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1 | INTRODUCTION

Coronaviruses (CoV) are enveloped viruses with a positive-sense
single-stranded RNA genome with the size of 26-32 kb, belonging to
the Coronaviridae family and Orthocoronavirinae subfamily (Banerjee
et al., 2019), which is divided into four genera: Alphacoronavirus, Beta-
coronavirus, Gammacoronavirus, and Deltacoronavirus. The former two
infect mainly humans and other mammals, while the latter two can be
found mainly in birds and in two mammal species (Barbosa et al., 2019;
Mihindukulasuriya et al., 2008).

Bats have been the main spotlight in several studies among mam-
mals infected by alpha and beta CoV (Banerjee et al., 2019). Coron-
aviruses represent about 35% of all virus genomes described in bats
(Letko et al., 2020), with Alphacoronavirus genus the most detected and
widespread in these mammals (Wong et al., 2019).

Most studies on bat coronavirus (Bat-CoV) surveillance were car-
ried out in Old World bats (Ruiz-Aravena et al., 2021), mainly after
SARS was related to a bat species in Asia (Lau et al., 2005). Data
about the diversity of viruses from the Orthocoronavirinae subfamily
in the New World, especially Neotropical bats, remain limited. Alpha-
coronaviruses seem widespread worldwide (Ruiz-Aravena et al., 2021),
corresponding to the 89.4% of coronavirus sequences detected in 43
different bat species from the New World (Hernandez-Aguilar et al.,
2021).

The CoV detection rate during surveillance studies had the highest
values in Old World bats (from 1.4 to 50) (Fischer et al., 2016; Shirato
etal.,2011), butstill up to 30% in New World bats (Anthony et al., 2013;
Moreira-Soto et al., 2015; Subudhi et al., 2017), with the high detec-
tion rate values usually related to viral surveillance by sampling bats
within the same bat colony (Ge et al., 2016). Sequences from Bat-CoV
detected in bats from both Old and New World have a high identity
when comparing congeneric bat species (Anthony et al., 2013; Latinne
etal., 2020).
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analysis of the amino acid (aa) sequences coding the RdRp gene grouped the sequences
obtained in our study with Bat-CoV previously detected in identical or congeneric bat
species, belonging to four subgenera, with high aa identity (over 90%). The RdRp gene
was also detected in three tissue samples from Diphylla ecaudata and Sturnira lilium, and
the partial S gene was successfully sequenced in five tissues and swab samples of D.
ecaudata. The phylogenetic analysis based on the partial S gene obtained here grouped
the sequence of D. ecaudata with CoV from Desmodus rotundus previously detected in
Peru and Brazil, belonging to the Amalacovirus subgenus, with aa identity ranging from
73.6% to 88.8%. Our data reinforce the wide distribution of Coronaviruses in bats from
Brazil and the novelty of three bats species as Bat-CoV hosts and the co-circulation of

four Alphacoronavirus subgenera in Brazil.

coronavirus, RdRg gene, S gene, virus surveillance

Brazil has one of the highest mammal species diversity, with 181
bat species described so far (Abreu et al., 2021), and with 123 of them
occurring in the Atlantic Forest (Hingst-Zaher & Brandao, 2021). The
high abundance of bat species found in the Atlantic Forest and the high
CoV abundance found in bats, combined with the native forest loss
that has been occurring in this biome, make it a hotspot for zoonotic
spillover risk (Gées et al., 2016; Jones et al., 2013; Rosa et al., 2021;
Ruiz-Aravena et al., 2021).

Few Bat-CoV surveillance studies were carried out in Brazil, which
accessed three different biomes (Amazonian, Atlantic Forest, and Trop-
ical savanna/Cerrado) and different habitats (preserved wild areas,
rural, peri-urban, and urban environments), and most of these stud-
ies investigated CoV in faeces/enteric content (Asano et al., 2016;
Brandéo et al., 2008; Corman et al., 2013; Lima et al., 2013) and
tissues (mainly intestine) (Alves et al., 2022; Bittar et al., 2019; Cor-
man et al., 2013; Goes et al., 2013, 2016), while only two studies
analysed oral/rectal swab samples (Anthony et al., 2017; Barnabé
etal., 2015).

