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Abstract

Citrus yellow vein-clearing virus (CYVCYV) is a mandarivirus infecting citrus producing yellow vein-clearing symptoms.
The leaf samples collected during surveys of different citrus-growing areas in India exhibited diverse symptoms and 40%
of the plants were positive for CYVCV in RT-PCR, indicating the wide distribution of the virus in India. It was reported for
first time that CYVCYV infects kinnow mandarin and sweet oranges and produces chlorotic ringspots symptoms identical to
Indian citrus ringspot virus (ICRSV). The complete genome sequences of CYVCYV infecting four citrus cultivars have been
deciphered through overlapping primers. All the four genomes comprise of 7531 nucleotides excluding the 3’ poly (A) tail.
The sequence identity of genomes of four CYVCYV isolates in the present study ranged from 95.2 to 99.8% with genome
sequences of 31 CYVCYV isolates available in public domain and the mean genomic diversity was 0.017, indicating low level
of heterogeneity. The phylogenetic analysis revealed that CYVCV isolates from India, Pakistan, and Turkey were clustered in
the same clad apart from China isolates. The least normalized dN/dS mean value (0.092) indicated that RARP region evolved
under relatively stronger selection constraints than the other five coding regions of CYVCV. The four intragenic putative
recombination events detected in RDP4 program occurred naturally in CY VCV genome, indicating the evolutionary progress
of the virus. Tajima’s and Fu and Li’s D parameters were performed using genomic sequences in DnaSP v5 program and
the retrieved negative values indicated the presence of limited genetic variability in CYVCYV genomes. To the best of our
knowledge, this is the first comprehensive report on molecular characterization of CYVCYV from India. It will be helpful in
understanding the evolutionary relationship of CYVCV and ICRSV.
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Introduction

Citrus is one of the most important fruit crop grown world-
wide. The crop is invaded by large number of viruses, bac-
teria, viroids, phytoplasmas, and fungal pathogens, but
huanglongbing (HLB) (caused by Candidatus Liberibacter
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asiaticus) and viruses are the major constraints in citrus pro-
duction. Among the viral diseases, yellow vein clearing is
an emerging and rapidly spreading disease in major citrus-
growing areas of South Asian countries. The yellow vein-
clearing disease was first reported on lemon and sour orange
from Pakistan in 1988, later in 1997 on Etrog citron from
Abohar, India (Catara et al. 1993; Ahlawat and Pant 2003)
and recently from Turkey, China, and Iran (Chen et al. 2014,
Bani and Aghajanzadeh 2017). In India, CYVCYV came into
light when a mixture of decorated and undecorated flexuous
virus particles were observed under transmission electron
microscopy (TEM) in ringspot symptomatic samples, pro-
cessed with the heterologous antibodies of ICRSV (Byadgi
and Ahlawat 1995). The TEM examined samples of Etrog
citron showed the presence of flexuous filamentous virions
of CYVCV with modal length of 685 nm and diameter of
13—14 nm (Alshami et al. 2003). In 2012, the first complete
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genome sequence of CYVCYV was characterized from Turkey
and the genome nucleotides showed ~74% sequence iden-
tity with ICRSV-K1 (Loconsole et al. 2012). The CYVCV
was identified as a distinct species, closely related to ICRSV
under the genus Mandarivirus in family Alphaflexiviridae
of the order Tymovirales (Adams et al. 2014). In an earlier
study, no amplification was observed in some of the rings-
pot exhibiting leaf samples in RT-PCR assay using the coat
protein specific primers of ICRSV (Prabha and Baranwal
2012). This indicated that either there was high variability in
CP of ICRSV or it could be a new species of Mandarivirus.

CYVCYV produced typical vein-clearing symptoms on
Etrog citron (Alshami et al. 2003). The two virus species,
CYVCYV and ICRSYV, share common natural and experimen-
tal host, mechanical transmission, genome organisation, and
viral morphology, and in nature, they can be present either
singly or together in single host. Thus, it was not possible
to distinguish them based on the TEM observation, symp-
toms and bioassay approaches. Therefore, for molecular
detection and diagnosis, and to understand the complete
characteristic of the virus and demarcation of exact species,
genome sequencing is imperative. In this order, complete
genome sequence of CYVCYV from four citrus cultivars has
been deciphered following the overlapping primer strategy.
The molecular diversity, population demography, selection

Fig. 1 Symptoms on citrus host
cultivars selected for deter-
mining the complete genome
sequence of citrus yellow vein-
clearing virus

Kinnow mandarin (C. reticulata)
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Etrog citron (C.medica)

pressure, and recombination analysis were performed for
better understanding of evolution and distinctiveness of cit-
rus yellow vein-clearing virus.

