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Abstract Papaya ringspot virus (PRSV) is one of the most
devastating viruses which causes huge damage to papaya
plantations across the globe. PRSV is a positive sense RNA
virus encoding for a polyprotein that is processed into ten
proteins. In this study for the first time we analyzed the
variability for 15 PRSV isolates from a selected geo-
graphical region of a South Indian state Karnataka, which
is under intensive papaya cultivation. Variability studies
were done for two genes at the 5" end of the viral genome,
namely P/ and helper component proteinase (Hc-Pro) and
towards the 3’ end, a 788 nt overlapping region of nuclear
inclusion B (NIb, 692 nt) and of capsid protein (CP, 96 nt),
referred as NIb-CP. Our studies indicate that the P/ is most
variable region with a wider range of sequence identity,
followed by Hc-Pro, while the 788 nt of NIb-CP was most
conserved. P/ also showed maximum recombination
events followed by Hc-Pro, whereas NIb-CP did not show
any recombination. Further, the pattern and number of
phylogenetic clusters was variable for each of the three
genomic regions of PRSV isolates. Estimation of selection
pressure for all the three PRSV genomic regions indicated
negative and purifying selection.
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Introduction

Papaya (Carica papaya L.), a rich source of vitamin A and
C, is one of the most widely cultivated fruit crops in the
tropics and sub-tropics, for both culinary and industrial
uses. Although papaya is native to Mexico, India is the
largest producer of papaya accounting for nearly 45% of
global papaya production [17]. Andhra Pradesh, Gujarat,
Karnataka and Madhya Pradesh are the states that lead in
papaya production in India (http://nhb.gov.in/Horti
culture%20Crops/Papaya/Papayal.htm). A number of pests
and diseases hamper papaya production across the globe, of
which viral diseases such as ringspot and leafcurl are more
predominant [17]. Globally papaya ringspot virus (PRSV)
is considered to be the most devastating virus that signifi-
cantly reduces papaya yield and this virus is also wide-
spread in India. It is non-persistently transmitted by various
aphid species [23]. PRSV belongs to the genus Potyvirus
and family Potyviridae [28]. It consists of a single stranded
RNA genome ranging in size from 10,317 to 10,349 nt,
with a virus encoded polyprotein at the 5’ end and a poly-A
tail at the 3’ terminus [28, 31]. Subsequently, the single
polyprotein of size 350 kDa is proteolytically cleaved into
ten final products: P1, HC-Pro, P3, P3N-PIPO, CI, K6,
VPG, NlaPro, NIb, and CP [3, 28, 31]. The isolates of
PRSV are classified into two groups, those that infect
papaya are PRSV-P type and the cucurbit infecting isolates
are termed as PRSV-W [29]. However under experimental
conditions PRSV-P isolates infect plants of the families
Caricaceae, Cucurbitaceae and Chenopodiaceae, whereas
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PRSV-W isolates infect plants of the families Cucur-
bitaceae and Chenopodiaceae [29].

PRSV has a global presence and a recent report suggests
that PRSV most likely originated in India about 2250 years
ago, which later expanded to Thailand and China about
600 years ago and subsequently about 200 years ago it
reached the Americas [19]. However, it is still not clear if
PRSV-P emerged from PRSV-W, since papaya was intro-
duced to India about 400 years ago [19]. Hence more
sequences have to be analysed to make any concrete con-
clusion on the origin and evolution of both the PRSV
strains. It is also possible that the PRSV-W has evolved
from PRSV-P, as the appearance of PRSV-P in Australia
was an outcome of mutations in the established PRSV-W
that provided the ability to infect papaya [8].

To develop any virus control strategies, it is important to
understand the population structure of the viruses, for
which sequence variability study is a prerequisite [7, 26].
Hitherto, most of the variability studies done in the case of
PRSV isolates were based on the sequence information of
coat protein [10, 24, 30] and not much attention was given
to the sequences of other important genes/ORFs, such as
Pl, Hc-Pro and NIb. Thus this study investigated the
current population structure of PRSV isolates in north
Karnataka (India); we have sequenced major parts of the
three important genes, namely, P/, Hc-Pro and NIb, of 15
different PRSV isolates. We analysed these sequences to
determine the extent of relative variability among the three
genomic regions of 15 PRSV isolates from Karnataka state.
We also subject these sequences to recombination and
phylogenetic analyses.

