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A B S T R A C T

Pegivirus (family Flaviviridae) is a genus of small enveloped RNA viruses that mainly causes blood infections in
various mammals including human. Herein, we carried out an extensive survey of pegiviruses from a wide range
of wild animals mainly sampled in the Qinghai-Tibet Plateau of China. Three novel pegiviruses, namely Passer
montanus pegivirus, Leucosticte brandti pegivirus and Montifringilla taczanowskii pegivirus, were identified from
different wild birds, and one new rodent pegivirus, namely Phaiomys leucurus pegivirus, was identified from
Blyth's vole. Interestingly, the pegiviruses of non-mammalian origin discovered in this study substantially broaden
the host range of Pegivirus to avian species. Co-evolutionary analysis showed virus-host co-divergence over long
evolutionary timescales, and indicated that pegiviruses largely followed a virus-host co-divergence relationship.
Overall, this work extends the biodiversity of the Pegivirus genus to those infecting wild birds and hence revises
the host range and evolutionary history of genus Pegivirus.
1. Introduction

Genus Pegivirus (family Flaviviridae) comprises enveloped positive
sense single-stranded RNA viruses ranging from 8.9 to 11.3 kb encoding a
single polyprotein (Simmonds et al., 2017). When co- and
post-translationally cleaved by proteases, pegivirus polyprotein gener-
ates several proteins: 50-Envelope 1 (E1)-E2-protein X (Px)-Nonstructural
2 (NS2)-NS3-NS4A-NS4B-NS5A-NS5B-30 (Simmonds et al., 2017). Within
genus Pegivirus, 11 species have been described so far (Pegivirus A–K),
such as theiler's disease-associated virus, human hepegivirus, and hepa-
titis GB virus A. Most of the currently identified pegiviruses infecting
humans and other mammalian hosts, including non-human primates
(New World monkeys, Old World monkeys and chimpanzees), bats,
horses, pigs, and rodents (Schaluder et al., 1995; Sibley et al., 2014; Wu
et al., 2020). Recently, novel pegiviruses have been reported from dol-
phin species, the common marmoset, and the vervet monkey (Rodrigues
et al., 2019; Porter et al., 2020). On the other hand, the report of pegi-
viruses in non-mammalian host has been scarce. The only
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non-mammalian member of pegivirus identified so far is goose pegivirus
(GPgV), which was identified in several goose farms exhibiting high
lymphotropism in Sichuan Province and the Chongqing municipality of
China, and formed a sister clade to mammalian pegiviruses (Wu et al.,
2020). Until now, there are only two rodent pegiviruses so far, which
have been identified in serum samples from Neotoma albigula (rodent
pegivirus isolate cc61) and Rattus norvegicus (norway rat pegivirus isolate
NrPgV/NYC-E13), respectively, all belonging to species Pegivirus J
(Kapoor et al., 2013; Firth et al., 2014).

Studies have shown that birds are important natural reservoirs or
amplifying hosts for many emerging or re-emerging viral pathogens, such
as influenza A virus, Japanese encephalitis virus, and West nile virus
(Valiakos et al., 2019; Ramey and Reeves, 2020; Hameed et al., 2021).
Similarly, rodents, which constitute the most diverse mammal order
Rodentia and represents about 40% of all mammal species (Burgin et al.,
2018), are also natural reservoirs of diverse zoonotic viruses (Wu et al.,
2021) such as arenaviruses and hantaviruses (Manigold and Vial, 2014;
Han et al., 2015). A thorough understanding of viruses harbored by birds
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Table 1
Information on the RNA sequencing libraries.

