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Abstract 

Viruses within the Polerovirus genus in the family of Solemoviridae have a single-stranded positive-sense RNA genome 
of about 5.6–6.2 kb in length. In this study, the bitter gourd leaves showing yellowing and crumple symptoms were 
collected for small RNAs (sRNAs) sequencing. Analysis of the contigs de novo assembled from sRNA-sequencing data, 
followed by RT-PCR and cloning, determined the complete viral genome to be 5665 nucleotides. This virus isolate 
contains conserved ORF3a, ORF3, ORF4, and other typical features of poleroviruses. The P0 protein of this virus isolate 
shares less than 74.80% amino acid sequence identity with any of the previously characterized poleroviruses, indi-
cating that it should be a novel polerovirus. We name this virus as bitter gourd yellowing crumple virus (BYCV). We 
further revealed the dynamic subcellular localization and protein accumulation of seven proteins encoded by BYCV 
in Nicotiana benthamiana plants over time, and these viral proteins displayed specific subcellular localization. Express-
ing the BYCV P0 protein using a potato virus X vector caused severe symptoms in N. benthamiana plants, while P0 
exhibited weak RNA silencing suppression activity. These findings provide an example for investigating the dynamic 
subcellular localizations of viral proteins and demonstrate that P0 is a critical protein potentially playing an important 
role in virus infection.
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Background
Infection by plant viruses can cause severe yield and 
quality losses in many economically important crops. 
As important pathogens of plant diseases, plant viruses 
can be classified into the following types based on their 
genome features. Solemoviridae is a typical family of 
viruses with a genome of positive single-stranded RNA 
(+ssRNA) and currently includes four genera (Enamovi-
rus, Polemovirus, Polerovirus, and Sobemovirus) (Walker 
et  al. 2021). The diversity of transmission modes in the 
family Solemoviridae significantly promotes viral infec-
tivity, including mechanical wounding, vegetative propa-
gation, soil transmission, and insect vector transmission. 
Polerovirus is currently the largest genus in Solemoviri-
dae, with over 20 virus species. This genus belonged to 
the demolished family of Luteoviridae in the past.

Viruses within the Polerovirus genus have a +ssRNA 
genome of about 5.6–6.2  kb in length, comprising 
mostly 7 (8 for Potato leafroll virus, PLRV) open read-
ing frames (ORFs), without a poly(A) tract at the 3′-ter-
minus. Except for these ORFs (ORF0, ORF1, ORF1-2, 
ORF3, ORF3a, ORF4, ORF3-5, and an additional ORF 
8 for PLRV), the genome of poleroviruses also con-
tain untranslated regions (UTRs), namely 5′ UTR, 3′ 
UTR (Miller et  al. 1995). Like most viruses, polerovi-
ruses encode various proteins with multiple functions. 
P0 encoded by ORF0, as an RNA-silencing suppressor 
(RSS), is a notable feature for poleroviruses (Csorba et al. 
2010). A VPg released from the P1 polyprotein is con-
nected to the 5′ end of the viral genome (Wilk et al. 1997; 
Delfosse et al. 2021). The RNA-directed RNA polymerase 
(RdRP) encoded by ORF2 is expressed as a fusion pro-
tein, through a −1 ribosomal frameshift strategy (Koonin 
and Dolja 1993). P3 encoded by ORF3, circa 22–23 kDa, 
is a coat protein (CP) which plays a significant role in 
forming viral particles, movement, and vector transmis-
sion (Sõmera et al. 2015). ORF4 embedded within ORF3 
encodes a movement protein (MP) for viral cell-to-cell 
movement. Interestingly, the ORF3a located between 
the promoter of ORF3 and ORF4, possesses a non-AUG 
codon, and the encoded protein P3a localizes at the Golgi 
apparatus and plasmodesmata. Therefore, long-distance 
viral movement mainly depends on P3a. Viral or plasmid 
vectors can provide P3a in trans to regain the movement 
function (Smirnova et al. 2015). However, Enamovirus is 
a closely related genus to Polerovirus, but viruses in this 
genus lack P3a and MP (Silva et  al. 2017). In addition, 
ORF3 fused with ORF5 forms a fusion protein, CP-read-
through. This read-through protein is expressed start-
ing at the AUG of ORF3 to the whole domain of ORF5 
rather than stopping at the end of ORF3 (Xu et al. 2018). 
The read-through protein regulates aphid transmission 
and viral limitation in the phloem (Wang et al. 1995). Of 

note, variations of poleroviral proteins can interfere with 
viral resistance and susceptibility genes (Latourrette et al. 
2021).

Many important cash crops, including cotton, maize, 
tobacco, broad bean, pea, and pumpkin, are infected 
by poleroviruses in the field (Tan et  al. 2021). Polero-
viruses infect more than 150 plant species in over 20 
families, including Solanaceae, Amaranthaceae, and Cru-
ciferae (Mayo et al. 2020). Among different hosts, crops 
in the family Cruciferae are deeply impaired by polero-
viruses. The bitter gourd (Momordica charantia L.) is a 
crop in the family Cucurbitaceae. It has been reported 
that several poleroviruses have been detected on bitter 
gourd plants, including Cucurbit aphid-borne yellows 
virus (CABYV) and Suakwa aphid-borne yellows virus 
(SABYV) (Xiang et al. 2008; Shang et al. 2009).

Here we have identified and characterized a novel virus 
infecting bitter gourd using high-throughput sequencing 
of small RNAs (sRNAs). The viral genome is 5665 nucle-
otidelong and shares the highest nucleotide sequence 
identity, 79.80% with CABYV. We provided sufficient 
evidence that the virus belongs to the genus Polerovirus 
based on similar genome features with poleroviruses. 
Furthermore, the dynamic subcellular localization and 
accumulation of seven viral proteins encoded by this 
virus in Nicotiana benthamiana plants over time were 
investigated. In addition, the P0 protein was also con-
firmed in this study as a pathogenicity factor and an RNA 
silencing suppressor.