Materials and methods
Papaya leaf sample collection

Papaya orchards under cultivation of the papaya variety
Taiwan Redlady 786 across North Karnataka (India) were
surveyed for viral diseases. Twenty different leaf samples
showing characteristic symptoms of PRSV infection, such
as ring spots on the papaya fruits and mosaic and shoe
string symptoms on the leaves were collected (Suppl.
Figure 1). Of these 20 samples, 15 were positive for PRSV
by PCR using universal primers for potyvirids [6] and other
5 were infected with leaf curl causing geminiviruses. Of
these 15 PRSV infected samples, 4 were from Santhekellur,
Kesarhatti and Neeralkera of Raichur district, 3 from
Hulihyder in Koppal district, 1 from Gokak in Belagavi
(formerly Belgaum) district, 3 from Mudhol and Kaladgi of
Bagalkot district, 3 from Muddebihal, Talikote and Bijapur
of Vijayapura district (formerly Bijapur) and one from
Bheemarayangudi of Yadgir district (Suppl. Figure 2). All
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these leaf samples were immediately brought to New Delhi
and snap frozen in liquid nitrogen and stored in — 80 °C
for further use.

RNA extraction and RT-PCR for amplification
of PRSV sequences

Total RNA was extracted from symptomatic papaya leaf
using Spectrum Plant Total RNA Kit (Sigma-Aldrich, St.
Louis, MO, USA) following the manufacturer’s instruc-
tions. The 2 pg of total RNA was reverse transcribed using
a cDNA synthesis kit (Verso cDNA synthesis kit, Thermo
Fisher Scientific, India) with Oligo (dT) as primer, fol-
lowing the manufacturer’s instructions in a Bio-Rad S1000
Thermal cycler (Bio-Rad Laboratories, Hercules, CA,
USA). The resulting cDNA was diluted 1:10 and 1 pL of
the diluted cDNA was used for PCR amplification using a
Taq polymerase with proof reading activity from the same
kit. The PCR amplified segments were 1011 nt of C-ter-
minal of PI (719-1729 nt), 656 nt C-terminal of Hc-Pro
(2384-3039 nt) and 788 nt of overlapping region of NIb-
CP (8558-9346 nt) of the 15 PRSV isolates, using specific
primer pairs designed from conserved regions of Indian
PRSV isolates (Suppl. Figure 3 and Supplementary
Table 1).

Cloning and sequencing of PRSV genomic
fragments

The RT-PCR amplified products were resolved on 1% TAE
(Tris-acetate-EDTA) agarose gels, stained with ethidium
bromide and visualized under ultraviolet (UV) light. These
DNA fragments were excised from agarose gel and eluted
by using a QIAquick Gel Extraction Kit (Qiagen, Hilden,
Germany) and were then ligated in the pGEM-T Easy
vector (Promega, Madison, WI, USA) as per the manu-
facturer’s instructions. Subsequently the ligations were
transformed in DHS5o strain of Escherichia coli. Recom-
binant clones were identified by colony PCR, as well as by
restriction digestion of the recombinant plasmids, isolated
using SureSpin Plasmid Mini Kit (Nucleo-pore, India) and
subsequently sequenced (Eurofins Genomics, Bengaluru,
India).

Sequence analysis of the three fragments of PRSV
isolates

The raw sequences were edited to remove vector sequences
and later subjected to homology search by BLASTN (nu-
cleotide blast) sequence analysis tool of NCBI (http://blast.
ncbi.nlm.nih.gov/Blast.cgi). Assembled sequences were
submitted to NCBI GenBank and accession numbers were
obtained for all the three genomic regions of the 15 PRSV
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isolates (Supplementary Table 2). Subsequently the
sequence identity matrixes were calculated for both
nucleotide and amino acid sequences of the partial P1, Hc-
Pro and the NIb-CP of the 15 PRSV isolates along with
other PRSV sequences from India using Bioedit [9].

Recombination breakpoints among the PI, Hc-Pro and
NIb-CP segments of the above PRSV isolates were ana-
lyzed using the recombination detection program package
RDP4 [15], which uses several recombination detection
methods, such as RDP, GENECONV, CHIMAERA,
MAXIMUM CHISQUARE, BOOTSCAN, SISTER SCAN
and 3SEQ. The recombinations were considered to be
significant only when the p values obtained were less than
1 x 107° for at least three methods.