Materials and methods

Survey, virus sources, and transmission electron
microscopy

Surveys were conducted during 2013-2014 in 18 citrus
orchards of major citrus-growing areas of Punjab, Maha-
rashtra, Manipur, West Bengal, and Rajasthan in India and
representative of 60 apparently infected symptomatic sam-
ples of different citrus cultivars was collected. Samples of
four citrus cultivars viz, Etrog citron (Citrus medica var.
Etrog) from Regional Fruit Research Station (PAU), Abohar;
Pineapple sweet orange (Citrus sinensis L. Osbeck), PAU,
Ludhiana, Punjab; Malta (C. sinensis L.) from Royal farm,
Sri Ganganagar, Rajasthan and kinnow mandarin (Citrus
reticulata Blanco) from Pune (Fig. 1) were selected to deter-
mine the full genome sequence of CYVCV. The fresh leaf
samples of these plants were examined under TEM follow-
ing the standard leaf dip method (Milne and Luisoni 1977).
For all the selected four samples, bio indexing was repeated

Malta (C. sinensis)
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twice. The scions of aforementioned were grafted, each in
three replications, on 1-year-old sweet orange and kinnow
mandarin seedlings raised from the seeds collected from
disease-free certified mother plants. The observations on
symptom development and disease progress were recorded
at regular interval after grafting. A multiplex RT-PCR,
developed by Meena and Baranwal (2016), was performed
to screen these four samples for major citrus viruses and
greening bacteria and these samples were confirmed free of
virus infections other than CYVCV.

RNA extraction and genome-sequencing strategy

Total RNA was extracted from 100 mg each of symptomatic
leaf tissues from the four citrus cultivars using the commer-
cial RNeasy Plant Mini Kit (QIAGEN, Hilden, Germany)
following the manufacturer’s instructions. The quality and
quantity of RNA were measured using spectrophotometer
(Nanodrop, UK) and gel electrophoresis.

First-strand cDNA was synthesized using 5 pL. of RNA
(1 pg) and 1 pL (10 mM) of the anti-sense primers, and the
mixtures was incubated at 70 °C for 4 min and immediately
chilled on ice for 5 min. Followed by remaining compo-
nents were added and mixed gently by pipetting. The mixed
contents of the tube incubated at 42 °C for 60 min and reac-
tion terminated as per the instruction of SMART Scribe RT
kit (TaKaRa/Clontech, Japan). To determine the complete

genome sequence of CYVCYV, the overlapping genomic
regions were amplified using nine pair of primers designed
from the reference sequence of CYVCV Y1 (JX040635.1)
(Table 1). The PCR assays were performed with a volume
of 50 pL to amplify all the fragments, containing 5 uLL 10 X
Ex Tagq buffer, 4 L (2.5 mM) dNTP mix, 1.0 pL (25 mM)
MgCl,, 0.5 pL (5 u/pL) Tag DNA polymerase (TaKaRa,
Japan), 1.0 uL (10 puM) of each forward and reverse prim-
ers, 4 uL of template Cdna, and sterile-distilled water in
thin-walled 200 pL tubes. The 5’ and 3’ termini of the virus
isolates were determined using the 5'/3" RACE kit (Roche,
Switzerland) with specific CYVR-3'F/CYVR-5'R and oligo
(dT) primers.

The amplified PCR products were electrophoresed on
1.2% agarose gel and purified using QIAquick gel elution kit
(Qiagen, Hilden, Germany). The purified product was cloned
with T&A-cloning system (Real Biotech Corporation, Tai-
wan) and minimum two positive clones for each amplicon
sequenced in both directions (Eurofins Labs, Bangalore,
Karnataka and Xcelris Genomics, Ahmedabad, India) for
the full-genome sequencing.

