualized using IGV genome browser
(Robinson et al.,, 2011). Genome annotation of assembled Alpha-
CoV contigs was performed using ZCURVE_CoV 2.1 (http://
tubic.tju.edu.cn/sars/) and edited manually.

Complete genome assembly of
Alpha-CoVs

In addition to data from bats captured in 2021, we used
Ilumina PE250 raw data obtained during our previous work
(Speranskaya et al., 2023) to assemble complete genomes of
Alpha-CoVs from bats captured in 2015. The quality of the raw
reads was assessed with FastQC (Andrews, 2010) Paired reads were
filtered with Trimmomatic (Bolger et al., 2014) using parameters
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SLIDINGWINDOW:4:25 MINLEN:40. Genome assembly was
completed by metaSPAdes (Nurk et al, 2017). After trimming,
genome assembly and selection of Coronaviridae sequences we
obtained two contigs with lengths of 20,098 and 10,135 bp.
Coronaviridae sequences were selected by BLASTn (Altschul
et al, 1990) of assembled contigs using all of the available
Coronaviridae genomes as a reference. Read mapping was
performed using bowtie2 (Langmead and Salzberg, 2012). The
result of read mapping was visualized using IGV genome browser
(Robinson et al., 2011). Genome annotation was performed using
two programs, Geneious Prime 2022.1.1 (https://
www.geneious.com) and ZCURVE_CoV 2.1 (http://
tubic.tju.edu.cn/sars/), and edited manually. TRS-L and TRS-B
alignment was performed manually. Prediction of protein
domains and functional sites of the ORFlab was performed using
the online tool InterPro (https://www.eblac.uk/interpro/).

Alignment of the NSP3 region of assembled genomes was
performed using the online program MAFFT version 7 (https://
mafft.cbrcjp/alignment/server/). The genome with a similar
insertion in the NSP3 region (0Q405400.1) and tree sequences
without insertion (0Q401253.1, ON457561.1, MZ218060.10
obtained from GenBank) were aligned and manually reviewed for
the comparison.

Phylogenetic analysis of partial
Alpha-CoV genomes

Maximum likelihood (ML) phylogenetic trees were built for
partial RdRp gene fragments (326-563 bp), full RdRp genes (2700
bp), and full S gene (4100 bp) of assembled contigs and full
genomes. For phylogenetic analysis, we downloaded a dataset of
complete genome references containing 27 Alpha-CoV sequences
related to 12 subgenera presented in the ICTV taxonomy browser
(https://ictv.global/taxonomy) and 6 sequences closest to obtained
RARp gene fragments (acc. num. MG923572.2, MN535734.1,
EU375869.1, MN535733.1, MZ218060.1). Thirteen partial RdRp
fragments were aligned to 27 Alpha-CoVs from ICTV and 5 closest
sequences. Four full RdRp genes, four S gene of assembled contigs
and full genomes were aligned to 27 downloaded sequences using
the alignment program MAFFT version 7 (https://mafft.cbrejp/
alignment/server/index.html) by default. Three phylogenetic trees
were built for aligned regions using IQ-TREE multicore version
2.0.7 with bootstrap (1000 replicates), best-fit model: GTR+F+1+G4
chosen according to BIC. Phylogenetic trees were visualized using
the online website (https://itol.embl.de).

Phylogenetic analysis of complete
Alpha-CoV genomes

For phylogenetic analysis of complete genomes, all sequences
belonging to genus Alphacoronavirus with a genome size from
25,000 nt to 35,000 nt were downloaded from GenBank NCBI. We
excluded sequences belonging to “Porcine epidemic diarrhea virus”
or “Swine acute diarrhea syndrome coronavirus” in order to limit
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the number of genomes. Additionally, we filtered sequences

» o«

containing “porcine”,

» o«

swine”, “transmissible”, or “unverified” in
the title, but one genome of transmissible gastroenteritis virus was
included to represent the Tegacovirus subgenus. Duplicate
sequences have been removed using in-house scripts. Complete
genomes including 155 bat-CoVs, 33 camel-CoVs, 26 canine-CoVs,
72 feline-CoVs, 6 ferret-Covs, 135 human-CoVs, 7 mink-CoVs, 10
rodent-CoVs, 1 alpaca-CoV, 2 shrew-CoVs, and 1 raccoon dog CoV
sequences were taken for analysis. SARS-CoV-2 isolate
Wuhan-Hu-1 was chosen as an outgroup.

The complete genomes, including the newly discovered Alpha-
CoVs, were aligned using Maftt v7.505 (2022/Apr/10) (Katoh et al.,
2018). The maximum likelihood (ML) phylogenetic tree was
constructed using IQ-TREE multicore version 2.0.7 (Minh et al,
2020) with bootstrap (1000 replicates), best-fit model: GTR+F+I
+G4 chosen according to BIC. The phylogenetic tree was visualized
using the online website (https://itol.embl.de).