Results
Analysis of the sRNAs library and identification of the virus 
in the bitter ground by De novo assembly of sRNAs
Many bitter gourd plants showing yellowing and crumple 
symptoms were observed in the field of Haikou, Hainan 
province of China, in January 2021 (Fig. 1a–c). The rep-
resentative yellowing and crumple leaves were collected, 
and the total RNA from these samples was extracted. 
The small RNAs (sRNAs) were further separated and 
enriched to construct the sRNA library for high-through-
put sequencing using Illumina Hiseq 2000/2500 plat-
form (Lianchuan, Beijing, China). As a result, a total of 
11,394,826 raw reads were obtained by sequencing. The 
3′ adaptor sequences from the original sequencing data 
were removed first, and the sequences with base lengths 
less than 15  nt and more than 40  nt were removed. 
After filtering out the junk sequences, 3,648,114 clean 
reads were kept. The clean reads were compared to the 
data with mRNA, RFam, and Repbase databases, and 
2,953,377 valid reads were finally obtained. The lengths 
of these 2,953,377 sRNAs were mainly concentrated in 
18–25 nt (Fig. 1d). Based on the analyzed results, 24 nt 
sRNAs were the most abundant, accounting for 35.19% 
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Fig. 1  Symptoms of virus-infected bitter gourd plants collected from the Hainan Province of China. a Symptoms on whole bitter gourd plants. b, c 
A close view of the symptoms of diseased bitter gourd leaves. d Length distribution of small RNA sequences
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of the total number of sRNAs. A total of 1299 contigs of 
sRNAs-derived viruses were assembled by the software 
Velvet Assembler 1.2.10 with parameters k-mer value 
of 15. BLASTn analysis of the assembled contigs against 
the NCBI databases resulted in 35 contigs highly simi-
lar to CABYV (GenBank accession number NC_003688) 
(genus Polerovirus, family Solemoviridae).

The complete nucleotide sequence and genome 
organization of a novel RNA virus
In order to obtain the full-length viral genome sequences, 
six products of RT-PCR reactions were amplified using 
specific primers (Additional file  1: Table  S1) designed 
based on the contig sequences. After molecular cloning 
and sequencing, the complete genome of this virus was 
determined to be 5665 nt in length (GenBank acces-
sion Number: OQ448155). The BLASTn search of 
the full-length nucleotide sequence against the NCBI 
database indicated that it had a high identity with the 
CABYV, belonging to the genus Polerovirus of the fam-
ily Solemoviridae, which shares 79.80% nucleotide iden-
tity with CABYV. The species demarcation criterion for 
the genus Polerovirus is > 10% amino acid sequence dif-
ference in any viral protein products as a new virus spe-
cies threshold (Sõmera et al. 2021). Sequence analysis of 
this polerovirus showed that P0 and P1 shared < 90% aa 
identity from any known poleroviruses, suggesting that 
the polerovirus isolate obtained in this study is a novel 
polerovirus. Combined with the yellowing and leaf crum-
ple symptoms of gourd plants caused by this virus, we 
proposed the name bitter gourd yellowing crumple virus 
(BYCV) for this newly identified polerovirus.

The software ORF Finder was used to predict seven 
ORFs, namely, ORF0, ORF1, ORF1-2, ORF3a, ORF3, 
ORF4, ORF3-5, and three UTRs (Fig.  2) in the BYCV 

genomic sequence, showing a typical genomic organi-
zation and structure of poleroviruses. The 717 nt ORF0 
encodes a 27.3 kDa P0 protein, and the 68.4 kDa P1 pro-
tein is encoded by the 1881 nt ORF1. The ORF1-ORF2 
consists of 3179 nt and encodes a P1–P2 fusion protein 
of 118  kDa through a −  1 frameshift translation strat-
egy with a featured slippery sequence 5′-GGG​AAA​
C-3′ (Tamm et  al. 2009). Since ORF2 is translated by 
frameshift from ORF1 and thus shares an amino termi-
nus with the product of ORF1. However, the ORF2 can 
not be translated to produce a separate protein. The 
ORF3a starts at ATA and ends at overlapping 20 nt with 
the 5′-terminal of ORF3. The 600  nt ORF3 and 576  nt 
ORF4 encode the P3 protein of 22.1  kDa and P4 pro-
tein of 21.2 kDa, respectively. In addition, the 572 nt of 
ORF3 overlapped with ORF4. As a readthrough protein 
(RTP) of 74  kDa, P3–P5 protein is translated from the 
ORF3-ORF5 frame. This read-through translation strat-
egy means that ORF5 has no initiation codon for inde-
pendent translation, but is translated via a readthrough of 
the termination codon at the end of ORF3. A 6-nt short 
sequence of ACA​AAA​, also processed in other polerovi-
ruses, initiates at the 5′UTR of the viral genome (Knierim 
et al. 2013). This virus genome has an additional UTR of 
82 nt between ORF2 and ORF3a and a 3′UTR of 165 nt.

Comparative genome and phylogenetic analysis 
of the BYCV genome
Pairwise genome similarity of the 19 selected viral 
genomes of poleroviruses was compared using Sequence 
Demarcation Tool software v1.2 (SDT). BYCV is most 
closely related with CABYV (NC_003688.1), shar-
ing 79.80% nucleotide identity, based on the pairwise 
sequence identity of 18 viruses in the Solemoviridae 
family from the GenBank Database (Table 1). It is worth 

Fig. 2  Schematic representation of the genome organization of bitter gourd yellowing crumple virus (BYCV). Open reading frames (ORFs) 
and deduced products of each RNA are indicated in colored boxes
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noting that the highest a sequence similarity of P0, P1, 
P1-P2, and P3-P5 proteins of BYCV compared with other 
closely related viruses is 74.80%, 65.80%, 73.40%, and 
88.30%, respectively. These results provide strong evi-
dence that BYCV is a novel virus of the Polerovirus genus.