In silico sequence analysis
BLASTN analysis (https://blast.ncbi.nlm.nih.gov) was

performed to determine the retrieved sequences from the
overlapping amplicons. This was followed by assembling of

Table 1 Name, polarity, sequence, and other properties of the sense and anti-sense primers and expected size of amplicon in RT-PCR generated
by the species specific primers used in this study to determine complete nucleotide sequence of citrus yellow vein-clearing virus

Primer name  Polarity Primer sequence (5'-3") Length (nt.) Annealing GC (%) Amplified Expected
temp. (°C) region amplicon size

CYVR-0IF + ATGGCCACTATTAGGGGTGC 20 60 52.4 R1 1042 bp

CYVR-0IR - CGAAGAAATAGTTGGCCATATG 22 60

CYVR-02F + GGAGCTTGAAACATACACCGG 21 62 55 R2 807 bp

CYVR-02R - CAGTCTTCGTCGTCAGCGTG 20 55

CYVR-03F + GTTCTTCGGCCCACCCACC 19 61 50 R3 906 bp

CYVR-03R - GAGACAGTTGTCTGGGCCG 19 45.2

CYVR-04F + GCTACCTCGCTGAAGGTCTCG 21 62 57.5 2-4 1780 bp

CYVR-04R - GGCGCATGTACCGAGCCATAG 21 47.8

CYVR-05F + CAATGGGTCAAGAAAGTCGAG 21 60 47.6 R4 417 bp

CYVR-05R - GTCGAAGGTCGGCCCTTCA 19 60

CYVR-06F + GGAGATTATCGCCGGGTATCG 21 62 57.1 4-6 1763 bp

CYVR-06R - GTAGGTGCCTGTCGAACTCG 20 60

CYVR-07F + ATGAGCTTCGACTACACTCAC 21 60 47.6 Cp 978 bp

CYVR-07R - TTAGATGTTGAAAGGGGTCGG 21 47.6

CYVR-08F + GACCTCACGATGGACCACG 19 58 63 NaBP 407 bp

CYVR-08R - GGCACTAACAGGATTTTCGGTTAG 24 45.8

CYVR-3'F + CCCTAGAGAGACACCCTAC 19 56 57.9 3 577 bp + poly A

CYVR-5R - GGTTCGATGTGTTGGTTYAG 20 58 49 5’ 440 bp

Positions of degenerate nucleotide indicated by the following codes: M = A or C; Y = C or T residues

Piedlae clodl ayao .
KACST ,161)lg rogLe Ll @ Springer


https://blast.ncbi.nlm.nih.gov

348 Page4of11

3 Biotech (2019) 9:348

complete genome sequences of four CYVCYV isolates using
BioEdit 7.1.3.0 (Hall 1999). The conserved protein domains
were identified by submitting the sequences to conserved
domain database (CDD) of NCBI (http://www.ncbi.nlm.nih.
gov), while the encoded proteins and cleavage sites were
annotated using conserved domain architecture retrieval tool
(CDART). For the comparative analysis of complete genome
sequences four CYVCYV isolates from this study, thirty-one
CYVCYV, two ICRSV (HQ324250; AF406744), one potato
virus X (KJ434601), and one allium virus X (FJ670570) iso-
lates were downloaded from NCBI database and used in the
study. Multiple nucleotide and amino acid sequence align-
ment was performed using CLUSTAL W (Thompson et al.
1994) with default setting. Mean diversity of the population
and the best fitted nucleotide model was determined with
the MEGA 6.06. The phylogenetic evolutionary relationship
among the sequences was inferred based on the complete
nucleotide sequences of CYVCYV across the world includ-
ing four from this study and genomes of ICRSV. Genome
sequence of PVX was an out-group member of the same
family Alphaflexiviridae. The phylogenetic trees were con-
structed using the maximum likelihood, neighbor joining,
and maximum evolution methods with 1000 bootstrap rep-
lications in MEGA 6.06 (Tamura et al. 2013).

Recombination and estimation of selection pressure

The recombination between citrus infecting mandariviruses
was analyzed using the Recombination Detection Program
v4.56 (RDP4) software (Martin et al. 2015). The putative
recombination events, likely major and minor parents and
breakpoints, were identified using the different algorithms
viz., RDP, GENECONYV, CHIMAERA, MAXCHI, BOOTS-
CAN, SISCAN, LARD, 3SEQ, and PhylPro implemented in
the RDP4 software package with the default settings. The
recombination events detected by at least three different
methods were accepted.

The aligned sequences of coding regions were used
to determine the natural selection pressure at molecular
level by Datamonkey software (http://www.datamonkey
.org/). The rate of non-synonymous substitutions per non-
synonymous site (dN) to synonymous substitutions per
synonymous site (dS) was analyzed separately for posi-
tive, negative, and neutral selection. The selection pressure
was considered negative or purifying (dN/dS < 1), neutral
(dN/dS =1) and positive or adaptive selection (AN/dS> 1)
for each data set. The site-specific selection pressures act-
ing on different genes were determined by codon-based
likelihood algorithms SLAC, FEL, and IFEL with the sig-
nificant level of P value at 0.01 and a Fast, Unconstrained
Bayesian AppRoximation (FUBAR) program using the
GTR-nucleotide model with 0.9 threshold value imple-
mented by Datamonkey server (http://datamonkey.org)
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also used for inferring the site-specific selection (Murrell
et al. 2013).

