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Abstract

The complete nucleotide sequence of plum pox virus (PPV) strain SK 68 was
determined from a series of overlapping cDNA clones. The exact 5’ terminus
was determined by direct RNA sequencing. The RNA sequence was 9786 nucleo-
tides in length, excluding a 3’ terminal poly(A) sequence. The large open reading
frame starts at nucleotide position 147 and is terminated at position 9568. Compar-
ison of cistrons from other plum pox virus strains with those predicted for the
SK 68 strain indicated the same genomic organizations. Comparison of sequences
leads to the following conclusions: (1) The genetic organization of all four PPV
strains is identical, containing one large polyprotein gene and two noncoding
regions at the 5" and 3’ ends: (2) pairwise comparison of the genomic sequence
of PPV SK 68 with other PPV strains shows [1% alteration. Sequence differences
among strains are spread in a uniform manner upon the genome, except for the
P1, HC-pro, and two noncoding regions, which are more conserved (with a 4%
and 6.6% change). The stability of the noncoding regions is probably linked to
their role in replication. The sequence variation has little effect on the amino acid
sequence of the corresponding polypeptides, as changes occur preferentially in
the third position of the reading frame triplets, except in the case of the 5’ end
of the coat protein gene (2.7% average difference in amino acid level, while in
the case of coat protein it is 7.7%). The sequence analysis of the coat protein
region of the four complete and one partial sequence indicates that the Hungarian
plum pox virus strain diverges at the larger extent, similar to the El Amar strain,
from which only less than half of the sequence is available.
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Introduction

One of the most devastating diseases of stone fruit trees is caused by plum pox
virus (PPV) in Central Europe and the Mediterranean area (1). The virus, which
belongs to the potyvirus group, causes considerable yield losses, especially in
apricot, plum, and peach orchards. Symptoms are characteristic for the diseases,
expressing on all organs, but usually on fruit and stones. The above-mentioned
economic importance and difficulties with early detection has led several labora-
tories to investigate this virus. The genome organization of plum pox virus is well
established (2,3); three complete nucleotide sequences are available: PPV Ran
(4,5), PPV Nat (6), and PPV D strain (7). Partial sequence data from the El Amar
strain have also been published (4773 nt at the 3’ end of the genome) (8). The
geographical origin and original host plants of these strains in connection with
sequence data give us a better understanding of the evolution of this virus and
the divergence of these virus strains. By comparing these sequences along with
presentation of the complete PPV SK 68 strain sequence, we are providing more
details of the evolution of plum pox virus strains in this paper.

Materials and Methods
Virus and viral RNA

Plum pox virus SK 68 strain has been isolated from the Besztercei NM 122 plum
variety by Maria Németh (unpublished) and has been kindly provided to us. The
virus was propagated on Nicotiana clevelandii L. and grown for 14-21 days after
inoculation. Virus was purified from these plants essentially as described (9).
RNA isolation and fractionation were carried out after Brakke and Van Pelt
(10,11).

Synthesis and cloning of cDNA

cDNA was synthesized with oligo dT and three synthetic oligonucleotides as
primers using the Amersham cDNA synthesis kit according to the manufacturer’s
instructions. Synthetic oligodeoxynucleotides were prepared in an Applied Bio-
systems Model 381A DNA synthesizer and purified as described (12). The double-
stranded ¢cDNA was ligated into Smal linearized, dephosphorylated pUC 18 or
pUC 19 plasmids, and then used to transform competent E. coli JM 101 cells.

DNA and RNA sequencing

The overlapping cDNA clones were sequenced by the dideoxy chain termination
method (13) using the USB sequencing kit. The 5’ terminus was determined by
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direct RNA sequencing on purified genomic RNA as a template using the Boeh-
ringer RNA sequencing kit with conditions as described by manufacturer.

Comparison of nucleotide and amino acid sequences

Sequence data were assembled and analyzed using the GCGs Sequence Analysis
Software Package for VAX\VMS computers (14).