According to the above results, the genomic struc-
ture of BYCV had a high identity with the Polerovirus 
genus genomic structure. To show the classification 
of BYCV, a phylogenetic tree was constructed with a 
bootstrap of 1000 replications. Based on the mean of 
neighbor-joining phylogenetic analysis, phylogenetic 
trees were constructed using the nucleotide sequences 

of the full-length genomes of BYCV and 18 viruses in 
the Solemoviridae family. All 19 viruses were sepa-
rated into three clades, Polerovirus, Enamovirus, and 
Polemovirus. From the phylogenetic tree, BYCV had a 
closer relationship with CABYV-TW20 and was con-
fidently located at the branch of the Polerovirus genus 
(Fig.  3). The phylogenetic trees constructed with 
amino acid sequences of the proteins P0, P1, P1–P2, 
and P3–P5 (encoded by ORF0, ORF1, ORF1-2, and 
ORF3-5, respectively) from the 19 viruses showed simi-
lar branches to that constructed with the full-length 
genome sequence (Additional file 2: Figure S1).

Table 1  Pairwise nucleotide and amino acid sequence identities of the open reading frames (ORFs) in the bitter gourd yellowing 
crumple virus (BYCV) genome were calculated using the software Sequence Demarcation Tool v1.2

Genus Virus 
abbreviation-
GenBank 
number

Nucleotide 
identity (%) 
of complete 
genome

Nucleotide and amino acid identity (%, nt/aa)

ORF0/P0 ORF1/P1 ORF1-ORF2/
P1-P2

ORF3/P3 ORF3a/P3a ORF4/P4 ORF3-ORF5/
P3-P5

Polerovirus CABYV-
NC_003688.1

79.80 82.10/74.80 72.00/64.30 75.60/71.00 95.70/95.00 94.90/97.80 95.66/91.60 85.70/88.30

Polerovirus PLRV-
NC_001747.1

56.50 48.20/12.90 51.60/26.80 57.40/43.80 66.40/59.30 73.20/80.00 67.50/45.60 54.10/29.10

Polerovirus BChV-
NC_002766.1

58.00 45.30/10.70 51.30/26.10 56.70/44.40 69.30/64.80 82.50/64.40 68.40/46.20 59.20/43.20

Polerovirus BMYV-
NC_003491.1

63.50 55.00/37.60 61.20/45.30 65.50/56.40 68.60/63.80 83.90/62.20 69.60/46.80 59.80/40.40

Polerovirus CtRLV-
NC_006265.1

55.30 46.30/10.00 51.90/29.50 57.00/46.60 60.70/49.20 67.20/70.50 58.70/33.90 53.60/28.40

Polerovirus TVDV-
NC_010732.1

57.20 51.00/23.20 55.00/27.40 60.70/48.10 63.40/54.00 71.00/77.80 62.90/10.90 52.00/23.30

Polerovirus MABYV-
NC_010809.1

72.601 78.40/69.30 72.60/65.80 74.80/73.40 80.20/76.90 73.90/71.10 80.70/66.30 67.90/56.90

Polerovirus CLRDV-
NC_014545.1

60.30 46.30/14.80 51.80/30.00 58.10/47.60 69.30/64.80 71.70/68.90 69.20/48.80 67.00/62.50

Polerovirus PepVYV-
NC_015050.1

62.401 49.80/12.00 54.40/22.90 60.60/48.10 65.90/50.80 73.20/80.00 65.30/12.20 64.90/50.60

Polerovirus SABYV-
NC_018571.2

60.601 46.70/13.40 49.70/21.20 56.10/39.30 80.30/78.40 71.00/95.46 80.80/67.90 67.90/56.50

Polerovirus MYDV-RMV-
NC_021484.1

56.40 43.80/11.60 51.10/28.20 57.30 /45.70 67.10/57.80 51.40/42.20 68.30/37.70 56.80/35.20

Polerovirus PABYV-
NC_030225.1

62.80 48.60/13.50 54.10/16.60 57.90/35.40 86.70/84.40 73.90/77.80 87.20/77.50 73.20/59.70

Polerovirus PuPV-
NC_055513.1

60.50 49.40/12.60 48.40/14.90 54.00/35.40 86.80/84.40 72.50/77.80 87.30/77.00 72.90/66.50

Polerovirus ScYLV-
NC_000874.1

53.00 43.90/12.20 49.40/21.20 54.80/38.40 53.60/36.20 60.00/61.40 55.20/8.70 50.80/22.40

Enamovirus PEMV-
NC_003629.1

50.00 45.80/9.00 47.80/11.00 49.30/25.60 50.50/17.60 NA NA 50.20/28.20

Enamovirus CVEV-
NC_021564.1

50.10 50.20/10.10 47.60/10.50 48.60/23.90 53.00/31.70 NA NA 53.50/38.80

Enamovirus GVEV1-
NC_034836.1

48.10 48.70/10.10 44.20/9.10 48.30/23.30 46.20/28.00 NA NA 45.60/24.80

Polemovirus PnLV-
NC_011543.1

50.70 42.50/8.40 49.10/18.10 NA 44.50/8.60 NA NA NA
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Dynamic subcellular localization of BYCV‑encoded viral 
proteins
Dynamic subcellular localization of the proteins encoded 
by BYCV was further investigated to explore the 

functions of the viral proteins. The seven BYCV-encoded 
viral proteins with yellow fluorescence protein (YFP) 
tags were transiently expressed in transgenic RFP-H2B 
N. benthamiana plants expressing RFP-H2B as a nuclear 