Population demographic analysis

Genetic differentiation and population demographic
analysis of CYVCYV isolates, using different permutation
statistical tests (Hudson 2000), was performed with the
default setting of DnaSPv5 (Librado and Rozas 2009). The
demography of the population considered number of hap-
lotypes, haplotype diversity, Tajima’s D test of neutrality,
and Fu and Li’s D and F statistical tests. The number of
haplotypes depends on the nucleotide variation. Hundred
percent nucleotide sequence identity was considered as
single haplotype. Nucleotide diversity estimated the pair
wise differences, while haplotype diversity referred to the
number of haplotypes in population.

Results
Field survey, TEM, and RT-PCR

The leaf samples of citrus cultivars collected during the
surveys from different citrus orchards exhibited vein clear-
ing, ringspots, chlorosis, water soaking, and leaf distortion
symptoms. The samples collected from different parts of
the country were tested by RT-PCR using CYVCV-spe-
cific primers, and in 40% of the leaf samples, CYVCV
was detected. The four citrus cultivars exhibiting diverse
symptoms viz., Etrog citron; conspicuous vein clearing,
Pineapple; ringspot symptoms, Malta; chlorotic symptoms
with prominent rings; and Kinnow mandarin large number
of yellow rings spots (Fig. 1) were selected for complete
genome sequencing of CYVCV.

All the four selected citrus samples when examined
under transmission electron microscopy revealed the pres-
ence of flexuous virus particles in leaf dip preparation. The
virion diameter ranged from 13 to 14 nm with a length of
580-785 nm confirmed the association of mandarivirus
with the disease. Furthermore, amplification in RT-PCR
assay using the CYVCV-specific primers (CP region) and
sequencing of amplified product (978 bp) confirmed the
presence of CYVCYV in the four samples. These four sam-
ples were positive for CYVCV and were free from ICRSV,
CTV, CYMYV, and HLB bacterium in multiplex RT-PCR
assay (Meena and Baranwal 2016). In graft inoculation
study, symptoms of ringspots were observed on the kin-
now mandarin and sweet orange samples.
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Whole genome sequencing and sequence
properties of CYVCV

The complete genomic information of CYVCV was deter-
mined from the four different citrus hosts showing vari-
able symptoms. Nine overlapping primers pairs were used
in RT-PCR and RACE profiling covered entire genome of
the CYVCYV, as listed in Table 1. The assembled sequence
contigs of nine clones showed that the four CYVCV iso-
lates genome consisted of 7531 nucleotides (nt) excluding
3'-poly (A) tail. These assembled sequences were depos-
ited in the NCBI GenBank and accession numbers given as
CYVCV_ECAI—KT696510; CYVCV_RMGI—KT696511;
CYVCV_PALI—KT696512; and CYVCV_KPMI—
KT696513. The BLASTN analysis of four CYVCYV isolates
showed 96-98% sequence identity with 99-100% query
coverage (qc) to the reference sequence of CYVCV Y1
(IJX040635.1) and 74% sequence identity with ICRSV iso-
lates (AF406744) with 93% query coverage.