Results

Pedacoviruses, nyctacoviruses and
myotacoviruses in bats from European
Russia according to RdRp gene
fragment analysis

We analyzed the presence and diversity of Alpha-CoVs in bats
from the European part of Russia in total 43 fecal samples from bats
of 8 species: P. nathusii (n=7), P. kuhlii (n=3), M. brandtii (n=6), M.
daubentonii (n=5), N. noctula (n=5), V. murinus (n=10), M.
dasycneme (n=>5), and P. auritus (n=2). RdRp gene fragments of
Alpha-CoVs were detected in 30% of the investigated samples (13 of
43), in six of eight species of investigated bats. Namely, Alpha-CoV's
were detected in P. nathusii (in 4 of 7 specimens), M. brandtii (1 of

Plecotus
auritus

Myotis
dasycneme

Vespertilio
murinus

Pipistrellus
kuhlii

Nyctalus
noctula

Myotis
daubentonii

Myotis brandtii

Pipistrellus
nathusii

m Number of samples

FIGURE 2
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6), M. daubentonii (3 of 5), N. noctula (1 of 5), P. kuhlii (3 of 3), and
V. murinus (1 of 10). In total, 13 Alpha-CoVs were detected using
RdRp gene fragment sequences (Figure 2). In fecal samples of nine
M. dasycneme bats, as well as in two P. auritus, Alpha-CoVs were
not found.

Two animals carried two different isolates of Alpha-CoVs. One
of these animals, M. daubentonii (sample Ne30 collected in 2015),
contained two RdRp sequences with highest similarity to BtCoV/
18802-1/M.das/DK/2016 from M. dasycneme, Denmark and P.nat/
Germany/D5.73/2007 from P. nathusii, Germany. While the other
bat, P. kuhlii (sample Ne132 collected in 2021), contained a contig
with identity to Alpha-CoVs from bats captured in Denmark and
China (BtCoV/7542-55/P.pyg/DK/2014 from P. pygmaeus,
Denmark and BtNv-AlphaCoV/SC2013 from N. velutinus, China).

Alpha-CoVs were found in bats captured in 2015 (n=38) as well
as in bats captured in 2021 (n=5). RdRp obtained from bats
captured in 2015 have >95% identity with RdRp of different
Alpha-CoVs from bats captured in Northern Europe (in
Denmark, Finland or Germany from 2014 to 2018, for details see
Table 1). Four RdRps found in bats collected in 2021 have 98%
identity to the same sequence (MZ218060.1) obtained from P.
pygmaeus captured in 2014 in Denmark.

In addition to the RdRp data presented in Table 1 firstly, we also
analyzed four Alpha-CoVs from P. nathusii captured in 2015
mentioned in our published study (Speranskaya et al, 2023),
namely OR241431, 0Q725981, 0Q725982, and 0Q725987. All of
these four RdRp sequences had >98% identity with RdRp of viruses
found in bats from Germany collected in 2007 (EU375869.1), bat
coronavirus P.nat/Germany/D5.73/2007 (EU375864.1).
Phylogenetic analysis of RdRp gene fragments showed that most
sequences from bats inhabiting Russia (marked as red triangle) fall
into clades with pedacoviruses (brown, n=10), with minor clusters
of nyctacoviruses (light green, n=1) or myotacovirus (green, n=2)
(Figure 3). Low bootstrap value of the clades can probably be

12

m Amount of detected Alpha-CoVs

Amount of detected Alpha-CoVs among the bat samples of 8 species. Diagram was built with Microsoft Excel (https://office.microsoft.com/excel)
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TABLE 1 Alpha-CoVs found in bats inhabiting European Russia and their similarity to Alpha-CoVs of bats captured in other countries.

Characterization of PCR product by NGS

GenBank
acc. num.

GenBank acc. Identity,
num., nearest %

Country,
year

Location,
year

Host scientific
Ne name (sex)