In Brazil, Bat-CoV were described in 22 different bat species belong-
ing to Phyllostomidae (11 species), Molossidae (eight species), and
Vespertilionidae (three species), with diets varying from omnivorous,
frugivorous, nectarivorous, insectivorous, and the hematophagous
species Desmodus rotundus, the Common Vampire bat (Alves et al.,
2022; Asano et al,, 2016; Brandao et al., 2008; Hernandez-Aguilar
et al., 2021). Similar to other places, most Bat-CoV sequences found in
Brazil belong to the Alphacoronavirus genus, and only three sequences
of Betacoronavirus genus were detected in three different bat species,
D. rotundus, Artibeus lituratus (the Great fruit-eating bat), and Eumops
glaucinus (the Wagner's bonneted bat) (Brandao et al., 2008; Gées et al.,
2016).

The present study aimed to evaluate the Bat-CoV diversity in the
Atlantic Forest, the second biome in a number of bat species, by
sampling localities at the Northeast, Southeast, and South of Brazil.
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FIGURE 1 Geographic map showing the Brazilian States of bat captures and sampling (dark grey), with the number of positive samples, total
samples analysed, and the detection rate for each state: Pernambuco (PE) with 32 positive samples and 329 analysed samples, and detection rate
of 9.7%; Sao Paulo (SP) with 27 four positive samples and 31 analysed samples, and detection rate of 12.9%; Santa Catarina (SC) with eight

positive samples 96 analysed samples, and detection rate of 8.3%.

The Bat-CoVs and the bat species diversity within each region were
also accessed. Therefore, this study can contribute to the Bat-CoV
epidemiology in Neotropical bats.

2 | METHODOLOGY

2.1 | Ethics statement and licensing

All the sample collections were authorized by the Brazilian Institute
of Environment and Natural Renewable Resources (SISBIO/IBAMA:
76621-1, 12475-3, 10698-3, 76814-1, 11597-4) and by the Ethics
Committee on the Use of Animals of the University of Sdo Paulo
(CEUA/FZEA-USP: 1128141120).

2.2 | Sites of capture and sampling

Bats were captured in three different sampling localities in the

Atlantic Forest biome in Brazil (Figure 1) between November/2020

and June/2021, using mist nets (Figure 2). In the Northeast region,
bats were captured in the city of Alianca, State of Pernambuco (PE),
which has remnants of sub-deciduous and deciduous forests. In the
southeast region, the captures were made in the city of Sdo Lourenco
da Serra in the State of Sdo Paulo (SP). In the south region, bats
were captured in the cities of Botuverd and Itajai in the State of
Santa Catarina (SC). In the southeast and south regions, bats were
captured in Dense Ombrophilous Forest. The sampling effort for bat
captures varied between the northeast, southeast, and south regions,
totalizing 68,040, 29,160, and 30,195 net-h/m? of sample effort,
consecutively.

The animals were identified to the species level according to mor-
phological characteristics following the literature (Reis et al., 2017).
For each specimen, ecological (sex, weight, age, and reproductive sta-
tus) and morphometric (body measures) data and biological samples
(oral and rectal swabs) were collected (Figure 2). For five specimens,
we also collected 22 tissue samples (lung, kidney, liver, intestines, heart,
placenta, and foetus). Swab and tissue samples were immersed in Viral
Transport Medium (VTM), transported in dry ice, and stored at -80°C
before use.
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FIGURE 2 Active surveillance was carried out in Atlantic Forest for eight months from 2020 to 2021. (a) The number of positive and negative
samples per location: Pernambuco (PE) with 293 negative and 32 positive samples (total: 329 samples); Sdo Paulo (SP) with 27 negative and four
positive samples (total: 31 samples); and Santa Catarina (SC) with 88 negative and eight positive samples (total: 96 samples). Bat-CoV was
detected in seven bat species, including three new Bat-CoV hosts (*): (b) Artibeus cinereus (*), (c) Artibeus lituratus, (d) Carollia perspicillata, () Diphylla
ecaudata (*), (f) Phyllostomus discolor, (g) Phyllostomus hastatus (*), and (h) Sturnira lilium. (i) Mist-net used for the bat capture. (j) Trachops cirrhosus

was sampled with an oral swab. Pictures were taken by Irineu Cunha.