Results and Discussion
Sequencing of PPV SK 68 RNA

Four overlapping recombinant clones were sequenced that represent almost the
complete sequence of the PPV genome, except 26 nucleotides at the 5' end.
The first 70 nucleotides were determined on purified genomic RNA using an
oligonucleotide complementary to the viral genome between 84 and 100 residues.
The overlapping regions ranged from 50 to 200 nucleotides.

The complete nucleotide sequence of PPV SK 68 contains 9786 nucleotides,
excluding the 3’ terminal poly(A) sequence. The sequence is part of the GenBank
of Los Alamos National Laboratory, the EMBL Data Library, and the DNA
data bank of Japan available as accession number M92280 (Fig. 1). Sequenced
recombinant clones at the 3' terminus of PPV SK 68 were found to include a
terminal poly A segment of 5 to approximately 200 residues. These data are in
good agreement with those of Lain et al. (9), showing that PPV Ran contains a
3" poly A tail that is between 15 and 500 residues long. The base composition of
PPV SK 68 RNA revealed a high adenine content (31.09%), followed by uracil
(25.4%), guanine (23.2%), and cytosine (20.4%). This composition is very similar
to the compositions of the other PPV strains.

Although the four complete sequences have not been subjected to detailed
statistical analysis, the base changes appear to be distributed in a roughly uniform
manner upon the genome, except for the two noncoding extremities and P1, the
HC-pro coding region where only 6.6% and 4% changes occur, respectively. The
sequence variation has little effect on the amino acid sequence of the correspond-
ing polypeptides, as changes occur preferentially in the third position of the read-
ing frame triplets, except in the case of the coat protein gene (Table 1).

Computer analysis of the four-strain primary structure shows an identical posi-
tion for the putative initiation codon at the position 147, while the termination
codon varies between positions 9521 and 9569. PPV SK 68 and PPV Ran have
their termination codon at the same position (15). Pairwise comparison of the
polyprotein cleavage products shows that the cylindrical inclusion protein that
has helicase activity is almost identical (99% amino acid homology), but the others
show a high degree of homology ranging from 95% to 98% similarity (Fig. 2).

The highest divergence in amino acid content has been found at the 5’ end of
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| AAAATATAAA AACTCAACAC AACATACAAA ATTTTATGCA ATCAAATCAA 2701  TTGCAAGTAC ACTGAATGCA CAAATGAGTG TCATTGACGA ACATGCAGCA

