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ABSTRACT Bats are hosts to a large variety of viruses, including many capable of
cross-species transmissions to other mammals, including humans. We characterized
the virome in guano from five common bat species in 9 Northern California roosts
and from a pool of 5 individual bats. Genomes belonging to 14 viral families known
to infect mammals and 17 viral families infecting insects or of unknown tropism
were detected. Nearly complete or complete genomes of a novel parvovirus, astrovi-
rus, nodavirus, circular Rep-encoding single-stranded DNA (CRESS-DNA) viruses, and
densoviruses, and more partial genomes of a novel alphacoronavirus and a bunyavi-
rus were characterized. Lower numbers of reads with �90% amino acid identity to
previously described calicivirus, circovirus, adenoviruses, hepatovirus, bocaparvovi-
ruses, and polyomavirus in other bat species were also found, likely reflecting their
wide distribution among different bats. Unexpectedly, a few sequence reads of ca-
nine parvovirus 2 and the recently described mouse kidney parvovirus were also de-
tected and their presence confirmed by PCR; these possibly originated from guano
contamination by carnivores and rodents. The majority of eukaryotic viral reads were
highly divergent, indicating that numerous viruses still remain to be characterized,
even from such a heavily investigated order as Chiroptera.

IMPORTANCE Characterizing the bat virome is important for understanding viral di-
versity and detecting viral spillover between animal species. Using an unbiased meta-
genomics method, we characterize the virome in guano collected from multiple
roosts of common Northern California bat species. We describe several novel viral
genomes and report the detection of viruses with close relatives reported in other
bat species, likely reflecting cross-species transmissions. Viral sequences from well-
known carnivore and rodent parvoviruses were also detected, whose presence are
likely the result of contamination from defecation and urination atop guano and
which reflect the close interaction of these mammals in the wild.
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Emerging infectious diseases are mostly of zoonotic origins and can pose great
challenges to public health and the global economy. Bats, considered one of the

most important natural reservoirs of a variety of zoonotic viruses, comprise more than
1,400 species that are widely distributed geographically (1–3). While the large number
of species within the order Chiroptera may account for its high level of viral diversity,
some unique ecological, behavioral, feeding, and genetic or immune characteristics
may favor bats as a reservoir of viral diversity (4–6). In the past 20 years, several human
viral outbreaks, including severe acute respiratory syndrome coronavirus (SARS-CoV)
(7), Middle East respiratory syndrome coronavirus (MERS-CoV) (8), SARS-CoV-2 (9–11),
Nipah virus (12), and possibly Ebola virus (13) have emerged from bats. The now-
endemic human alphacoronavirus NL63 first described in 2004 (14) may also have
originated in bats, possibly in the North American tricolored bat (Perimyotis subflavus)
(15).
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Such cross-species spillover events highlight the need to further characterize bat
viruses to help identify viruses with the highest cross-species potential, namely, those
with very close relatives in multiple host species. Previous studies of bat viruses
detected in guano have described a wide range of viruses in families known to infect
mammals, including astroviruses, adenoviruses, bunyaviruses, circoviruses, coronavi-
ruses, flaviviruses, herpesviruses, nodaviruses, parvoviruses, picornaviruses, papilloma-
viruses, polyomaviruses, and rotaviruses (2, 5, 16–21). Although limited in their popu-
lation sampling, these viromes differed between geographic locations as well as
between bat species (2, 5, 16–21). The generation of such data will help identify which
viruses are detected in multiple bat species and in other mammals (22–24).

Metagenomic sequencing-based methods targeting viral particle-associated nucleic
acids from feces/respiratory swabs/tissues or total cellular RNA from tissues are accel-
erating virome characterizations (25–29). In order to characterize viruses in five bat
species from Northern California and to investigate the possible presence of SARS-
related coronaviruses, we analyzed viral sequences amplified from bat guano for
similarities to all known eukaryotic viruses.