2.3 | Samples processing, virus detection, and
sequencing

In total, 456 animals were captured and their oral and rectal swabs
were pooled for molecular analysis. The captured animals were clas-
sified into 21 different bats species from Alianca city in PE (329
individuals), Sdo Lourenco da Serra in SP (31 individuals), and Botu-
vera and lItajai cities in SC (96 individuals) (Table S1), belonging to
the Phyllostomidae (17 species) and Vespertilionidae (seven species)

families. We also analysed 22 tissue samples (heart, kidney, liver,
lungs, and intestine) from five animals (one D. ecaudata and four
S. lilium), and placenta and foetus were available for one animal
(S. lilium).

The nucleic acids from the pools of oral and rectal swabs or tis-
sue samples from each individual were purified using the MagMAX
Core Nucleic Acid Isolation Kit with the equipment KingFisher Flex
96 (Thermo Fisher Scientific). The nucleic acid was quantified by
DeNovix Spectrophotometer DS-11 and stored at —80°C. The cDNA
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TABLE 1 Sequences of primers designed using Primal Scheme tool targeting the entire sequence of the S-gene of bat coronavirus

Forward (5’'—3’)

BatCoV_S_1 GGTTGTGCGTGTTTATGGCATT
BatCoV_S_2° GTGCATGTTTTTAGAGTGCCTGG
BatCoV_S_2 RDP GGATCGCAGTGTGCATGTTT
BatCoV_S_3 ACCTGAGTGTTGAGAATGCCAC
BatCoV_S_4 ACCTTACGTTTGACTCTATATGCTTCT
BatCoV_S_5 GCTATACAGCCTATTTCCACGGG
BatCoV_S_6 ATGGTTGGTGGTGCCTTTACAG
BatCoV_S_7 CGGCTCCTAATGGTTTCCTGTT

Reverse (5'—3’)
GTCTGCACTACGGCTGTTGTAG
GGCCAAACATGTAGCCATTGAG
GCCTGCATTATCCTGCGTTG
TGGCTGTATTTGTGAGATCTGCA
ACTAACTGGTGTATTTGCAATCTCC
AAGCTGCCAATTGCTTCTGGTT
TCAAACATGGTACGAGGTGTAAGA
AGTGTAGTAAGGTAACCGTTTGCT

2The initially designed primers based on the MT663548 sequence could not amplify the detected virus.
bNew primers were designed based on the obtained sequence by Sanger Sequencing.

synthesis was performed using the SuperScript 11l enzyme (Thermo
Fisher Scientific, EUA).

We tested the presence of viruses from the Orthocoronavirinae
subfamily using a pan-Coronavirus nested-PCR assay targeting the
nsp12 genomic region of the RNA-dependent RNA polymerase gene
(RARP) (Chu et al.,, 2011). We also designed specific primers based on
a complete sequence of a D. rotundus Bat-CoV (GenBank MT663548,
reference sequence of the subgenus Amalacovirus), using the web-
based primer design tool Primal Scheme (Quick et al., 2017), to amplify
the S gene. In total, we designed seven sets of primers targeting the
whole S gene. One pair of the initially designed primers based on the
MT663548 sequence could not amplify the detected virus. Therefore,
new primers were designed based on the obtained sequence by Sanger
Sequencing (Table 1). All the S gene reactions were done using the Taq
Platinum enzyme (Thermo Fisher Scientific) and were performed fol-
lowing 40 cycles of 94°C for 20 s, 55°C/56°C for 30 s, and 72°C for
60 s, with band sizes of 700 bp in a 1.5% agarose gel.

