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Abstract

Three cycloviruses (genus Cyclovirus, family Circoviridae) were recovered from a dragonfly (Odonata: Anisoptera) cap-
tured in Fuzhou, China. The three cycloviruses, named dragonfly associated cyclovirus 9, 10 and 11 (DfCyV-9, -10, -11),
respectively, show 56.1-79.6% genome-wide identity to known cycloviruses and 61.6-65.1% among themselves. Thus,
according to the current species demarcation criteria, they represent three novel cycloviruses. Notably, DfCyV-10 has a
predicted replication-associated protein (Rep) that is most similar to that of bat associated cyclovirus 2 (BatACyV-2), a
cyclovirus discovered in China, with 79.4% amino acid sequence identity, but a putative capsid protein (Cp) most similar to
that of BatACyV-10, a cyclovirus discovered in Brazil, with 71.7% amino acid sequence identity. These data are useful for
understanding the diversity and evolution of cycloviruses, especially those found in insects.

Introduction

Circular single-stranded DNA (ssDNA) viruses of the family
Circoviridae are grouped into two genera, named Circovi-
rus (29 species) and Cyclovirus (45 species), that are dis-
tinguished based on their genome arrangement [16]. While
several members of the genus Circovirus, including porcine
circovirus type 2 and beak and feather disease virus, cause
diseases in their host [1, 19], no pathogenic effects have been
described for cycloviruses, although several cycloviruses
have been recovered from cerebrospinal fluid (CSF), blood
serum, and respiratory secretions of patients suffering from
various diseases [13, 17, 18]. The ssDNA genome of either a
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circovirus or a cyclovirus is about 2000 nt in size, containing
at least two inversely arranged open reading frames (ORFs)
encoding a replication-associated protein (Rep), which is
involved in the initiation of rolling-circle replication (RCR)
of the virus, and a capsid protein (Cp). The intergenic region
between the 5’ ends of Rep and Cp contains a putative stem-
loop structure with a conserved nonanucleotide motif (TAG
TATTAC or its variants) at its apex, which serves as the site
for the origin of RCR (ori) [2]. For circoviruses, the con-
served nonanucleotide motif is located in the Rep-encoding
strand of the genome, whereas for cycloviruses, this motif is
found in the Cp-encoding strand [4, 16]. Circoviruses have
a somewhat larger genome and a longer 3’ intergenic region
than cycloviruses [8].

In addition to a wide range of vertebrate animal species,
cycloviruses may also have invertebrates as their hosts. To
date, several cycloviruses have been discovered in dragon-
flies and in a cockroach of the species Eurycotis floridana
(Walker) [3, 12, 14-16]. In addition, many cycloviruses
recovered from the faeces of bats are thought to originate
from their insect prey [6, 9, 20].

Dragonflies (Odonata: Anisoptera) are thought to be a
valuable sampling tool for identifying insect ssDNA viruses,
including cycloviruses [3, 14, 15]. Several papers have docu-
mented a great diversity of cycloviruses in dragonflies col-
lected from various locations around the world, including
the USA and New Zealand [3, 14, 15]. However, similar
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Fig.1 a Genome-wide pairwise nucleotide sequence identities
among dragonfly associated cyclovirus 9, 10 and 11 (DfCyV-9, -10,
-11) and members of the genus Cyclovirus. DfCyV-9, -10, and -11

studies have not been reported for dragonflies collected
from Asian countries. In this paper, we report three novel
dragonfly-associated cycloviruses from China.

Sequencing methods

A dragonfly (Odonata: Anisoptera) was captured in
Fuzhou, China, on September 10, 2016. The abdomen of
the dragonfly was dissected and homogenized in 1.5 ml
of SM buffer (0.1 M NaCl, 50 mM Tris/HCI [pH 7.4],
10 mM MgSO,). Virus particles were separated from the
homogenates by filtration, and nucleic acids were extracted
from these particles as described by Rosario et al. [14,
15]. Nucleic acids were extracted from the virus particles
using a QIAamp MinElute Virus Spin Kit (QIAGEN).
Rolling-circle amplification (RCA) was used to enrich for
circular DNA molecules. The RCA product was digested
with EcoRI, BamHI HindIlI and Pstl, respectively, and the
products of each enzyme digestion were electrophoresed
through a 1% (w/v) agarose gel. Bands with a size ranging
from 1500 to 2000 bp were recovered, purified, ligated to
the corresponding enzyme-digested pGEM-T (Promega
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are indicated by red arrows. b Schematic genome organization of
DfCyV-9, -10, and -11. The putative stem-loop structure of each
cyclovirus is shown to the right of the circular genome

Corporation) vector. The recombinant plasmids obtained
were used to transform Escherichia coli and cloned.
Positive colonies were selected to sequence the inserts
of interest with flanking primers. After assembling the
sequence with the aid of DNASTAR Lasergene 10 soft-
ware (DNASTAR Inc.) and manual inspection, three cir-
cular ssDNAs, each representing the genome of a distinct
cyclovirus, were obtained. The three cycloviruses were
named “dragonfly associated cyclovirus 97, “10” and “11”
(DfCyV-9, -10, -11), respectively. The genome sequences
of the three cycloviruses were deposited in the Gen-
Bank database, and the accession numbers MG779477,
MG779478 and MG779479 have been assigned to DfCy V-
9,-10 and -11, respectively.