RESULTS
Overview of bat guano-associated viruses. Guano samples were collected from 3

Northern California counties (Marin, Yolo, and Sacramento) between February and June
2020 (Fig. 1). Ten guano samples, including nine collected from different bat roosts and
one mixed sample of five individual captured bats (Table 1), were processed to enrich
viral particle-associated nucleic acids that were then randomly amplified and deep
sequenced (see Materials and Methods). A total of 22 million paired-end sequence
reads (median 2,233,723 sequences per sample) were generated. Following de novo
assembly, both singlets and contigs were analyzed using BLASTx for virtually translated
proteins sequences showing similarity to all currently known eukaryotic viral proteins.
All 10 sequence libraries yielded eukaryotic viral reads (Fig. 2).

In total, we identified the presence of sequences related to 31 eukaryotic viral
families. The most prevalent viruses, based on the overall number of sequence reads,
belonged to the families Parvoviridae, Circoviridae, Genomoviridae, Papillomaviridae,

FIG 1 Locations in northern California of the roosts where the bat guano samples were collected. Bottom left, Point
Reyes in Marin County; bottom middle, Davis in Yolo County; bottom right, Sacramento in Sacramento County.
(Courtesy of d-maps.com; https://d-maps.com/continent.php?num_con�25&lang�en.).
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Adenoviridae, Iridoviridae, Picornaviridae, Nudiviridae, Bidnaviridae, and Nodaviridae (Fig.
2). Viral sequences from the families Astroviridae, Caliciviridae, and Coronaviridae were
found in only a single roost. The number of eukaryotic viral families detected from each
roost ranged from 5 to 8 families in Tadarida brasiliensis (roosts TR1-4 from Yolo and
Sacramento) and 11 to 24 families in Corynorhinus townsendii/Myotis yumanensis (roosts
CR1-2 and MB1-2 from Marin). The majority of viral sequences showed limited protein
identity to known viruses in the current database, indicating the detection of previously
uncharacterized “new” viruses.

As in prior bat guano virome studies, sequences from bacterial viruses in the families
Microviridae, Podoviridae, Siphoviridae, and Myoviridae, as well as viral families known to

TABLE 1 Summary of guano samples used in this study

California county Collection date Namea Primary bat speciesb No. of samplesc Estimated no. of animalsd

Bat roosts
Marin February 2020 CR1 Corynorhinus townsendii 1* �300

February 2020 CR2 Corynorhinus townsendii 1* �500
February 2020 MR1-A Myotis yumanensis 1* �100
June 2020 MR1-B Tadarida brasiliensis 10 �100
June 2020 UR Myotis yumanensis 10 �100

Yolo June 2020 TR1 Tadarida brasiliensis 10 �1,000
Sacramento June 2020 TR2 Tadarida brasiliensis 10 �100,000

June 2020 TR3 Tadarida brasiliensis 10 �1,000
June 2020 TR4 Tadarida brasiliensis 10 �1,000

Individual batse

Marin February 2020 MB Myotis californicus and Myotis yumanensis 5
aRoost name.
bSpecies found in each roost.
cNo. of samples refers to the number of individual vials filled (an asterisk [*] indicates that many guano samples from the same roost were collected and mixed into
one larger jar) from guano piles. For other roosts, 10 smaller guano samples were pooled prior to processing.

dEstimated total size of the colony.
eFor individual bat samples, guano samples were collected from free-flying individual bats captured during a field study.

FIG 2 Summary of the bat-associated viruses. All viral families identified from the 10 bat guano samples with E
scores of �10�10. Only those eukaryotic viruses that could potentially infect mammals or insects are shown. Heat
map was used to indicate the viral abundance (calculated as reads per million [RPM]), and RPM was displayed in
log10 of each family. The numbers of viral families detected from each guano sample are listed at the bottom.
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infect plants, algae, and protozoans were also detected (see File S1 in the supplemental
material). These viral families, reflecting the presence of commensal gut prokaryotes,
and/or that of consumed insects and their parasites, were not studied further (2, 17).

Identification of novel mammalian viruses. Several novel complete or nearly
complete viral genomes could be assembled, including those of an astrovirus, a
chaphamaparvovirus, a nodavirus, 5 densoviruses, and 4 circular rep-expressing single-
stranded DNA (CRESS-DNA) viruses. Fragments of an alphacoronavirus and a bunyavi-
rus genome were also characterized. Phylogenetic analysis was used to compare these
genomes to the most closely related and representative genomes in the same viral
families.