Phylogenetic and preliminary population genetic
analysis of PRSYV isolates

Equal lengths of nucleotide sequences of the partial P1,
Hc-Pro and NIb-CP segments of 15 PRSV isolates from
this study, along with published sequences of Indian PRSV
isolates from the NCBI GenBank were aligned using
MUSCLE and the phylogenetic trees were constructed by
the maximum-likelihood, applying the JTT matrix and
pairwise gap deletion options embedded within the
MEGAG [25].

Further for preliminary understanding of the population
genetics, the degree of selective constraints at the amino
acid level was estimated with MEGAG6 by analyzing sep-
arately the rate of nonsynonymous (dN) and synonymous
(dS) substitutions by the Pamilo-Bianchi-Li method [21].
The program DNASP 5.10 was used to evaluate the
importance of natural selection by testing the mutation
neutrality hypothesis with several statistics, such as Taji-
ma’s D, based on the differences between the number of
segregating sites and the average number of nucleotide
differences; Fu and Li’s D test, based on the differences
between the number of singletons (mutations appearing
only once among the sequences) and the total number of
mutations; and Fu and Li’s F test, based on the differences
between the number of singletons and the average number
of nucleotide differences between every pair of sequences
[13].

Results

Analysis of PRSV sequence identity
and identification of amino acid motifs

Estimation of sequence identity among the three partial

gene sequences (PI, Hc-Pro and NIb-CP) of the 15 PRSV
isolates from this study along with published sequences
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from India revealed significant sequence variability (Suppl.
Tables 3-5). The nucleotide sequence identities were in the
range of 81.3-99.9% for P1, 87.5-100% for Hc-Pro and
94-99.6% for NIb-CP. While, the amino acid sequence
identities were in the range of 83-99.4% for PI,
83.3-100% for Hc-Pro and 84-100% for NIb-CP (Suppl.
Tables 3-5).

Further, the important amino acid motifs of P1 such as
VELI (220-223 aa), GSSG (285-288 aa) and RG
(310-311 aa), which may have a role in the protease
activity, were found to be conserved in all the 15 PRSV
isolates of this study [22] (Suppl. Figure 4). Further the
Q/Y motif (334-335 aa) which serves as the internal
cleavage point for the protease to cleave P1 and Hc-Pro
was also identified in all the above isolates [22]. Similarly
analysis of the Hc-Pro amino acid sequences of all the 15
PRSYV isolates revealed conservation in the motifs that are
involved in aphid transmission (PTK motif at 88-90 aa
position), protease activity (NIFLAML at 126-132 aa and
AELPRILVDH at 181-190 aa) and cell—-cell long distance
movement of the virions (LKANTV motif at 211-216 aa
position) (Suppl. Figure 4) [1]. Analysis of the NIb-CP
sequences of the above PRSV isolates also showed the
conservation of the important motifs involved in RNA-
dependent RNA  polymerase activity such as
GNNSGQPSTVVDNTLMYV (1-17 aa) [24] and NGDDL
(44-48)-AA54-K [1]. The cleavage site at the Q/S
(231-232 aa) motif present at the intersection of NIb and
CP was also conserved [l]. Additionally, the DAG
(238-240 aa) motif involved in aphid transmission was
present in all the 15 PRSV isolates (Suppl. Figure 4) [1].

Recombination analysis in PRSV isolates

Significant numbers of recombination break points were
detected for PI, followed by Hc-Pro and none in NIb-CP,
when all the sequences of the 15 PRSV isolates from this
study and other selected PRSV isolates from India were
subjected to RDP4 analysis (Table 1). Two PRSV isolates
from this study (Kesarahatti S-18 and Muddebihal K-15)
showed recombination break points in both P/ and Hc-Pro.
Another two isolates (S-15 and K-18) turned out be
recombination products of Delhi and Hyderabad isolates at
P1I, while others were recombinations among the isolates
from Karnataka itself (Table 1). The major parent could
not be determined for recombinations in PI of three iso-
lates from Vijayapura (formerly Bijapur) district (K-15,
K-17 and K-20), while the minor parent was unknown for
all the three isolates (S-18, S-24 and K-15) for which
recombinations were detected at Hc-Pro (Table 1). No
significant recombination breakpoints were observed for
any of the 15 isolates of NIb-CP sequences.
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Phylogenetic and preliminary population genetic
analysis of PRSYV isolates

