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ABSTRACT

Seven isolates of a putative cytorhabdovirus (family Rhabdoviridae,
order Mononegavirales) designated as citrus-associated rhabdovirus
(CiaRV) were identified in citrus, passion fruit, and paper bush from
the same geographical area in China. CiaRV, bean-associated cytorhab-
dovirus (Brazil), and papaya virus E (Ecuador) should be taxonomically
classified in the species Papaya cytorhabdovirus. Due to natural
mutations, the glycoprotein (G) and P4 genes were impaired in citrus-
infecting isolates of CiaRV, resulting in an atypical rhabdovirus genome
organization of 3’ leader-N-P-P3-M-L-5" trailer. The P3 protein of CiaRV
shared a common origin with begomoviral movement proteins (family
Geminiviridae). Secondary structure analysis and trans-complementation
of movement-deficient tomato mosaic virus and potato virus X mutants

by CiaRV P3 supported its function in viral cell-to-cell trafficking. The
wide geographical dispersal of CiaRV and related viruses suggests an
efficient transmission mechanism, as well as an underlying risk to global
agriculture. Both the natural phenomenon and experimental analyses
demonstrated presence of the “degraded” type of CiaRV in citrus, in
parallel to “undegraded” types in other host plant species. This case study
shows a plant virus losing the function of an important but nonessential
gene, likely due to host shift and adaption, which deepened our
understanding of course of natural viral diversification.

Keywords: citrus, evolution, plant rhabdovirus, gene defect, genomics,
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The family Rhabdoviridae in the order Mononegavirales com-
prises ecologically important negative-strand (ns) RNA viruses that
infect a wide range of hosts among vertebrates, invertebrates, and
plants (Dietzgen et al. 2012; Walker et al. 2018). With an enveloped
virion of approximately 100 to 430 nm in length and 45 to 100 nm in
diameter, most rhabdoviruses share a rod-like (rhabdo-) ultrastruc-
ture (bullet, cone-shaped, or bacilliform), providing a morphological
basis for differentiation from other families (Wagner, 1987). Many
rhabdoviruses are vectored by arthropods, in which they also
replicate, leading to the “arthropod origin hypothesis” (Kuzmin
et al. 2009), while others are mechanically transmissible (a mammal
bite or from brushing against a plant) or waterborne (Armstrong et al.
1993; Dorson et al. 1984; Jackson et al. 2009; Kuzmin and Tordo,
2012). The predominant genome type is unsegmented and encodes
five prototypic structural proteins with a typical gene arrangement
of 5'-N-P-M-G-L-3’, where N is the nucleoprotein gene, P
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phosphoprotein gene, M matrix protein gene, G glycoprotein gene
and L large RNA-dependent RNA polymerase gene. These
contiguous genes are separated by conserved intergenic sequences,
which are involved in regulation of transcription by capping and
polyadenylation of mRNAs (Walker et al. 2015). In the assembled
virion, a tight association between genomic RNA and N protein
constitutes the helical ribonucleoprotein complex (RNP) bonded
with L, P, and M, and enveloped by a lipid membrane with G spikes
(Assenberg et al. 2010). In addition, the structural proteins are
multifunctional during virus infection, replication, and spread
(Assenberg et al. 2010). Furthermore, a variable number of accessory
genes are interposed between adjacent genes, may overlap with or are
contained within the core genes, and play variousroles in the viral life
cycle (Walker et al. 2011).

Plant rhabdoviruses with unsegmented genomes have been
taxonomically assigned to the genera Cytorhabdovirus and
Nucleorhabdovirus, and those with bisegmented genomes to the
genera Dichorhavirus and Varicosavirus (Walker et al. 2018).
These viruses are persistently transmitted by hemipteran insects
(aphids, leathoppers, and planthoppers), Brevipalpus mites, and
chytrid fungi, respectively, and this dual-host characteristic (plant
and vector) has been demonstrated for several of them (Dietzgen
et al. 2014; Jackson et al. 2005; Sasaya et al. 2002). Arthropods and
plants are the more likely primordial hosts, due to a possible single
origin of the rhabdoviruses (Longdon et al. 2015). Being similar in
genome architecture, cytorhabdoviruses and nucleorhabdoviruses
are distinguished based on viral replication in the cytoplasm or in
the nucleus, respectively of infected cells (Walker et al. 2018). The
genomes of plant rhabdoviruses encode the five core structural
proteins, but also contain an additional gene for viral cell-to-cell
movement that would have been acquired during the adaptation of
rhabdoviruses to their plant hosts (Jackson et al. 2009; Kormelink
et al. 2011; Lucas 2006; Taliansky et al. 2008). This evolutionary
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strategy, likely driven by horizontal gene transfer (Koonin et al.
2015; Roossinck 2008), endows plant rhabdoviruses with the ability
to infect a variety of herbaceous and woody plants.