Positive samples were purified using the BigDye XTerminator™
Purification Kit (Thermo Fisher Scientific) and sequenced by the Sanger
method with the 3730 XL DNA Analyzer (Applied Biosystems) using

the set of primers from the nested-PCR reactions.

2.4 | Phylogenetic and statistical analysis

The phylogenetic analyses of the virus sequences were performed
based on the amino acid (aa) sequences coded by the RdRp and S genes,
whichwere aligned using ClustalW by MEGA7 (Kumar et al., 2016). The
best fit models for aa substitution were inferred using ModelTest-NG.
The Maximum Likelihood analyses were also done using MEGA7, and
the Bayesian Markov Chain Monte Carlo (MCMC) analyses were done
using BEAST v.1.10.4 (Suchard et al., 2018). The phylogenetic trees
were summarized using Tree Annotator and edited in FigTree v1.4.4.
Evolutionary distances were estimated between the aa sequences
obtained in this study, and the most closely related sequences avail-
able in GenBank applying the Maximum Composite Likelihood model
(Tamura et al., 2004) and JTT matrix-based model with 1000 bootstrap
replicates using MEGA7 (Kumar et al., 2016).

For the RdRp aa analyses, a data set was composed of 38 avail-
able GenBank sequences representing Alpha and Beta genera, and 44
sequences obtained in this study. The Maximum Likelihood phyloge-
netic trees were constructed with 1000 replications on the bootstrap
and the Le Gascuel model and gamma distribution (LG + G). The
Bayesian analyses were performed using the Whelan and Goldman
model plus gamma distribution (WAG + G), under a lognormal relaxed
clock and constant population size, with the MCMC chain, running for
10,000,000 steps sampling every 5000 steps.

For the S gene analyses, a data set was composed of one sequence
obtained in this study and 14 sequences from Alpha and Beta genera.
The Maximum Likelihood phylogenetic trees were constructed with
a total of 1000 replications on the bootstrap, using the Le Gascuel
model with a gamma distribution (LG + G). The Bayesian analyses were
performed using the Whelan and Goldman model with a gamma dis-
tribution (WAG + G), under a lognormal relaxed clock and constant
population size, with the MCMC chain, running for 10,000,000 steps
sampling every 5000 steps.

A statistical analysis based on chi-squared test was performed to

compare the Bat-CoV detection in young and adult bat individuals.

2.5 | GenBank numbers

The obtained sequences for the viruses were submitted to Gen-
Bank and are available under the accession numbers OM265165-
OM265209 (Table S4).

2.6 | Maps and graphic design

The maps representing the sites of bat captures were designed
using the software QGIS 3.2 with maps of Brazilian states pro-
vided by the Brazilian Institute of Geography and Statistics (IBGE)
(IBGE, 2022), and graphics were designed using Tableau software
2020.1. The animal draws used to identify the origin of sequences in
the phylogenetic trees (Figures 3-6) were obtained in Canva (www.
canva.com).
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FIGURE 4 Phylogenetic tree of the Coronavirus RdRp genomic region using the Bayesian method based on 44 sequences from this study and
38 representative sequences of Alphacoronavirus and Betacoronavirus genera, and subgenera within Alphacoronavirus genus available in GenBank,
represented by different background colours. The nodes show posterior values higher than 0.7. Images beside the tips of the tree are a graphic
representation of the host. The Alphacoronavirus subgenera and the sequences detected in this study are highlighted in blue.

3 | RESULTS The rate of detection varied according to the Brazilian region, with
the highest rate in Sdo Paulo State (12.9%), followed by Pernambuco
3.1 | Virus detection based on RdRp gene (9.7%) and Santa Catarina (8.3%) (Figure 2), with an average of 9.6%.