(i) Bat astrovirus. From the MR1-A roost, a nearly full-length astrovirus genome was
generated (6,650 bases; GenBank accession number MT734809), encoding the three
prototypical astrovirus open reading frames (ORFs; ORF1a/1b/2). Phylogenetic analyses
of the full-length ORF1a (RNA-dependent RNA polymerase [RdRp]) and ORF2 (capsid
protein VP) of this bat astrovirus RB (BAstV/RB) showed a close relationship with
another bat (Taphozous melanopogon) astrovirus (Mamastrovirus 15; GenBank accession
number FJ571066) described in 2019, China (30) (Fig. 3). These viruses share 66.2% and
57.0% identity in their RdRp and capsid proteins, respectively, and �50% identity to all
other astroviruses in the capsid protein. Thus, bat astrovirus BAstV/RB is a new species
under the genus Mamastrovirus based on the International Committee on the Taxon-
omy of Viruses (ICTV) criteria defining a new astrovirus species based on amino acid
distance of their VP (31).

(ii) Bat parvovirus. From bat roost CR1, a 3,941-bases contig of a chaphamapar-
vovirus genome, named bat chaphamaparvovirus JR (GenBank accession number
MT734803) could be assembled. Similarly to murine kidney parvovirus, ORFs that
encode NS1, VP1, NP, and p15 were detected (Fig. 4). The 5= ORF that encodes p10 fell
outside the sequenced region. Phylogenetic analyses based on both NS1 and VP1
protein demonstrated that this virus clustered with chaphamaparvoviruses found in
other bats, capuchins, Tasmanian devils, and mice (Fig. 4). NS1 and VP1 shared 64.4%
to 67.0% and 66.1% to 69.2% identity, respectively, to those viruses in this cluster, with
capuchin kidney parvovirus being the closest relative.

(iii) Bat coronavirus. Several reads of a coronavirus were identified from roost CR1.
In order to check for the presence of other coronaviruses, including SARS-like genomes,
we tested each library using previously described universal coronavirus PCR primers
(23, 32). A conserved 440-bp RdRp region (GenBank accession number MT734810) was
generated from the same CR1 roost. Phylogenetic trees based on the RdRp region and
two contigs (447 bp) of the spike region indicated that it belongs to the Alphacorona-
virus genus, with its sequenced RdRp region sharing �84% identity with a previously
described coronavirus from free-tailed bats reported in both Brazil and Florida (33) (Fig.
5). The two spike gene contigs also showed closest identity (�80%) to those found in
Myotis lucifugus, in Colorado, USA (GenBank accession number KF430219). The multiple
coronavirus consensus PCRs targeting both alpha- and betacoronaviruses were nega-
tive for all of the other roosts, consistent with metagenomic sequencing.

Distant relative of reported mammalian viruses. Short regions of other divergent
mammalian viruses in the families Adenoviridae, Papillomaviridae, Picornaviridae, Polyo-
maviridae, and Reoviridae were also detected, but limited numbers of sequencing reads
precluded assembly of a large fraction of their genomes. These sequences were highly
divergent from those of their closest relatives, sharing protein similarities ranging from
30% to 85%.

Close relatives of known mammalian viruses. Also identified were reads and
contigs that displayed a translated protein sequence identity of �90% to previously
described viral proteins (Table 2; see also File S2 in the supplemental material). These
viruses included calicivirus, circovirus, adenovirus, hepatovirus, bocavirus, and polyo-
mavirus. The detection of closely related viruses in different bat species can be
interpreted as reflecting cross-species transmissions.
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One contig and one read totaling 549 bases and showing 100% similarity to canine
parvovirus 2 (CPV2) was found in guano from roost TR4. CPV2 tropism has been
extensively studied as an example of a viral host jump from cats to dogs (34, 35). CPV2
has also been reported in multiple other carnivores, such as fox, raccoons, coyotes,
puma, and minks (36). In MR1-A guano, we also detected 4 contigs totaling 2,063 bases
(GenBank accession number MW151762) that shared more than 97.5% to 98.6%
nucleotide similarity to over 46% of the mouse kidney parvovirus (MKPV) genome
(GenBank accession number NC_040843.1). MKPV was only recently reported in wild

FIG 3 Genome organization of astrovirus and phylogenetic analysis using the maximum likelihood method based on the complete
amino acid sequence of the RNA-dependent RNA polymerase (RdRp) protein and capsid protein. The blue line indicates the genome
coverage we got from this virus. Both Avastrovirus and Mamastrovirus reference genomes were included for phylogenetic analysis.