Fig. 3  Phylogenetic analysis of BYCV and selected viruses of the family Solemoviridae based on the complete genome sequences. The accession 
numbers of selected solemovirids are shown as indicated. The phylogenetic tree was constructed using the neighbor-joining method implemented 
with MEGA 6, using bootstrap replicates of 1000
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indicator. Fluorescence signals from P0, P1, P1–P2, P3, 
P3a, P4, and P3–P5 fused YFP were observed at 24, 48, 
and 72  h post infiltration (hpi) by confocal microscopy 
(Figs. 4, 5  and Additional file 2: Figure S2). P0-YFP was 
mainly localized in the nucleoplasm and the nucleo-
lus as previously reported for other P0 proteins (Wang 
et  al. 2021), and the fluorescence of this protein mainly 
accumulated at 48 hpi and decreased at 72 hpi (Fig. 4a). 
Fluorescent signals of P1-YFP were primarily present 
in the nucleoplasm, the nucleolus, and the perinuclear 

regions. Using an endoplasmic reticulum (ER) marker 
mCherry-HDEL, we found that P1-YFP co-localized with 
mCherry-HDEL at ER in N. benthamiana leaves at 36 hpi 
(Additional file 2: Figure S4a). The fluorescence of P1-YFP 
aggregates became brighter at 48 hpi, subsequently dark-
ened at 72 hpi (Fig. 4b). P1-P2-YFP was also observed in 
the nucleoplasm and nucleolus that is similar to P0-YFP, 
but the difference is that the yellow fluorescent signals on 
cytomembrane at 24 hpi and those at 48 and 72 hpi accu-
mulated in the perinuclear regions (Fig. 4c). P3a-YFP was 

Fig. 4  Confocal images of BYCV P0, P1, P1-2, or P3a proteins fused with YFP. RFP-H2B transgenic Nicotiana benthamiana leaves were infiltrated 
with Agrobacterium cultures to express P0-YFP (a), P1-YFP (b), P1-2-YFP (c), or P3a-YFP (d). Confocal images were taken 24, 48, and 72 h 
post infiltration (hpi). The YFP signal is shown in yellow. The nuclei of tobacco leaf epidermal cells are marked by RFP-H2B (red). This experiment 
was repeated three times independently, and more than 20 cells per sample were observed each time; representative results are shown; scale bars: 
10 µm
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distributed in the cell membrane, perinuclear regions, 
and plasmodesmata (PD) (Fig. 4d). To verify the PD local-
ization, P3a-YFP, a PD marker TMV MP-mRFP, was used 
to co-express with P3a-YFP in N. benthamiana leaves. At 
36 hpi, the co-localization of P3a-YFP with PD labelled 
by TMV MP-mRFP was observed under confocal micro-
scope (Additional file  2: Figure S4c) (Gong et  al. 2022). 
Therefore, consistent with the previous finding, the P3a 
protein localized at PD is required for viral intercellular 
movement (Smirnova et al. 2015). The fluorescent signals 

of P3a-YFP at 48 hpi and 72 hpi were more robust than 
those at 24 hpi (Fig. 4d). It is worthy of note that P3-YFP 
was localized in the nucleoplasm and the nucleolus but 
displayed a different subcellular localization with P0-YFP. 
At 48 and 72 hpi, the P3-YFP fluorescent signal disap-
peared in the nucleoplasm and became much brighter in 
the nucleolus only (Fig. 5a). P4-YFP formed small gran-
ules in the nucleus and the cytoplasm at 24 hpi. While 
P4-YFP displayed a colocalization with RFP-H2B in the 
perinuclear regions after 48 hpi, which could guide the 

Fig. 5  Confocal images of BYCV P3, P4, or P3-5 proteins fused with YFP. RFP-H2B transgenic N. benthamiana leaves were infiltrated 
with Agrobacterium cultures to express P3-YFP (a), P4-YFP (b), or P3-5-YFP (c). Confocal images were taken at 24, 48, and 72 hpi. The nuclei 
of tobacco leaf epidermal cells are marked by RFP-H2B (red). This experiment was repeated three times independently, and more than 20 cells 
per sample were observed each time; representative results are shown; scale bars: 10 µm
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nuclear export of RFP-H2B, and formed protein aggre-
gates (Fig. 5b). According to a previous report, the trans-
port of viral genomes required MP moving through ER 
and PD (Schoelz et  al. 2011). The P4 protein of other 
poleroviruses was also reported as a movement protein 
(Li et  al. 2020). In order to further verify the localiza-
tion of P4, P4-YFP with the ER marker mCherry-HDEL 
and the PD marker TMV MP-mRFP were transiently 
expressed in N. benthamiana leaves, respectively. As 
shown in Additional file  2: Figure S4b, d, the localiza-
tions of P4 at ER and PD were observed. Unlike the pro-
tein localization described above, P3-P5-YFP formed 
some small granules in the cytoplasm. The fluorescence 
of these granules formed protein aggregates and became 
brighter at 48 and 72 hpi (Fig.  5c). In addition, BYCV-
encoded proteins with an N-terminal YFP were also 
expressed in transgenic RFP-H2B N. benthamiana plants. 

Fused proteins displayed similar subcellular localizations 
when fused with an N-terminal YFP or a C-terminal YFP 
by comparing Figs.  4, 5  and  Additional file  2: Figure S3 
under confocal microscope. However, except for the P1 
protein,fluorescent signals from P1 proteins with an 
N-terminal YFP gathered around the nucleus rather than 
at ER. 

To observe the dynamic changes in the accumula-
tion of the BYCV-encoded proteins, total proteins were 
extracted from P0-YFP, P1-YFP, P1-P2-YFP, P3-YFP, 
P3a-YFP, P4-YFP, or P3-P5-YFP -expressing leaves at 
24, 48, and 72 hpi. Protein levels from 24 to 72 hpi were 
shown in Fig. 6. The accumulation of all BYCV-encoded 
proteins-YFP at 24 hpi was less than at 48 hpi. P0-YFP, 
P1-YFP, and P3-P5-YFP had the most protein accumu-
lation at 48 hpi, while P1-P2-YFP, P3a-YFP, and P3-YFP 
had the most protein accumulation at 72 hpi. The 