The detection rate in juvenile bats was 1.7-fold higher than in adults,
From the 456 pools of oral and rectal swabs analysed, 44 samples were with nine (15%) out of 60 juvenile bats positive for Bat-CoV, while 35

positive for CoVs targeting the RdRp gene, belonging to seven different (8.8%) adults of 393 tested were positive for Bat-CoV. However, the

species of the Phyllostomidae family: Artibeus lituratus (n = 6), Carollia statistical analysis did not significantly differ between young and adult
perspicillata (n = 9), Artibeus cinereus (n = 1), Diphylla ecaudata (n = 1), bats (p = 0.11) in Bat-CoV detection.

Phyllostomus discolor (n = 14), Phyllostomus hastatus (n = 1), and Sturnira We also tested 22 tissue samples from bats collected in Sao Paulo
lilium (n = 12). State, in which the intestine and heart from D. ecaudata and the

intestine of one S. lilium were positive.
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discrete gamma distribution, with a total of 1627 positions in the final data set, based on a data set of 15 amino acid sequences, which includes one
sequence from this study and 14 sequences representatives of Alphacoronavirus and Betacoronavirus genera, and subgenera within
Alphacoronavirus genus available in GenBank, represented by different background colours. The nodes show bootstrap values higher than 60.
Images beside the tips of the tree are a graphic representation of the host. The sequence detected in this study is highlighted in blue. The
Alphacoronavirus subgenera and the sequences detected in this study are highlighted in blue.
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FIGURE 6 Phylogenetic tree of the Coronavirus S-gene using the Bayesian method based on one sequence from this study and 14
representative sequences of Alpha and Beta coronavirus genera, and subgenera within Alpha genus available in GenBank, represented by different
background colours. The nodes show posterior values higher than 0.7. Images beside the tips of the tree are a graphic representation of the host.

The sequence detected in this study is highlighted in blue.

3.2 | Phylogenetic analysis by coding sequence of
the RdRp gene

In both Maximum Likelihood and Bayesian analyses, all 44 aa
sequences formed a monophyletic group within the Alphacoronavirus
genus, with robust bootstrap (100) and posterior probability values

(0.81) (Figures 3 and 4). Both analyses showed a similar topology. We
could observe that the Bat-CoV sequences grouped accordingly to the
bat hosts, that is, sequences from the same bat species or genus were
grouped in monophyletic branches, with a few exceptions. All pairwise
aa identity values are summarized in Table S2. Sequences of alphacoro-
naviruses could be divided into genetic groups based on the partial
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RdRp gene using a cut-off of aa identities below 90%. Our sequences
belonged into four subgenus/groups, including the subgenus Amala-
covirus. The other three subgenera were named here as groups 1-3,
as our Bat-CoVs sequences were clustered with previously reported
sequences that remained unclassified by ICTV.

All sequences from P. discolor (n = 14) CoV collected in PE grouped
with CoV sequences of subgenus Amalacovirus, which have sequences
identified in the same bat species previously described in different
locations, such as Panama and in Southeast Brazil from 2011 and
2016, (JQ731782 and MH974774), with pairwise aa identities rang-
ing from 99.1% to 100%. Amalacovirus subgenus also has the Bat-CoV
sequences previously detected in the hematophagous bat species D.
rotundus clustered with the CoV sequence from D. ecaudata, another
hematophagous bat species. Pairwise aa identities of D. ecaudata Bat-
CoV sequence ranged from 99.3% to 100% compared to D. rotundus
CoV sequences from Peru and Brazil from 2013 to 2019 (MT663548,
MW249018, KU552072, and MW465545).

The first new proposed subgenus (Group 1) had Bat-CoV sequences
from C. perspicillata and from other bat species (S. lilium, and Art-
ibeus planirostris). Two CoV sequences out of nine obtained from C.
perspicillata, collected in PE, grouped with six CoV sequences previ-
ously described in the same species, captured in Trinidad, Costa Rica,
and Brazil from 2009 to 2012 (KX285056, JQ731793, KX285057,
KX285050, KT717385, and MN872698), with a pairwise aa identity
varying from 97.6% to 99.2%.