In nature RNA viruses exist as quasi-species composed of a
heterogenous population of genome sequences (Holland et al.
1992). Population elasticity and plasticity act in tandem to avoid
Muller’s ratchet (Cervera and Elena 2016). The accumulation of
sequence changes throughout virus evolution has resulted in
different lineages of viruses which may share homologous genes
that allow for computer-based tracing of their phylogenies, but they
possess particular genes that can distinguish them (Koonin et al.
2020). The short-term fitness of viruses in their hosts has been
extensively evaluated (Cervera and Elena 2016), and the study of
long-term evolution has been greatly promoted by powerful
sequencing technologies (Navarro et al. 2018a). However, due to
occasionality, the historical nodes of diversification are poorly
understood. This study reports the identification of rhabdovirus
populations in citrus (Citrus spp.; Rutaceae), passion fruit
(Passiflora edulis; Passifloraceae), and paper bush (Edgeworthia
chrysantha; Thymelaeaceae) plants by RNA-sequencing (RNA-
seq). A putative cytorhabdovirus was coincidentally found in all of
these plant species. Comparison of isolates from citrus and the other
plant species indicated that there is (i) a natural defect of two genes
in only the citrus isolates and (ii) an extremely limited distribution
of the citrus isolates in nature. Based on our analyses, we propose a
virus—plant coevolution model. The speculation is that for viruses,
genome elasticity ensures existence, but transformations occur due
to plasticity under relaxed conditions.

MATERIALS AND METHODS

Sample collection. Plant materials used for RNA-seq were
collected from Beibei district, Chongqing province, China in 2016
to 2018 (Fig. 1 and Supplementary Fig. S1). At the beginning of the
study, petiole and mesophyll tissues from 50 citrus trees that were
randomly selected in an orchard in Xiema town were combined into
one sample and sequenced (data not shown), allowing the initial
identification of citrus-associated rhabdovirus (CiaRV) in Citrus
spp. that was defective in the P4 and G genes. Among 200 tested
citrus trees, only three (NV157, UN41, and UN43) were finally
found to be positive for CiaRV and were thus sampled individually.
To explore whether CiaRV is present in plants commonly found in
the vicinity of the orchard, leaf tissues of 12 other plant species
(Broussonetia papyrifera, Camellia japonica, Edgeworthia chrys-
antha, Eriobotrya japonica, Erythrina variegate, Ficus concinna,
Koelreuteria paniculata, Melia azedarach, Morus alba, Passiflora
edulis, Solanum nigrum, and Wisteria sinensis) showing virus-like
foliar symptoms were tested. Five symptomatic plants of each
species were combined per sample and subjected to reverse
transcription PCR (RT-PCR) using three conserved primer pairs
for rhabdovirus nucleoprotein genes (data not shown). All primers
were designed by DNAMAN 9 (Lynnon, Canada). Subsequently,
CiaRV infection was confirmed in the symptomatic P. edulis and
E. chrysantha plants using one of the primer pairs, NF660/NR940
(Supplementary Table S1). The leaves of three passion fruit plants
(PF-1, PFYD-5, and PFRJ-10) and one paper bush plant (JX) were
sampled in an orchard in Xiema town and in a garden in Ziyuntai
community, respectively, and then were sequenced individually.

RNA-seq, sequence annotation, and virus sequence recovery.
Total RNA was extracted from leaf tissues using the EASYspin
Plus Complex Plant RNA Kit (Aidlab, China) and assessed by
Nanodrop (Thermo Fisher Scientific, U.S.A.), Qubit 3.0 (Invi-
trogen, U.S.A.), and Agilent 2100 (Agilent, U.S.A.) for purity,
concentration, and integrity, respectively. ArRNA-depleted RNA-
seq library was constructed using a TruSeq RNA Sample Prep Kit
(IIlumina, USA) and sequenced on an Illumina HiSeq X-ten
platform (Mega genomics, Beijing, China) with 150-bp paired-
end reads layout. The output raw reads were processed to remove

adaptors and poor-quality reads. The remaining clean reads were
subjected to de novo assembly in the Trinity program (Haas et al.
2013). Contigs were annotated based on a homology-dependent
method (Wu et al. 2015) using a local BLASTXx search restricted
to the virus taxid (10239) retrieved from the National Center for
Biotechnology Information (NCBI) database.

To reconstruct complete viral genome sequences, specific
primers (Supplementary Table S1) were designed to generate
overlapping fragments. RT-PCR assays were done using a one-step
RT-PCR kit (Takara, Japan). The 5" and 3’ terminal sequences were
determined using a commercial rapid amplification of cDNA ends
(RACE) kit (Invitrogen, Thermo Fisher Scientific). Ultimately, the
virus genome was generated by the assembly of sequences obtained
from cloning (Promega, China) and sequencing of the PCR
amplicons. Five clones per amplicon were fully sequenced by
primer walking in both directions (Tsingke, China).