Library name Virus Host Host organ Library size Total contigs Pegi-like virus (nt) Reads mapped RPM

QHN MTPV Birds Respiratory tract 213,111,136 647,840 10,866 4166 19.548
GXN PMPV Birds Respiratory tract 100,507,574 678,034 10,916 606 0.061
XZN LBPV Birds Respiratory tract 79,050,354 657,720 10,719 1072 13.561
XZS PLPV Rodents Respiratory tract 66,147,908 583,930 11,430 586 8.859

PMPV, Passer montanus pegivirus; LBPV, Leucosticte brandti pegivirus; MTPV, Montifringilla taczanowskii pegivirus; PLPV, Phaiomys leucurus pegivirus; RPM, reads per
million.
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and rodent species is of great importance to the prevention of emerging
or re-emerging zoonotic pathogens in the future.

Currently, the knowledge about the viral diversity in Qinghai-Tibet
Plateau of China, especially potential zoonotic viruses, is still very
limited. Furthermore, pegiviruses in wild animals from Qinghai-Tibet
Plateau has not been reported. Therefore, in this work, we identified
four new pegiviruses from respiratory tract samples of birds and voles,
mainly sampled from Qinghai-Tibet Plateau of China, which shed new
lights on the diversity and evolution of this important genus.

2. Materials and methods

2.1. Sample collection and ethical considerations

In April 2018, 41 rodents including 32 rats (Phaiomys leucurus), and
31 wild birds (Leucosticte brandti) were trapped in Cona County of Tibet,
China. Furthermore, 23 wild birds (16 Montifringilla taczanowskii and 7
Pseudopodoces humilis) from Yushu City of Qinghai Province and 13 wild
birds (Passer montanus) from Zhaoping County of Guangxi Province were
trapped in July 2019 and in October 2020, respectively. All the sampled
wildlife had no obvious diseases. All animals were humanely euthanized,
and their respiratory tracts were collected for analysis. Each respiratory
tract sample was placed in Hank's balanced salt solution and was
temporarily stored in �20 �C refrigerators of local Centers for Disease
Control and Prevention (CDC) before transporting to our laboratory in
Beijing and subsequent storage at�80 �C. The specimens were identified
to species by professionals through morphological observation or the
mitochondrial cytochrome b gene. All sampling work was carried out by
the local CDC as part of surveillance programs and was authorized by the
State Key Laboratory for Infectious Diseases Prevention and Control.

2.2. RNA extraction and unbiased deep-sequencing

A total of 30 mg of tissue was excised from each sample, washed three
times using Hank's balanced salt solution, homogenized in PBS using the
TissueLyser II system, and was then extracted and purified by the RNeasy
Plus Mini Kit (QIAGEN, cat no: 74134, Düsseldorf, Germany). The ob-
tained total RNA was mixed in equal proportions into four pools ac-
cording to the animal type and sampling site. The four libraries were
conducted as previously (Zhu et al., 2021a, 2021c). In brief, total RNA
were subjected to rRNA extraction using the Ribo-Zero Gold rRNA
Removal Kit (Illumina, cat no: MRZE706, San Diego, USA), and were
then constructed using the TruSeq Stranded Total RNA Library Prep Gold
kit (Illumina, cat no: RS-122-2201, San Diego, USA) and sequenced by
the Illumina HiSeq2000 platform (Zhu et al., 2021b).

2.3. Viral discovery

The meta-transcriptomic pipeline was conducted according to previ-
ous reports (Shi et al., 2018; Porter et al., 2020). Raw data were trimmed
to remove low-quality bases and adapter sequences using Trimmomatic
v0.39 (Bolger et al., 2014). The resulting high-quality data were subse-
quently used for de novo assembly by Trinity v2.6.4 default parameter
settings (Grabherr et al., 2011). The assembled contigs were screened
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against the non-redundant protein databases of NCBI with an e-value
cutoff of 1 � 10�5 using Diamond (Buchfink et al., 2015). To confirm the
obtained viral contigs, reads were mapped back to the corresponding
viral contigs and assembly was conducted once more. The number of
reads mapped back to pegivirus genome divided by the number of total
reads in each library were used to estimate the contig abundance (Porter
et al., 2020).
2.4. PCR confirmation and genome annotation