Sample

number Virus name

Moscow Bat-CoV/P.nathusii/ Germany,
1 P.nathusii (f) Nel6 region, 2015 Russia/MOW15-16/2 OR241431 EU375869.1 99 2007
Moscow Bat-CoV/P.nathusii/ Germany,
2 P.nathusii (f) Ne21 region, 2015 Russia/MOW15-21/1 0Q725981 EU375864.1 98 2007
Moscow Bat-CoV/P.nathusii/ Germany,
3 P.nathusii (m) Ne23 region, 2015 Russia/MOW15-23/1 0Q725982 EU375869.1 99 2007
Moscow Bat-CoV/M.brandtii/ Finland,
4 M. brandtii (m) Ne27 region, 2015 Russia/MOW15-27/1 0Q725983 MG923572.2 97 2015
Bat-CoV/
M.daubentonii/Russia/ Denmark,
5 MOW15-30/1 0Q725984 MN535734.1 97 2016
Bat-CoV/
Moscow M.daubentonii/Russia/ Germany,
6 M. daubentonii (m) Ne30 region, 2015 MOW15-30/2 0Q725985 EU375869.1 99 2007
Bat-CoV/
Moscow M.daubentonii/Russia/ Denmark,
7 M. daubentonii (m) Ne31 region, 2015 MOW15-31/1 0Q725986 MN535733.1 98 2018
Moscow Bat-CoV/P.nathusii/ Germany,
8 P.nathusii (m)) Ne33 region, 2015 Russia/MOW15-33/2 0Q725987 EU375864.1 98 2007
Bat-CoV/RU/MOW21- Denmark,
9 N. noctula (f) Nell0 Moscow, 2021 110/1 OR052073 MZ218060.1 98 2014
Rostov-on- Bat-CoV/RU/ROV21- Denmark,
10 P. kuhlii (f) Nel31 Don, 2021 131/1 OR052074 MZ218060.1 98 2014
Bat-CoV/RU/ROV21- Denmark,
11 132/1 OR052075 MZ218060.1 98 2014
Rostov-on- Bat-CoV/RU/ROV21- China,
12 | P. kuhlii (f) Nel132 Don, 2021 132/2 OR052076 KJ473809.1 86 2013
Moscow Bat-CoV/RU/MOW21- Denmark,
13 V. murinus (f) Nel186 region, 2021 186/1 OR052077 MZ218060.1 98 2014

explained by the high similarity of analyzed RdRp fragments; we are
not able to accurately relate the obtained RdRp fragments to a
specific subgenus.

Complete genomes of pedacoviruses from
bats captured in European Russia in 2015

We obtained two complete genomes of Alpha-CoVs from fecal
samples of two bats of P. nathusii captured in 2015 near Moscow
(specimens Ne21 and Ne23). For genome assembly, we used
sequence raw data SRA (GenBank acc. num. SRR15525307,
SRR15540905) with 11.7 million and 14.9 million paired reads for
samples Ne21 and Ne23, respectively. After trimming and quality
filtration, 11.4 million and 12.0 million reads remained. Further de
novo assembly revealed contigs of 28,245 bp in samples Ne21 and
28,387 bp in samples Ne23, with both viral sequences associated with
family Coronaviridae. The fraction of reads mapped on the
resulting contig consisted 0.15% (17.836 reads of 11.4 million)
and 0.12% (13.767 of 12.0 million reads) for samples Ne21 and
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Ne23, respectively. The obtained sequences were named: Bat-CoV/
P.nathusii/Russia/MOW15-21/2015, short name BatCoV/
MOW15-21 (acc. num. OP919651.1); and Bat-CoV/P.nathusii/
Russia/MOW15-23/2015, short name BatCoV/MOW15-23 (acc.
num. 0Q230639). Pairwise alignment of BatCoV/MOW15-21 to
BatCoV/MOW15-23 showed 99% identity to each other according
to blastn. The nearest complete genome from GenBank showed
91% identity with pedacovirus PpiGB01 (acc. num. 0OQ401253)
from P. pipistrellus from the UK for the both obtained genomes in
our study.

The genomic organization of BatCoV/MOW15-21 and
BatCoV/MOW15-23 is similar to other alphacoronaviruses and
encodes six ORFs: ORFlab (putative mature nonstructural proteins,
including RNA-dependent RNA polymerase (RdRp); ORFla; S
(Spike); ORF3; E (envelope); M (membrane glycoprotein); N
(nucleocapsid phosphoprotein); and two non-translated 5’
terminus and 3’ terminus. In the ORFlab of BatCoV/MOW15-
21, the predicted slippery sequence “UUUAAAC”, which is
involved in the synthesis of the replicase pplab polyprotein by
ribosomal frameshift, is localized at the 12834-12840 nt position. In
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the ORFlab of BatCoV/MOW15-23, it is localized at 12809-12815
n.t. (Table 2).

The positions of the 15 putative cleavage sites of nonstructural
protein (NSP1-16) are presented in Table 3. The locations and
protein sequences of putative leader transcriptional regulatory
sequence (TRS-L) and body transcriptional regulatory sequence
(TRS-B) of predicted ORFs are described in Table 4. The core
sequences of the TRS-L (5'-CTAAAC-3") were identified in the 5
untranslated sequences of BatCoV/MOW15-21 and BatCoV/
MOW15-23 which proceeded ORFlab and N gene, but the TRS
motifs of S, ORF3, E, and M genes differed from the core sequences of

the leader TRS. They were as follows: the TRS motif of S was
identified as 5'-GTCAAC-3'; the TRS motif of ORF3 was identified
as 5'-CTAAAG-3'; the TRS motif of E was identified as 5'-CTAGAC-
3’; and the TRS motif of M was identified as 5'-CGAAAT-3'.

Both genomes BatCoV/MOW15-21 and BatCoV/MOW15-23
contain long insertions in ORFlab (396 bp and 382 bp,
correspondingly) not found in other genomes of Alpha-CoVs,
except Alpha-CoV from bats of P. nathusii captured in 2018 from
Netherlands (0Q405400.1, alignment in Figure 4).