FIG 4 Genome organization of chaphamaparvovirus and phylogenetic analysis using the maximum likelihood method based on
the complete amino acid sequences of the NS1 and VP1 proteins. All currently known reference sequences from the
Chaphamaparvovirus genus were included.
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New York City mice (37) and was shown to cause kidney failure in immunodeficient
laboratory mice (38, 39). The presence of both of these parvovirus genomes in original
guano samples TR4 and MR1-A was confirmed by reextraction, PCR, and amplicon
Sanger sequencing (see Materials and Methods).

Viruses of unknown tropism—CRESS-DNA genomes. Circular Rep-encoding ss-
DNA (CRESS-DNA) genomes were detected in nearly all bat roosts (Fig. 2), and several
complete circular genomes could be assembled. Genomes encoded ambisense or
monosense Rep and Cap ORFs and a stem-loop structure with a conserved nonanucle-
otide motif (Fig. 6). Three genomes were 1,595 bases in length, sharing �99.5%
nucleotide identity (bat-associated CRESS-DNA BB/YB/RM) with each other and 88.8%
nucleotide identity with bat “circovirus” POV/I found in Brazil (40). Another genome
(bat-associated circovirus WD; GenBank accession number MT734813) was 1,611 bases

FIG 5 Genome organization of coronavirus and phylogenetic analysis using the maximum likelihood method based on the 440-bp RdRp region and contigs
from the spike gene. Both alphacoronaviruses and betacoronaviruses were included for the phylogenetic tree.

TABLE 2 Viral sequences that share high similarity with those of known viruses

Virus hita

GenPept or
GenBank
accession no.b Sample origin Countryc E value Identity (%)

No. of
contigs/reads

Total
length
(bp) Roost

Bat calicivirus A10 AWK23451 P. subflavus USA 8E�58 100% 1 284 TR4
Bat circovirus POA/V AIX11629 M. molossus/T. brasiliensis Brazil 2E�78 93.4% 1 369 TR1
Bat hepatovirus YP_009505614 Coelura afra Ghana 1E�23 93.9% 1 150 CR1
Bat mastadenovirus AWT57880 Myotis emarginatus Spain 8E�61 96.8% 1 289 MR1-A
Bat mastadenovirus G YP_009325345 Corynorhinus rafinesquii USA �1E�39 to 2E�68 �93 to 97.2 2 757 MR1-A
Bat bocaparvovirus AIF74240 Myotis pequinius China �1E�41 to 4E�51 �92.8 to 97.6 2 462 MR1-A
Bocaparvovirus sp. AYG97822 Rodents China �7E�47 to 9E�68 �93.7 to 98.7 3 812 MR1-B
Canine parvovirus 2 – Carnivores * 0 100 2 549 TR4
Bocaparvovirus 1 AUD40074 Himalayan marmot China �6E�57 to 3E�97 �93.9 to 96.8 2 743 MR1-B
Mouse kidney parvovirus NC_040843 Mus musculus Australia/USA �1E�177 to 0 �97.5 to 98.6 4 2,063 MR1-A
Myotis myotis bocavirus 1 YP_009508788 Myotis myotis China �8E�24 to 1E�53 �91.4 to 93.7 2 452 MR1-A
Porcine bocavirus 1 AEM43610 Pig * 1E�30 91.20 1 251 MR1-B
Bat polyomavirus AIF74282 Rhinolophus ferrumequinum China 4E�42 94.50 1 221 UR
Gammapapillomavirus 11 ATQ38341 Human USA 1E�46 100 1 225 CR1
Peromyscus papillomavirus 1 YP_009508760 Peromyscus (deer mouse) USA �6E�10 to 2E�101 91.6 to 100 3 834 UR
Human rotavirus A AIE45278 Human * 1E�45 95.0 1 245 MR1-A
Rotavirus H – Pig * �1E�18 to 4E�76 �93.7 to 100 9 2,000 UR
aVirus hits from NCBI database that shared high identity to the viral contigs/reads in this study.
bA dash (–) indicates that the sequence shared the same identity (%) with multiple reference genomes.
cAn asterisk (*) indicates that the reference sequence could be found in multiple locations.
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and showed 51% identity with its closest bat CRESS-DNA relative identified in China
(41). Based on recent ICTV classification, these genomes clustered in the CRESS3 clade
(42). Another 1,906-bp circular genome was assembled from bat roost MR1-A (bat-
associated circular virus RB; GenBank accession number MT734817). The phylogenetic