Phylogenetic analysis for the three gene sequences of all
the 15 PRSV isolates from this study, along with other
selected PRSV isolates from India and with Cowpea aphid-
borne mosaic virus (CABMV) as an out-group resulted in
varying clustering pattern. There were six, seven and five
clusters formed when the sequences of PI, Hc-Pro and
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Fig. 1 Phylogenetic analysis of the nucleotide sequences of partial
P1 (719-1729 nt), Hc-Pro (2384-3039 nt), NIb-CP (8558-9346 nt)
and the combination of all the three sequences, of papaya ringspot
virus (PRSV) isolates from India, along with the corresponding
sequence of cowpea aphid-borne mosaic virus (CABMV) as an out-
group. The GenBank accession number for each sequence is given in
parentheses. Phylogenetic trees were constructed using ‘“‘MUSCLE”’,
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NIb-CP respectively were subjected to phylogenetic anal-
ysis (Fig. 1, Supplementary Table 6). There were 1-2
subclusters within the first two clusters and in the case of
P1 phylogenetic tree the PRSV isolate Mudhol (K-8)
formed a separate sub-cluster within the second cluster and
was the sole member of this sub-cluster. Similarly when the
Hc-Pro sequences were analysed following three isolates,
Muddebihal (K-15), Hulihyder (S-22) and Neeralkera (S-
21) formed their own distinct clusters. In the case of NIb-
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and trees were drawn by the maximum-likelihood, applying the JTT
matrix and pairwise gap deletion options implemented in MEGA®G,
using 1000 bootstrap replicates. Bootstrap values greater than 70%
are given at each node. The scale bar represents 0.1 and 0.05
substitutions per nucleotide position for P/ and Hc-Pro/NIb-CP
sequences, respectively
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CP sequences, all the isolates from this study clustered
together, except for one single isolate Bheemarayanagudi
(K-30) which clustered with the Hyderabad isolate and it is
also noteworthy to note that this isolate always clustered
along with Hyderabad isolate even when the P/ and Hc-
Pro sequences were analysed. All the 15 isolates clustered
together to form two subclusters when all the three gene
sequences were combined and subjected to phylogenetic
analysis along with other selected PRSV sequences from
India.

The population genetic parameters and neutrality tests
indicated a higher genetic variation for P/ sequences with a
nucleotide diversity (n) of 0.142, when compared to the
sequences of Hc-Pro (n = 0.106) and NIb-CP (mt = 0.104)
(Table 2). Both the dN and dS values were higher for P/
when compared to Hc-Pro and NIb-CP sequences, sug-
gesting a positive selection for P/ at nucleotide level.
However, the dN/dS values for PI, Hc-Pro and NIb-CP
were < 1, indicating negative and purifying selection [11].

Discussion

The major objective of our study was to investigate the
diversity of PRSV isolates, across its genome, in a selected
geographical region with almost similar climatic condi-
tions. Hence we selected the Northern part of the Kar-
nataka state of India, where papaya is widely cultivated and
its cultivation is on the increasing trend (http://nhb.gov.in/
Horticulture%20Crops/Papaya/Papayal.htm). Along with
the increase in the area under papaya cultivation in this
region there is also an increase in the incidence of ring spot
viral disease. Previously most of the biodiversity studies
across India were restricted to the coat protein (CP) gene
alone and major portion of the viral genome was ignored
[30]. Hence we analyzed the coding regions from both 5’
terminal of PRSV genome, covering P/ and Hc-Pro genes,
as well as the 3’ terminal, covering overlapping regions of
NIb and CP (NIb-CP). Selected locations known for
papaya cultivation were surveyed across the six districts of
North Karnataka (Suppl. Figure 2). Further from these six

districts of North Karnataka 15 plant samples that were
positive for PRSV infection were identified and subjected
to molecular/sequence analysis. Nucleotide sequences
analysis of the selected three genomic regions, namely P1,
Hc-Pro and NIb-CP revealed that P/ showed a wider range
of sequence identity, followed by Hc-Pro and very narrow
range of sequence identity in the case of NIb-CP. However,
the range of amino acid sequence identities was similar for
all the three genomic regions, indicating that the nucleotide
sequence variation was mostly because of synonymous
nucleotide substitution coding for the same amino acid due
to degeneracy of the genetic code. All the important and
well characterized protein motifs of potyviral genome, such
as VELI, GSSG and RG in the P1 protein, which may have
a role in the protease activity; PTK, NIFLAML, AEL-
PRILVDH and LKANTYV in the HC-Pro coding region for
aphid transmission and symptomatology;
GNNSGQPSTVVDNTLMYV and GDD in NIb for replicase
activity, and DAG motif in the CP coding region for aphid
transmission, were identified to be conserved in all the 15
PRSYV isolates sequenced in this study [19].

