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Abstract.  The complete nucleotide sequence of the RNA genome of a Taiwan isolate of Zucchini yellow mosaic
virus (ZYMV TW-TN3) was determined from five overlapping cDNA clones 9591 nucleotides in length excluding
the poly (A) tail.  Computer analysis of the sequence revealed a large open reading frame (ORF) that encodes a
polyprotein of 3080 amino acids.  Comparison of the gene products of TW-TN3 with those of the reported Califor-
nia (CA), Reunion Island (RU), and Singapore (S) isolates of ZYMV revealed that P1 protein is most variable, with
amino acid identities of 59.0-93.2%.  The 5´ untranslated region (UTR) of TW-TN3 shares 61.6-83.3% nucleotide
identities, and the 3´ UTR shares 90.4-95.7% nucleotide identities, with those of the other isolates.  A phylogenetic
tree derived from the sequences of P1 proteins of TW-TN3 and the other six reported ZYMV isolates revealed four
major genotypes.  TW-TN3 was classified in genotype I, and US isolates were in genotype II.  The Reunion Island
and Singapore isolates were separated into genotypes III and IV, respectively.  The distance relationships of P1
protein of genotype I were closer to genotype II, indicating that the Taiwan and US isolates may evolve from the
same ancestor.  Analyses on the cleavage sites of the C-terminal halves of the polyproteins of TW-TN3, CA, RU,
and S isolates revealed that NIa protease cleaves at Q-S, and E-S dipeptide sequences, with a consensus sequence of
V-x-x-(Q, E)/(S, A, G).  The genetic organization of TW-TN3 was concluded as Vpg/5´ leader/P1 (36 kDa)/HC Pro
(52 kDa)/P3 (40 kDa)/6K1 (6 kDa)/CIP (71 kDa)/6K2 (6 kDa)/NIa-Vpg (22 kDa)/NIa-Pro (27 kDa)/NIb (60 kDa)/
CP (31 kDa)/3´ UTR-poly(A) tract.
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reported.  Based on the degrees of coat protein (CP)
homology, these three ZYMV isolates were classified in
genotypes II, III, and VI, respectively (Lin et al., 2000).
However, the TW-TN3 isolate and most of Taiwan ZYMV
isolates were placed in genotype I (Lin et al., 2000).  Thus,
elucidation of the genomic sequence of TW-TN3 would
further understanding of its relationships with other
genotypes.

In this study, the complete nucleotide sequence of TW-
TN3 was determined and compared with those of the CA,
RU, and S isolates.  Moreover, since sequence informa-
tion for the P1 proteins of the additional three ZYMV US
isolates (SV, MD, and FL/AT) was also available (Wisler
et al., 1995), phylogenetic analysis based on P1 proteins
was performed to investigate the evolutionary relation-
ships among the TW-TN3 and the other six ZYMV iso-
lates reported.

Materials and Methods

Virus Purification and RNA Extraction
A typical isolate of ZYMV TW-TN3 was isolated from

naturally infected sponge gourd grown in Tainan, Taiwan,
(Lin et al., 1998), and propagated in zucchini squash
(Cucurbita pepo L. var. Zucchini) under greenhouse
conditions.  Viral particles were purified by PEG precipita-

Introduction

Zucchini yellow mosaic virus (ZYMV), a member of the
genus Potyvirus in the family Potyviridae, was first re-
ported in Italy in 1973 (Lisa et al., 1981) and was subse-
quently found causing devastating epidemics in
commercial cucurbits worldwide (Lisa and Lecoq, 1984).
Symptoms include mosaic, yellowing, shoestring, and dis-
tortion on leaves; stunting in plant growth; and deforma-
tion of fruits.  A Taiwan isolate, designated ZYMV
TW-TN3, was collected from diseased sponge gourd (Luffa
cylindrica Roem.) from Tainan, Taiwan, in 1993 (Lin et al.,
1998).  Similar to other potyviruses, TW-TN3 RNA was
presumed coding a single large polyprotein that undergoes
proteolytic processing by virus-encoded proteases to
yield several mature gene products (Shukla et al., 1994).

The complete nucleotide sequences of the RNA ge-
nomes of three ZYMV isolates, ZYMV CA (California
isolate) (Wisler et al., 1995), ZYMV RU (Reunion Island
isolate) (Wisler et al., 1995) and ZYMV S (Singapore
isolate) (Lee and Wong, 1998) have previously been
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tion and Cs
2
SO

4
 centrifugation (Gonsalves and Ishii, 1980).