Sequence and phylogenetic analysis. Search of openreading
frame (ORF), prediction of the molecular weights of putative
proteins, and sequence comparisons were done using the CLC
Genomics Workbench 9.5 (Qiagen, U.S.A.). ANNIE (Ooi et al.
2009) was utilized for comprehensive annotation of putative
proteins. RNABindR v2.0 (Terribilini et al. 2007) was used to
predict RNA binding sites. PROMALS3D (Pei et al. 2008) was used
to predict protein secondary structures. Phylogenetic trees were
generated in Mega 7.0 (Kumar et al. 2016) using the neighbor-
joining method, p-distance substitution model, pairwise deletion
treatment, and 1,000 bootstrap replications.

Movement complementation experiments. To test the
movement protein (MP) function of the CiaRV P3 gene, trans-
complementation assays were done using movement-deficient and
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passion fruit, and paper bush samples were collected in Xiema town, Xiema/
Jindaoxia towns, and Ziyuntai community, respectively. The size of the black
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green fluorescent protein (GFP)-encoding tomato mosaic virus
(ToMV-GFPAMP) and potato virus X (PVX-GFPAp25) recombi-
nants, and beta-glucuronidase (GUS) expression vectors (Bayne
et al. 2005; Hiraguri et al. 2011; Zhou et al. 2019). The PCR
amplicons of CiaRV P3, ToMV-30K, and PVX-p25 ORFs were
individually inserted into the pGD vector (Goodin et al. 2002) for
transient expression using an In-Fusion HD PCR Cloning Kit
(Clontech, Japan). Wild-type Nicotiana benthamiana plants to be
used for agroinfiltration were grown in a growth chamber at 25°C
under a 16-h light/8-h dark cycle. One-thousand-fold-diluted
suspensions of Agrobacterium tumefaciens EHA 105 (initial Aggo =
1.0) containing PVX-GFPAp25 were mixed (1:1:1) with agro-
bacterial cultures carrying the TBSV p19 VSR plasmid, and pGD-
P3 or pGD-PVX-p25. GFP fluorescence in the leaves was observed
by an epifluorescence microscope first at 60 h postinfiltration
(hpi) and then at 8 days postinfiltration (dpi). Suspensions of
A. tumefaciens GV3101 carrying TOMV-GFPAMP (Agoo = 1.0)
were diluted 2,000-fold and mixed 1:1 with A. tumefaciens cultures
harboring pGD-P3 or pGD-ToMV-30K. Epifluorescence micro-
scope observation of GFP fluorescence in the leaves was done at 50
and 60 hpi. A total of 60 GFP foci for each treatment were examined
during two repeated experiments, and GFP-expressing clusters with
four or more cells were considered to represent authentic movable
foci.

Analysis of sequence variation in viral coding region.
Viral nucleotide sequence variation types taken into account
included single nucleotide polymorphisms (SNPs), insertions and
deletions, which were counted using the variant detectors in the
CLC Genomics Workbench 11.0, with the parameters of A
(minimum coverage = 3, minimum count = 2, minimum frequency
= 10%), B (minimum coverage = 3, min. count = 2, minimum
frequency = 1%), and C (minimum coverage = 3, minimum count =
3, minimum frequency = 0.1%) for datasets of isolates C3 (average

coverage [AC]=9), C1 with C2 and PF2 (AC =214 to 359), and PF1
with PF3 and PB1 (AC = 1,161 to 1,460), respectively. The degree
of variation for each ORF of each isolate was measured and
standardized according to the number of mutant sites (per 1,000
nucleotides) in the ORF. OriginPro 2017 software (OriginLab,
U.S.A.) was used to visualize the variation, and GraphPad Prism 8.0
(GraphPad Software Inc., U.S.A.) was used for correlation analysis
of sequence variation and nucleotide sequence identity.

Graft transmission of CiaRV. Virus-free seedlings of Symons
sweet orange (Citrus sinensis) and red tangerine (C. reticulata),
with four seedlings per variety were used as stocks to accept the bark
of NV157 trees infected with CiaRV-C1. The bark of a healthy citrus
tree was used as negative control. Each seedling was grafted with
four pieces of bark. The treated seedlings were placed in an insect-
proof glasshouse at the Citrus Research Institute, Chongqing,
China, under natural light, at a controlled temperature of 25 + 1°C
and relative humidity of 75%. After three months, new leaves of the
stocks were tested by the one-step RT-PCR kit (Takara, Japan) with
a conserved primer pair LF117/LR120 (Supplementary Table S1)
designed from the L genes of all CiaRV isolates. Ten-microliter
reactions contained 1 pl of total RNA from leaf samples, 5 pl of
premix, 2.9 ul of RNase-free water, 0.4 ul each primer (R/F), 0.2 ul
of RNase inhibitor, and 0.1 pl of enzyme mix as per the
manufacturer’s protocol. Thermal cycling conditions were 30 min
reverse transcription at 50°C and 3 min denaturation at 95°C,
followed by 35 cycles of 30 s at 95°C, 30 s at 54°C, and 40 s at 72°C,
and a final 5 min extension at 72°C.