51 TCTCAAGCTA TCAARATTTT CCAAATCTCA CTTGAAAGAT CAAGAATCAA 2751 GTTCTGTGTG ATAGTGTCTT TGTTGGAACC AAGCCATATG CATCCTACAT
101 CAAAGAACAT TCCTCACATT TTCTACCAAA TTTACTGCAA GTCAAGATGT 2801 GATGGCAGTG AAGACTTTAG ARAGAATGAA GGCACGAACT GAATCTGATC
151 CAACCATTGT ATTTGGCTCA TTCACTTGCC ACCTCGATGC AGCTATCCAC 2851 ACACCCTGAA TGATTTAGGG TTTTCAGTAC TAAGACAGGC GACACCACAT
201 CAGGATAATG CAGACAGATT GGCAAAGGCC TGGACCCGTC CAGAGAACCS 2901 CTGGTTGAAA AAAGTTATCT CCAGGAGTTG GAGCAGGCTT GGAGAGAATT
251 CCAAGTCAGT AACGTGCATC TACTGTGCCG AAGAGCGGCA AMAAGTCTCA 2951 AAGTTGGTCOG GAAAGGTTCT CTGCAATCTT GGAATCGCAG CGGTGGCGAA
301 TAAATACATA TGAGAGTGCA ACAGCTAGTG CTTGGARAGG CCTGGAGGAG 3001 AACATATACC AAAACCTTTC ATCCCGAAAG ACGCAGCAGA TTTAGGAGGC
351  AAGTTGCAAC CTATGTTTGC TAAGCGAGAG TTTAGCARAA CTGTCACAAA 3051 AGGTACGACA TCTCCGTTCG GTCATTACTT GGCAGCCAAT ACAAACGCCT
401 GAGAMAAGGG CTTCGGTGCT TCAAAGAAAG CTCTGAAAAA TTTATCGAAA 3101  GAAAGACGTA GTTCGGUGGA AAAGAGACGA CGTTGTTTGT TACACACACC
451 AGAAGCTCAA GAAACAGTAT AAAGAGGAGC GTGAGAGATT TCAATTTCTC 3151 AGTCGATGGG AAAGCTATTC TGCAAAGCTA TCGGAATTTC CACAAGTTTT
501 AACGGTCCAG ATGCAATAGT CAACCAAATC AGTGTTGACA AATGTGAAGC 3201 CTTCCAAGCA CTCTGAAGAT GTTTGACATG CTCATCATAT TTGGTCTCCT
551 TTCAGTATGG GTGCCATTCC CTCATATTAT TGAGAAACCT AGCTTTACAA 3251 GCTTTCAATA GGAGCCACAT GCAATTCAAT GATTAATGAG CACAAACATT
§01 CACCATCAAT GAAAAAGAAG GTAGTGTTTA CTAAGGTTAG GATGTCCGAG 3301  TAAAGCAAGT TGCTGCCGAT CGTGAAGATA AGAAAAGATT CAAGAGATTG
£51 GCATCACTAC AACTTTTCAT GAGGAGGGTT GUTGCAAACG CTAAGGCAAA 3351 CAGGTCTTGT ACACGAGACT ATTAGAAAAG ATTGGTTGCA CACCAACAGC
701 TGGTCAAAAA GTTGAGATCA TAGGGCGTAA GOGTGTAGTC GGTCACTACA 3401 GGATGAATTT CTTGAATATG TGCAAGGTGA GAACCCTGAT CTATCGAAAT
751 CAACGAAAAG TCGTCTGACA TACTTTCGCA CACATGTTCG GCACTTGGAT 3451 ATGCAGAGGA CTTGATCGGC GATGGGCAAG TTGTTGTGCA TCAMAGCAAA
801 GGTTCAAAAC CACGCTATGA CCTTGTGTTG GACGAGGCAA CCAAGAAGAT 3501 AGAGATTCAC AAGCTAATCT GGAACGAGTC GCAGCATTTG TAGCCCTTGT
851 TCTGCAACTG TTTGCAAACA CAAGTGGTTT TCACCATGTC CACAAGAAAG 3551 TATGATGCTT TTTGATTOGG AACGGAGTGA TGGTGTTTAC AAAATCCTCA
301 GGOGAGATAAC ACCTGGAATG AGCGGATTTG TGGTGAATCC CATGAATCTA 31601  ATAAGCTTAA AGGCGTCATG GGAAGTATTG ATCAGACTGT TCACCATCAA
951 TCGGACCCAA TGCATGTGTA TGACACGGAT CTTTTTATAG TTCGTGGAAA 3651  AATTTGGACG ACATTGAAGA CATGTTGGAC GAAAAGAAAT TGACAGTCGA
1001  ACACAACTCC ATTCTTGTTG ACTCACGGTG TAAGGTTTCT AAAGAGCAGA 3701  TTTOGTCTTG CAAAGTAACG AAGTTGCACC AACTGTTCCA TTTGACTCAA
1051 GCAATGAGAT AGTTCACTAC TCTGACCCAG GCAAACAATT TTGGGATGGT 3751 CATTTGAGAA GTGGTGGACT AATCAGCTTG AMACAGGAAA TGTGATCCCA
1101 TTCACCAATT CATTTATGCA GTGCAAGCTA CGCGAAACTG ATCATCAGTG 3801 CACTACAGAA CTGAAGGACA CTTTCTCGAA TTTACACGAG AGAACGCAGC
1151 CACATCTGAC CTGGACGTGA AGGAGTGTGG TTATGTTGCA GCACTTGTGT 3851 ACACATTGCC AACGAAGTTA TGCATGGTTC ACATCAAGAC ATCCTAATCC
1201 GCCAAGCGAT AATCCCTTGT GGAAAAATCA CATGTCTGCA ATGTGCTCAA 3901 GCGGAGCGGT TGGCTCAGGT AAGTCAACTG GGTTGCCATT TCATCTAAGC
1251 AAGTACTCTT ACATGTCACA ACAGGAAATA CGTGATAGAT TTTCGACAGT 3951  AAGAAGGGTC ATGTTTTGCT AATTGAACCC ACTCGACCAT TAGCTGAARA
1301  AATTGAGCAG CATGAGAAAA CAGTGATGGA TAACTATCCA CAATTTTCAC 4001 TCTGTGCAAG CAACTACGAG GGCAACCATT CAACGTTAAC CCCACATTGC
1351  ATGTTCTTGC TTTTCTAAAG AGGTATCGTG AATTGATGCG COTGGAAAAT 4051 GTATGOGCGG AATGAGCACC TTTGGOTCAA CTCCAATCAC TGTGATGACG