Genomic RNA was extracted by SDS-proteinase K treat-
ment followed by sucrose density gradient centrifugation
as described by Yeh and Gonsalves (1985).

cDNA Synthesis and Cloning
The clone pZCP-36 (Figure 1), covering the CP reading

frame and the 3´ untranslated region (UTR) of TW-TN3
RNA, had been previously generated from the cDNA frag-
ments amplified by reverse-transcription polymerase chain
reaction (RT-PCR) (Lin et al., 2000).  The cDNA segments
covering other genomic regions were synthesized and
screened from a cDNA library that was constructed ac-
cording to the protocols of ZAP-cDNA synthesis and clon-
ing kits (Stratagene, La Jolla, CA).  The methylated first
strand cDNA was synthesized by Moloney murine leuke-
mia virus reverse transcriptase after the addition of ZCP-2
primer (5´-CAACAGCTTCGCGGGC-3´) designed from the
known region of the CP gene (Lin et al., 1998).  The sec-
ond strand cDNA was generated according to the method
of Gubler and Hoffman (1983) by RNase H digestion and
DNA polymerase I extension.  The dsDNA was filled in
with Pfu DNA polymerase (Stratagene) and ligated with
EcoRI adaptors at both ends.  The dsDNA was inserted
into the lambda ZAP-II EcoRI/CIAP vector (Stratagene)
and packaged with capsid proteins (Gold Packaging
Extract, Stratagene).  The cDNA probe used for plaque
hybridization was prepared according to Maniatis et al.
(1989), using [a32P]-labeled DNA corresponding to pZCP-
36 or the selected clones.  In this investigation, the cDNA
fragments corresponding to 5´-terminal, P1, HC-Pro, and
P3 regions were also synthesized by RT-PCR using puri-
fied RNA of TW-TN3 as a template as shown in Figure 1.
The cDNA fragment reflecting the 5´ terminal region of
TW-TN3 RNA was amplified by the downstream primer
MZ1791 (5´-GTGCCATTTGGAAAGTTACGC-3´) comple-
mentary to nucleotide positions 1791 - 1811 of ZYMV RU

(Wisler et al., 1995) and the upstream Z5E5´ primer designed
from the 5´ terminal consensus sequence of CA and RU
isolates (5´-AAAATTAAAACAAATCACAAAGACTAC-
3´, positions 1-27) (Wisler et al., 1995).  The cDNA reflect-
ing the HC-Pro and P3 regions of nucleotides 1053-3792
was amplified by the upstream primer PZTN5E1053 (5´-
GCGAAGTTGACCACTATTCGTCGC-3´) and the down-
stream primer MZ3783 (5´-GTTCTATAATGTG
GTACTGTGCGG-3´), both designed from the consensus
sequences of CA and RU isolates (Wisler et al., 1995).

Determination of the Actual Sequence of the 5´
Extreme

The 5´ terminal sequence of TW-TN3 RNA was deter-
mined by the 5´ RACE system (GibcoBRL, Gaithersburg,
MD). First strand cDNA synthesis was carried out using
0.5 µg of TW-TN3 RNA and 25 ng of primer MZ1188 (5´-
GCTAACTCACCACATTCCTCGTTG-3´, nts 1165-1188
designed from the known sequence).  After removal of tem-
plate by RNase Mix (GibcoBRL) digestion, the first strand
cDNA was tailed with d(CTP) by terminal deoxynucleotidyl
transferase (GibcoBRL).  PCR amplification of the dC-tailed
cDNA was performed with EX Taq DNA polymerase
(TaKaRa, Shiga 520-21, Japan), using the upstream primer
G12 (5´-CGACTAGTGGGGGGGGGGGG-3´) containing a
SpeI site and the second downstream primer MZ1014 (5´-
TCGTCGTCTCTACCTCGAATCACC-3´, nts 991-1014 de-
signed from the known sequence).  The amplified cDNA
fragments were directly inserted into the pCR2.1-TOPO
vector (Invitrogen, San Diego, CA) to generate recombi-
nants that contained the amplified cDNA fragment reflect-
ing the actual 5´-terminal region of ZYMV-TN3 RNA
(Figure 1).