Field survey. A total of 197 citrus trees near the NV157, UN41,
and UN43 trees were surveyed for CiaRV within a circle plot
(radius, 750 m), regardless of symptoms. In addition to the three
passion fruit and one paper bush plants used for next-generation
sequencing (NGS), eight symptomatic paper bush (Ziyuntai
community) and 12 symptomatic passion fruit plants (Xiema and
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Jindaoxia towns) were randomly chosen for sampling in a circle plot
with a radius of 200 and 100 m, respectively. The universal primers
LF117 and LR120 were used for virus detection of the plant samples
by RT-PCR.

RESULTS

Symptoms and location of samples. Among the samples
used for HTS, while no obvious symptoms were observed on the
citrus (NV157, UN41, and UN43) collected in Xiema town
(location A), the passion fruit (Xiema town, location B1) and paper
bush (Ziyuntai community, location C) exhibited foliar symptoms
of yellow spots and chlorotic spots with yellowing, respectively
(Supplementary Fig. S1). In location A, NV157, UN41, and UN43
had been planted and grown next to each another for more than a
decade, and 197 citrus trees in all the regions around them were
tested for CiaRV spread (Fig. 1). The distance between locations A,
B1, and C is within 1 to 4 km (Fig. 1). An additional location B2
(Jindaoxia town) further away from these locations (34 to 38 km)
was also tested for the presence of CiaRV in passion fruit with
similar symptoms (Fig. 1).

Analysis of NGS data and virus identification. NGS of the
three citrus, three passionfruit and one paper bush libraries resulted
in a total of 7.85 to 12.4 G clean reads (Supplementary Table S2).
Seven virus-like contigs ranging from 13,225 to 13,490 bp, one for
each library, were identified and exhibited 81.4 to 97.2% amino acid
(aa) sequence identity to bean-associated cytorhabdovirus (BaCV,
MK?202584) and papaya virus E (PVE, MH282832). These viral
contigs shared >84.7% aa sequence identity with one another,
suggesting the presence of a cytorhabdovirus, provisionally named
citrus-associated rhabdovirus (CiaRV), in NV157, UN41, UN43,
PF-1, PFYD-5, PFRJ-10, and JX plants. These cytorhabdovirus
isolates are referred to as C1 to C3, PF1 to PF3, and PB1, to indicate
their origins from citrus, passion fruit and paper bush respectively
(MT302541 to MT302547).

Sequence characterization. The genomes of the CiaRV
isolates were 13,485 to 13,526 nucleotides in size and shared 76.8 to
78.3% nucleotide and 84.7 to 99.9% amino acid sequence identity
with the genomes of BaCV and PVE (Supplementary Table S3 and
Supplementary Fig. S2). Seven AUG-initiated ORFs potentially
encoding proteins of 189 to 2113 aa, an estimated molecular mass of
9.5 to 241.2 kDa, and an isoelectric point (IP) of 4.0 to 9.4 were
predicted in the CiaRV genomes (Supplementary Fig. S3). Analysis
of the proteins encoded from 3’ to 5 by ORF1 to ORF7 suggested
that they represent the nucleoprotein (N), phosphoprotein (P),
movement protein (P3), hypothetical protein (P4), matrix protein
(M), glycoprotein (G), and large RNA-dependent RNA polymerase
(L), respectively (Supplementary Table S4). The amino acid
sequences of CiaRV-encoded proteins are more than 80% identical
to the analogous proteins of BaCV and PVE, with more than 90%
sequence identity between the respective N and L proteins
(Supplementary Fig. S2). Based on predictive algorithms, the N
protein may possess several RNA binding sites concentrated at the
carboxy terminus (amino acids 328 to 335, 347 to 355, 370 to 378,
and 443 to 451). One phosphorylation site was found in P protein at