All the four genome sequences of CYVCYV followed
typical genomic organisation of mandariviruses, consist-
ing of six ORFs with 5’ untranslated region (UTR) of
80 nt and 3’ UTR of 36 nt followed by a poly (A) tail. The
genome size of CYVCYV isolates was 7531 nt; however,
the CYVCYV Y1 isolate of Turkey (JX040635.1) was of
7529 nt length. The two extra bases (CC) and located at
position 28 and 29 of genome and the 5’ UTR of genome
started with GAAAA sequence signature. ORF1-encoding
RNA-dependent RNA polymerase (RdRP) exhibited all
the replication-associated domains including methyltrans-
ferase, helicase, AlkB, RARP_2, and GDD motif located at
aa 1520-1522 sequence of CYVCV isolates. The multiple
alignments of the RARP-deduced amino acid sequences
of CYVCYV and ICRSYV isolates revealed the significant
variability in the core region. ORF2, ORF3, and ORF4
had partial overlapping and were identified to encode the
triple gene block (TGB) proteins. ORF2 encode a pro-
tein known as TGB1 in CYVCYV containing the domains
of RNA viral helicasel (pfam01443), NTPase-binding
motifs, GAGKT (aa 30-34) and DEY (aa 76-78) which
served as ATPase catalytic sites. ORF3 designated,
as TGB2 encoded plant virus movement super family
(pfam01307) in different viruses belonging to Alphafelxi-
viridae. The two highly conserved amino acid motifs,
one at N-terminus (MPLQPPPDHTWA) and another in
core region (RDTSRHVGDPSHSLPFGGxYRDGSKVx-
HYNSPR), were identified throughout the genus Mandari-
virus. ORF4 encoded the smallest protein homologous to
7 kD viral coat protein’ of potexviruses and carlaviruses.
ORFS5 encoded coat protein in mandariviruses and is
rich in G + C content ranging from 54.16 to 55.11%. The
amino acid sequences homologous to conserved domain
of ‘Flexi_CP superfamily’ (pfem00286) with an E value of

1.40e—60 were observed. The characteristic motifs VWN
(aa 226-228), PPANW (aa 236-240) and AAFDF (aa
252-256) of Alfaflexiviridae were also identified on CP.
The ORF6 partially overlaps ORFS5, encoded Viral_NaBp
protein and characterized by a zinc finger-like motif (aa
175-190). The details on molecular features of all the
ORFs of CYVCYV isolates characterized in this study are
presented in Table 2.

Nucleotide diversity and phylogenetic relationship

The sequence identity matrix showed that 36 CYVCYV iso-
lates shared 95.2-99.8% and the two ICRSV isolates shared
71.5-71.9% nucleotides sequence identities with the refer-
ence sequence CYVCV Y1 (JX040635.1). Among the char-
acterized four Indian isolates, CY VCV-ECAI (KT696510.1)
shared least, 95.1-95.5% sequence identity with other global
isolates of CYVCYV and 41% similarity with PVX, a rep-
resentative member of Alphaflexiviridae. The mean diver-
sity of nucleotide sequences was estimated with best fitted
Tamura—Nei model using MEGA 6.6 software and a mean
diversity of 0.017 was measured within 35 CYVCYV isolates
population.

In phylogenetic trees using complete genome sequences,
CYVCYV were grouped together in two group viz, groups
I and II on a sister branch of ICRSYV, and formed a dis-
tinct well supported clad. Furthermore, group II bifurcated
into cluster IIa and IIb and CYVCYV isolates from India
were phylogenetically closer to the CYVCYV isolates from
Turkey and Pakistan in cluster ITa. CYVCYV isolates from
China grouped in cluster IIb distinctly in the same clade
(Fig. 2). The CYVCYV isolates did not show any host speci-
ficity or symptomatic relationship in phylogenetic clustering.
CYVCYV and ICRSYV, both are closely associated member of
genus Mandarivirus infecting the common host citrus, but
are distinct and segregated into two separate clusters.

Estimation of selection pressure

The selection pressure on all the six coding regions was
computed by normalized dN/dS ratio, using the Datamonkey
software. The normalized dN/dS value described in Table 3
suggested that all the six coding regions of CYVCV were
evolved under varying degree of purifying or negative selec-
tion pressure. Results on selection pressure indicated that
RdRP region of CYVCYV evolved under the highest degree
of purifying selection pressure with 0.09 mean value, and
for TGBs and CP, the mean values were 0.11-0.25, while
the NaBP coding region showed high degree of variability
with 0.35 mean value, evolving under the least degree of
purifying selection pressure (Table 3).
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Fig.2 Phylogenetic tree generated by the maximum likelihood (ML)
method from the aligned nucleotide sequences of the global citrus
yellow vein-clearing virus isolates, the members of the same genus
Mandarivirus (Indian citrus ringspot virus), and a member of Potex-
virus (PVX) as an out-group member of family Alphaflexiviridae.
The tree was constructed with the lowest BIC score from the list
using MEGAG6 software. The bootstrap support values (1000 repli-
cates) are shown at the nodes of the branches. The branches showing
a bootstrap values less than 60% were collapsed. Sequences obtained
from this study of the four CYVCYV isolates from India demarcated
bold and by pink color squares

Split network and recombination

The Neighbor-Net phylogenetic analysis performed for
the sequenced data suggested the evolution and diversi-
fication between the CYVCYV and ICRSV isolates. The
recombination events and breakpoints were considered
only after identification by at least three of the nine meth-
ods implemented in RDP4, as described in Table 4. The
four putative recombination events were detected in analy-
sis of complete genome sequences and KX156746.1 and
KT696513.1 were identified as major parental sequences
(Fig. 3). The CYVCYV isolates KX156735.1, KX156742.1,
and KT696512.1 (Indian isolate) were identified as
recombinants. Moreover, we did not detect any inter

CYVCV-ICRSYV recombinant event, indicating the sta-
bility of genome of both the virus species.

