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Abstract

Here, we report a novel member of the genus Polerovirus, zucchini aphid-borne yellows virus (ZABY V), which was identified
in zucchini grown for seed production in the Xinjiang Uygur Autonomous Region, China. The complete nucleotide sequence
of the ZABYV genome was determined and found to be 5,792 nucleotides in length, and like those of other poleroviruses, to
contain seven open reading frames (ORFs). Multiple sequence alignments and phylogenetic analysis indicated that ZABYV
is a new member of the genus Polerovirus, although several regions of its genome are closely related to chickpea chlorotic
stunt virus (CpCSV). Further comparative analysis suggested that ZABY'V originated from a recombination event between

CpCSV and another unknown virus in the genus Polerovirus.

Zucchini (Cucurbita pepo) is an annual herbaceous crop that
belongs to the genus Cucurbita of family Cucurbitaceae. Its
young fruit is favored by consumers all over the world as a
fresh vegetable. Mature seeds of cultivars with large-grain-
type kernels are processed as food or food raw materials.
Most of the zucchini consumed as seeds are planted in the
Xinjiang Uygur Autonomous Region in China as one of its
economically important crops. Viral diseases of zucchini in
this region are one of the major factors limiting its produc-
tion. There are two types of viral diseases on Cucurbitaceae
crops in the Xinjiang Uygur Autonomous Region: mosaic
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virus disease, caused by zucchini yellow mosaic virus
(ZYMV), watermelon mosaic virus (WMV) and papaya
ring spot virus (PRSV) of the genus Potyvirus and cucum-
ber mosaic virus (CMV) of the genus Cucumovirus, and
yellowing virus disease, caused by cucurbit aphid-borne yel-
lows virus (CABYV) and melon aphid-borne yellows virus
(MABYYV) of the genus Polerovirus and cucurbit chlorotic
yellows virus (CCYV) of the genus Crinivirus [8, 9, 11].
According to the ICTV Master Species List (https://
talk.ictvonline.org/files/master-species-lists/), the genus
Polerovirus of the family Luteoviridae, includes 19 virus
species. Particles of these viruses are icosahedral, and their
genomes are positive-sense, single-stranded RNAs that have
a genome-linked protein (VPg) linked to their 5’-terminal
ends. The genome contains seven open reading frames
(ORFs). ORFO encodes a protein with a silencing suppres-
sor function, ORF1 encodes the VPg and protease, part of
ORF1 and ORF2 encode an RNA-dependent RNA polymer-
ase (RDRP) via a -1 ribosomal frameshift, ORF3 encodes
the major coat protein (CP), ORF3a starts with a non-AUG
start codon and encodes a protein involved in long-distance
movement of the virus, ORF4 encodes a movement protein
(MP), and ORF3 and ORFS5, via a readthrough of a termi-
nation codon at end of ORF3, encodes a minor coat protein
and a possible aphid transmission and virion stability fac-
tor [2]. Six members of in the genus Polerovirus, includ-
ing CABYV, MABYYV, suakwa aphid-borne yellows virus
(SABYYV) [10], pepo aphid-borne yellows virus (PABYV)
[1], cucumber aphid-borne yellows virus (CuABYV) and
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«Fig. 1 Characterization of zucchini aphid-borne yellows virus
(ZABYV), a novel member of the genus Polerovirus, isolated from
zucchini grown for seed production in China. (A) Symptoms on
the leaf of the zucchini plant from which ZABYV was isolated. (B)
Genome organization of ZABYV and the complete sequencing and
cloning strategy used in this study. Rectangles represent predicted
ORFs, whose positions in the genome are shown. A triangle, a cross,
and a star represent the -1 frameshift site, the non-AUG start codon,
and the stop codon that is read through in the ZABYV genome,
respectively. Arrows represent the PCR fragments that were cloned
into pTOPO, together covering the entire genome of ZABYV. The
primers used for amplifying the PCR fragments are indicated at the
ends of each arrow. The region between the dotted lines is the recom-
binant region of the ZABYV genome. (C) Phylogenetic trees of
ZABYV and other members in the genus Polerovirus based on the
complete genome sequence (left) and the amino acid sequences of
RDRP (middle) and CP (right). Barley yellow dwarf virus (BYDV,
genus Luteovirus) and pea enation mosaic virus (PEMYV, genus
Enamovirus) were used as outgroups. The following members of
the genus Polerovirus were included:chickpea chlorotic stunt virus
(CpCSV), white clove mottle virus (WhCMV), suakwa aphid-borne
yellows virus (SABYV), pepo aphid-borne yellows virus (PABYV),
cucurbit aphid-borne yellows virus (CABYV), melon aphid-borne
yellows virus (MABYYV), cotton leafroll dwarf virus (CLRDV),
luffa aphid-borne yellows virus (LABYV), pepper vein yellows
virus (PeVYV), tobacco vein distorting virus (TVDV), cereal yel-
low dwarf virus (CYDV), potato leafroll virus (PLRV), carrot red
leaf virus (CtRLV), brassica yellows virus (BrYV), turnip yellows
virus (TuYV), beet chlorosis virus (BChV), beet mild yellowing virus
(BMYV), beet western yellows virus (BWYV), maize yellow dwarf
virus (MYDV), and sugarcane yellow leaf virus (ScYLV). GenBank
accession numbers are shown on the tree after the virus names. Boot-
strap values less than 70 are not shown. (D) Recombination in the
ZABYV genome. The pink region, which shows opposite sequence
identity patterns between ZABYV and BrYV, and between ZABYV
and CpCSV, compared to other regions in the ZABYV genome, rep-
resents the recombinant region in the ZABYV genome