amino acids 152 to 155, at the end of the N-terminal disordered
regions. The core region of P3 is typical of an unfolded 30K-like MP
domain with a series of structural a-helix and 3-strand components
(Supplementary Fig. S4) (Melcher 2000; Mushegian and Elena
2015; Yu et al. 2013). The M protein showed a similar secondary
structure as those of lyssaviruses (Graham et al. 2008), suggesting
similar functional roles (Supplementary Fig. S5). The G protein
contains five predicted glycosylation sites at amino acids 61 to 64,
22910 232,324 t0 327,399 to 402, and 408 to 411, a signal-peptide,
and a putative transmembrane domain. These sites may aid the
participation of rhabdoviral G in virion assembly and virus entry
into host cells (Gaudin and Whitt, 2015; Roche et al. 2008; Sun et al.
2018). The L protein contains three predicted CDD domains at
amino acids 265 to 1,105 (pfam00946), amino acids 1,136 to 1,360
(pfam14318), and amino acids 1,229 to 1,967 (TIGR04198). The
former domain has been shown to be involved in replication, and the
latter two are essential for mRNA capping processes; a complex
consisting of N-P-L or L-(P); is deemed to be required for full
functional performance (Ivanov et al. 2011). Functions of the
hypothetical accessory protein P4 are unknown. The coding region
of CiaRV is flanked by untranslated 3" leader (1) and 5’ trailer (t)
sequences as for all thabdoviruses. The termini of the genomes are
highly complementary, which may contribute to the formation of a
panhandle structure thought to be involved in replication. The
conserved intergenic sequences separating the genes have a
consensus of AUUCUUUUU/GACC/CUC and were recognized
by analogy with similar sequences in other plant rhabdoviruses
(Supplementary Fig. S6). In summary, CiaRV has the canonical
genome arrangement 3'l-N-P-P3-(P4)-M-(G)-L-5t of viruses in
the genus Cytorhabdovirus (Supplementary Fig. S7), despite the P4
and G genes not being intact in all members (Fig. 2).

Defects in the P4 and G genes of citrus isolates of CiaRV.
The regions of the P4 and G genes in the genomes of the three citrus
isolates (C1, C2, and C3) were cloned and sequenced using specific
primers (Supplementary Table S1). These genes displayed irregular
patterns of various short coding regions rather than a single ORF.
Missense, frameshift (+1, +2), and nonsense mutations are
responsible for making the genes defective (Table 1). There were
two distinct types of defects in the P4 and G genes of C1, C2, and
C3. Nevertheless, citrus, paper bush, and passion fruit isolates
shared a high overall nucleotide sequence identity in the P4 (78.5 to
87.1%) and G (81.9 to 87.1%) genes. It should be emphasized that
when analyzing the NGS data of citrus, no sequence variant showed
the presence of an intact G gene. These results suggest that the
defects that occurred in the G gene were gradual, stochastic, but
stable genetic transitions.

Evolutionary relationships. The phylogenetic trees (Fig. 3
and Supplementary Fig. S8) of the various viral proteins had a
similar topology, including a distinct cluster comprising CiaRV,
BaCV, PVE (Alves-Freitas et al. 2019; Bejerman and Dietzgen
2019; Medina-Salguero et al. 2019), and Bemisia tabaci virus-like
sequences (BTCRV) separated from the other cytorhabdoviruses.
High amino acid sequence identities of all encoded proteins
(Supplementary Fig. S2) between CiaRV and BTCRV (whitefly)
may be indicative of a new biological vector type for these

TABLE 1. List of genetic changes causing defects in the P4 and G genes of citrus-associated rhabdovirus in citrus plants®

P4 G
Virus  Start Nonsense mutation Insertion  Stop Start Nonsense mutation Insertion Stop

Cl  AUA;7ss UGA3503, UAG3002, - UGAy;2 AUGs;s, UGAs290, UAGss27, UAGs602, Agi19 CUUs734
UAGs3026 UGAs7s5, UGAgo79, UAGgses

C2  AUAjszss  UGAsges, UAGsono, - UGA4p;2 AUGs;ss UGAs293, UAGss30, UAGseos, - CUUs736
UAGs3026 UGAs761, UGAgos2, UAGgses

C3  AUGas7ss UAA3547, UAG30ss, GCss1a UUAup24 AUGsog UAGs360, UAAss44, UGAsss6, Css23, AAs750, AUsoar, Usiae, CUUszs2
UGA4000 UGAs777, UAGe043, UAGes37 Ge2o1

2 Codons in italic: missense mutation.



cytorhabdoviruses (Bejerman and Dietzgen 2019). In fact,
whiteflies are responsible for the dispersal of many important plant
viruses (Navas-Castillo et al. 2011). The insertion of exogenous
sequences derived from rhabdoviruses and plant RNA viruses into
insect genomes has been previously demonstrated (Cui and Holmes
2012; Geisler and Jarvis 2016). Interestingly, the phylogenetic tree
based on MP amino acid sequences (Fig. 3B) shows that the CiaRV
virus cluster (whitefly-borne?) was more closely related to
whitefly-borne geminiviruses than to other cytorhabdoviruses,
suggesting an ancient recombination event between the ancestors
of CiaRV and begomoviruses.

