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Abstract This study reports the first complete genome

sequence of Piper yellow mottle virus (PYMoV,

KC808712) identified in black pepper. The genome is

7,622 nucleotides long, possessing four open reading

frames (ORFs). ORF1, ORF2 and ORF4 of PYMoV are

reported as hypothetical proteins of unknown function with

a predicted molecular mass of 15.7, 17.1 and 17.9 kDa,

respectively. ORF3 of PYMoV encodes a polyprotein of

218.6 kDa and consists of a viral movement protein (MP),

trimeric dUTPase, zinc finger, retropepsin, RT-LTR, and

RNAse H. Detailed PYMoV genome analysis confirmed

that it is a member of the family Caulimoviridae, genus

Badnavirus. Fragments of two additional novel sequences

resembling those found in members of the family Caul-

imoviridae were also identified in the black pepper sample,

and the viruses from which they were derived were tenta-

tively named Piper DNA virus 1 and 2.

Introduction

Black pepper (Piper nigrum L, Piperaceae), originating in

the tropical evergreen forests of Western Ghats of India, is

one of the most ancient spice crops cultivated for its berries

[12]. Lockhart et al. [9] reported a new mealybug-trans-

mitted badnavirus, Piper yellow mottle virus (PYMoV),

infecting black pepper in Malaysia, Thailand, the Philip-

pines and Sri Lanka. Subsequently, its occurrence was also

reported in India [2, 7]. The disease caused by this virus is

characterized by leaf distortion, mosaic, mottling, short-

ened internodes, and poor filling of spikes, leading to

reduced yield. Since black pepper is propagated vegeta-

tively, the presence of viruses is a matter of concern, as

viruses could be transmitted to subsequent generations. The

perennial nature of the crop further aggravates the situa-

tion, as the virus inocula remain in the field for long

periods, rendering the whole plantation vulnerable to dis-

ease spread by mealybug vectors. To date, only partial

sequences of ORF I (700 bp) and ORF III (600 bp) of

PYMoV are available [4, 7]. In this study, the full genome

sequence and genome structure of PYMoV were deter-

mined using next-generation sequencing. Two other dis-

tinct sequences resembling those found in members of the

family Caulimoviridae were also identified in the infected

plant.

Viral particles and sequencing

A PYMoV-infected black pepper plant (cv. Karimunda)

from Calicut, Kerala, India, was used as the source of virus

material. The plant was showing symptoms such as yellow

mottling, deformation, reduction in size, and curling of

leaves with shortened internode length, leading to stunting

of the plant. The symptoms observed were not different

from those caused by previous PYMoV isolates. Fresh

leaves from the infected plant were collected, freeze-dried

immediately and stored at 4 �C until further use. Enrich-

ment of virus particles was done using the method

described by de Silva et al. [4]. Viral and plant DNA were

isolated from the resulting virus-enriched fraction using a

DNeasy Plant Mini Kit (QIAGEN, Chatsworth, USA)

following the manufacturer’s instructions. The presence of
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the virions of PYMoV was confirmed by amplifying the

genomic DNA with primers specific for ORF1 and ORF3

of PYMoV [7]. The DNA was sequenced using a Roche

454 GS-FLX Titanium genome sequencer according to the

manufacturer’s protocol. Sequencing was done on a quarter

of a picotitre plate, which produced 316,640 reads aver-

aging 360 bp in length. These reads were assembled using

gsAssembler software (Newbler) version 2.5 (Roche), and

the contigs and remaining singletons were subjected to

BLAST [3] analysis against the GenBank nucleotide

sequence database [1]. The comparisons showed that one

of the larger contigs was made up of 324 individual reads

with homology to PYMoV. To confirm that the 7,622-bp

linear contig represented the whole circular genome of

PYMoV, PCR primers (GCAGTACCAAGATGCCCTT

GA and AGATTGGCGCAAGTTGCCT) were designed

targeting the ends of the contig, and the original infected

plant DNA was subjected to amplification using the primer

pair. The amplified PCR product was sequenced by the

Sanger method (Eurofins, Germany), and the sequence was

shown to overlap and join the two ends of the linear gen-

ome sequence. An extra 59-bp sequence was found at the

junction of the two genome ends and was added to the 5’

and 3’ ends of the sequence.

PYMoV genome

The complete viral genome of PYMoV consists of 7622 bp

of double-stranded circular DNA (GenBank accession no.

KC808712). Open reading frame analysis using Vector

NTi 11 (Invitrogen) revealed four ORFs (Fig. 1). To

determine the relationship of PYMoV to the badnaviruses

sequenced to date, Mega 5 [15] was used to construct a

phylogenetic tree for the polyprotein of PYMoV and dif-

ferent members of the family Caulimoviridae, including

different badnavirus sequences available in the GenBank

database (Fig. 2). The robustness of the trees was deter-

mined by performing bootstrap sampling of the multiple

alignments (1,000 sets). The phylogenetic tree showed that

PYMoV is closely related to cacao swollen shoot virus

(CSSV), citrus yellow mosaic virus (CYMoV) and Dios-

corea bacilliform virus (DBV). DNA-level comparisons

revealed a very high level of homology between the PY-

MoV genome and all but two of the 14 PYMoV DNA

sequences found in the GenBank database. Comparisons

revealed that the sequence with accession number

DQ836230 is similar to the Piper nigrum plant genome,

and the other one with accession number DQ836233

showed no similarity to any published sequences. From the

sequence similarity search, it is likely that these two

sequences were misidentified as originating from a virus

and are more likely to be of plant origin.