Several contigs of pegiviruses were obtained from the libraries GXN
(GX, Guangxi Province; N, bird) and XZS (XZ, Tibet; S, rat). The library
was named by combing the first letter of Chinese Pinyin of both pro-
vincial name (sampling site) and host name. Accordingly, a number of
paired primers were designed to amplify the gaps between contigs, and
PCR products were analyzed by Sanger sequencing. The obtained Sanger
sequences were assembled with the Illumina contigs by overlap se-
quences to get the full-length genome. For the pegivirus from the libraries
QHN (QH, Qinghai Province; N, bird) and XZN (XZ, Tibet; N, bird),
several primer pairs were designed to amplify the full-length genome,
and were analyzed by Sanger sequencing to confirm the genomic
sequences.

All pegiviruses identified in this study were subjected to online blastx
search (https://blast.ncbi.nlm.nih.gov/Blast.cgi) against the Nr data-
base, conserved domain (CDD) search (https://www.ncbi.nlm.nih
.gov/cdd), and prediction by Hmmer search (https://www.ebi
.ac.uk/Tools/hmmer/) against the PFam database, respectively. The
open reading frames (Merkle et al., 2010) were determined using the
ORFfinder (https://www.ncbi.nlm.nih.gov/orffinder/) program of NCBI.
2.5. Phylogenetics and co-evolutionary analyses

In order to determine the evolutionary relationships of identified viral
strains, the amino acid sequences (polyprotein, NS3 and NS5B) of the
four new pegi-like viruses and all species of the genus Pegivirus were
aligned using Mafft (Katoh and Standley, 2013). The sequence align-
ments were used to determine the most appropriate amino acid substi-
tution model (Dayhoff) using Model Finder (Kalyaanamoorthy et al.,
2017), and to construct the phylogenetic trees by PhyML v3.0 with 1000
bootstrap values (Guindon et al., 2010).

For the evaluation of coevolutionary analysis results, the phyloge-
netic tree of the vertebrate host species was inferred using TimeTree
(Kumar et al., 2017). The phylogenetic trees of both host and virus (based
on polyproteins) were input into the coevolutionary analysis using the
Jane package v4 (Conow et al., 2010). The event costs were set as pre-
viously reported: 0 for cospeciation, 1 for duplication, 1 for duplication
with host-switch, 1 for loss, and 1 for failure to diverge (Shi et al., 2018)
and 0 for cospeciation, 1 for duplication, 2 for host-switching, 1 for loss
and 1 for failure to diverge (Wang and Han, 2021), respectively. Finally,
TreeMap3 was employed to visualize the coevolutionary tree showing
the connections of each virus with its corresponding host species
(Charleston, 2011). The “untangle” function was used to rotate the
branches of one tree to minimize the number of crossed lines.
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Table 2
Predicted individual viral proteins of the pegivirus genomes identified in this
study.

Pegivirus PMPV
(aa)

LBPV
(aa)

MTPV
(aa)

PLPV
(aa)

Description

Polyprotein 3317 3282 3282 3426
Y 25 26 26 178 Unknown function
E1 186 186 187 254 Envelope glycoprotein
E2 328 327 311 373 Envelope glycoprotein
X 172 175 179 246 Additional glycoprotein
NS2 302 297 288 241 Membrane-associated

protease
NS3 643 643 644 623 Helicase and protease

activities
NS4A 97 97 97 109 NS3 cofactor
NS4B 256 250 256 212 Replication complex

formation
NS5A 744 715 721 624 Phosphorylation-

dependent modulation of
RNA replication

NS5B 564 566 573 566 RNA-dependent RNA
polymerase

E, envelope glycoprotein; NS, nonstructural protein. PMPV, Passer montanus
pegivirus; LBPV, Leucosticte brandti pegivirus; MTPV, Montifringilla taczanowskii
pegivirus; PLPV, Phaiomys leucurus pegivirus.
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3. Results