MP function of CiaRV P3. To demonstrate the cell-to-cell
movement function of P3, two movement-defective heterologous RNA
virus systems were tested for movement frans-complementation in
agroinfiltrated N. benthamiana leaves. When ToMV-GFPAMP (8
dpi) or PVX-GFPAp25 (60 hpi) was coexpressed with GUS, GFP
foci were confined to single cells (Fig. 4). In contrast, when
coexpressed with P3, 55% of ToMV-GFP MP foci (33 out of 60) and
42% of PVX-GFP p25 foci (25 out of 60) contained GFP clusters of
four or more cells (Fig. 4). For these fluorescent foci, the average
numbers of GFP-expressing cells were 6.7 for ToMV-GFP MP and
8.1 for PVX-GFP p25. However, when ToMV-GFP MP or PVX-
GFP p25 was coexpressed with their own MPs, i.e., ToMV MP or
PVX p25, the majority of GFP foci spread across more than 10 cell
boundaries. Thus, the intercellular movement of both GFP-tagged
movement-defective viruses was rescued by transient expression
of P3 in trans, although the complementation efficiencies by
CiaRV P3 were lower than those by their autologous MPs, 30K or
p25 (Fig. 4).

Viral genetic variation in HTS data. A total of 135 (1%),
289 (2.1%), 110 (0.8%), 134 (1%), 155 (1.1%), 254 (1.9%), and 147
(1.1%) variable sites were detected in ORFs based on verified
genome sequences of C1, C2, C3, PF1, PF2, PF3, and PB1 isolates

(13,485 to 13,526 nt), respectively. In ORF:s for the G protein (1,558
to 1,570 nt), variable sites were numbered 20 (1.3%), 28 (1.7%), 26
(1.7%), 14 (0.9%), 18 (1.1%), 38 (2.4%), and 18 (1.7%),
respectively (Supplementary Table S5). These data indicate that
the degree of variation in some adjacent ORFs (M and G) of all
isolates are more similar and higher than in other ORFs, suggesting
the two ORFs may be evolutionary hotspots (Fig. SA). Interestingly,
nucleotide sequence identities between G ORFs (81.8 to 99.7%) of
all isolates tended to be lower than those of other ORFs (N, 88.6 to
99.8%; P, 87.2 t0 99.9%; P3 and P4, 85 t0 99.9%; M, 85 to 99.8%;
and L, 87.9 to 99.8%). Pearson correlation analysis of each ORF
using the lowest identity on the x-axis and the average number of
variation sites per 1,000 nucleotides on the y-axis, with one
unreliable point removed (M: x = 0.85, y = 21.6), showed a strong
correlation coefficient of —0.7963, which suggests that viral short-
term sequence variation may positively affect long-term sequence
difference (Fig. 5B).

CiaRV systematic infection and prevalence. CiaRV-C1
was detected in the new leaves of all the CiaRV-infected graft-
inoculated citrus stocks, but not in any of the trees grafted with
negative control bark, indicating CiaRV transmission by grafting in
citrus. Furthermore, systemic infection of CiaRV in a single plant
indicated that the virus can overcome the vascular barriers.
However, with the exception of NV157, UN41, and UN43, no
other CiaRV-infected citrus trees were found. Neither the citrus
field samples nor the grafted plants showed any virus-like
symptoms. In contrast, 63% (5/8) of the symptomatic passion fruit
trees and 75% (9/12) of the symptomatic paper bush trees tested by
RT-PCR were positive for CiaRV, which may suggest an association
between CiaRV infections and the observed symptoms (Supple-
mentary Fig. S9), but this will need to be confirmed by testing a
larger number of symptomatic and asymptomatic samples. Based
on the differences in sequence, phylogeny, host, and possibly
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Fig. 3. Phylogenetic trees inferred from the amino acid sequence comparisons of A, RNA-dependent RNA polymerase (L) and B, movement protein (MP) of citrus-
associated rhabdovirus (CiaRV) isolates (in red or gray font), bean-associated cytorhabdovirus (BaCV), papaya virus E (PVE), Bemisia tabaci virus-like sequences
(BTCRYV), and representative cytorhabdoviruses. In the MP tree, several related begomoviruses were also included. One-thousand bootstrap replications were
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construction included African cassava mosaic virus (ACMYV), alfalfa dwarf virus (ADV), barley yellow striate mosaic virus (BYSMYV), cabbage cytorhabdovirus-1
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associated symptoms, CiaRV isolates were classified into three
strains viz. citrus (C), passion fruit (PF), and paper bush-passion
fruit (PBF). Furthermore, the investigation of CiaRV in Beibei
district showed that distribution of the virus in citrus was limited (3/
200 trees = 1.5%), but was widespread in other hosts, i.e., 80% (12/
15) of passion fruit trees and 67% (6/9) of paper bush, including
trees sequenced by NGS.