luffa aphid-borne yellows virus (LABYV) [4], have been
reported to infect crops of the family Cucurbitaceae. These
viruses are transmitted in a persistent, circulative, and non-
propagative manner by aphids, inducing yellowing and chlo-
rosis of leaves in Cucurbitaceae crops.

In August 2016, zucchini grown for seed production in
Fukang County, Wujiaqu City, Xinjiang Uygur Autono-
mous Region, was severely affected by viral diseases, with
an average incidence rate of 80%. Most of the diseased
plants showed a mixture of mosaic and yellowing symptoms
(Fig. 1A). We collected six virus-infected samples from two
zucchini plots in this region. Of these six samples, one and
five were identified using DAS-ELISA (Agdia, Elkhart,
USA) to be infected by ZYMV and WMV, respectively,
whereas none were infected by PRSV or CMV (Supple-
mentary Table 1). Total RNA was extracted from these six
samples using an RNAprep Pure Plant Kit (Tiangen, Beijing,
China). Three samples (XJ2, XJ3 and XJ5) were identified
to be polerovirus positive (Supplementary Table 1) using
a One Step RT-PCR Kit (Takara, Dalian, China) with the
polerovirus universal primer pair Pol-G-F and Pol-G-R
[3] (Supplementary Table 2), whereas the expected PCR

products were not obtained using species-specific primer
pairs for CABYV (CA3414F and Pococp R) [12], MABYV
(MA3669F and Pococp R) [12] or CCYV (CCY V-CPF and
CCYV-CPR) [8]. PCR products from the three polerovirus-
positive samples were cloned into the pTOPO vector using
a CV15-Zero Background pTOPO-TA Simple Cloning Kit
(Aidlab, Beijing, China), and their sequences were deter-
mined using Sanger dideoxy DNA sequencing (Sangon,
Shanghai, China). The nucleotide sequences of these PCR
products from the three samples were 99.8% identical. Com-
parison of these sequences against the GenBank nucleotide
(nt) database revealed that they shared 70-75% nucleotide
sequence identity with members of the genus Polerovirus,
with the highest similarity to turnip yellows virus (TuYV;
GenBank accession no. KU198395), indicating that this
virus might be a novel member of the genus Polerovirus.
We named this virus “zucchini aphid-borne yellows virus”
(ZABYV).