Fig. 6  Dynamic protein accumulation of BYCV-encoded viral proteins. Agrobacterium cultures expressing P0-YFP, P1-YFP, P1-P2-YFP, P3a-YFP, P3-YFP, 
P4-YFP, or P3-P5-YFP adjusted to an optical density at 600 nm (OD600) = 0.7 was infiltrated in N. benthamiana leaves. Total proteins were extracted 
from P0-YFP, P1-YFP, P1-P2-YFP, P3a-YFP, P3-YFP, P4-YFP, or P3-P5-YFP infiltrated leaves at 24, 48 and 72 hpi. An anti-GFP was used to detect antibody 
accumulation of protein P0-YFP (a), P1-YFP (b), P1-P2-YFP (c), P3a-YFP (d), P3-YFP (e), P4-YFP (f), or P3-P5-YFP (g) at 48, 72, and 96 hpi. A specific 
anti-Actin antibody was used as a loading in western blotting assays. h The protein accumulation from western blotting images was digitized 
by Image J, and the data at 24 hpi was set to 1
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accumulation of P4-YFP displayed no apparent change 
after 48 hpi. To better observe the protein changes over 
time, the protein accumulation was digitized by Image 
J, and the data at 48 and 72 hpi were normalized to that 
at 24 hpi (set to 1). These data were consistent with the 
results observed by confocal microscopy. The conclusion 
of reverse transcription-quantitative real-time PCR (RT-
qPCR) analysis showed that the decrease in seven viral 
protein accumulations was mainly due to the decrease in 
the viral RNA transcript accumulation from 48 to 72 hpi 
(Additional file 2: Figure S5).

P0 is a virulence determinant that leads to severe 
symptoms in N. benthamiana plants
The P0 protein is an important pathogenic factor in many 
reported poleroviruses (Wang et  al. 2023). To assess 
the biological relevance of the BYCV-encoded P0 pro-
tein in virus infection, we constructed a potato virus X 
(PVX) vector-based recombinant carrying the P0 gene 
(PVX-P0) for ectopic overexpression of this viral ORF. 
A. tumefaciens cultures carrying the empty binary vector 
(Mock), PVX, PVX-P0, or PVX-HC-Pro (HC-Pro cistron 
of turnip mosaic virus) were agroinfiltrated to 5–6 leaves-
old N. benthamiana plants. The inoculated plants were 
maintained to observe viral symptom appearance and 
analyze viral protein accumulation in the newly emerged 
leaves. At 10 dpi, the symptoms of PVX-inoculated con-
trol plants displayed obvious mosaic symptoms (Fig. 7a). 
However, the PVX-P0 infected plants developed more 
severe mosaic, chlorosis, leaf curling, and necrotic symp-
toms at 10 dpi. All 30 tested plants agroinoculated with 
PVX-P0 showed the symptoms mentioned above in sys-
temically infected leaves at 20 dpi (Fig. 7a). Of note, PVX-
infected plants first exhibited mosaic symptoms from 5 
to 14 dpi, followed by a predominance of light chlorotic 
spots as symptom recovered at 20 dpi (Fig. 7a). The posi-
tive control, PVX-HC-Pro-infected plants, exhibited the 
typical HC-Pro-associated leaf curling and necrosis phe-
notype, in addition to the PVX-caused mosaic symptom 
at 10 and 20 dpi (Fig. 7a). To further confirm the effect 
of P0 on the accumulation of PVX in infected plants, 
we analyzed the accumulation of the PVX coat protein 
(CP) from the above-inoculated plants using anti-PVX-
CP antibodies by western blotting at 10 and 20 dpi. The 
result showed that more PVX CP protein accumulated 
in PVX-P0 infected plants compared with PVX infected 
plants at 20 dpi, indicating that BYCV P0 is a virulence 
factor that promotes PVX infection in N. benthamiana 
plants (Fig. 7b).

Meanwhile, we observed that newly emerged leaves 
of PVX-P0-infected plants showed significant necrosis 
and wrinkling after 15 dpi (Fig. 7c, left panels), whereas 
PVX-infected leaves did not. To determine the cause 

of necrosis after PVX-P0 infection, the production of 
ROS (accumulation of H2O2) was analyzed using the 
3,3′-diaminobenzidine (DAB) uptake method. In the 
presence of H2O2, DAB aggregation produced dark 
brown precipitates on the leaves (Thordal-Christensen 
et al. 1997). We found that high concentrations of H2O2 
accumulated in PVX-P0 systemically infected leaves 
(Fig. 7c, PVX-P0).

P0 blocks local and systemic RNA silencing triggered 
by GFP RNA
RNA silencing is one of the most potent antiviral immu-
nity in plants (Baulcombe 2022). To establish a success-
ful infection, almost all viruses encode at least one RSS 
to counterattack RNA silencing (Kon et al. 2007; Li et al. 
2014; 2018a; 2018b; Li and Wang. 2019). Previous reports 
have shown that the P0 protein from several polerovi-
ruses is an RSS (Cai et al. 2023). To identify whether the 
BYCV P0 is an RSS, we agroinfiltrated the GFP-trans-
genic N. benthamiana 16c plants with mixed A. tumefa-
ciens cultures carrying 35S-GFP with empty vector (Vec), 
P0, or P19 in a ratio of 1:1. At 4 dpi, we observed that 
GFP fluorescence intensity decreased substantially in the 
35S-GFP with Vec co-infiltrated leaf patches. At the same 
time, it was enhanced in the 35S: GFP with P0 or with 
P19 (a well-studied RSS of tomato bushy stunt virus, used 
as a positive control) co-infiltrated leaf patches under 
UV light (Fig. 8a). qRT-PCR and western blotting analy-
ses showed that the co-expression of P0 or P19 resulted 
in more GFP RNA and higher protein accumulations, 
although the effect of P0 appeared to be weaker than that 
of P19 (Fig. 8b, c).