Insertions in the genomes are located in the NSP3 protein
encoding region. In BatCoV/MOWI15-21, a 396 n.t. insertion is

TABLE 2 Locations of predicted ORFs, protein sequences of BatCoV/MOW15-21 and BatCoV/MOW15-23.

Strain BatCoV/MOW15-21 BatCoV/MOW15-23
nt position nt position
Gene/CDS No. of nt No. of aa No. of nt No. of aa
End End
ORFlab 277 20864 20588 6862 267 20839 20573 6857
ORFla 277 12870 12594 4197 267 12845 12579 4192
Spike 20861 24955 4095 1364 20836 24930 4095 1364
ORF3 24955 25629 675 224 24930 25604 675 224
E 25610 25840 231 76 25585 25815 231 76
M 25848 26528 681 226 25823 26503 681 226
26538 27785 1248 415 26513 27760 1248 415
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TABLE 3 Predicted putative pplab cleavage sites of BatCoV/MOW15-21 and BatCoV/MOW15-23.

BatCoV/MOW15-21

Most important

NG NE putative functional

Position of the

BatCoV/MOW15-23

Position of the

PIOtEIn domain(s) putative Fc’)rfo;i?nﬂzae(:i(gs. T I:c’:fo atﬁi?nijzaeci(gg).
cleavage sites cleavage sites

NSP1 Met'-Gly'*® 110 Met'-Gly'*® 110
NSP2 Gly'"- Gly*! 781 Gly'™- Gly*! 781
NSP3 ADRP, PL2pro Gly % Ala % 1707 Gly %72 Ala % 1702
NSP4 Gly *”-GIn™" 481 Gly -G 181
NSP5 3CLpro Ala 3080_GIn?38! 302 Ala 2975_GIn®¥76 302
NSP6 Ser??*2. GIn*>* 277 Ser®®”7- GIn**>? 277
NSP7 Ser’®®- GIn*"*! 83 Ser¥3 Gl &

NSP8 Primase Ser *7*2.GIn**® 195 Ser 37%7_GIn**! 195
NSP9 Asn7_GlnioH 108 Asn?932GIn*0¥ 108
NSP10 Ala**-GIn*'”? 135 Ala®40_Gln#174 135
NSP11 Short pzlfjtgililia]tathe end Ser*1#0_Arg#1?” 18 Ser"!7>_ Arg!1%2 18

NSP12 RdRp Ser!!®-GIn*'% 928 Ser!17%.GIn®1%? 928
NSP13 HEL, NTPase Ser *'%.GIn>"** 597 Ser *'%-GIn>*” 597
NSP14 ExoN, NMT Ala ¥7%-GIn®?? 518 Ala ¥7°-GIn"” 518
NSP15 NendoU Gly®?-GIn®*! 339 Gly®'8-GIn*>*® 339
NSP16 OMT Ser 032 Lys®%? 301 Ser 37 Lys® 301

located at 4537-4933 bp (1512-1644 a.a. of polyprotein encoding by
ORFlab). In BatCoV/MOW15-23, a 382 n.t. insertion is located at
4527-4908 (1509-1636 a.a.). Prediction of protein domain with
InterProScan revealed in BatCoV/MOWI15-21 and BatCoV/
MOW15-23: two ubiquitin-like domains (1 and 2), macrodomain,
two papain-like proteases (1 and 2), C-terminal domain, and Y3
domain (Table 5). The region of insertion in both genomes
corresponds to the region between Macrodomain (ADRP, “X-
domain”) and Ubiquitin-like domain 2 (Ubl2). Multiple searches
have shown that in most databases information on potential function
of similar domains is absent. However, it is possible that insertion is

related to an SEA domain, according to an InterPro ‘phmmer search
tool’ result (biosequence analysis using profile hidden Markov
Models, protein sequence vs protein sequence database).

Amino acid sequence alignment of the ORFlab gene showed
that a similar insertion was observed in a bat fecal sample from P.
nathusii from Netherlands (0Q405400.1) captured in 2018, but this
sequence contains unassembled regions and is marked as unverified
in GenBank. Visualization of raw reads mapping to genome
assembly demonstrates that the region of insertion is well covered
(>80x coverage), hence this sequence is not an artifact of assembly
(Supplementary Figures 1, 2).

TABLE 4 Locations of predicted ORFs, protein sequences, putative leader TRS-L and TRS-B of BatCoV/MOW15-21 and BatCoV/MOW15-23.