DNA Sequencing and Assembly
The clones selected by plaque hybridization or gener-

ated by RT-PCR amplification, were digested with EcoRI
or HindIII and subcloned for sequencing.  DNA sequenc-
ing was performed by the dideoxynucleotide chain-termi-
nation method (Sanger et al., 1977), using ssDNA
templates generated by phage VCSM13 (Stratagene).
DNA sequencing was performed using T7 DNA poly-
merase following the instructions of the Sequenase Ver-
sion 2.0 kit (United States Biochemical, Cleveland, OH
44122).  Sequence data were assembled, and amino acid
sequences were predicted using PC/GENE 6.85 software
(IntelliGenetics, Inc., University of Geneva, Switzerland).

Sequence Analysis
Multiple sequences were aligned by the PILEUP pro-

gram of the GCG package (Version 10.0, 1999, Genetics
Computer Group, Madison, WI., USA).  Distance matrices
for complete P1 sequences were calculated from alignments
based on the Dayhoff PAM matrix (Dayhoff et al., 1983),
using the program PROTDIST in PHYLIP software pack-
age Version 3.5c (Kimura, 1980).  Phylogenetic relation-
ships were established from these distances using the
Neighbor-Joining routines.  The repeatability of the

Figure 1.  The strategy for determination of the complete nucle-
otide sequence of the RNA genome of a Taiwan isolate ZYMV
TW-TN3.  Complenentary cDNA clone pZCP36 that covers
the 3´-terminal region of the RNA was obtained from a previ-
ous study (Lin et al., 2000).  Other cDNA clones were selected
from the cDNA library (pZF31 and pZF80) or generated from
fragments amplified by reverse-transcription polymerase chain
reaction (RT-PCR) (pZ5E1.8, pZM2.7-20, and 5´ RACE
clones).  Selected cDNA clones were sequenced from both ori-
entations to elucidate the complete nucleotide sequence of
ZYMV TW-TN3 RNA.
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branching orders obtained was estimated using the
SEQBOOT program (PHYLIP software) for bootstrap
resampling (200 bootstrap reiterations) the multiple se-
quence alignment (Felsenstein, 1985).  Bootstrap consen-
sus trees were then built using the CONSENSE program
and the NEIGHBOR unrooted tree was drawn using the
DRAWTREE program of the PHYLIP software.

The GAP program in the GCG package was used to de-
termine the degrees of amino acid and nucleotide homol-
ogy of individual gene products of TW-TN3 with those
of other ZYMV isolates.  Sequence for alignments were
obtained from the GenBank database under the following
accession numbers including CA (L31350), RU (L29569),
S (AF014811) MD (L35588), SV (L35589), and FL/AT
(L35590) isolates.

Results and Discussion

Complete Nucleotide Sequence of ZYMV TW-
TN3

Two cDNA clones, pZF80 and pZF31, were selected
from the lambda ZAP library by plaque hybridization; and
two cDNA clones, pZM2.7-20 and pZ5E1.8-4, were
obtained from RT-PCR. They contained inserts of 2.3, 3.9,
2.7, and 1.8 kb, respectively (Figure 1).  These four clones
combined with the previously obtained clone pZCP-36
represented 100% of TW-TN3 genome and were used to
determine the complete nucleotide sequence of TW-TN3
RNA.  In addition, the 5´ RACE clones reflecting the 5´-
terminal region were used to reveal the actual nucleotide
sequence of the 5´ extreme of the genomic RNA (Figure
1).

The complete RNA genome of TW-TN3 was determined
to be 9591 nucleotides in length, excluding the poly (A)
tail (Figure 2).  The overall base composition of the se-
quence was found to be 31.05% A, 19.48% C, 23.75% G,
and 25.72% U.  Computer analysis of the sequence re-
vealed a large open reading frame (ORF) that commences
at the first AUG at nucleotide position 139 and terminates
at position 9381 with a UAA codon, leaving a 3´
noncoding region of 212 nucleotides.  The ORF was pre-
dicted encoding a polyprotein of 3079 amino acids with a
calculated molecular weight of 351,139 (351 kDa).