Furthermore, the PVX vector was also used to express 
P0 to analyze its RNA silencing suppression activity. A. 
tumefaciens cultures harboring 35S-GFP and negative 
control (PVX), PVX-P0, or PVX-HC-Pro (a positive con-
trol), respectively, were co-infiltrated into 16c N. bentha-
miana leaves. Consistent with our previous results, the 
expression of P0 from a PVX vector could also efficiently 
suppress GFP-induced local RNA silencing at 7 dpi. 
(Fig. 8d–f). The agroinfiltrated plants were maintained to 
examine systemic silencing in the newly emerged leaves 
at 15 dpi. In the negative controls, the upper young leaves 
of 75% of infiltrated plants turned red under UV light, 
indicating systemic RNA silencing (Fig.  8g); however, 
the newly emerged leaves in more than 90% of plants co-
infiltrated with P0 and HC-Pro remained green under 
UV light (Fig.  8g), suggesting that both P0 and HC-Pro 
can suppress the ssGFP-induced systemic RNA silencing. 
These findings provide persuasive evidence that P0 can 
suppress GFP-induced RNA silencing similar to other P0 
proteins of poleroviruses but showed weak RNA silenc-
ing suppression activity.
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Fig. 7  Symptoms exhibited by N. benthamiana plants following inoculation with PVX, PVX-P0, or PVX-HC-Pro. a Viral symptoms were elicited on N. 
benthamiana plants by inoculating Mock (infiltration buffer), PVX, PVX-P0, or PVX-HC-Pro (positive control) at 10 and 20 dpi. Bars = 4 cm. b western 
blotting analyses of PVX CP accumulation with specific anti-PVX-CP antibodies in systemic leaves from (a). Western blotting analyses of loading 
control with specific anti-Actin antibodies in systemic leaves from a. This experiment was repeated three times with similar results. c The symptoms 
and DAB staining of systemic leaves from N. benthamiana plants infected by PVX and PVX-P0 at 20 dpi
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Discussion
Since abundant small RNAs derived from viral RNA were 
generated in virus-infected cells, sRNAs-based deep 
sequencing technology and bioinformatics have become 
highly efficient and reliable approaches for identifying 
novel virus species in eukaryotes. This study identified 
and characterized a distinct member of the Polerovirus 
genus (family Solemoviridae) from bitter gourd plants. 
Sequence analysis of the polerovirus identified in this 
study showed that the amino acid sequences of P0 and P1 
shared < 90% aa identity from the other known polero-
viruses, which fits ICTV demarcation criteria for the 
Polerovirus genus as a distinct virus species. With the 
yellowing and leaf crumple symptoms of gourd plants 
caused by this virus, bitter gourd yellowing crumple virus 
(BYCV) is proposed for this novel viral species.

The BYCV identified in this study shares a typical 
genome feature and structure with known poleroviruses. 
Phylogenetic analysis of the complete genome sequence 
of BYCV with other previously reported species of 
the family Solemoviridae also revealed that BYCV was 
grouped into poleroviruses but separated from members 
of the genera Enamovirus, Polemovirus, and Sobemovirus. 
A detailed BLASTn and phylogenetic analysis showed 
that this virus was closely related to CABYV, a polero-
virus that has been described to cause severe damage to 
the crops of Cucurbitaceae. In the phylogenetic tree of 
full-length genome sequences, BYCV and CABYV cluster 
in one branch, and this branch is independent of other 
branches. The P0 and P3–P5 proteins of both viruses 
also cluster in the same branch, suggesting that they are 
genetically close (Fig. 3 and Additional file 2: Figure S1). 
CABYV is a member of the genus Polerovirus in the fam-
ily of Solemoviridae. Like other poleroviruses, CABYV is 
limited to phloem tissues in infected plants.

The subcellular localization of some poleroviral pro-
teins has been analyzed in a targeted manner. This 
study investigated the subcellular localization of all 

BYCV-encoded proteins and the accumulation of 
each protein. P0, as an extensively studied viral pro-
tein, is mainly localized in the nucleus, particularly in 
the nucleolus (Wang et  al. 2021). Consistent with this 
finding, P0 of BYCV was also localized predominantly 
in the nucleolus (Fig. 4a). The protein accumulation of 
P0-YFP was decreased at 72 hpi, probably related to 
its function as a weak RSS and a pathogenicity factor 
(Figs. 4a, 6a, and 8). The fluorescence of P1-YFP local-
ized in the nucleolus and the perinuclear regions and 
was the brightest at 48 hpi. We also found that the pro-
tein and RNA levels of P1-YFP were the lowest at 72 
hpi, suggesting that the expression of P1-YFP is affected 
by RNA and protein-mediated degradation (Figs. 4b, 6b 
and Additional file 2: Figure S5). The location of P1-P2-
YFP changed over time with increasing fluorescence 
intensity and protein accumulation after 24 hpi, slowly 
decreasing RNA level after 48 hpi, indicating that P1–
P2 does not follow host RNA and protein-mediated 
degradation mechanisms (Figs.  4c and 6c, Additional 
file 2: Figure S5). P3a-YFP located in the cell membrane 
and in perinuclear space, which the protein accumula-
tion and RNA accumulation at 48 hpi similar to that 
of P1-YFP, suggesting that the expression of P3a-YFP 
is susceptible to both RNA and protein-mediated deg-
radation (Figs. 4d, 6d and Additional file 2: Figure S5). 
P3-YFP was localized in the nucleoplasm and the nucle-
olus, contributing to the increase in the nucleoplasm 
area. We found no apparent change in P3 protein accu-
mulation and RNA level after 48 hpi (Figs.  5a,  6e  and 
Additional file  2: Figure S5). P4-YFP could guide the 
nuclear export of RFP-H2B and form protein aggre-
gates. Protein accumulation of P4 also showed no sig-
nificant change after 48 hpi. However, the RNA level 
decreased, suggesting that the expression of P4-YFP is 
unaffected by RNA- and protein-mediated degradation 
(Figs. 5b, 6f ). The results of fluorescence, protein accu-
mulation, and RNA level indicated that the expression 