BatCoV/MOW15-21

BatCoV/MOW15-23

nt position of gene Putative nt position of gene Putative

(start-end) leader sequence (start-end) leader sequence
ORFlab (TRS-L) 277-20864 00053AACTAAAC00062 267-20839 00043AACTAAAC00052
Spike 20861-24955 20844TAGTCAAC20855 20836-24930 20819TAGTCAAC20828
ORF3 24955-25629 24933TACTAAAG24942 24930-25604 24909TACTAAAG24917
E 25610-25840 25597 AACTAGAC25606 25585-25815 25572AACTAGAC25581
M 25848-26528 25839AACGAAAT25848 25823-26503 25814AACGAAAT25823

26538-27785 26522ATCTAAAC26531 26513-27760 26497 ATCTAAAC26506
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Alignment of the NSP3 region with insertion in BatCoV/MOW15-21, BatCoV/MOW15-23, AlphaCoV/P.nathusii/NL/2018-403.3 genome with similar
insertion (0Q405400.1) and related Alpha-CoVs genomes without insertion (OQ401253.1, ON457561.1, MZ218060.1).
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According to ICTV demarcation criteria for genera and species
of viruses that share more than 90% aa sequence identity in the
conserved replicase domains nsp3 (ADRP, X-domain), nsp5
(3CLpro), nspl2 (RdRp), nspl3 (Hel), nspl4 (ExoN), nspl5
(NendoU) and nspl6 (O-MT)) are considered to belong to the
same species (https://ictv.global/report_9th/RNApos/Nidovirales/
Coronaviridae). A separate comparison of the amino acid
sequences of 7 domains of ORFlab showed >90% identity with
isolates AlphaCoV/P.nathusii/NL/2018-403.3 from the
Netherlands, BtCoV/F-MV2/P.pyg/SWE/2020 (acc. number
ON457561.1) from Sweden, and PpiGBO1 from the UK (acc.
number OQ401253).

TABLE 5 Prediction of NSP3 domains.

We performed phylogenetic analysis to determine the
taxonomical position of Alpha-CoVs with assembled genomes.
Phylogenetic analysis of 445 complete genomes of Alpha-CoVs
demonstrates that BatCoV/MOW15-21 and BatCoV/MOW15-23
fall into the clade with pedacoviruses (brown). This clade forms
three subclades: from China and Australia; from China and
Vietnam; and from Northern Europe. BatCoV/MOW15-21 and
BatCoV/MOW15-23 fall into subclades of Northern European
viruses. Both viruses from Russia show >80% nt. identity with
pedacovirus PpiGBO01 (acc. number OQ401253) from P. pipistrellus
from UK and Alpha-CoVs from M. daubentonii inhabiting
Denmark and Finland (Figure 5).

BatCoV/MOW15-21

BatCoV/MOW15-23

Size (no. of Size (no. of
a.a. position amino acids) a.a. position amino acids)

Ubiquitin-like domain 1 (Ubl1) Gly 892-Asp 987 96 Gly892-Asp987 96

Papain-like protease domain 1 (PLp1) Glul043-Asp1222 180 Glul043-Asp1222 180
Macrodomain (ADRP, “X-domain”) Val 1253-Thr1420 168 Val 1253-Thr 1420 168

Predicted unique domain “Inter

Macro-Ubl2” Lys1512-Prol644 133 Val1509-Val1636 128
Ubiquitin-like domain 2 (Ubl2) Lys1703-Prol758 56 K1698-P1753 56

Papain-like protease domain 2 (PLp2) Tle1706-Ser1998 293 Tle1701-Ser1993 293
Transmembrane region (TMhelix 1) Val2041-Tyr2060 20 Val2036-Tyr2055 20
Transmembrane region (TMhelix 2) Phe2107-Pro2129 23 Phe2102-Pro2124 23

Coronavirus replicase NSP3, C-

terminal domain Leu2134-Met2583 450 Leu2129-Met2578 450
Coronavirus replicase NSP3, Y3 domain Arg2493-Gly2597 105 Arg2488-Gly2592 105
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ML phylogenetic tree built for 445 Alpha-CoV complete genomes. Best-fit model of substitution according to BIC: GTR + F + | + G4. Numbers
show bootstrap values. The red arrows mark BatCoV/MOW?15-21 and BatCoV/MOW15-23.

Pedacoviruses and nyctacoviruses found in
P. kuhlii captured in south Russia in 2021

As mentioned above, P. kuhlii (bat Ne132 collected in 2021)
contained two different contigs of RARp. We performed metavirome
analysis and genome assembly of Alpha-CoVs from the specimen of P.
kuhlii (bat Ne132). The analysis revealed two contigs of 21,184 bp and
24,456 bp fragment size. The assembled sequences were named Bat-
CoV/RU/ROV21-132/4-Ped (acc. num. OR147948) and Bat-CoV/
RU/ROV21-132/3-Nyct (acc. num. OR147947). The first of them,
ROV21-132/4-Ped, featured 99.78% identity to BatCoV/MOW15-21
described in this work. The second, ROV21-132/3-Nyct, had 82%
identity to Alpha-CoV Bat-CoV/P kuhlii/Italy/206679-3/2010
(GenBank MH938450.1) from P. kuhlii captured in Italy in 2010.