Total RNA of sample XJ5 was subjected to rRNA-
depletion treatment using a Ribo-ZeroTM Magnetic Kit
(Illumina) according to the manufacturer’s instructions. An
RNA-Seq library was then constructed using a Next Ultra
Directional RNA Library Prep Kit (NEB, Ipswich, USA)
and sequenced on an Illumina HiSeq X10 platform. After
removing the adapter sequence and low-quality reads from
the raw sequencing data, we obtained a total of 68.5 million
high-quality cleaned reads. We then applied VirusDetect
(Version 1.7) [13] to the cleaned RNA-Seq reads for virus
identification. The plant virus database (provided within
VirusDetect) was used as a reference for reference-guided
assembly, and the zucchini genome sequence [7] was used
to subtract RNA-Seq reads derived from the host. Among
the final assembled contigs, in addition to a long contig that
could be aligned to the WMV genome (GenBank accession
no. EU660585) with 99% coverage and 99.3% identity, we
also obtained eight contigs (ranging from 213 nt to 1483
nt in length) that could be aligned to genomes of CpCSV
(GenBank accession no. JF507725), TuYV (GenBank acces-
sion nos. KR706247, X13063, ALL26142 and CAA31463)
and cotton leafroll dwarf virus (CLRDV; GenBank acces-
sion nos. AKU41568) by blastn or blastx (Supplementary
Table 3).

To obtain the complete genome sequence of ZABY'V, 10
primers were designed based on the sequence information of
the eight contigs. Four of them were nested primers (SR477
and 5R744; 3R5171 and 3R5260) for 5’ and 3’ RACE (rapid
amplification of cDNA ends), and the other three primer
pairs (P458F and P2830R; P2813F and P5278R; P4672F and
P5646R) were used to amplify the middle part of the genome
(Supplementary Table 2). The genome cloning and sequenc-
ing strategy for ZABYV is shown in Fig. 1B. RACE was
performed using a SMARTer® RACE 5°/3’ Kit (Clontech,
Dalian, China) according to the manufacturer’s instructions.
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The cDNAs, obtained from the RACE experiments were
used as templates to amplify the middle sequences of the
genome, using 2 X Phanta Max Master Mix (Vazyme, Nan-
jing, China). All PCR products were cloned into the pTOPO
vector and sequenced using the Sanger method. The result-
ing sequences were assembled into a complete genomic
sequence of ZABYV by DNAMAN (Version §; Lynnon
LLC, San Ramon, CA, USA), and the final sequence was
5,792 nucleotides in length. The ORFs of ZABY'V, predicted
using the NCBI ORFfinder (https://www.ncbi.nlm.nih.gov/
orffinder/), was consistent with the genome organization of a
polerovirus (Fig. 1B). In addition untranslated regions at the
5’ terminus (nt 1-130) and 3’ terminus (nt 5646-5792) and
an intergenic region (nt 3411-3482), the ZABYV genome
contained seven ORFs: ORFO (nt 131-880), ORF1/ORF2
(nt 273-3400), ORF1 (nt 273-2126), ORF3a (nt 3483-3628),
ORF3/ORF5 (nt 3601-5646), ORF3 (nt 3601-4203) and
ORF4 (nt 3622-4207). The complete sequence and anno-
tation of the ZABYV genome have been deposited in the
GenBank database under the accession no. MK050791.
Multiple sequence alignments using Clustal Omega
(https://www.ebi.ac.uk/Tools/msa/clustalo/) showed
that the ZABYV genome shared 45.5-48.2% nucleotide
sequence identity with representative members of the
genera Luteovirus and Enamovirus, and 52.5-66.6% with
other documented members of the genus Polerovirus, with
TuYV (66.6%), brassica yellows virus (BrYV; 65.1%)
and CpCSV (63.7%) as the top three closest viruses. The
same analysis using amino acid sequences translated from
each ORF of ZABYYV yielded sequence identity values of
14.2-31.2% in ORFO (P0), 30.4-58.4% in ORF1 (P1), 28.3-
51.5% in ORF1/ORF2 (RDRP), 37.8-77.8% in ORF3a
(P3a), 40.3-94.5% in ORF3 (CP), 24.5-89.1% in ORF4
(MP) and 30.7-69.4% in ORF3/ORF5 (P3-P5). (Supple-
mentary Table 4). These results confirmed that ZABYV
is a new member of the genus Polerovirus. It is interest-
ing that not all ORFs of ZABYV shared the highest iden-
tity with the same virus of the genus Polerovirus. The
PO protein of ZABYV had the highest sequence similar-
ity to beet chlorosis virus (BchV; GenBank accession no.
NC_002766), the P1 and RDRP had the highest sequence
similarity to BrYV (GenBank accession no. NC_016038),
and the other proteins (P3a, P3, P4 and P3-P5) had the
highest sequence similarity to CpCSV (GenBank acces-
sion no. NC_008249), suggesting that ZABYV could be a
recombinant virus (Supplementary Table 4). To determine
the evolutionary relationship of ZABYV to other mem-
bers of the genus Polerovirus, phylogenetic trees were
constructed, using MEGA X [5], by the neighbor-joining
method with 1000 bootstrap replicates based on the com-
plete genome sequences (Fig. 1C, left) and the amino acid
sequences encoded by each of the ORFs. In the phyloge-
netic trees based on the genome sequence and the amino
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acid sequences of P1 (data not shown) and RDRP (Fig. 1C,
middle), ZABY'V clustered closely with TuYV and BrYYV,
while, in the tree based on amino acid sequence of PO (data
not shown), ZABYV clustered closely with BChV, and in
the trees based on amino acid sequences of P3a (data not
shown), CP (Fig. 1C, right), MP (data not shown), and
P3-P5 (data not shown), ZABYV clustered closely with
CpCSV. The results of these phylogenetic analyses were
consistent with those of multiple sequence alignments.