(See figure on next page.)
Fig. 8  P0 suppresses GFP-induced RNA silencing. a 16c N. benthamiana plants co-infiltrated with A. tumefaciens cultures expressing GFP (35S-GFP) 
and vector control (Vec), BYCV P0 (P0), or TBSV 19 (P19, a positive control) were photographed under UV light at 4 dpi. Bars = 2 cm. b qRT-PCR 
analysis of relative GFP expression levels in the agroinfiltrated leaf patches from a. Three plants were analyzed for each treatment; this experiment 
was repeated three times with similar results. Error bars represent ± SD (n = 3), and NbActin2 was used as an internal reference. c western blotting 
analyses of the GFP protein accumulation in the agroinfiltrated leaf patches as indicated in (a). d The 16c N. benthamiana plants co-infiltrated 
35S-GFP and PVX, or PVX-P0, or PVX-HC-Pro, were photographed under UV light at 7 dpi. Bars = 2 cm. e qRT-PCR analysis of relative GFP expression 
levels in the agroinfiltrated leaf patches from (d). Error bars represent ± SD (n = 3), and NbActin2 was used as an internal reference. Student’s t-test 
was used to analyze each data group statistically, and double asterisks indicate significant statistical differences (**P < 0.01) between the two 
treatments. f western blotting analyses of GFP and PVX CP accumulation in the agroinfiltrated leaf patches as indicated from (d). g The 16c N. 
benthamiana plants co-infiltrated 35S-GFP and PVX, or PVX- or PVX-HC-Pro, were photographed under UV and white light at 20 dpi. Bars = 4 cm. h 
qRT-PCR analysis of relative GFP expression levels in systemic leaves from (g). Error bars represent ± SD (n = 3), and NbActin2 was used as an internal 
reference. Student’s t-test was used to analyze each data group statistically, and double asterisks indicate significant statistical differences 
(**P < 0.01) between the two treatments. i western blotting analyses of GFP and PVX CP accumulation in systemic leaves from (g). Western blotting 
analyses of the Actin accumulation with a specific anti-Actin antibody served as a loading control (c), (f), and (i). At least 6 plants were used 
in each independent systemic silencing experiment. The agroinfiltration experiment. qRT-PCR and Western blotting analyses were repeated three 
times with similar results in this figure
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Fig. 8  (See legend on previous page.)
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of P3-P5-YFP is susceptible to both RNA- and protein-
mediated degradation (Figs. 6c, 7g and Additional file 2: 
Figure S5).

During the long co-evolution of plants and viruses, 
plants have evolved many layers of defense responses 
against viral infections, including DNA methylation, 
RNAi-based antiviral immunity, autophagy, N-gene-
mediated resistance, etc. (Yang and Li 2018; Guo et  al. 
2019; Yang et al. 2020; Li et al. 2022b; Yang and Liu 2022; 
Chen et al. 2023). Among these, RNAi is the most con-
served immunity that can restrict plant virus invasions. 
However, to counter-attack these defenses and adapt to 
host plants, almost all known plant viruses encode at 
least one RSS to inhibit RNA silencing (Guo et al. 2019; 
Li and Wang 2019). Many research teams have exten-
sively explored the mechanisms underlying host antiviral 
immunity and the RSS-mediated viral counter-defense 
(Li and Wang 2019; Baulcombe 2022). The P0 protein of 
polerviouses, as a strong RSS, emerged first in the beet 
western yellows virus. The interaction existed between 
the F-box motif of P0 protein and homologs of S-phase 
kinase-related protein 1 (SKP1) as a core subunit of the 
multicomponent SCF family of ubiquitin E3 ligases. This 
interaction was disrupted by a mutant of the F-box motif, 
leading to a weaker viral pathogenicity (Pazhouhandeh 
et  al. 2006). The ectopic expression of P0 triggered the 
degradation of AGO1 and caused developmental abnor-
malities in transgenic A. thaliana (Bortolamiol et  al. 
2007; Chiu et al. 2010). The mechanism of this degrada-
tion does not follow ubiquitin or proteasomes (Baum-
berger et al. 2007). Here, using the PVX vector, we also 
found that the BYCV P0 protein is an important patho-
genicity factor which induced obvious viral symptoms in 
N. benthamiana plants and could repress RNA silencing 
(Figs. 7, 8), indicating that the P0 protein is evolutionarily 
conserved among different poleroviruses.

Conclusions
In this study, we identified a novel virus of the Polerovirus 
genus infecting bitter gourd plants and named it bitter 
gourd yellowing crumple virus (BYCV). We investigated 
the dynamic subcellular localization and accumulation of 
BYCV-encoded viral proteins. One of the notable results 
of this study is that the P0 protein of BYCV is a virulence 
determinant and RNA silencing suppressor, which might 
play a vital role in viral pathogenicity.

Methods
Sample collection, total RNA extraction, and qRT‑PCR
Bitter gourd plants showing yellowing and crumple 
symptoms were collected from Hainan Province of China 
in 2021. Plant materials containing symptoms were used 
for RNA extraction and small RNA sequencing. RNA 

extraction was performed as previously described with 
minor modifications (Ge et al. 2023). Total RNA was iso-
lated from 0.1 g of each fresh plant sample using the TRI-
zol extracting solution (Invitrogen, Carlsbad, CA, USA) 
according to the manufacturer’s instructions.

The PrimeScriptTM reagent kit with gDNA eraser 
(TaKaRa, Japan) retrotranscribed RNA to form cDNA 
following the manufacturer’s protocol. The qRT-PCR was 
performed using a Roche Light Cycler 96 system (Roche 
Applied Primer NbActin as a comparable standard, and 
the relative expression level of the target protein was ana-
lyzed following the calculations method of 2–ΔΔCT. All 
primers used in the qRT-PCR experiments are shown in 
Additional file 1: Table S1.

Small RNA library construction, sequencing, and data 
processing
A small RNA sequencing library was constructed using 
the TruSeq™ Small RNA Sample Prep Kits (Illumina, San 
Diego, USA). The constructed library was sequenced by 
Illumina Hiseq 2000/2500 platform (Lianchuan, Beijing, 
China). The raw data were pre-processed with ACGT101-
miR (LCSciences, Houston, Texas, USA) developed by 
Lianchuan Biologics. Clean reads were produced by pro-
cessing raw reads: cutting adaptor, scanning length, and 
removing junk reads and host genome. Sequence assem-
bled was performed with the Velvet program to obtain 
longer contigs. BLASTN of the NCBI GenBank database 
was used to compare assembled contigs to analyze the 
identity of the candidate virus.