We performed phylogenetic analysis using the RdRp and S
genes to determine the taxonomical position of ROV21-132/4-Ped
and ROV21-132/3-Nyct. ML phylogenetic trees constructed on 31
RARp gene fragments and 31 S gene fragments showed similar
results. ROV21-132/4-Ped clusters with BatCoV/MOW15-21,
BatCoV/MOW15-23, and with other pedacoviruses from
Northern Europe (Figures 6, 7). The second of the two
investigated Alpha-CoVs from P. kuhlii, ROV21-132/3-Nyct,
clusters with nyctacoviruses in the RdRp gene tree as well as in S
gene tree (Figures 6, 7).

Frontiers in Ecology and Evolution

Discussion

Novel bat CoV host and
geographic distribution

In this study thirteen Alpha-CoVs were observed in 8 bat
species inhabiting European Russia. Two of forty-three
investigated animals (4.6%) carried two different Alpha-CoVs: M.
daubentonii collected in 2015 and P. kuhlii, collected in 2021. M.
daubentonii carried two different Alpha-CoVs, that are related to
Pedacovirus and Myotacovirus subgenera. In P. kuhlii (bat Ne132),
two Alpha-CoVs from different subgenera, Pedacovirus and
Nyctacovirus, were found.

Previous studies have also reported co-infection with two
coronaviruses (Tong et al, 2009; Drexler et al., 2010; Lau et al,
2010; Wacharapluesadee et al.,, 2015; Ge et al., 2016), and the presence
of two different Alpha-CoVs in one specimen (Chu et al., 2008). Like
those of many negative stranded RNA viruses, CoV genomes are
characterized by high frequency of mutation and recombination
events, and low error correction capacity. The simultaneous
presence of two or more coronaviruses in one animal is an
essential prerequisite for recombination events. Further work on
the longitudinal frequency of co-infections may shed light on the
likelihood of recombination events (Chu et al., 2008).
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We found that the closest relatives of the Alpha-CoVs we found in
European-Russian bats were from Scandinavia, the United Kingdom,
and Germany (Figure 6). We found two Alpha-CoVs (BatCoV/
MOW15-21, BatCoV/MOW15-23) whose complete genomes
contained long insertions in the NSP3 encoding region of ORFlab
not found in other genomes of Alpha-CoV’s, except Alpha-CoV from
P. nathusii captured in the Netherlands in 2018 (Mols et al., 2023).
Both BatCoV/MOW15-21 and BatCoV/MOW15-23 are related to
pedacoviruses, which is one of fifteen Alpha-CoV subgenera.

Tree scale: 0.1 ———
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Phylogenetic analysis shows that pedacoviruses form three
subclades: (a) from China; (b) from China and Vietnam; and
(¢) from Northern Europe. BatCoV/MOW15-21 and BatCoV/
MOWI15-23 fall into subclades of Northern European viruses.
RdRp and S sequences from the partial genome of pedacovirus
from P. khulii, ROV21-132/4-Ped which was obtained during this
investigation, also fall into the “Northern European” clade. It
clusters closely with BatCoV/MOW15-21, BatCoV/MOW15-23,
and other pedacoviruses from Northern Europe. Interestingly, all

EF203064.1 Bat coronavirus HKU2 strain HKU2/GD{430/2006
KF294380.2 Lucheng Rn rat coronavirus isolate Lucheng-19
-------- KY967715.1 Wencheng Sm shrew coronavirus isolate Xingguo-74
KY370053.1 Common shrew coronavirus Tibet-2014 isolate Shrew-CoV/Tibet2014
EU420139.1 Bat coronavirus HKUS strain AFCD77
KJ473807.1 BtRf-AlphaCoV/HuB2013
MN611525.1 Hipposideros pomona bat coronavirus CHB25 isolate CHB0025
JQ989270.1 Rousettus bat coronavirus HKU10 isolate 183A
MK472070.1 Alphacoronavirus sp. isolate WA3607
EU420138.1 Miniopterus bat coronavirus 1

W Luchacovirus <
[ soracovirus
[ sunacovirus
[ Minacovirus
MT663548.1 Bat alphacoronavirus isolate AMA L F
W Tegacovirus 3
S AJ271965.2 Transmissible gastroenteritis virus
Il Rhinacovius HM245925.1 Mink coronavirus strain WD1127
Amalacovirus KF430219.1 Bat coronavirus COPHELS/USAI2006
|_ Myotacovirus DQ648858.1 Bat coronavirus (BtCoV/512/2005)
| setracovirus AF353511.1 Porcine epidemic diarrhea virus strain CV777
MK472067.1 Alphacoronavirus sp. isolate WA1087
| puvinacovirus AL
.2 Bat isolate BtCoV/020_16/M.daulFIN/2016
[ pecacovirus
OR147948 Bat-CoV/RU/ROV21-132/4-Ped R |
- Minunacovirus 0Q230639 Bat-CoV/P.nathusii/Russia/MOW15-23/2015 <
[ Nyctacovirus 0OP919651 Bat-CoV/P.nathusii/RussialMOW15-21/2015 <
W colacovirus
B Pedacovitus

FIGURE 7

ML phylogenetic tree built for S genes of 4 Alpha-CoVs from Russia (OP919651, 0Q230639, OR147947, OR147948) and 27 Alpha-CoV sequences
downloaded from ICTV. Best-fit model of substitution according to BIC: GTR + F + | + G4. Numbers show bootstrap values. The red arrows

represent full S gene sequences obtained in current study.
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viruses from this subclade were isolated from different Pipistrellus
species (P. nathusii, P. pygmaeus, P. pipistrellus, P. khulii) which
were captured in different countries of Northern or Northeastern
Europe, including Russia.