To find evidence of recombination events between
ZABYYV and other members of the genus Polerovirus, we
analyzed the genome sequences of ZABYV and 19 other
known poleroviruses using RDP4 [6], which includes
seven recombinant detection algorithms: RDP, GENE-
CONYV, BoosScan, MaxChi, Chimaera, SiScan, and 3Seq.
When aligning the genome sequence of ZABYV with
those of BrYV and CpCSV, a very strong recombinant
signal was detected in the region spanning nt 3,576-
4,966 (Fig. 1B). In this region, the nucleotide sequence
of ZABYV was 89.9% and 58.8% identical to those of
CpCSV and BrYV, respectively, while in other regions,
it was 52.3% and 63.9% identical, respectively (Fig. 1D).
This putative recombinant event was identified by all seven
algorithms in RDP4. The same signal was found in the
same region of the ZABYV, TuYV and CpCSV genome
sequences.

In conclusion, we have identified a new member of
the genus Polerovirus, ZABYYV, in zucchini grown for
seed production in Xinjiang Uygur Autonomous Region,
China. The complete genome sequence of ZABYV was
determined using high-throughput transcriptome sequenc-
ing, overlapping RT-PCR, and RACE. Except for ORF3
and ORF4, all of the ORFs of ZABYV had less than 80%
amino acid sequence identity to those of other polerovi-
ruses. Since the amino acid sequences of all gene products
of ZABYYV differed by more than 10% from those of all
known polerovirus, which is a criterion used to demar-
cate the species of the genus Polerovirus [2], we conclude
that ZABYV is a new member of the genus. Based on
the results of multiple sequence alignments, phylogenetic
analysis, and recombination analysis, ZABYV appears to
be a recombinant virus that was possibly derived from
CpCSV and another novel virus, which could have a close
evolutionary relationship to BrYV and TuYV. In the
future, further characterization of ZABYV is needed to
understand its biology and its interaction with its host.
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