Sequence properties

DfCyV-9 to -11 show 61.6% to 65.1% genome-wide
nucleotide sequence identity to each other, as determined
using the Sequence Demarcation Tool (SDT) v1.2, after an
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Fig.2 Phylogenetic tree showing the taxonomic position of dragonfly
associated cyclovirus 9, 10 and 11 (DfCyV-9, -10, and -11, in red).
The phylogenetic tree was constructed by the maximum-likelihood
(ML) method implemented in IQ-TREE [11], using the TN+R4 sub-

alignment the three cycloviral genomes with the MUSCLE
program [5, 10]. When compared with members of the 43
approved species of cycloviruses, DfCyV-9-11 was found
to be most similar to bat associated cyclovirus 3 (BatA-
CyV3; JF938081), bat associated cyclovirus 2 (BatA-
CyV-2; JF938079) and human associated cyclovirus-3
(HuACyV-3; GQ404846) with 66.7%, 79.6% and 66.8%
genome-wide nucleotide identity, respectively (Fig. 1A).
The genome of DfCyV-9-11 contains the conserved
nonamer sequence TAGTATTAC located on the apex of
a putative stem-loop structure (Fig. 1B). As with other
cycloviruses, two major ORFs, one encoding a replication-
associated protein (Rep) and the other encoding a putative
capsid protein (Cp), are found in the genome of DfCyV-
9-11 [8]. The two ORFs are inversely arranged, with the

stitution model, which was selected using the Bayesian information
criterion by ModelFinder [7]. The tree was rooted using the genome
sequence of PCV-2 as an outgroup

Cp-encoding ORF in the strand containing the nonamer
sequence TAGTATTAC and the Rep-encoding ORF in the
opposite strand (Fig. 1B), consistent with known cyclovi-
ruses [15, 16]. The intergenic region between the 5" ends
of the Rep- and Cp-encoding ORFs is 241, 211, and 224
nt long for DfCyV-9, -10, and -11, respectively. Similar to
other cycloviruses, DfCyV-9, -10, and -11 lack (DfCyV-
FZ-1 and -3) or have a very short (DfCyV-FZ-2) inter-
genic region between the 3’ ends of the two major ORFs
(Fig. 1B).

The predicted Rep proteins of DfCyV-FZ-1, -2, and
-3, which are 278, 243 and 280 amino acids in length,
respectively, share between 38% and 79% pairwise amino
acid identity with those of known cycloviruses (Supple-
mental Fig. 1A). The predicted Cp proteins of DfCyCV
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1, 2, and 3 are 277, 215, and 216 amino acids in length,
respectively, and show less than 47% pairwise amino
acid sequence identity to the Cp of previously described
cycloviruses. Interestingly, the predicted Cp of DfCyV-10
shows an unexpectedly high level of sequence identity to
those of two other cycloviruses, bat associated cyclovirus
10 (BatACyV-10; KM382270), a cyclovirus discovered in
Brazil, and human associated cyclovirus 6 (HuACyV-6;
GQ404854), a cyclovirus discovered in Nigeria, at 71.7%
and 71.0%, respectively. In contrast, the closest match of
the Rep protein of DfCyV-10 is the Rep from BatACyV2,
a cyclovirus discovered in China, based on sequence anal-
ysis with SDT v1.2, with 79.4% amino acid sequence iden-
tity. The amino acid sequence identity between the Rep of
DfCyV-10 and that of BatACyV10 and HuACyV6 is much
lower than this value, at 56.7% and 59.3%, respectively
(Supplemental Fig. 1B).

A phylogenetic tree was built using the aligned full-
genome sequences of DfCyV-9, 10, and 11 and those of
members of approved cycloviral species [16]. As shown
in Fig. 2, DfCyV-DfCyV-9, 10, and 11 fell within distinct
clusters within the tree. DfCy V-9 was separated from DfA-
CyV-2 and HuACyV-10 but was more closely clustered
with HuACyV-10. DfCyV-10 was separated from BatA-
CyV-1 and BatACyV-2 but was more closely related to
BatACyV-2. DfCyV-11 formed a cluster with three cyclo-
viruses, BatACyV-4, BatACyV-7 and HuACyV-7, and was
placed at a basal position relative to the latter three cyclovi-
ruses. Overall, the phylogenetic analysis supports the notion
that DfCyV-9, 10, and 11 represent three new species of
cycloviruses.

In summary, this paper is the first to report dragonfly-
associated cycloviruses from China. Our study further dem-
onstrates the high diversity of cycloviruses associated with
insects.
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