FIG 6 Genome organization of bat-associated CRESS-DNA WD/RM viruses and bat-associated circular virus RB. The phylogenetic tree was generated using
the maximum likelihood method based on the complete amino acid sequence of the Rep protein. Reference sequences from cyclovirus, circovirus, and
CRESS-DNA viruses in Circoviridae were included for the phylogenetic tree.
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tree showed that its Rep protein mapped outside the six major CRESS1-6 clades (Fig. 6),
sharing less than 40% identity with other, still unclassified, CRESS-DNA genomes.

Insect viruses. (i) Densovirus. In total, we could assemble five nearly full-length
densovirus genomes from different bat roosts. Based on the complete NS1 and VP1
protein, all densoviruses were distinct and highly divergent from available genomes in
GenBank (Fig. 7). Bat-associated densovirus CA and TB (GenBank accession numbers
MT734804 and MT734805) clustered within the newly proposed Scindoambidensovirus
genus, sharing �45% identity at NS1 and �36% at VP1 with Acheta domestica denso-
virus (GenBank accession number HQ827781). Bat-associated densovirus JR (GenBank
accession number MT734807) clustered within the Blattambidensovirus genus, sharing
�65% identity at NS1 and �42% at VP1 with Blattella germanica densovirus (GenBank
accession number AY189948). Bat-associated densovirus RD (GenBank accession num-
ber MT734808) clustered with the Iteradensovirus genus, sharing �39% identity at NS1
with Dendrolimus punctatus densovirus (GenBank accession number NC_006555) and
�41% at VP1 with Helicoverpa armigera densovirus (GenBank accession number
NC_015718). Bat-associated densovirus WD (GenBank accession number MT734806)
showed no clear clustering with any densovirus genera, sharing less than 35% identity
at NS1 to any described densovirus. Therefore, based on ICTV criteria, it represents a
possible member of a new genus in the Densovirinae subfamily.

(ii) Nodavirus. Five roosts were positive for nodavirus sequences, and from roost CR
we were able to generate a nearly full-length genome of both genomic segments.
Segment 1 of the bat-associated nodavirus JR (GenBank accession number MT734811)
was 3,119 bases in length, and the closest relative with �40% identity over RdRp was
an alphanodavirus (Nodamura virus) identified in Culex tritaeniorhynchus (GenBank
accession number NC_002690) (Fig. 8). The genome of segment 2 was 1,799 bases in
length (GenBank accession number MT734812), encoding a capsid protein with �32%
identity with that of a Lutzomyia nodavirus identified in the sand fly Lutzomyia
longipalpis (GenBank accession number KR003800).

(iii) Bunyavirus. From our bat guano samples, we found two roosts positive for
bunyaviruses, and we were able to assemble several contigs from both of the samples,
all of which could be mapped to M and L segments (Fig. 9). Using the largest contig
(838 bp from roost MR1-A) over the RdRp region, a phylogenetic tree indicated that this
sequence clustered with bat bunyavirus JTM discovered in Rhinolophus ferrumequinum,
sharing �88% identity at the amino acid level. The longest bunyavirus contig (594 bp)
from roost CR1 was closest to a bunyavirus from an Australian flea (�47% identity;
GenBank accession number MN167501).