Bat-CoV sequences from P. hastatus were clustered into Group 2
with CoV sequences from species of Artibeus genus, although they were
collected in different capture campaigns and regions. Pairwise aa iden-
tities of the CoV sequences from A. lituratus and P. hastatus varied
from 98.2% to 100% when compared to sequences previously detected
in 2010-2012 in different Artibeus species (A. lituratus, A. jamaicensis,
and A. planirostris) from Brazil and Panama (MN872695, MN872694,
KX285224,1Q731785,and JQ731788).

Group 3 had 10 out of 12 obtained Bat-CoV sequences from S. lilium,
which were collected in the three regions of Brazil grouped with other
Bat-CoV sequences previously detected in the same species in South-
east Brazil captured in 2010 and 2012 (KX285059 and KT717393),
with pairwise aa identity ranging from 98.8% to 100%. Also, the
sequences obtained from S. lilium from the three regions showed varia-
tion in the pairwise aaidentity, varying from 72.1% to 100%. The group
3 also had Bat-CoV sequences from the genus Artibeus. The Bat-CoV
sequence obtained from A. cinereus captured in PE grouped close to
three other sequences from the congeneric species A. lituratus that
were captured in another state (SC), with pairwise identity varying
from 97.3 to 98.1%. The CoV sequences obtained from A. lituratus from
SC and PE were also classified into Group 3, with an aa identity varying
from 65.2 to 68.4%.

3.3 | Virus detection based on the S gene

We selected samples from 18 animals that had Bat-CoVs classified into

the subgenus Amalacovirus (D. ecaudata, C. perspicillata, P. discolor,and S.
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lilium) grouped with the MT663548 sequence in the phylogenetic anal-
ysis based on the aa sequences coding the RdRp gene. Selected samples
were tested for the nested-PCR targeting the S gene using primers
designed based on the MT663548 sequence. We tested tissue samples
(heart, kidney, liver, lungs, and intestine) from D. ecaudata and four S.
lilium, and placenta and foetus for one S. lilium, and we could amplify
the S gene in all tested samples from D. ecaudata, but none from S. lil-
ium samples. Also, from the 18 tested tissues, we could amplify the S
gene in the D. ecaudata swab sample but none from the other species.
We obtained the partial sequence of the S gene from the samples from
D. ecaudata, using the primers designed with the Primal Scheme tool,
which was deposited on GenBank (OM265209).

3.4 | Phylogenetic analysis based on the coding
sequence of the S gene

In both Maximum Likelihood and Bayesian analyses (Figures 4 and 5),
the aa sequence from the complete S gene obtained in D. ecaudata
grouped within the Alphacoronavirus genus, subgenus Amalacovirus,
with the other sequences from D. rotundus previously described. A high
bootstrap (100) and posterior probability (0.99) values support the
branch with Bat-CoV detected in Peru (MT663548 and MW249018)
in 2015 and 2016, and Brazil (MW473477) in 2019. Pairwise iden-
tity of D. ecaudata was 73.6%, 88.8%, and 88.8% when compared to
MW473477, MW249018, and MT663548, respectively. The Brazilian
Bat-CoV (MW473477) detected in D. rotundus was grouped with Bat-
CoV detected in the same species, but it had a low aa identity varying
from 73.6% to 79.9% (Table S3).

4 | DISCUSSION

Since the outbreaks of the three most severe human pathogenic CoV—
SARS-CoV, MERS, and SARS-CoV-2—bats have been the main target
for coronavirus surveillance. They are referred to as natural reser-
voirs of coronaviruses (Banerjee et al., 2019). Surveillance of these
mammals is critical to detect any virus with zoonotic potential for the
preparedness of outbreaks (Morse et al., 2012).