The results of the phylogenetic analysis based on the short RARp
sequences indicate that detected Alpha-CoVs belong to the
“Northern European”. RdRps obtained from bats captured in 2015
have >95% identity with RdRps of different Alpha-CoVs from bats
captured in Northern Europe: Denmark, Finland or Germany from
2014 to 2018. Four RdRps found in bats collected in 2021 have 98%
identity to the same sequence (MZ218060.1) from the bat captured in
2014 in Denmark. Thus, it appears that related pedacoviruses have
been circulating for a long time (at least 7 years, from 2015 to 2021) in
from the region covered by European Russia and Northern Europe.
We propose that pedacoviruses from this subclade are likely a
separate subspecies of Alpha-CoV (Northern Europe) (Figure 8).

According to ICTV demarcation criteria for Coronaviridae
family viruses sharing >90% amino acid sequence identity in the
conserved replicase domains should be considered conspecific
(https://ictv.global/report_9th/RNApos/Nidovirales/
Coronaviridae). We compared amino acid sequences of seven
conserved ORFlab domains, and none of them fell below the
90% threshold value. It therefore seems that these viruses
represent a separate taxonomic unit (species or subspecies), which
we named “Northern-European Bat Alpha-CoV” (NE-Alpha-CoV).

2015

2016

10.3389/fevo.2024.1324605

We expect that further studies of coronaviruses from Pipistrellus
will find sequences representing this species. P. nathusii, P.
pygmaeus, and P. pipistrellus are among the most widespread bat
species in western Palaearctic, inhabiting bulk part of Europe from
the North Sea coasts to the southern Ural Mountain, Caspian sea
and the latter species also widely distributed in Western and Central
Asia (Russo, 2023). P. kuhlii represents more “southern” species
with main range in Mediterranean region. Just half a century ago it
was recorded mostly south of 47° latitude, however since 1980s it
spread widely northward reaching Central Europe and Central
regions of the European part of Russia (I'in and Smirnov, 20005
Sachanowicz et al., 2006; Bobrov et al., 2008; Ancillotto et al., 2016).
Moreover, solitary individuals are also found far beyond the edge of
the range (e.g. in Moscow region: see Bobrov et al., 2008). Reports
from UK (e.g. Hutson, 1992) could actually be transported
specimens, but also may represent beginning of expansion to the
British Isles (Sachanowicz et al., 2006). Such distant flights may well
be accompanied by contact with other species of Pipistrellus,
although this issue remains unexplored. All west Palaearctic
Pipistrellus species are quite closely related belonging to so-called
“western clade” of the genus (Zhukova et al., 2022). P. nathusii, P.
pipistrellus, and P. pygmaeus have broadly similar physiology. These
are small aerial hawkers feeding at a height of several meters along
the linear elements of the landscape (Dietz and Kiefer, 2016; Russo,
2023). All three species are to some extent associated with forest

Dener

20134,

2018

2021

Hungary

FIGURE 8

2015, 2021

Map of relationships between Alpha-CoVs extracted from bats in different regions. Key: light green dots represent places where Alpha-CoV-positive
samples were captured; red lines — the relationship between pedacoviruses from bats captured in European Russia and the closest pedacoviruses of
Northern European bats (>90% identity according blastn); blue lines - relationship between myotacoviruses found in Moscow region and the closest
of bats from Finland and Denmark (>90% identity according blastn); pink dashed lines — relationship between nyctacoviruses found in Rostov-on-
Don and the closest from bats of China/ltaly (<90% identity according blastn). Line width represents the number of sample hits with high identity.

Figure built with plot.ly (https://plot.ly).
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habitats (at least in Europe; in Asia, P. pipistrellus also inhabits arid
open landscapes: see e.g. Benda et al.,, 2012). These species prefer
natural tree hollows or slit-like shelters in wooden buildings as
summer roosts used for rising offspring (Dietz and Kiefer, 2016). In
sufficiently large hollows and, moreover, in buildings, pipistrelle
colonies can be located side by side with other species with similar
preferences: with other species of Pipistrellus, as well as with V.
murinus, Myotis spp., Nyctalus spp. etc. (Orlova and Zapart, 2012;
Dietz and Kiefer, 2016; Vasenkov et al., 2017). During seasonal
migration, young animals of different species are also able to occupy
common daytime roosts (Hutterer et al., 2005). The interaction of
individuals in such mixed colonies is not well studied; however,
there could be an exchange of ectoparasites and, accordingly,
pathogens (Lagerveld et al,, 2021).