The strategy of whole genome amplification
The full-length viral genome was separated into six frag-
ments to amplify. Based on the assembled contigs of the 
sRNAs sequencing data, six pairs of primers with over-
lapping regions between two adjacent sequences (BYCV-
1F/1R, BYCV-2F/2R, BYCV-3F/3R, BYCV-4F/4R, 
BYCV-5F/5R, and BYCV-6F/R Additional file 1: Table S1) 
were designed to obtain the completed sequence of the 
viral genome. Viral cDNA, as the template of PCR ampli-
fication, six fragments of the full-length sequence were 
amplified by KOD high-fidelity enzyme (Takara, Bei-
jing, China) and cloned into a pEASY-Blunt vector for 
sequencing. Based on known candidate sequences, the 
viral genome’s 5′ and 3′ terminal sequences were ampli-
fied by KOD and obtained by DNA sequencing.

Virus genome sequence analysis and phylogenetic 
analyses
Viral genome encoded ORF were predicted using ORF 
Finder and corrected by referring to the GenBank data-
base (Chen et  al. 2022). The pairwise sequences were 
compared using the Sequence Demarcation Tool (SDT) 
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v1.2 (Muhizi et  al. 2014). Phylogenetic trees were con-
structed with MEGA software version 7 using neigh-
bor-joining with 1000 bootstrap replicates after aligning 
sequences with the software Muscle (Li et al. 2022a).

Plasmids and constructs
The completed sequence of BYCV was constructed into 
a pEASY-Blunt vector named T-BYCV. In this study, all 
vectors used for subcellular localization experiments and 
viral RNA silencing suppression assay experiments were 
constructed by gateway technology. The sequences of the 
BYCV-encoded proteins, including P0, P1, P1–P2, P3, 
P4, and P3–P5, were amplified by PCR. The KOD high-
fidelity enzyme (Takara, Beijing, China) and the T-BYCV 
plasmid as a template were used to generate viral protein 
PCR products. The P0, P1, P1–P2, P3, P4, and P3–P5 
ORF were fused to transient expression vectors pEarley-
gate101 (with C-terminal YFP) and pEarleygate104 (with 
N-terminal YFP) for analyzing their subcellular localiza-
tion. The PBA-Flag-4xMyc recombinant construct with 
P0 was used in the RNA silencing suppression assay 
experiment. The P0 protein sequence was amplified from 
T-BYCV using primer pairs: PVX (Cla I)-BYCV-P0-F and 
PVX (Sal I)-BYCV-P0-R to construct the recombinant 
PVX expression vector. The PCR product and PVX vec-
tor were digested with Cla I and Sal I to generate PVX-
P0, which was transformed into A. tumefaciens strain 
GV3101. All primers used in this study can be found in 
Additional file 1: Table S1.

Confocal microscopy
The fluorescence of subcellular localization of viral pro-
teins with YFP marker was observed and photographed 
under confocal microscopy (Carl Zeiss LSM T-PMT, Ger-
many) at 24, 48 and 72 hpi. YFP was excited at 514 nm, 
and the emitted light was captured at 565–585  nm 
(Zhang et al. 2023). 552 nm excitation and 590 nm emis-
sion filters were used to capture RFP fluorescence. The 
ZEN 2 (Carl Zeiss Microscope GmbH2011) software was 
used to analyze the collected images.

Protein extraction and Western blotting
The total protein of plant leaves was extracted using a 
protein extraction buffer (50  mmol/L Tris–HCl pH 6.8, 
4.5% SDS, 7.5% 2-mercaptoethanol, 9  M carbamide). 
Total proteins were separated by electrophoresis in 12% 
sodium dodecyl sulfate–polyacrylamide gel electropho-
resis (SDS-PAGE) and were transferred to a nitrocel-
lulose (NC) membrane with constant voltage. Primary 
mouse polyclonal antibodies were used for the target 
protein of detection by immunoblotting. In this study, 
primary antibodies were used as follows: anti-GFP 
(1:5000; ROCHE, USA) and anti-PVX CP (1:5000) (Wu 

and Zhou 2015; Wu et al. 2012). Anti-mouse IgG HRP as 
a secondary antibody combined with peroxidase. A high-
signal ECL western blotting substrate (Tanon, Shanghai, 
China) was used to detect the target protein following a 
Tanon chemiluminescence detection system. A specific 
antibody was used as a loading control in Western blot-
ting analyses.

Assay of PTGS suppression function of P0 protein encoded 
by BYCV
According to the previous report, 35S-P19 (TBSV 19) 
and 35S-GFP (the Agrobacterium expressing GFP) are 
cited for detecting the function of the RNA-silencing 
suppressor from viral protein P0 (Li et al. 2015). A mix-
ture of the agrobacterium cultures expressing 35S-GFP 
and P0 was infiltrated into transgenic 16c N. benthami-
ana, which expresses green fluorescent protein (GFP, line 
16c). A mixture of the Agrobacterium of 35S-GFP and 
35S-P19 is used for positive control. Flag-Gus and 35S-
GFP Agrobacterium mixture is used for negative control. 
After 4 dpi, UV light was used to observe for infiltra-
tion of the leaves. PVX, PVX-P0, and PVX-HC-Pro were 
mixed with 35S-GFP, respectively, and infiltrated into 
transgenic 16c N. benthamiana. UV and white light were 
used to observe infiltrated transgenic 16c N. benthami-
ana in 6 and 15 dpi.
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subcellular localizations of the BYCV encoded proteins-YFP (a) or YFP-
BYCV encoded proteins (b) transiently expressed in RFP-H2B transgenic 
Nicotiana benthamiana leaves at 36 hpi. Figure S3. Confocal images of 
the BYCV encoded P0, P1, P1-2, P3a, P3, P4, or P3-5 proteins fused with an 
N-terminal YFP. RFP-H2B transgenic Nicotiana benthamiana leaves were 
infiltrated with Agrobacterium cultures to express YFP-P0, YFP-P1, YFP-P1-2, 
YFP-P3a, YFP-P3, YFP-P4, or YFP-P3-5. Figure S4. P1 and P4 co-localized 
with an endoplasmic reticulum (ER) marker: mCherry-HDEL, and P3a and 
P4 co-localized with a plasmodesmata (PD) marker: TMV MP-mRFP. Figure 
S5. Dynamic changes in the transcript levels of viral genes.
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