Previous reports of Bat-CoV in Brazil (Alves et al., 2022; Asano et al.,
2016; Brandao et al., 2008; Goes et al., 2013, 2016) were done with
passive surveillance for rabies virus, that is, suspected animals, being
dead or alive, found by health professionals or the population during
daytime or at atypical locations are submitted to the municipalities’
centre to control zoonotic diseases (Duarte et al., 2020). In our study,
active surveillance, that is, sampling of healthy animals in the field
aiming to detect disease cases (Hattendorf et al., 2017), was carried
out in three Brazilian regions (Northeast, Southeast, and South) of the
Atlantic Forest during 7 months from November 2020 to May 2021,
with a detection rate average of 9.6%. The number of samples varied
from each region, with the Northeast having more samples collected,
followed by the South and Southeast, as reflected by the sampling

effort for each region. All Bat-CoV sequences detected here belong
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to Alphacoronavirus genus, grouping together with previously reported
Bat-CoV sequences, which reiterates the high circulation of this Bat-
CoV genus in bats (Ruiz-Aravena et al., 2021). We did not detect any
Betacoronavirus circulating in our bat samples, showing that the Beta-
coronavirus diversity in New World bats might be lower than in Old
World bats (Anthony et al., 2017).

A higher detection rate of Bat-CoV in juvenile bats was described
in other studies (Osborne et al., 2011). Here, we also found a higher
detection rate in juvenile bats, reinforcing the evidence that juvenile
bats could be more susceptible to Bat-CoV than adults, probably due
to a naive immune response (Drexler et al., 2011; Gloza-Rausch et al.,
2008), and they may play a major role in maintaining and spread-
ing these viruses in a bat colony (Osborne et al., 2011). As some bat
species maintain a maternity roost during the breeding season, mater-
nity roosts are important to amplify the Bat-CoV in temperate zones
(Drexler et al., 2011). This event is also observed with a Filoviridae
virus, the Marburg virus, infecting the Old World bat species Rouset-
tus aegyptiacus. During the birth season and, consequently, the high
number of juvenile bats, an increase in the detection rate of infected
juvenile bats is observed, which coincides with spillover events in
humans (Amman et al., 2012).

The detection rate average of 9.6% in our study was comparable
with some prior studies in Brazil, in which our detection rate was higher
than three studies that varied from 2.7% to 3.7% (Asano et al., 2016;
Corman et al., 2013; Gdes et al., 2016). This could be explained by the
type of samples analysed, as swab samples seem to be the most suit-
able type of sampling for Bat-CoV detection (Anthony et al., 2017).
These previous studies analysed tissue samples collected from bats in
active surveillance (Corman et al., 2013) and passive surveillance of
rabies (Asano et al., 2016; Gdes et al., 2016). Our samples were col-
lected from bats, immediately conserved indry ice during the fieldwork
and transportation and stored in —80°C freezers once they arrived
in the laboratory, which could have preserved the viral genome and,
consequently, increased the Bat-CoV detection rate.

In some cases, a low detection rate correlates to a limited number
of samples analysed (Anthony et al., 2017). However, the highest Bat-
CoV prevalence in our samples from Sao Paulo State (12.9%) was not
correlated to the highest number of samples analysed. We hypothesize
that the positive individuals from S. lilium, representing 60% of positive
samples at this location, belong to the same colony. They were cap-
tured for two consecutive days in the same area and approximately at
the same time. Our detection rate was lower than that in two previous
studies, which varied from 17.2% (Bittar et al., 2019) to 19.3% (Lima
et al., 2013). However, these studies sampled two bat species from the
same maternity roost (Lima et al., 2013), or the same site in Sao José do
Rio Preto, a city in the northwest of Sao Paulo State (Bittar et al., 2019).

In our phylogenetic analysis, in the group 1, Bat-CoV sequences
detected from different bat species, for example Bat-CoV sequences
found in P. hastatus, an omnivorous bat, were closely related to the fru-
givorous genus Artibeus, and not with sequences from the congeneric
species P. discolor. Similar conditions were observed for the Bat-CoV
sequence obtained from A. cinereus, which were closely related to Bat-

CoV sequences obtained from C. perspicillata and S. lilium in the group
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3, all three being frugivorous species. Different species of bats can
cohabitate within the same colony, even species from other bat families
(Costaet al., 2010, 2015). This cohabitation between other bat species
can also be a factor that facilitates the spread of pathogens (Nziza et al.,
2020).