Phylogenetic analysis of Alpha-CoV complete genomes
performed in current study have suggested that Alpha-CoVs found
in Russia clusters with other Alpha-CoV's from bats and form distinct
clade with Alpha-CoVs found in human or other mammals. Similar
conclusions were given by the authors of other studies (Osborne et al.,
2011; Tan et al,, 2023). Experiments on binding of the CoV's from bats
with human cell receptors performed in study Tan et al. demonstrated
that the bat Alpha-CoVs (Pedacovirus subgenus) could not enter
human cell overexpressing ACE2 or transmembrane serine protease 2
(Tan et al., 2023).

Long distance spread of virus may also occur due to migration
activity of some bat species. The migratory rate of P. pipistrellus and P.
pygmaeus apparently differs in various areas (Hutterer et al., 2005): they
are sedentary or make only local movements in the western and
southern parts of their range, but from the forest zone of Eastern
Europe they make long-distance migration of hundreds of kilometers
(directed from northeast to southwest). However, mtDNA and
microsatellite data suggest that a distance of 1000 km (in the
direction from west to east) completely excludes gene flow between
populations in these species (Hulva et al., 2010). On the contrary, P.
nathusii is the most distant migrant among bats in general, capable of
seasonal movements over distances of more than 2000 km. Recently
migration from northwest Russia to the French Alps via a straight-line
distance of 2486 km has been reported for this species (Vasenkov et al,,
2022). This pipistrelle regularly migrates over the North Sea (Lagerveld
et al,, 2021). The National Nathusius’ Pipistrelle Project (NNPP) has
also identified long-distance movement of P. nathusii between the south
of England and mainland Europe, including the coast of the
Netherlands, Latvia and Lithuania. It can be expected that this species
may involuntarily transfer pathogens over similar distances in the
direction of its migration routes (northeast-southwest). Detailed
studies of migration routes are still required, but analysis of viral
sequences suggest that the same viruses are circulating in a
particular area.

Possible function of a unique domain in
the Nsp3 region of BatCoV/MOW15-21 and
BatCoV/MOW15-23

Previous studies have shown that NSP3 is the largest protein
encoded by the CoV genome, with an average molecular mass of
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about 200 kD. In SARS-CoV-2, Nsp3 contains 1945 residues (~212
kDa) (Osipiuk et al., 2021). Nsp3 comprises various domains (from
10 to 16), the organization of which differs in CoV genera due to
duplication or absence of some domains. Unique domains exist in
Nsp3 of some coronaviruses, for example (SUD/HVR) of SARS
[PMC7854729]. The following domains and two transmembrane
regions of Nsp3 are conserved in Alpha-CoVs: (1) the ubiquitin-like
domain 1 (Ubll); (2) the Glu-rich acidic domain (also called
“hypervariable region”); (3) the papain-like protease 1 (PLI1pro);
(4) a macrodomain (also named “X domain”); (5) the ubiquitin-like
domain 2 (Ubl2); (6) the papain-like protease 2 (PL2pro);
(7) the Nsp3 ectodomain (3Ecto, also called “zinc-finger
domain”), flanked on two sides by transmembrane regions
(TMhelix 1 and 2); and (8) the domains Y1 and CoV-Y of
unknown functions (Lei et al., 2018). PLpro is highly conserved
and found in all coronaviruses, usually in two copies, denoted as
PL1pro and PL2pro. PLpro of SARS-CoV-2 is a slightly basic, 315
residue protein. In SARS, PLpro is located in Nsp3 between a
unique domain (SUD/HVR) and a nucleic acid-binding domain
(NAB) (Osipiuk et al., 2021).

Protein domain prediction with InterProScan revealed typical
Alpha-CoV Nsp3 structure (BatCoV/MOW15-21, BatCoV/
MOW15-23): two ubiquitin-like domains (1 and 2),
macrodomain, two papain-like proteases (PL1pro and PL2pro),
C-terminal domain + Y domain. We found large insertions of 130+
a.a. between macrodomain and PL2pro in BatCoV/MOW15-21 and
BatCoV/MOW15-23, which distinguish these viruses from other
bat pedacoviruses (with the exception of AlphaCoV/P.nathusii/NL/
2018-403.3).

Conclusion

Thus, this is the first report of Alpha-CoVs detected in bats
inhabiting European Russia. Our results demonstrate that closely
related pedacoviruses have been circulating for a long time (from
2015 to 2021) in a large region from European Russia to Northern
Europe and represent a separate species, which we named NE-
Alpha coronavirus. We showed that newly discovered complete
genomes of Alpha-CoV from P. nathusii had typical genome
structure, but contained an insertion located in a region described
in the literature as “a region of unknown function and structure”.
Further research and characterization of this region is required. It is
also necessary to obtain more viral genomes for study circulation
and evolution of Alpha-CoVs among bats inhabiting
Northern Europe.
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