3.1. Viral identification and genomic characterization

During 2018–2020, respiratory tract samples of 41 rodents and 67
wild birds were collected, and their total RNA were extracted and
organized into four pools for meta-transcriptomics sequencing, including
(1) library XZS (41 rodents from Cona County), (2) library XZN (31 wild
Fig. 1. Genomic annotation and genetic analysis. A Genomic structure of novel pegiv
on polyproteins with 1000 bootstrap resampling. The clades of viruses identified in th
bootstrap values > 90% shown. SOBV, Southwest bike trail virus; TDAV, Theiler's dis
pegivirus; MTPV, Montifringilla taczanowskii pegivirus; PLPV, Phaiomys leucurus pegiv
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birds from Cona County), (3) library QHN (23 wild birds from Yushu
City), and (4) library GXN (13 wild birds from Zhaoping County)
(Table 1). Sequencing of rRNA depleted libraries resulted in 66,147,908
to 213,111,136 paired reads, which were assembled into 583,930 to
678,034 contigs per library (Table 1). The abundance levels (reads per
million) of the novel pegivirus genomes ranged from 0.061 to 19.548
RPM (Table 1).

Two nearly full-length pegi-like viruses were identified from two li-
braries of wild bird, namely, libraries QHN and XZN, respectively
(Table 1). In addition, several contigs (all belonging to pegivirus) were
obtained from one bird library (i.e. library GXN) and one rodent library
(i.e. library XZS). Next, specific primers were used to fill in the gaps to
acquire the near complete length viral genomes. The four obtained viral
genomes were confirmed using Sanger sequencing and named after their
hosts’ species names (see next section), namely, Passer montanus pegi-
virus (PMPV) after the bird species (Passer montanus) from Zhaoping
County, Leucosticte brandti pegivirus (LBPV) after the bird species (Leu-
costicte brandti) from Cona County, Montifringilla taczanowskii pegivirus
(MTPV) after the bird species (Montifringilla taczanowskii) from Yushu
City, and Phaiomys leucurus pegivirus (PLPV) after the vole species
(Phaiomys leucurus) from Cona County.

The genomes of LBPV (10,917 nt), MTPV (10,866 nt), PMPV (10,916
nt), and PLPV (11,430 nt) were comprised of 50- and 30-UTRs and a single
ORF encoding complete polyproteins with 3,282, 3,282, 3,317, and 3426
amino acids (aa), respectively (Table 2). The G þ C content of avian
origin pegiviruses (LBPV, MTPV and PMPV) were 57.7%, 57.3% and
57.0%, respectively, which exhibited a similar pattern and were slightly
lower than vole pegivirus (PLPV, 59.5%). The four pegiviruses identified
here showed a prototypical genome architecture for pegiviruses
(Fig. 1A), with a single ORF encoding a single polyprotein that can be
cleaved into ten proteins, including three structural (Y, E1, E2) and seven
iruses described in this study. B Phylogenetic analysis of novel pegiviruses based
is study are labeled in red. The bootstrap value (%) was 1000 replicates with only
ease-associated virus; PMPV, Passer montanus pegivirus; LBPV, Leucosticte brandti
irus.



Table 3
Prevalence and host species of pegiviruses identified in this study.

Virus Positive samples/test samples, n (%) Host species Site

PMPV 1/13 (7.7) Passer montanus Zhaoping
County

LBPV 1/31 (3.2) Leucosticte
brandti

Cona
County

PLPV 7/41 (17.1) Phaiomys
leucurus

Cona
County

MTPV 4/23 (17.4) Montifringilla
taczanowskii

Yushu City

PMPV, Passer montanus pegivirus; LBPV, Leucosticte brandti pegivirus; MTPV,
Montifringilla taczanowskii pegivirus; PLPV, Phaiomys leucurus pegivirus.
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non-structural (X, NS2, NS3, NS4A, NS4B, NS5A, NS5B) proteins. PLPV
exhibited similar length of polyprotein with that of its closely related
members of Norway rat pegivirus isolate NrPgV/NYC-E13 (3340 aa) and
Pegivirus J isolate CC61 (3484 aa), whereas LBPV, MTPV and PMPV
revealed shorter length of polyprotein (3282–3317 aa) than Goose
pegivirus 1 (3,430 aa). The feature comparison with known pegiviruses
indicated that the NS5B protein acts as an RNA-dependent RNA poly-
merase (RdRp) and the NS3 protein functions as a protease-helicase. The
functions of other viral proteins were summarized in Table 2.
3.2. Screening and identification of pegiviruses from avian and rodent host
species