The 5´ untranslated region (UTR) of TW-TN3 RNA was
determined as 138 nucleotides in length with a base com-
position of 43.48% A, 21.01% C, 10.87% G, and 24.64% U.
The high AU content (68.12%) in the 5´ leader sequence
is common in plant viruses (Gallie et al., 1987).  This fea-
ture was proposed to aid melting of secondary structures
of RNA for efficient translation (Jobling and Gehrke, 1987).
When six clones obtained from 5´ RACE using primers
MZ1188 and MZ1014 were used to analyze the 5´ end of
TW-TN3 isolate, three of them contained the complete 5´
end.  The actual sequence of the 5´-terminal region was
determined as “5´-AAATTAAAACAAA…-3´.”  The first
to third residues of the 5´-terminal sequence were deter-
mined as (A)

3
-start and were different from the designed

primer Z5E5´ that contained (A)
4
-start.  However, the other

nucleotide residues of 5´-terminal region were the same as
those designed for the primer Z5E5´ which was designed
from the 5´ terminal consensus sequence of CA and RU
isolates (Wisler et al., 1995).  Our results indicated that
TW-TN3 contains an (A)

3
-start the same as isolate S (Lee

and Wong, 1998), but different from the (A)
4
-start of iso-

lates CA and RU (Wisler et al., 1995).

Proteolytic Processing of TW-TN3 Polyprotein
The polyprotein of a potyvirus is cleaved by the virus-

encoded proteases P1, HC-Pro, and NIa, resulting in at
least nine functional, mature proteins (Shukla et al., 1994).
By comparison of the deduced amino acid sequence, TW-
TN3 also possessed all nine potential protease cleavage
sites.  The proposed cleavage sites and the deduced prod-
ucts of TW-TN3 are shown in Figures 1 and 2.

The processing of the N-terminal region of the potyviral
polyprotein involves the proteases HC-Pro and the P1
(Shukla et al., 1994).  The C-terminal part of P1 protein has
been identified as a serine-type protease responsible for
the autocatalytic cleavage between P1 (36 kDa) and HC-
Pro (52 kDa) proteins (Verchot et al., 1991).  After compar-
ing the homologous regions in the polyproteins of
TW-TN3 and other potyviruses (Yeh et al., 1992; Lee and
Wong, 1998), we concluded that the cleavage site for P1
and HC-Pro proteins of TW-TN3 occurs at Y

310
/ S

311
.  The

serine protease active site motif, GCSG, was found in all
seven ZYMV isolates CA, MD, SV, FL/AT, RU, S, and
TW-TN3.  The P1 consensus motif LVIRG for all reported
ZYMV isolates was also found at amino acid positions 284-
288 of TW-TN3.

HC-Pro (helper component-protease) protein is released
from the polyprotein by autocatalysis and the HC-Pro/P3
cleavage site has been shown to be at G-G in TEV
(Carrington et al., 1989).  By comparison, the sequence
KHYRVGG at amino acid positions 761-767 was predicted
as the cleavage site for the HC-Pro protein of TW-TN3,
and this motif was also present in the other three ZYMV
isolates CA, RU, and S.

The NIa protein (nuclear inclusion protein a) is the ma-
jor protease of potyviruses and is involved in processing
the C-terminal two-thirds of the polyprotein (Shukla et al.,
1994).  It belongs to the class of cysteine-type proteases
(Bazan and Fletterick, 1988), and the motif GDCG at amino
acid positions 2190-2194 of the polyprotein of TW-TN3
was considered the catalytic site responsible for NIa pro-
tease activity (Shukla et al., 1994).  A histidine residue that
may play a role in substrate binding (Dougherty and
Semler, 1993) was also found conserved in TW-TN3 at
amino acid postion 2208.