ORF1 of PYMoV (position 720-1,124) encodes a

135-aa putative protein of unknown function, with a

predicted molecular mass of 15.7 kDa [6, 13]. ORF1

includes a conserved protein domain identified as pfam

07028 [5], which is a c106184 superfamily protein that is

restricted to badnaviruses [10, 14]. ORF1 of PYMoV has

45 % identity to the ORF1 protein of fig badnavirus

(YP_006273073). It also shares 42-44 % identity with

different isolates of citrus yellow mosaic virus (CYMV)

(AC055656) and cacao swollen shoot virus (CSSV)

(CAE76626).

The ORF2 of PYMoV (position 1,124-1,585) encodes a

putative protein of 154 aa with a predicted molecular mass

of 17.1 kDa, which is slightly larger in size than those

found in CYMV (NP_569152) and Dioscorea bacilliform

virus (DBV) (AB147985.1) [13]. No putative conserved

domains were identified in ORF2; however, comparisons

revealed that the PYMoV ORF-2 is 44 % identical to that

of CYMV (137 aa) (NP_569152) and 39 % identical to that

of DBV (AB147985.1).

ORF3 of PYMoV (position 1,512-7,286) encodes a

putative polyprotein of 1,925 aa with a predicted molecular

weight of 218.6 kDa that is 50 % identical to the ORF3 of

DBV (YP_001036293) and 55 % identical to that of citrus

yellow mosaic virus (CYMV; NP_569153). A similarity

search in the NCBI conserved domain database (CDD) [10]

revealed that the amino acid sequences of ORF3 consists of

regions specific for a viral movement protein (MP), tri-

meric dUTPase, zinc finger, retropepsin, RT-LTR, and

RNAse H. The PYMoV MP protein was identified as a

movement protein [10], but it did not contain the expected

conserved DxR motif [8]. The zinc-binding motif of the

zinc finger protein is composed of CGGKGHFGDDC in

PYMoV. Next to the zinc finger protein is a retropepsin,

which possesses a conserved domain consisting of a cata-

lytic motif, an inhibitor binding site, a catalytic residue,

and an active site flap. The conserved RT LTR domain

found in PYMoV contains a putative active site, a putative

nucleic-acid-binding site, and a putative NTP-binding site.

At the end of OFR3 is an RNase-H-like protein consisting

of an active site and a DNA/RNA-binding site.

ORF4 of PYMoV encodes a putative 158-amino-acid

protein with 78 % identity to a hypothetical protein whose

sequence was previously submitted as a partial PYMoV

genome (ABI30246).

Considering sequence similarities of all the ORFs and

predicted genome annotation data, PYMoV should be

considered a member of a unique species of the genus

Badnavirus [8]. No recombinant PYMoV sequences were

detected, and although the presence of such recombinants

cannot be excluded, the described DNA sequence is likely

to be the predominant form present within the plant

studied.
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Two further contigs were identified as having virus-like

properties. It is not known if these constitute infectious

viruses or endogenous pararetroviral sequences.

The first sequence was 7,178 bp long and was derived

from 213 reads, and a sequence similarity search against

the GenBank Nr database revealed weak homology to

rice tungro bacilliform virus, a tungrovirus. Further

examination of the nucleotide sequence (JX40674)

revealed a single ORF (position 2-6085). Alignment of

the hypothetical polypeptide produced from this sequence

with the P194 polyprotein of RTBV (AFQ62092)

revealed 32 % homology, and alignment with the

216-kDa polyprotein of the type member of the genus

Badnavirus, commelina yellow mottle virus (NC001343)

(ComYMV) revealed 25 % homology. This comparison

revealed that the new sequence contains RNA-binding,

reverse transcriptase and RNase H domains, as described

by Melberry et al. [11], and the alignment suggested that

the putative polypeptide lacks an N-terminus. We have

tentatively named this virus-like sequence Piper DNA

virus 1 (PDV-1).

A second 800-bp contig, derived from 20 reads

(JX406742) was identified as having 44 % homology at the

nucleotide level to ComYMV, 41 % homology to RTBV,

and 70 % to PDV-1. This sequence was too short to ana-

lyse in any detail but may be a second distinct virus of the

family Caulimoviridae, with the tentative name Piper DNA

virus 2 (PDV-2).

The levels of homology between PYMoV, PDV-1 and

PDV-2 were quite low, and there was no evidence of any

recombination between them.

The complete genome of the virus PYMoV has now

been described, confirming that PYMoV is a distinct

member of the genus Badnavirus. The presence of two

further potential viruses of the family Caulimoviridae in

the same sample opens the question as to whether the

symptoms described to be caused by PYMoV are caused by

a single virus or a combination of multiple viruses. The

sequence data presented in the current study will allow this

question to be answered by studying other plants identified

as infected with PYMoV and looking for the presence of

PDV-1 and PDV-2.

Fig. 1 Proposed genome

arrangement of PYMoV,

showing domains identified

within ORF3

Fig. 2 A phylogenetic tree

showing the relationship

between PYMoV and 20 of the

most closely related

badnaviruses. The alignment

was produced using full-length

amino acid sequences of the

polyprotein. Phylogenetic and

molecular evolutionary analyses

were conducted using MEGA 5.

The tree was constructed using

the neighbour-joining

algorithm. The horizontal

branch lengths are proportional

to the genetic distance, and

numbers shown at branch points

indicate bootstrap values from

1000 replicates. Sequences of

different members of the family

Caulimoviridae (belonging to

the genera Badnavirus,

Caulimovirus, Tungrovirus,

Soymovirus, Cavemovirus,

Petuvirus) were obtained from

the GenBank database
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