DISCUSSION

Detection of novel viruses in bats is important for both surveillance and monitoring
of bat populations, which provide important ecosystem functions, and for monitoring
and understanding potential viral spillover between species. In order to characterize
common enteric bat viruses, we analyzed guano samples of several Northern California
bat roosts using viral metagenomics. Some eukaryotic viral genomes were completely
or partially sequenced, while others were detected only in the form of one or a few viral
reads. For parvoviruses, astrovirus, and coronavirus, their cellular hosts are likely enteric
bat cells, while for other viruses, such as densoviruses and nodavirus, a dietary origin
is expected, e.g., from ingested insects. For other viruses such as those with CRESS-DNA
genomes, their cellular origin remains unknown but could conceivably be from in-
gested food or from parasites in their guts. Beside circoviruses, which are known to
infect numerous birds, reptiles, and mammals, there is currently no evidence for
replication of other CRESS-DNA viruses in mammalian cells.

Astroviruses can infect a wide range of hosts, including diverse birds and mammals
(including humans), resulting often in asymptomatic infections but also diarrheal as
well as occasional neurological infections (43, 44). We characterized a nearly complete
genome of a novel mamastrovirus whose closest, although still considerably divergent,
relative is from another bat (Taphozous melanopogon) found in South and South East
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Asia (30). A large number of astroviruses have been previously reported in bats and
their genomes partially sequenced (45–51). Phylogenetic analysis has shown multiple
bat astrovirus-containing clades separated by astroviruses from other mammals, likely
reflecting multiple prior cross-species spillovers.

Members of the Parvoviridae family consist of nonenveloped icosahedral virions with
single-stranded DNA genomes of 4 to 6 kb (52, 53). The Chaphamaparvovirus clade
(previously known as chapparvoviruses) is a rapidly expanding genus whose members
have been identified in numerous vertebrate animals, including rats and mice, bats,
rhesus macaques, dogs, pigs, and Tasmanian devils, as well as birds and fish (54, 55).

FIG 7 Genome organization of densovirus and phylogenetic analysis using the maximum likelihood method based on the complete amino acid sequences of
the NS1 and VP1 proteins. Reference genomes from the Densovirinae subfamily were used for the phylogenetic tree, with adeno-associated virus and canine
parvovirus as the outgroup.

FIG 8 Genome organization of nodavirus and phylogenetic analysis using the maximum likelihood method based on the complete amino acid sequences of
the RdRp protein (segment 1) and capsid protein (segment 2).
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Murine chaphamaparvovirus (murine kidney parvovirus) was shown to be the cause of
nephropathy in laboratory mice (38), and a recent study reported the detection of
another chaphamaparvovirus genome in a plasma sample from a febrile individual (56).
Here, we describe a new member of the Chaphamaparvovirus genus in bats, which joins
the three previously reported bat relatives from Desmodus rotundus (common vampire
bat) from Brazil (57) and from Eidolon helvum (straw-colored fruit bats) from Cameroon
(58) and Ghana (59).

Also characterized were multiple genomes of CRESS-DNA viruses from different guano
samples. These genomes are frequently detected in vertebrate fecal samples and diverse
environmental samples and have recently been classified within a new phylum (42, 60).
While the Cressdnaviricota phylum currently includes seven families, only one, the Circo-
viridae, includes viruses known to infect vertebrates (42, 60). Four of 5 Rep proteins in the
CRESS-DNA genomes characterized here could be mapped to the CRESS3 family, while
another may belong to a yet-to-be-described family. The host cells replicating these
genomes may conceivably be enteric bat cells or parasites inside bat guts (61–63). An
alternative source is from the largely insectivorous diets of these bats. We and others also
reported that a CRESS-DNA genome (from a different genus) was released from silica-based
nucleic acid purification columns (64, 65). Here, we used magnetic beads for nucleic acid
extraction rather than the contaminated extraction columns (Materials and Methods). We
also did not detect the same bat guano CRESS-DNA genomes in numerous prior studies
using the same procedure. Lastly, the detection of closely related CRESS-DNA genomes in
independent bat guano studies further supports the tentative conclusion that these
CRESS-DNA genomes were genuinely present in guano.