The co-evolution between bats and Bat-CoVs has been proven with
significant statistics support of a co-evolution relationship (Liang et al.,
2021). The origin of coronaviruses dates around 325 million years ago,
and they may have been infecting bats since their origin, dating from 50
million years ago (Teeling et al., 2005; Wertheim et al., 2013). Demar-
cation criteria for the family members of Coronaviridae are based on
the aaidentity in the conserved replicase domains, such as RdRp gene.
Sequences with greater than 90% aa sequence identity are considered
to be the same species (de Groot et al., 2011). Bat-CoVs identified in
our study were split into four subgenera based on the conserved RdRp
aa sequences. With a few exceptions, most of the Bat-CoV sequences
from the same bat species belonged to the same virus subgenus. Bat-
CoV sequences from S. lilium collected in three locations belonged to
the same subgenus (Group 3) based on the RdRp analysis. We selected
samples from four bat species classified into the subgenus Amala-
covirus to sequence the S gene. The S gene was designed based on the
reference sequence of subgenus from a virus detected in D rotundus. In
our study, no sample was amplified, except for the sample from D. ecau-
data, which belongs to the same bat subfamily (Desmodontinae) of D.
rotundus. Phylogenetic analysis based on the complete S gene sequence
split them into different branches, with aa identities below 90% com-
pared to sequences from other species D. rotundus. The data suggest
a new Bat-CoV species and reinforce the co-evolution among bats and
Bat-CoVs, although there is a lack of sequences to confirm this hypoth-
esis. The genetic diversity of the S gene sequences would be essential to
distinguish the Bat-CoVs when more data are available from more stud-
ies. Virus sharing among bat species within the same genus or between
closely related bat species found in our study is similar to that previ-
ously described in Latin America (Anthony et al., 2017). The Bat-CoV
sequences obtained in different bat species were grouped with identi-
cal or congeneric species. In general, Bat-CoVs seem to be host specific,
suggesting a co-evolution between bats and coronaviruses (Goes et al.,
2016; Osborne et al., 2011).

The S gene of the Bat-CoV detected in D. ecaudata was success-
fully amplified in all tested tissue and swab samples from this species.
The virus was detected in oral/rectal swabs, kidneys, lungs, intes-
tine, heart, and liver, suggesting a systemic replication. The Bat-CoV
sequences from D. ecaudata and D. rotundus, both hematophagous bats,
were closely related when comparing the RdRp, but a lower nucleotide
identity was observed when analysing the S gene. The RdRp gene of
Bat-CoV was detected in the intestine of S. lilium and two tissues of
the D. ecaudata, which could be due to the low sensitivity of the RdRp
nested-PCR and higher viral loads in the intestine.

The novelty of our study is the discovery of Bat-CoV in three
new Neotropical bat species (D. ecaudata, P. hastatus, and A. cinereus)
(Hernandez-Aguilar et al., 2021). Additionally, we identified the co-
circulation of four Alphacoronavirus subgenera in Brazil. The Bat-CoV

detection in tissue samples suggests variable pathogenesis depending
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on the bat species and viruses, which should be better investigated. Our
data also reinforce the susceptibility of juvenile bats to coronavirus
infection due to the naive immune responses, as observed in other
studies (Drexler et al., 2011; Gloza-Rausch et al., 2008). Altogether, our
data highlight the limited knowledge of the coronavirus epidemiology
in Neotropical bat species.

Finally, although our data show a high detection rate of coronavirus
in bat samples, our study does not intend to villainize or to promote any
culling of bats. Bats play important ecological roles in forest regener-
ation, acting in pollination and seed dispersion, and also in insect and
pest control (Kasso & Balakrishnan, 2013); thus, the conservation of

these mammals is crucial for the One Health aspects.
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