1401 CAGAATTATG AAGCTTTCAA GGATATCACG CACATGATAG GTGAGUGCAA 4101 AGTGGTTACG CACTGCACTT CTTAGCGAAC AATCCGACTT ATTTGGATAA
1451 AGAAGCACCT TTTTCCCATC TCAACAAGAT CAATGAATTA ATCATTAAGG 4151  CTACAAGTGC ATTATCTTCG ACGAGTGTCA CGTACACGAC GCATCAGCAA
1501 GTGGTATGAT GAGCGCACAA GACTACATAG AAGCCTCGGA TCATCTGCGC 4201 TGGCATTTAG ATGTCTCCTT TCGGAGTATT CCTACCCAGG GAAGATACTG
1551 GAACTAGCGC GATATCAGAA GAATCGCACA GAGAACATTA GGAGCGGATC 4251 AAAGTCTCAG CAACACCTCC CGGGTATGAA GTTGATTTCA AGACACAAAA
1601 TATAAAGGCT TTCAGGAACA AAATCTCATC AAAAGCACAT GTCAATATGC 4301 GGAGGTGAAG GTTATCGTTG AGGAAGCACT GTCTTTCCAG CAGTTCGTTT
1651 AACTTATGTG TGATAATCAA CTTGATACTA ATGGCAATTT CGTGTGGGGA 4351 CTAATCTTGG CACTGGATGC AATAGTGATA TCTTGAAGCA TGGCGTTAAC
1701 CAGAGAGAGT ATCATGCCAA ACGCTTCTTT AGGAATTATT TCGATGTGAT 4401 GTGTTGGTCT ATGTGGCAAG TTACAATGAG GTGGACACAC TAAGCAAGCT
1751 CGATGTTAGC GAGGGCTACA GACGTCATAT TGTTCGTGAA AATCCTAGAG 4451 GCTTACGGAT AGAAGCTTTA AGGTTTCGAA GGTTGATGGG CGAACCATGA
1801 GCATTOGCAA ATTGGCCATT GGCAACCTTG TTATGTCAAC GAATCTGGCA 4501  AAGTOGGCAA TOTCGAAATT CCAACGAGTG GTACTCAAGC CAAGCCACAT
1851 GCACTACGTA AGCAGCTCTT GGGTGAAGAG TGCATTCATT TTGAGGTCTC 4551 TTTGTGGTTG CAACAAACAT TATCGAGAAT GGAGTCACAC TGGATATTGA
1901 AAAGGAATGC ACTAGCAAGC GAGGGGAAAA TTTTGTATAC CAATGTTGCT 4601 CGTGGTTGTG GACTTTGGTC TCAAAGTCGT ACCCATTCTG GACATTGACA
1351 GTGTCACGCA CGAAGACGGT ACACCACTGG AGTCTGAAAT AATAAGTCCA 4651 ACCGACTTGT TOGTTATACG AAGAAGAGCA TTAGCTATGG GGAGAGAATT
2001  ACAAAGAATC ATTTAGTTGT TGGTAACTCA GGTGATTCGA AGTATGTGGA 4701 CAAAGACTGG GTCGAGTTGG CCGAAACAAA CCAGGAATGG CACTTCGTAT
2051 TTTGCCCACA GCAAAGGGAG GTGCAATGTT CATAGCAAAG GCAGGTTATT 4751 TGGATTCACG GAGAAAGGAC TTACTCAAAT ACCTCCGATA ATTGCAACAG
2101 GTTACATCAA CATTTTCCTT GCTATGCTGA TCAACATAAA TCAAGATGAA 4801 AAGCOGCATT TCTATGTTTC ACCTATGGTC TACCAGTCAT GACRAACGGT
2151  GCAAAMAGTT TCACARAGAC AGTGCGTGAC ACTATTGTAC CCAAGCTTGG 4851 GTGTCAACAA GCTTACTAGC GATGTGTACT GTCAAGCAAG CACGAACTAT
2201 GACATGGCCA TCGATGATGG ACTTAGCTAC AGCTTGCCAC TTTCTCGCAG 4901 GCAACAATTT GAACTATCAC CATTTTACAC AGTGGCATTG GTTCGGTTTG
2251 TTCTCTACCC AGAAACTCGG AATGCTGAGC TTCCACGAAT ACTCGTTGAC 4951 ATGGCACGAT GCACCAGGAA ATTTTTCGGT TGCTCAMAAG CTACAGACTG
2301  CATGAAGCAA AGATCTTTCA TGTGGTTGAC TCATTCGGAT CACTGTCAAC 5001 CGCGACTCAG AAGTAATTCT GAATAAGTTA GCCATACCAA ACAGCAATGT
2351 TCGAATGCAT GTTTTGAAAG CGAACACAAT CAATCAACTT ATTAGCTTTG 5051 GTGTGGGTGG ATGAGTGTTC GTGATTATAA GUGACAAGGC TGCAATTTGG
2401 CTAGTGATAC ATTGGATTCA AGCATGAAAA CATACCTGGT TGGAGGTCTT 5101 ACCTTGATGA AAACATCCGT GTGCCATTCT ATGTGAAGGA CATTCCTGAA
2451 GAAGTGGATA AGTGTGATGA ATTCAAAAAT GTCAAGCTCT TGATCAGAAG 5151 ACTCTACATG ACAAAGTTTG GCAAGCAGTG GAAACTCATA AGTCGGATGC
2501  CATTTACAAG CCACAAATCA TGGAGCAGGT GCTTAAGGAA GAACCGTATT 5201 AGGATTTGGA AGAATTTGCA GTTCGAGTGC TTGCAAGATA GCGTACACAT
2551 TACTGCTCAT GAGGGTTTTG TCACCTGGTG TATTAATGGC GCTGTTCAAT 5251 TGCAGACAGA TATCCACTCC ATTCCTCGGA CAGTTAAAAT CATTGACGCA
2601 AGTGGTTCAT TGGAAAMAGC CACACAATAT TGGATCGCAC GATCTCATAG 5301 TTGTTAGAGC AAGAAAGGAC AAAGCAAGCA CACTTCAGAG CGATGACCAG
2651 CTTGGCAGCG ATCACAGCAA TGTTATCAGC ACTTGCAGCC AAAGTCTCAC 5351 CCAATCTTGT TCAAGTTCGA ATTTCTCTCT GTCAAGCATC ACATCAGCAA