Fragments of a novel alphacoronavirus could be derived from roost MR1-A, which
consisted of Myotis yumanensis (Yuma myotis). That partial genome was distinct from
previously reported bat alphacoronaviruses. The most closely related alphacoronaviruses in
the RdRp region were from Tadarida brasiliensis (Mexican/Brazilian free-tailed bat) in Florida
(GenBank accession number KX663833) and Brazil (GenBank accession number
KC110781), and an undefined bat from Brazil (GenBank accession number MG266057).
Alphacoronaviruses have been reported in multiple bat species from Colorado, USA

FIG 9 Genome organization of bunyavirus and phylogenetic analysis using the maximum likelihood
method based on the amino acid of the largest contig in the L segment.
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(66), Trinidad (67), and Mexico (68), although none of them were closely related to
SARS-CoV, SARS-CoV-2, or MERS, which are classified in the Betacoronavirus genus (69).

The viruses for which the largest numbers of reads could be identified were
densoviruses. Densoviruses are known to infect insects and have been recently reclas-
sified into seven genera (54, 55). Members of the Miniambidensovirus, Blattambidenso-
virus, Scindoambidensovirus, and Iteradensovirus genera were sequenced here (54, 55).
While densoviruses have occasionally been reported in sterile mammalian samples
(56, 70), their only currently known tropism consists of invertebrates, mainly insects
(71). The detection of highly distinct densoviruses likely reflects the diversity of
these bats’ insect diets. Nodavirus and bunyavirus genome segments were also
detected. Members of these viral groups are capable of infecting insects as well as
vertebrates (only fish in the case of nodaviruses), in which bunyaviruses can results
in viremia (72, 73). Detection of these viral genomes in guano, rather than in
plasma, indicates that their path was likely through ingestion of infected insects
rather than by infection of bat cells.

Other viruses were detected with smaller numbers of reads but higher levels of
similarity to previously reported bat viruses (Table 2). The detection of such closely
related viruses in different bat species from different continents indicates that these
viruses are likely to have a wide host range and are capable of infecting multiple bat
species.

The detection of genome fragments of well-studied parvoviruses of carnivores
(CPV2) and of mice (MKPV) in two guano samples was unexpected. The source of these
genomes in bat guano remains unclear and may reflect either enteric infection of the
sampled bats or, more likely given their currently known tropism and the low number
of reads, as a result of contamination of guano by carnivores and rodents.

Characterizing bat virus diversity is important for understanding the ecological
drivers of viral diversity in bats, and surveillance through guano samples collected at
roosts allow for noninvasive virus monitoring and discovery of novel pathogens,
including surveillance for viruses with zoonotic potential. Noninvasive screening of bat
viruses also allows researchers to monitor for potential reverse zoonotic spillover of
SARS-CoV-2 into North American bat populations, some of which may be susceptible to
infection (74). The detection of SARS-CoV2 RNA in the feces of human (75) and other
animals (76, 77) and the original detection of its closest relative (coronavirus RaTG13)
from a fecal swab of a Rhinolophus affinis bat (9) does indicate that bat guano provide
an readily accessible and appropriate material to screen for such viruses.

MATERIALS AND METHODS
Sample collection and virus enrichment. Bat guano samples were collected from Marin, Yolo, and

Sacramento counties in Northern California, USA (Table 1). Multiple guano samples were collected from
the ground beneath each roost and pooled. Samples were initially stored at 4°C for several days and then
transferred to �80°C until use. Two large maternity roosts from Marin County consisting of Corynorhinus
townsendii and roosts containing Myotis yumanensis and Tadarida brasiliensis bats were sampled. Four
roosts from Yolo and Sacramento counties, consisting exclusively of Tadarida brasiliensis, were also
sampled. Fecal samples from individual bats were also collected from two Myotis californicus and three
Myotis yumanensis bats during winter bat capture studies (CA Fish and Wildlife permit SC-10779).

Virus particle-associated nucleic acid enrichment was carried out based on our previously described
methods (61). Briefly, 2 g of each guano sample was vigorously vortexed with 2 ml phosphate-buffered
saline (PBS) and zirconia beads. The homogenate was centrifuged at 8,000 � g for 10 min at 4°C, and the
supernatant was passed through a 0.45-�m filter (Merck Millipore, MA, USA). The filtrate was then
digested with a cocktail of enzymes (Turbo DNase [Thermo Fisher Scientific, MA, USA]; Baseline Zero
DNase [Epicentre, WI, USA]; Benzonase nuclease [Novagen, MA, USA]; and RNase A [Thermo Fisher
Scientific]) at 37°C for 90 min to reduce the concentration of free nucleic acids (61). Residual RNA/DNA
(protected from digestion within viral particles) was then extracted using magnetic beads covered with
a proprietary silica-like coating (MagMax viral RNA isolation kit; Ambion, Inc., TX, USA).