RDP analysis of the 15 PRSV isolates from this study
along with other selected PRSV isolates revealed that the
P1 was the most recombinogenic region followed by Hc-
Pro, and with no detectable recombinations in NIb-CP
region. Higher levels of P/ sequence diversity was also
reported when the sequences of PVY were analyzed [27].
Presence of a recombination break point at ~ 850 nt was
reported to be common in all the American isolates and
also this showed a strong statistical support that an Indian
isolate of PRSV was the major parent [14, 20]. Our studies
also showed recombination breakpoint at a similar
nucleotide position of P/ and also in two more additional
sites of PI. Putative recombination breakpoints were also
traced in the 100-200 nt stretch of Hc-Pro of at least three
PRSV isolates from this study. The higher level of
sequence identity of NIb proteins among different PRSV
isolates reflects its high level of conservation. Further,
because of the RNA-dependent RNA-Polymerase (RdRp)
function of the NIb protein, the important amino acid
domains were conserved. Additionally a common selection

Table 2 Population genetic parameters and neutrality tests calculated for the three genomic regions of papaya ringspot virus (PRSV) analyzed

in this study

Genomic region N S n DS DN DN/dS () Tajima’s D Fuand Li’s D  Fu and Li’s F
Pi 1202 633 0.142 0.245 £ 0.020 0.187 £ 0.012  0.059 — 1.734 — 2.440 — 2.601
HC-Pro 666 361 0.106 0.196 & 0.023  0.109 & 0.008  0.086 — 1.807 — 2.305 — 2.541
NIb-CP 867 410 0.104 0.149 £ 0.019  0.137 £ 0.008  0.011 — 1.953 — 2.360 —2.62

n = number of sites, S = number of segregating (polymorphic) sites, n = pairwise nucleotide diversity (mean nucleotide differences per site
between sequence pairs), dS = frequency of synonymous substitution per site, dN = frequency of nonsynonymous substitution per site
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pressure may be in place to maintain a correct conforma-
tion of the NIb protein, which plays an important role in
viral replication through its RdRp activity. However earlier
studies have shown that the CP, particularly its N-terminal
is relatively less conserved than the NIb proteins [2].

Phylogenetic analysis of the three gene sequences of the
15 PRSYV isolates from this study along with other PRSV
isolates from India indicated significant variation in the
clustering pattern. Similar such variation in the clustering
pattern has also been reported by Zhao et al. [32], when
CP, NIb and Hc-Pro sequences of PRSV isolates from
Hainan province of China were subjected to phylogenetic
analysis. Such a variation in phylogenetic clustering could
be because of the differential rates of evolution of these
gene/genomic sequences as a result of different selection
pressures [5]. The proportion of nucleotide substitution
between the non-synonymous and synonymous sites (dN/
ds) was in the range of 0.011-0.086, indicating a negative
and purifying selection or selection for the amino acid
sequence conservation [20]. In general, the selection for
virus populations is negative, although exceptionally the
diversified selection has been reported for some plant
viruses [18].

These diversity studies in a selected geographical region
under papaya cultivation indicate that there is a differential
variability and recombination across the PRSV genome.
The PI gene was the most variable while the NIb was the
most conserved making it a good target for the control of
PRSV through RNA-interference technology [16]. Previ-
ous studies also have reported significant variability in the
size and sequence of P/ gene of family Potyviridae
[5, 16, 32], indicating that P/ is an ideal region for vari-
ability studies which may reveal the population differen-
tiation and eventually the incipient speciation.

Although several different strategies have been adapted
for the management of PRSV [7, 8] not much success has
been accomplished or the virus control is restricted to local
viruses [32]. Of all the management strategies, cultivation
of virus resistant transgenics remains the most effective
control for PRSV, which is obvious from the world’s first
commercialized transgenic papaya, introduced in Hawaii
(USA) in 1998 [4]. However, the success of control of
PRSV is mainly determined by the genetic diversity of the
PRSV populations in different geographical regions
[7, 12, 28]. Recently, the breakdown of CP-transgenic has
been reported in Taiwan by super virus isolates with a
stronger silencing suppressor (Hc-Pro) [12, 32]. Hence
sequence diversity studies are preliminary and important to
effectively design a control strategy for the management of
plant viral diseases. This study on PRSV variability should
help in identifying appropriate viral target sequences using
technologies such as RNA-interference.
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