Specific primers (Supplementary Table S1) for each pegivirus were
designed based on each of the newly identified genomes to screen for the
corresponding pegiviruses in individual respiratory tract samples. The
sequencing of PCR products confirmed the presence of LBPV, MTPV,
PMPV, and PLPV in 1/31 Leucosticte brandti (order Passeriformes, family
Fringillidae), 4/23 ontifringilla taczanowskii (order Passeriformes, family
Passeridae), 1/13 Passer montanus (order Passeriformes, family Ploceidae)
and 7/41 Phaiomys leucurus (family Cricetidae) samples, respectively
Fig. 2. Phylogenetic analysis of pegiviruses based on NS3 (A) and NS5B (B) protein
value (%) was 1000 replicates with only bootstrap values > 90% shown. SOBV, So
montanus pegivirus; LBPV, Leucosticte brandti pegivirus; MTPV, Montifringilla taczano
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(Table 3). Therefore, each virus showed specific association with the
corresponding hosts (Table 3).

3.3. Phylogenetic analysis

In order to infer the phylogenetic relationship of the newly identified
pegiviruses, a maximum likelihood phylogenetic tree was constructed
based on full-length polyprotein amino acid alignment of the four novel
viruses and other members of the Pegivirus genus. The results revealed
that the three pegiviruses of avian origin (LBPV, MTPV and PMPV) were
grouped with Goose pegivirus 1 within the genus Pegivirus and formed an
independent clade that was sister to those identified from mammals,
whereas PLPV was clustered together with two rat pegiviruses (Norway
rat pegivirus isolate NrPgV/NYC-E13 and Pegivirus J isolate CC61)
(Fig. 1B). The above phylogenetic topology based on polyprotein were
consistent with those reconstructed based on NS3 and NS5B protein,
respectively (Fig. 2).

Similarity comparisons based on complete polyproteins showed that
MTPV, PMPV and LBPV were closely related to Goose pegivirus 1 with
46.0%, 46.2%, 45.6% similarity, respectively, and PLPV was closely
related to Norway rat pegivirus (54.5%). Also, we performed identity
comparisons based on NS3 proteins (Fig. 3). The identities between the
three avian pegiviruses (PMPV, LBPV, and MTPV) and other pegiviruses
at NS3 protein regions were significantly low, indicating that these three
avian pegiviruses were genetically distinct from known pegiviruses.
Meanwhile, PLPV shared highest identity with Pegivirus J isolate CC61
(73.6%). Due to these four pegiviruses isolated from different host spe-
cies from different regions and sharing low identities to known viruses,
they might represent four new species, respectively.

3.4. Co-evolutionary analyses

In order to further explore the evolutionary history of pegiviruses, the
phylogenetic topologies of pegiviruses and their host were compared.
Specifically, the relative frequency of four evolutionary events including
s. The clades of viruses identified in this study are labeled in red. The bootstrap
uthwest bike trail virus; TDAV, Theiler's disease-associated virus; PMPV, Passer
wskii pegivirus; PLPV, Phaiomys leucurus pegivirus.



Fig. 3. Sequence identity matrix based on the NS3 amino acid alignment of newly described pegiviruses and members of the Pegivirus genus. The values and colors
showed as identity. SOBV, Southwest bike trail virus; TDAV, Theiler's disease-associated virus; PMPV, Passer montanus pegivirus; LBPV, Leucosticte brandti pegivirus;
MTPV, Montifringilla taczanowskii pegivirus; PLPV, Phaiomys leucurus pegivirus.