Comparison of cleavage sites of the C-terminal halves
of the polyproteins of the three reported ZYMV isolates
with those predicted from TW-TN3 revealed that the NIa
protease cleaves at Q-S, and E-S dipeptides (Table 1).
Moreover, Shukla et al. (1994) concluded that the Q-A, Q-
G, E-A, and E-G are also NIa protease cleavage sites.  We
found that Q-A and Q-G are responsible for the junction
sites of P3/6K1 and 6K1/CIP of ZYMV isolates, respec-
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tively (Table 1).  In all cleavage sites, valine was found
present 100% at the upstream P4 position.  The compari-
son of individual cleavage sites of NIa protease ZYMV
isolates are listed in Table 1, and the consensus sequence
for NIa cleavage sites was found to be V-x-x-(Q, E)/(S, A,
G).  The results also revealed that glutamine presents at
the P6 position as 57%, leucine at P2 position as 46%, and
lysine at P2´ position down stream from the cleavage site
as 57%.  These residues may affect processing efficiency
and regulate production of the corresponding products
(Shukla et al., 1994).  In addition, there is an alanine at the
position P3 of the P3/6K1 cleavage site of TW-TN3, which
is not the case with the serine of isolate CA or the threo-
nine of isolates RU and S (Table 1).  The different amino
acid might result from mis-incorporation by one of the DNA
polymerase used to create the cDNAs.  However, Figure
1 shows that the region of the P3/6K1 cleavage site of TW-
TN3 is covered by two cDNA clones, pZM2.7-20 and
pZF31.  The cDNA in pMZ2.7-20 was synthesized by RT-
PCR, and the cDNA in pZF31 was selected from the cDNA
library.  The data from both clones showed that both se-
quences covered the P3/6K1 cleavage site of TW-TN3 and
were thus identical.  Therefore, the possibility that the dif-
ferent alanine in the position P3 of the P3/6K1 cleavage
site was caused by synthesis or sequence error is minimal.
Whether this unique amino acid affects the biological func-
tions of the virus remains to be investigated.

The NIa protease recognized the predicted cleavage
sites in cis and trans manners to generate products of P3
protein (40 kDa), 6K1 protein (6 kDa), CIP (cytoplasmic in-
clusion protein, 71 kDa), 6K2 protein (6 kDa), NIa-Vpg pro-
tein (22 kDa), NIa-Pro protein (27 kDa), NIb protein (nuclear
inclusion protein b, 60 kDa), and CP (31 kDa) (Figure 2).
The proteolytic processing of these proteins by the NIa
protease is the common characteristic of potyviral gene
expression, and the consensus sequence of the NIa cleav-
age site can be used for cleavage of the fusion protein in
protein engineering.

Figure 2.  The complete nucleotide sequence of ZYMV TW-
TN3 RNA (in the cDNA form) and deduced amino acids of the
polyprotein.  Arrows indicate the cleavage sites of putative vi-
ral proteins.
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Several other functional motifs of potyviral polyprotein
were also found in the polyprotein of TW-TN3.  The RNA
helicase motifs GAVGSGKST and PTR were found con-
served in the N-terminal region of the CIP at amino acid
postions 1249-1257 and 1274-1277, respectively.  Three
RNA-dependent RNA polymerase (RdRp) consensus mo-
tifs (Domier et al., 1987), YCHADGS at amino acid posi-
tions 2528-2534, GNNSGQPSTVVDNTLMV at amino acid
positions 2591-2607, and NGDDL at amino acid positions
2634-2638, were conserved in the large NIb of TW-TN3
polyprotein.

Comparison of TW-TN3 Gene Products with those
of other ZYMV Isolates

Amino acid identities among the gene products of TW-
TN3 and those of the other three reported ZYMV isolates
are summarized in Table 2.  The most variable protein was
found to be the P1 protein (59.0-93.2%).  The other pro-
teins showed high degrees of conservation with amino acid
identities ranging from 87.2-100% among four ZYMV
isolates.  Our results are similar to those of Shukla et al.
(1994), who concluded that among potyviral gene

Table 1.  Comparison of cleavage sites, recognized by the NIa protease, in the polyprotein of four ZYMV isolates originating in
California.

Amino acid position
Cleavage site Virus isolatea

P7 P6 P5 P4 P3 P2 P1 P1´ P2´ P3´

P3/6K1 TW A E V V A T Q A K S
CA V E V V S T Q A K S
RU A E I V T P Q A K S
S G E V V T A Q A K S

6K1/CIP TW G E T V R L Q G L E
CA G E T V R L Q G L E
RU G E T V R L Q G L E
S G E T V R L Q G L E

CIP/6K2 TW I K S V V L Q S K Q
CA I K S V V L Q S K Q
RU I K S V V L Q S K Q
S I K S V V L Q S K Q

6K2/NIa-Vpg TW N E P V R V E S K K
CA N E P V R V E S K K
RU N E P V R V E S K K
S N E P V R V E S K K

NIa-Vpg/NIa-Pro TW N E H V E L E S K S
CA N E H V E L E S K S
RU N E H V E L E S K S
S N E H V E L E S K S

NIa-Pro/NIb TW T S G V E T Q S K R
CA T S G V E T Q S K R
RU N S G V E T Q S K R
S T S G V E T Q S K R

NIb/CP TW G D T V M L Q S G T
CA G D T V M L Q S G T
RU R D T V M L Q S D T
S G D T V M L Q S D T

Consensus sequence - - - V - - Q,E S,A,G - -

 aCA, GenBank accession number L31350; Reunion Island (RU, L29569); Singapore (S, AF014811); Taiwan (TW-TN3, AF343979).