Neutrality test and population demography

The nucleotide sites’ distribution on CYVCV genome was
evaluated using the coding regions (ORFs) sequences of
35 CYVCYV isolates. The mismatch nucleotide sites’ distri-
bution on sequences presented in Table 5 showed that the
nucleotide variability was low and not uniform in coding
regions. The Tajima’s D, Fu and Li’s D and Fu and Li’s F
values for all the coding regions were negative, suggesting
that the CYVCYV population is in the state of increasing the
diversity. However, the values for all ORFs using different
demographic algorithms viz., Tajima D, Fu and Li D, and
Fu and Li F were recorded negative, while P value was < 1,
indicating that the population of the CYVCV was not sig-
nificantly variable. However, the population size was small
and P value was not significant, so the results were not able
to provide conclusive evidences.

Discussion

The results of present study revealed that the CYVCV was
not confined to Etrog citron and other lemon group. The
virus is also present in other commercially important citrus
cultivars such as kinnow mandarin and other sweet orange
cultivars in India. CYVCYV is generally associated with vein-
clearing symptoms (Alshami et al. 2003), but in our study,
CYVCYV produced ringspots symptoms on kinnow mandarin
and sweet orange in the absence of ICRSV. The failure of
detection of CYVC in different commercial cultivars of cit-
rus with ring spot symptoms was due to lack of information
that CYVCYV can also cause ring spot symptoms. The virus
has been reported from several South Asian countries and
is an emerging problem for the citrus growers (Chen et al.
2014; Zhou et al. 2017).

Although yellow vein-clearing disease was reported in
1997 from India, molecular evidence and sequence infor-
mation were unknown so far. In the present study, complete
genome sequences of four CYVCV have been deciphered
from the four citrus cultivars producing diverse symptoms.
The sequenced genome has shown a typical genome organi-
zation of genus Mandarivirus and previously described for
CYVCYV Y1 isolate (Loconsole et al. 2012). However, the
four CYVCYV isolates from this study consisted of 7.531 nt,
while the first genome sequence of CYVCV-Y1 consisted of
7529 nt excluding the 3'-poly (A) tail. The two extra nucleo-
tides in 5’ UTR of all the four CYVCYV genome in this study
in comparison with CYVCV Y1 isolate from turkey have
also been reported in CYVCV sequences from China (Zhen
et al. 2015).
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Table 3 Estimates of selection

; - g Coding Num- Normalized dN/dS? Selection pressure

pressure on six coding regions region ber of

of the global citrus yellow vein- codons  og (@) Mean  Positive Negative Neutral

clearing virus isolates

Number Percent Number Percent Number Percent

RdRp 1649 —12152.7  0.09267 1 0.06 458 2777 1190 72.17
TGB1 225 —1717.98 0.11823 1 0.44 21 9.33 203 90.22
TGB2 108 —802.87 0.25498 0 0 9 8.33 99 91.67
TGB3 60 —44222 023627 0 0 4 6.66 56 93.34
CP 325 —2416.36 0.21841 4 1.23 19 5.84 302 92.93
NaBP 222 — 146149 0.35836 3 1.35 8 3.60 211 95.05

“The mean dN/dS values< 1 indicate negative or purifying selection, dN/dS values=1 indicate neutral
selection, dN/dS values>1 indicate that positive selection for each coding region-specific data set was
determined by SLAC (single-likelihood ancestor counting). The positive and negative nucleotide selection
sites were determined by FUBAR (A Fast, Unconstrained Bayesian AppRoximation) using the nucleotide

GTR model with 0.9 threshold value

Table 4 Intragenic recombination events detected using RDP4 and each event is represented by a number

Sr.no Recombinant Break Point Major parent Minor parent P value detected by RDP4 programs®

53
KX156735.1 5765 6373 KX156746.1 JX040635.1 R (2.238 x 107%); G (2.351 x 107%); B (8.074 x 107%); Se (3.927 x 107%)
2 KX156742.1 3356 6375 KX156746.1 KX156749.1 R (1.880 x 107%); G (1.462 x 107%); B (2.698 x 1077); M (1.214 x 10™%);
Si(2.137 x 107%); Se (1.338 x 107%)
3 KT696512.1 1936 2848 KT696513.1 KX156746.1 G (2.291 x 107%%); B (2.796 x 107%); M (1.113 x 107%%); C (7.640 x 107%%);
Si (2.980 x 107%)
4 KT696512.1 163 1084 Unknown KT696511.1 R (9.474 x 107%); B (3.346 x 107%%); C (4.154 x 107%?)