DISCUSSION

In this study, the utilization of NGS led to the identification of
CiaRV in citrus, passion fruit, and paper bush plants grown within a
confined geographic region in China (Beibei district, ~750 km?2).
Analysis of sequence differences, phylogenetic relationships, host
range, and symptomatology suggested that there may be at least
three distinct CiaRV strains, namely, C (C1 to C3), PF (PF1 and
PF2), and PBF (PB1 and PF3). Analysis of genome organization led
to the differentiation of two genotypes, gene-defective (citrus
strain) and gene-intact (other strains). CiaRV is a close relative of
the cytorhabdoviruses BaCVand PVE that were recently reported in
South America (Alves-Freitas et al. 2019; Bejerman and Dietzgen
2019; Medina-Salguero et al. 2019). The species demarcation
criteria for the genus Cytorhabdovirus have recently been revised to
reflect the increasing number of newly discovered cytorhabdovi-
ruses: (i) nucleotide sequence identity less than 75% for the
complete genome sequence and (ii) amino acid sequence identity in
all cognate ORFs less than 80% (Freitas-Astua et al. 2020). CiaRV
genome is >75% identical to BaCV and PVE and its encoded
proteins are 81 to 97% identical to the cognate proteins of these
viruses that are both classified in the species Papaya cytorhabdo-
virus. Therefore, we suggest that CiaRV should be taxonomically

classified in the established species Papaya cytorhabdovirus in the
genus Cytorhabdovirus.

CiaRV genome organization is similar to that of other un-
segmented plant rhabdoviruses, with five structural proteins in the
order 3'1-N-P-P3-(P4)-M-(G)-L-5't. For all rhabdoviruses, the core
proteins N, P, and L are required for viral replication, and their
combination with genomic RNA generates a nucleocapsid (NC)
complex (Leyrat et al. 2011). The P chaperones N (N-P), associates
with L (L-P), and probably support the intracellular transport of
viral components in host cells (Leyrat et al. 2011). In plant, the NC
interacts with a cognate MP likely to form a MP-NC complex as a
basic unit of viral intercellular transport (Hiraguri et al. 2012; Zhou
et al. 2019).

The P3 of CiaRV, encoded by an accessory gene located between
P and M genes, was identified as an MP related to geminiviruses.
This is consistent with the genomic modularity of viruses in
eukaryotes that manifests as recombination or reassortment
(Koonin et al. 2015; Navarro et al. 2018a; Roossinck 2008). The
MPs of plant rhabdoviruses and geminiviruses belong to the 30K
superfamily (Huang et al. 2005; Mann et al. 2016; Mushegian and
Elena 2015; Navarro et al. 2019), and CiaRV P3 is characterized by
having a 30K domain (Melcher 2000). Our results with CiaRV P3
confirm previous findings that rhabdoviral MPs can rescue the cell-
to-cell movement of movement-defective positive-strand RNA
viruses (Hiraguri et al. 2012; Huang et al. 2005; Mann et al. 2016),
but these MPs are unlikely to be interchangeable (Zhou et al. 2019).
The plasmodesmata of plant cells are gateways for viral cell-to-cell
and systematic infection (Benitez-Alfonso et al. 2010). The MPs of
TMoV (30K) and PVX (triple gene block) are known to trigger
plasmodesmata gating, which may direct viral transport between
cells (Angell et al. 1996; Howard et al. 2004; Tamai and Meshi

A

ToMV-GFPAMP + GUS

PVX-GFPAp25 + GUS

ToMV-GFPAMP + CiaRV-P3

PVX-GFPAp25 + CiaRV-P3

ToMV-GFPAMP+ ToMV-MP

PVX-GFPAP25 + PVX-p25

Fig. 4. Trans-complementation of the movement protein (MP)-mutant tomato mosaic virus (ToMV) and potato virus X (PVX), using coinfiltration of agrobacterial
mixtures carrying a transcription plasmid of A, ToMV-GFPAMP or B, PVX-GFPAp25, and a binary plasmid (pGD-X) of citrus-associated rhabdovirus (CiaRV)-P3,
ToMV MP, PVX p25, or GUS as a negative control, into the leaves of Nicotiana benthamiana plants. The GFP signal was observed under a fluorescence

microscope at 60 hpi (A) or 8 dpi (B). Bars (regardless of length), 200 pm.
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2001; Yang et al. 2000). The CiaRV P3 expressed in trans is
compatible with movement-deficient TMoV and PVX, which may
suggest a similar mechanism. However, how CiaRV P3 functions in
planta is yet to be determined.