A
Fig. 1. Complete nucleotide sequence of the plum pox virus SK 68 isolate shown in DNA form. The
sequence is part of the GenBank Los Alamos National Laboratory, the EMBL Data Library, and
the DNA data bank of Japan, available as accession number M92280.
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Fig. I (continued).
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Table 1. Comparison of nucleotide sequence between the PPV strains.

{meplocaton ________[bage sbmeon other cherge rol chorge Lamip pd crorgetoese |
Regon [ 3 4 1 3 4 1 2 3 4 3 4 L 4 N 2 3 4
ae e | ? e j ° e
146 (1 10 10
148 |- . . . .
PIHC | 147 81 “83 84 23 00089
2447 147 70 - 70 13 00066
2444 (147 82 - ® 17 00074
2444 |* i i . . .
P3 2448 105 - 106 18 00181
3497|2445 105 - 106 19 00181
3494|2445 12 112 2 00208
&K1 3498 3 - 0 4 00256
3653|3495 28 - 28 5 00821
350 |3495 3 E 31 5 00321
a 3654 285 286 12 00063
8558|3851 289 - 289 18 00084
6666 | 3651 286 - 206 13 00088
2 5659 8 - 19 5 00314
5717|6556 19 - 18 4 00252
5714|5566 21 - 2 5 00314
6714 g 3 - 3 7 00440
Na 5718 208 - 208 13 00089
7025 |5715 213 - 213 14 00107
7022 |6715 208 - 208 16 00115
7022 |697 270 = 270 ar 00206
2004 -
Nb 7026 260 - 260 26 00167
8597|7023 262 - 262 2 00161
8676|7023 264 - 264 2 00187
8676 | 2006 07 - 07 B 00245
3 8580 140 140 40 00404
9568|8577 123 123 0 00303
9665|8577 116 (M6 1680 42 00424
9520|3669 174 8 180 6 00462
Jron [958 17 2 19
codrg (9787|9666 16 - 15
9786 (9521 14 L 14
9741|4554 15 )1 16
4773