Table 2.  Comparison of nucleotide identities of genomic sequences and amino acid identities of gene products of ZYMV TW-TN3
with those of three reported ZYMV isolates originating in California.

Nucleotide identity (%) Amino acid identity (%)

Isolatea 5´UTR 3´UTR ORF P1 HC P3 6K1 CIP 6K2 NIa/VPg NIa/Pro NIb CP

CA 83.3 95.2 93.6 93.2 96.1 98.0 100 97.3 96.2 98.4 99.2 98.3 97.8
RU 71.0 90.4 81.6 62.9 93.2 89.9 96.2 94.8 98.1 94.7 95.1 96.3 90.7
S 61.6 95.7 82.9 59.0 89.5 94.2 98.1 96.1 92.5 97.4 97.1 87.2 91.0

 aCA, GenBank accession number L31350; Reunion Island (RU, L29569); Singapore (S, AF014811); Taiwan (TW-TN3, AF343979).
The nucleotide identities and amino acid identities were calculated by the GAP program of GCG package (version 10.0, 1999,
Genetics Computer Group, Madison, WI., USA).
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products, the P1 protein is most variable and the NIb pro-
tein is the most conserved. This investigation found that
the NIb protein of TW-TN3 shares 98.3 and 96.3% amino
acid identities with CA and RU isolates, respectively.
However, it only shares an 87.2% amino acid identity with
the NIb protein of the S isolate. This low identity appar-
ently results from two regions, GRSKHLLQTLDGGV
PAEQIKQGSIQEGL at amino acid positions 7140-7223 and
PKFVWMTLTMSSTVKSQVSVKL at amino acid positions
7602-7667. Both are completely different from those of TW-
TN3, CA, and RU isolates and apparently result from se-
quence errors.  The NIa-Vpg proteins, NIa-Pro proteins,
and CIPs of the four ZYMV isolates were also highly con-
served with amino acid identities of 99.2-94.7%.  However,
the HC-Pro proteins shared lower degrees (96.1-89.5%) of
amino acid identity.

Comparison of the 5´ and 3´ Untranslated Re-
gions with those of other ZYMV Isolates

Comparison of the 5´ UTR of TW-TN3 with those of
ZYMV isolates CA, RU, and S showed that they share
83.3%, 71.0%, and 61.6% nucleotide identities,
respectively. This relatively low identity reflects the
diversity of the 5´ UTRs of ZYMV isolates from different
areas of the world.  Such sequence variability in the 5´
UTR of ZYMV is useful for strain differentiation and
phylogenetic analysis.  The 3´ UTR of TW-TN3, however,
exhibited higher degrees of homology with nucleotide
identities of 95.2, 90.4, and 95.7% when compared with
those of CA, RU, and S, respectively.  Although the 3´
UTRs of potyviruses are heterogeneous in size (Turpen,
1989), the high degree of identity among these ZYMV
isolates reflects the common roles involved in the initiation
of minus-strand RNA synthesis and prevention of
exonucleolytic degradation (Bryan et al., 1992).

Phylogenetic Analysis of P1 Protein
Shukla and Ward (1988; 1989) concluded that amino

acid identities of CPs between different potyviruses ranged
from 38% to 71%, whereas between strains of each species,
they ranged from 90% to 99%.  For P1 protein, the amino
acid sequences of G2 and G7 strains of Soybean mosaic
virus (SMV) share a 93.5% identity (Jayaram et al., 1992).
However, only a 66.7% identity was found in the P1 pro-
teins of Papaya ringspot virus YK (PRSV YK) and HA
(Wang and Yeh, 1997).  Therefore, the threshold of se-
quence similarity of CPs for grouping strains of the same
potyvirus is obviously not applicable to the P1 protein.
Similar results were obtained when the P1 proteins were
compared between strains of PVY (Tordo et al., 1995).  The
amino acid identities of the P1 coding regions of 12 PVY
isolates ranged from 72.8-100%, and these isolates can be
classified into three geographical groups.  In this
investigation, the amino acid and nucleotide sequences of
the P1 proteins of seven ZYMV isolates were compared,
including TW-TN3, RU, S, and four US isolates (CA, MD,
SV, and FL/AT) (Wisler et al., 1995) (Figure 3A).  The four
US isolates were found to be more conserved, with nucle-