Fig. 4. Co-phylogenetic analysis of pegiviruses described in this study and members of the Pegivirus genus. A Relative frequency of coevolutionary events: co-
divergence (blue), duplications (orange), host-switching (grey), loss (yellow). The centre lines, box limits, and whiskers of each boxplot indicate the estimated
median, upper and lower quartiles, and 1.5 � interquartile range, respectively. B Tanglegram showing individual host-virus associations. SOBV, Southwest bike trail
virus; TDAV, Theiler's disease-associated virus; PMPV, Passer montanus pegivirus; LBPV, Leucosticte brandti pegivirus; MTPV, Montifringilla taczanowskii pegivirus; PLPV,
Phaiomys leucurus pegivirus.
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host-dependent (codivergence) and host-independent events (duplica-
tion, host switch and loss) were evaluated (Merkle et al., 2010) (Fig. 4A)
and compared against the null model. The result revealed a significant
codivergence relationship for pegiviruses (P < 0.01), which was also
reflected in the virus-host tanglegrams (Fig. 4B) Furthermore, the close
association between virus and host was also reflected in the observation
that majority of pegiviruses were associated with only one host (Fig. 4B),
which were consistent with a previous report suggesting that pegiviruses
were host-specific (Simmonds et al., 2017). Collectively, these results
suggested a long-term evolutionary relationship between virus and host
for the entire pegivirus genus.

4. Discussion

A novel rodent pegivirus and three novel bird pegiviruses were
identified in this study using a combination of unbiased high-throughput
sequencing and Sanger sequencing. The near-complete genome (about
11 kb) is re-constructed for all four pegiviruses, which encodes a com-
plete polyprotein region that is generally observed among members
within Flaviviridae. Meanwhile, these pegiviruses are highly diverse and
show relatively low sequence identities both among known pegiviruses
and with each. In addition to the PLPV described herein, a total of three
rodent pegiviruses have been identified so far in rats (Kapoor et al., 2013;
Firth et al., 2014). And, only four pegiviruses of avian origin are available
now, with three of them identified in this study. Since more birds and rats
species have not been examined for pegivirus, it is expected that more
pegiviruses will be discovered in these two host groups.

Based on phylogenetic relationships, the genus Pegivirus were previ-
ously divided into two clades [Pegivirus A, B, C, D, E, I and K (clade 1)
associated with bat, monkey, human and horse hosts, and Pegivirus F, G,
H and J (clade 2) associated with bat, human and rat hosts], previously
(Smith et al., 2016). In this study, we established a potentially third clade
associated with birds, which included three bird pegiviruses (PMPV,
LBPV and MTPV) grouped with goose pegivirus 1 that formed a sister
clade to all mammalian pegiviruses (namely, both clade 1 and clade 2).

The identification of “avian-associated” pegiviruses are of particular
interest to understand the evolutionary history of pegivirus, especially in
the context of virus-host co-divergence, a hypothesis previously tested
with data containing both hepacivirus and pegivirus (Porter et al., 2020)
and now confirmed with pegivirus data alone. Indeed, with pegivirus
diversity now established in multiple avian species, the common ancestor
for all pegiviruses can now trace back to 312 (confidence interval:
294–323) million years old (Wang et al., 2013), before the divergence of
mammals and bird, suggesting an ancient origin for the entire genera
Pegivirus.

5. Conclusions

Herein, this work widens our knowledge about the Pegivirus genus of
Flaviviridae and the genetic diversity of viruses in the Qinghai-Tibet
Plateau and the Guangxi Province of China, suggesting new avenues in
evolution and the importance of further surveillance for pegiviruses.
Since this exploratory work is based on small sample numbers, additional
pegiviruses are likely to be identified in other bird and rodent hosts.

Data availability

Genomes of the four new pegiviruses were deposited in GenBank
under accession numbers MW897326- MW897329.
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