A naturally G gene-defective cytorhabdovirus was discovered
here for the first time, although viral genomes in which a potential G
gene was not detected have been previously reported for some other
nsRNA viruses (Li et al. 2015; Navarro et al. 2018a, b; Rott et al.
2018; Shi et al. 2016; Xin et al. 2017). One might speculate that
simplification of viral genomes to adapt to plants without requiring
an arthropod vector provides an evolutionary advantage, especially
in fruit trees that are propagated artificially by asexual modes, such
as cutting and grafting. Alternatively, the lack of a G gene might be a
common attribute of different lineages of nsRNA viruses in various
plants in the natural world. In a natural setting, what directly drives
the diversification of nsRNA viruses is the high error rate during
virus replication (Drake et al. 1998; Steinhauer et al. 1992).
Experimental evidence has shown that in the absence of G and M
proteins, the NC complex can still be assembled during rhabdovirus
infections, but with minimal infectivity (Wang et al. 2015; Whelan
et al. 2004). This provides flexibility for rhabdoviruses with an
additional accessory MP for cell-to-cell movement in plants, but
differs from arthropods where the G protein is required for cell
recognition and entry (Deom et al. 1992; Lucas 2006; Navarro et al.
2019; Roche et al. 2008). This strongly underlines the viral intrinsic
ability of losing nonessential genes in specific hosts, prior to any
extrinsic environmental effects on the mutant rhabdovirus. In
addition, the quasi-species nature of RNA viruses results in a
flexible, mutation-tolerant population where several genomes may
be dominant (Holland et al. 1992; Roossinck 2008), and the
functional genomes may succumb to disabled ones. In support of
this hypothesis, a significant number of tolerated CiaRV gene
mutations were detected by NGS in passion fruit and paper bush.
Here we highlight the use of NGS in probing the genetic structure of
a quasi-species. In contrast to traditional techniques such as PCR,
whereby the information obtained is partial and may lead to biases,
NGS yields vast amounts of data at the whole-genome level at a
particular point in time. However, intrinsic errors may still exist in
the output data. Therefore, based on the above information, it is

reasonable to assume that an initial variant of the genetically
incorrect CiaRV-C was not naturally eliminated. Given that a virus
population is elastic in order to repair deleterious mutations
(Cervera and Elena 2016), genetic drift or a founder effect could be
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invoked to explain why the molecular transitions of defective-
CiaRV in citrus were retained and stabilized, as opposed to a
mutational meltdown (Delatte et al. 2007). Otherwise, natural
selections may play a role in the fixation of the mutant genes.
Other vital genes are also exposed to pressures from the
environment, and the asymmetric effects on essential and
nonessential genes may yield a defective virus with more
beneficial mutations in essential genes and more fitness in
citrus than the original virus. In summary, it appears that
without significant selection pressure from the environment,
virus evolution is stochastic among the many given possibilities
based on the viral intrinsic properties such as genetic plasticity
(spontaneous mutation), genome modularity (recombination or
reassortment ability), and gene function specialization (non-
essential function) (Roossinck 2008). For instance, when gain
or loss of genes is not restricted by the environment, viruses
may acquire or lose genes as long as this is nonlethal, such as G-
defects of CiaRV-Cin citrus. Butif the outcomes are selected by
the environment, viral genetic changes may induce lethality.
These hypotheses could well explain that different viruses
infecting the same host under the same environmental
conditions vary in genome type (such as RNA or DNA and
circular or linear), genome size, gene number, protein structure,
and/or sequence homology, but share the essential core
elements for replication and encapsidation (Koonin et al.
2020).

The intact P4 and G genes are not essential for replication of
CiaRV in citrus but are present in CiaRV isolates that infect other
plant species. The function of the hypothetical protein P4 is
unknown, while G protein is required for acquisition by
arthropod vectors. The natural transmission of CiaRV and related
viruses occurs at three spatial dimensions: (i) infection of a few
citrus plants, likely by grafting, (ii) transspecies infection of
different plants of the same geographic region, and (iii)
transspecies and transcontinent infection of different plant
species, considering the closely related viruses reported in
French bean and papaya in South America. Spread of these
related viruses in different plant species implies viral trans-
mission through biological vectors, which are possibly white-
flies due to the proposed long-term interaction of these insects
and the CiaRV-related viruses that is suggested by sequence and
phylogenetic analysis. Based on the available data, we propose
an evolutionary model for CiaRV (Fig. 6). At first, in one or more
epidemic seasons, the viruses were carried by a potential
arthropod vector, likely the whitefly. Dynamic populations of
the vector fed on citrus, passion fruit, and paper bush, and
transmitted viruses containing few defective variants. Genetic
drift in citrus led to a virus population dominated by defective
genomes. The defective viruses were occasionally disseminated
to other citrus plants by vegetative propagation or contamination
of secateurs, and thereafter colonized following a founder effect.
As perennial plants provide a stable host environment, the
coevolution of CiaRV and citrus, which may be a “specific host”
for this virus (Bedhomme et al. 2012), can be considered as the
main contributor to the disrepair of the P4 and G genes. Since the
G gene is considered crucial for vector transmission, the lack of
virus variant selection by the vector may constitute another
important factor. Besides, more frequent variation in the G gene
(Fig. 5), which could increase the probability of errors in the
ORF, may have had a synergistic effect. The G protein may affect
virion morphogenesis (Wang et al. 2015), and the surface of
virions of CiaRV in citrus may lack receptor spikes. Ultimately,
defective CiaRV may have established a stable host—virus
pathosystem in citrus. The key checkpoint of the model is
whether CiaRV is more widespread in citrus to determine if the
gene defect in CiaRV is an isolated event or not. This will require
further extensive surveys in citrus across the region, country, and
globally.
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