Major and minor parental sequences indicate the donor sequences that contributed larger and smaller fractions of recombinant in citrus yellow

vein-clearing virus isolates genomes

#Recombination detecting program: R (RDP), G (GenConv), B (BootScan), M (MaxChi), C (Chimaera), Si (SiScan), Se (3Seq), L (LARD), P
(PhylPro) in RDP4 software. The corresponding events supported by at least three different RDP4 methods were reported in the present study

The RdRP region (ORF1) of RNA viruses possesses
all functional domains of replicase proteins, which are
highly prone to nucleotides variability. The lack of proof-
reading activity of RNA polymerases in RARP region of
RNA viruses provides the great potential for evolution,
genetic variability, and adaption into new environmental
conditions due to high mutation rate and generation of
variable population (Holland et al. 1982; Garcia-Arenal
and Fraile 2011). However, RdRp was relatively stable
in CYVCV. The ORF2, 3, and 4 were found partially
overlapped and encoded triple gene block proteins fam-
ily. ORF3 designated, as TGB2 is the most conserved
genomic region in CYVCV. The TGBs may have great
potential of silencing suppressor, as recent studies revealed
that the virus movement depends on the multiple func-
tions of the proteins including the silencing suppression
(Bayne et al. 2005; Solovyev et al. 2012). In another study
(Duan et al. 2012), it has been demonstrated that the inter-
action of the silencing suppressor, 2b, encoded in cucu-
moviruses with the AGO proteins in vivo was required
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for nucleolar targeting and redistribution of both 2b and
AGO proteins in the nucleus. TGB1 protein and helicase
proteins explored in endornavirus (Morozov and Solovyev
2003; Koonin and Dolja 2012) have the ability to suppress
RNA silencing (Bayne et al. 2005; Senshu et al. 2011).
As enough genomic information is available, the func-
tional roles of these ORFs can be explored more easily in
mandarivirus.

The coat protein (CP) of the RNA viruses is one of the
most important genomic region considered for species
demarcation, genetic diversity, and immunodiagnostics
development (Boonham et al. 2002; Adams et al. 2014). The
CP analysis in this study revealed that CYVCYV shared the
structural core and evolutionary origin with the ICRSV and
other filamentous plant viruses in allexi, carla, and foveavi-
ruses. The C-terminus of genomic region, nucleic acid-bind-
ing protein, characterized by a zinc finger-like motif found
(CX2CX9HX4CXH) in CYVCYV was identical to ICRSV.
This region was also present in carla and allexiviruses, but
shorter than the mandariviruses and the sequencing result
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Non-recombinant of CYVCV SUIR
KT698513.1, KT696511.1, JX040635.1,
KT345342.1, KX156743.1, KX156737.1,
KT124646.1, KP313240.1, KX156741.1,
KX156746.1, KX156745.1, KX156738.1,
KX156744.1, KX156739.1, KX156747.1,
KX156740.1, KX156736.1, KX156751.1,
KX156750.1, KX156752.1, KX156734.1,
KX156749.1, KX156748.1, KY933794.1,
KY933795.1, KY933796.1, KY933797.1,
KP120977.1,KP313242.1, KX378154.1,
KP313241.1, KT696510.1

KX156735.1

Recombinant of CYVCV
KX156735.1, KX156742.1,

KT696512.1 KX156742.1

KT696511.1

KT696512.1

Non-recombinant of ICRSV
HQ324250.1& AF4058744.1

{

Fig.3 Recombination maps of the citrus yellow vein-clearing virus
genomes of the global isolates, including four from this study. Two
isolates of Indian citrus ringspot virus, member of the same genus,
Mandarivirus, were also included to elucidate inter (CYVCV and
ICRSV)-specific recombination patterns, but no events were reported.