Viral metagenomics analysis. Nucleic acids were first amplified using random reverse transcription-
PCR (RT-PCR) (78) using a PCR primer with a random nonamer at the 3= end, followed by second-strand
synthesis using Klenow polymerase (New England Biolabs, MA, USA) (61). Both cDNA and DNA were then
amplified by AmpliTaq Gold DNA polymerase (Thermo Fisher Scientific), using the same PCR primer
without its randomized 3= end. An Illumina library was generated using the transposon-based Nextera XT
sample preparation kit (Illumina, CA, USA) and sequenced on the MiSeq platform (2 � 250 bases, dual
barcoding; Illumina). An inhouse pipeline was followed for the bioinformatic analysis (61); briefly, adaptor
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and primer sequences are trimmed using the default parameters of VecScreen (National Center for
Biotechnology Information, MD, USA), duplicate reads were removed, and low-sequencing-quality tails
were trimmed. Human and bacterial reads were subtracted by mapping to human reference genome
hg38 and bacterial nucleotide sequences using Bowtie 2 v2.2.4 (79). De novo assembly was achieved by
Ensemble Assembler program (v1.0) (80). Both contigs and singlets were then analyzed using BLASTx
(v2.2.7) to search an in-house viral proteome database, and then candidate viral hits were aligned to the
BLAST nonredundant (NR) universal proteome database using DIAMOND v0.9.15.116 (81).

Genome assembly and phylogenetic analysis. Viral reads and contigs were aligned to reference
viral genomes to generate full/partial genome sequences by Geneious R11 program (82). Sequences
were first translated into amino acids and aligned using ClustalW. Phylogenetic trees were inferenced
using the maximum likelihood method with MEGA v7.0 (83). The model test module of MEGA v7.0 was
used to determine the best substitution model. Phylogenetic trees based on protein/nucleotide se-
quences were generated using the bootstrap method (1,000 times) under a GTR�I�G model.

PCR used to check for coronaviruses, canine parvovirus 2, and mouse kidney parvovirus. Viral
nucleci acids were directly extracted from the guano supernatant (not subjected to filtration and
nuclease treatment) using a QIAamp virus minikit (Qiagen, Hilden, Germany). Reverse transcription was
performed with by SuperScript III reverse transcriptase (Thermo Fisher Scientific). A 440-bp region of the
RdRp of alpha- and betacoronaviruses was targeted for amplification using a published protocol with the
first-round PCR primers 5=-CTTATGGGTTGGGATTATCCTAAGTGTGA-3= and 5=-CTTATGGGTTGGGATTATCC
CAAATGTGA-3= and the second-round primers 5=-GGGTTGGGACTATCCTAAGTGTGA-3= and 5=-CCATCAT
CAGATAGAATCATCATG-3= (23, 32). The PCR primers used to confirm the presence of canine parvovirus
2 DNA were 5=-AAGACGTGCAAGCGAGTCC-3= and 5=-GAGCGAAGATAAGCAGCGTAA-3=. The presence of
MKPV DNA was confirmed using nested PCR with first round 5=-CAACATGGGGTCCACTCTCC-3= and
5=-TAGGGCGCTGTCAAAGGAAG-3= and second round 5=-TATGCACCAACATGGGGTCC-3= and 5=-GGTGGC
TTTACTGTCGGTGA-3= primers. The PCR programs were as follows: 95°C for 3 min and 40 cycles at 95°C
for 30 s, 58°C for 30 s, and 72°C for 40 s, followed by an extension at 72°C for 10 min. PCR products were
visualized on agarose gel and Sanger sequenced.

Data availability. The short-read sequencing data are available at the NCBI Sequence Read Archive
(SRA) under BioProject number PRJNA565775 (BioSample accession numbers SAMN15468904 to
SAMN15468913) and GenBank accession numbers MT734803 to MT734817 and MW151762).
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