Differences among the nucleotide sequences of PPV D, (1) PPV Ran (2), PPV Nat (3), PPV El Amar
(4) and PPV SK 68 were examined at each position of functional virus proteins and at the two
noncoding regions of the genome.

Deletions (—) and insertions (+) in the different isolates with respect to the PPV SK 68 sequence
are indicated. The putative protein products of each region were compared to PPV SK 68 and the
number and ratio of change, as well as the fraction of nucleotide changes that result in amino acid
changes for each region, are shown in the columns. The positions of functional virus proteins in the
polyprotein have been proposed for plum pox virus in earlier sequence studies and have been consid-
ered as the start of each protein on the sequence.

*Sequence data are not available.

the coat protein gene (Fig. 2). giving a better understanding of the serological
differences in these strains. PPV stains can be divided into two subgroups based
on the predicted secondary structures of five coat proteins (16). Group A contains
PPV Ran, PPV D, and PPV Nat, while group B consists of the PPV SK 68 and
El Amar strains (Fig. 3). The potyviral polyprotein is proteolytically cleaved into
different gene products by Nla protease, HC-pro, and P1 (3,17-21). The proteo-

Fig. 3. Five different PPV strains were analyzed with the program PeptidStructure based on the
original method to predict helices, sheets, and turns. Glycosylation sites are predicted where the
residues have the composition NXT or NXS. The PPV strains analyzed can be divided into two
subgroups on the basis of this method: Group A contains PPV D, PPV Ran, and PPV Nat, while
group B consists of the PPV El Amar and PPV SK 68 strains. () shows sites where hydrophilicity is
=1.3; ¢ shows sites where hydrophobicity is =1.3.
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Fig. 4. Amino acid sequences of the heptapeptides of the protease cleavage sites (numbered from 2
to 9 where cleavage sites are correctly determined, while at position number 1 cleavage sites are not
known exactly.) The consensus of sequences of heptapeptides are boxed.

lytic cleavage sites are characterized by highly conserved heptapeptide sequences
(2,22,23), but there can also be some changes. The amino acids at position —4
and —1 of the heptapeptides at the Nla protease cleavage sites are the most
conservative: Position —4 corresponds to valine, position — 1 is glutamine; in all
other positions changes can be found (Fig. 4). The heptapeptides at the HC
protease cleavage site (at the HC-P3 border) are completely identical. Among the
heptapeptides of sequenced isolates, the highest divergence is found at the SK
68 strain (five amino acids), while in PPV D and PPV Ran, only one change, and
in PPV-Nat two changes, have been found.

The above data, together with all other available experimental evidence (full
sequences, coat protein dendograms, proteolytic cleavage sites), show that the
SK 68 isolate has the highest degree of phylogenetic divergence from other
strains.
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