i

TGB1 TGB2 TGB3 CP NaBP

25.5k| 3'UIR

JX040635.1

KX156749.1

KX156746.1

The red colored boxes over the genome maps indicated the recom-
binant fragment and the other details, as described in Table 5. The
accession numbers of non-recombinant and recombinant genomes of
CYVCYV and ICRSV mentioned in the square boxes at left side of the
recombinant maps

Table 5 Neutrality tests, nucleotide, and haplotype diversity based on the genomic-coding region of citrus yellow vein-clearing virus using

DnaSP v5 program

Genomic Nucleotide Polymor- G+Cn Tajima’sD FuandLi’'sD  FuandLi’'s F  FuF’s Haplotype  Nucleotide
regions?® sites phic sites diversity diversity (Pi)
®

ORF1 4947 638 51.50 —1.88782  —2.46033 —2.68751 —-6.372  1.000 0.01669
ORF2 678 110 51.20 — 198100 —3.06741 —3.19542 -16.013 0.992 0.01938
ORF3 327 51 51.00 —-2.04126  —2.71103 —2.94325 —16.034  0.963 0.01711
ORF4 183 30 48.90 —1.63298 —2.50672 —2.61871 —11.804 0.889 0.02109
ORF5 978 123 54.58 —1.8701 —3.09110 —3.16882 —12.783  0.992 0.01589
ORF6 669 63 53.6 —2.08764  —3.36914 — 3.47465 —17.087 0.981 0.01024

The data sets represent coding regions of the global 35 CYVCYV isolates genomic sequences. The Tajima D, Fu and Li D, Fu and Li F, Fu F’s,
etc. were performed using the DnaSP v5 software. Details of sequences used for analysis are: four isolates of CYVCV from India, 30 isolates

from China, and one isolate from Turkey

from this study were also in agreement with the previous
work (Rustici et al. 2002; Loconsole et al. 2012).

The study on genetic and molecular diversity of the viral
pathogens provides a better understanding of the ecology,
evolution, and biology of viruses (Wang et al. 2011); in
this connection, an attempt was made to study the recom-
bination, population dynamics using different statistical
algorithms. The data obtained in the present study revealed
the existence of low level of genetic diversity and support
the evolutionary relationship in the virus population. The

phylogenetic analysis considering full genome sequences
of CYVCV isolates from different countries showed that
the virus isolates from India, Pakistan, and Turkey were
more closer than China isolates, but, due to low number
of differences at the nucleotides and amino acid residues,
failed to form distinct clusters. The analysis showed that
the mandariviruses formed a separate cluster in the family
Alphaflexiviridae (Martelli et al. 2007). CYVCYV isolates
formed a distinct well supported clad on the sister branch
with the ICRSV species.
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Recombination is an important factor of genetic varia-
tion and the frequent recombination leads to the process in
shaping the fitness of population in plant viruses (Sztuba-
Solinska et al. 2011). In the present study, only four intra-
genic recombination events were observed that may increase
the ability of CYVCYV to sustain on diverse host and climatic
regimes. Both, CYVCV and ICRSYV, are closely associated
member of the genus Mandarivirus and can be present
together on a single host, but no intergenic recombination
event was observed, indicating the stability of the genome of
these species. Negative D values in estimating the selection
pressure for all the six coding regions of CYVCYV indicated
the existence of low-frequency polymorphism. The genetic
heterogeneity and population demography analysis indi-
cated that CYVCYV population is under the increasing state
towards the heterogeneity. The mean dN/dS value in RdRp
coding region was least (0.09267) with the highest negative
selection pressure (27.77%), indicating that the functional
constraints were much higher for RARP coding region and
it has evolved under relatively stronger selection constraints.
Tajima’s D and Fu and Li’s D parameters principally indi-
cate molecular evolution under different demographic model
and the negative values indicate the existence of very low
genetic variability. The codons under the positive selection
or mutation affecting the functional activities of the virus
genes have been identified by FUBER in potato virus Y and
sugarcane mosaic virus (Li et al. 2013). The codons detected
under the positive selection pressure in CYVCYV and their
functional activities need to be investigated further.

Conclusions

It is evident from the present study that CYVCYV has a wide
host range in citrus species. The virus is rapidly spread-
ing and produces variable symptoms often identical with
the ICRSV. The complete genome sequence information
obtained in the present study will help to develop molecu-
lar detection and diagnosis and to understand the complete
characteristics of the virus. The results obtained using all
the statistical algorithms, indicated the existence of limited
genetic variability in CYVCV genomes, and this will help
in developing effective management strategies.
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