otide identities of 96.7-98.0% and amino acid identities of
95.3-96.3%.  The Taiwan TW-TN3 isolate was found to
have closer relationships with the four US isolates, with
nucleotide identities of 93.4-94.2% and amino acid identi-
ties of 92.3-93.9%.  However, P1 proteins of ZYMV iso-
lates from RU and S shared low amino acid identities of
56.2-62.9% with those of TW-TN3 and US isolates.  These
results indicate that TW-TN3 isolate and US isolates can
be classified in the same group if the nucleotide and amino
acid identities are set at 90% as a threshold.  On the other
hand, the RU isolate and S isolate are distinct from the
Taiwan and US isolates and should be classified as two
different individual groups.

Figure 3.  A, nucleotide identities (above diagonal) and amino
acid identities (below diagonal) of the P1 proteins of seven
ZYMV isolates.  The nucleotide and amino acid identities over
95% are grouped in the black box, and the 90-95% identities
are grouped in the gray box.  B, an unrooted minimum distance
tree of P1 Proteins of ZYMV isolates from Taiwan (TW-TN3),
United States (CA, MD,SV, and FL/AT), Reunion Island (RU),
and Singapore (S).  The phylogenetic tree was established by
the PHYLIP software package (Kimura, 1980).  Numbers indi-
cating the percentage of 200 bootstrap replicates are shown at
the appropriate nodes.  The scale to measure genetic distances
is indicated at the lower right.
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Although, TW-TN3 was classified closer to US isolates,
it shared nucleotide and amino acid identities lower than
95%, indicating that TW-TN3 isolate can be further con-
sidered as a different genotype distinct from the US
isolates.  Lin et al. concluded that different genotypes of
ZYMV isolates share nucleotide identities of CP lower than
95% (Lin et al., 2000).  If the same 95% identity threshold
was applied to P1 proteins, TW-TN3 could be considered
a different genotype from the US isolates.

The evolutionary relationships of the P1 protein of TW-
TN3 with those of other ZYMV isolates were further ana-
lyzed by phylogenetic analysis (Figure 3B).  The P1
proteins of the seven ZYMV isolates were compared and
grouped into four genotypes based on the 95% nucleotide
identity as a threshold.  This result was similar to the phy-
logenetic analysis of ZYMV CP, which revealed four
genotypes, including genotype I (4 Taiwan isolates), geno-
type II (3 US isolates, 1 Israel isolate, and 1 Taiwan isolate),
genotype III (Reunion Island isolate), and genotype IV
(Singapore isolate) (Lin et al., 2000).  In this investigation,
the phylogenetic tree based on P1 proteins indicated that
TW-TN3 was classified closer to the US isolates, agree-
ing well with the CP analysis that the distance relation-
ships of genotype I were closer to genotype II.  Thus,
phylogenetic analyses based on the P1 proteins and CPs
indicated that the ZYMV of Taiwan isolates and US iso-
lates may have evolved from the same ancestor.  On the
other hand, the variation in P1 proteins may reflect the
variation in symptom development, host range, and geo-
graphical distribution (Lee and Wong, 1998; Tordo et al.,
1995).  It is apparent that these parameters for the ZYMV
isolates from Reunion Island and Singapore are quite dif-
ferent from those for Taiwan and US isolates.

A new standard to distinguish different strains of vi-
ruses in the genus Potyvirus has to be established when
more sequence information for different P1 proteins be-
comes available.  Nevertheless, the diversity of the P1 pro-
tein should be taken into consideration regarding
taxonomy of potyviruses.  Also the P1 gene can be used
as a target for development of specific probes or for het-
eroduplex mobility assay (HMA) to distinguish strains of
potyviruses.  Furthermore, the complete genome sequence
of ZYMV TW-TN3 provides an important base for con-
struction of the in vitro and in vivo infectious clones at
the cDNA level.  The infectious clones of ZYMV TW-TN3
can be used as tools, through recombination at the cDNA
level, to study the differences of nucleotides and amino
acids among different strains for their roles in biological
functions.
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