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Abstract. The full-length cDNA of a Taiwan strain of Zucchini yellow mosaic virus (ZYMV TW-TN3) was con-
structed from five overlapping cDNA clones downstream from the bacteriophage T7 promoter in plasmid pT7ZYMV2-
5. The plasmid was able to generate an in vitro transcript corresponding to TW-TN3 (9591 nt) with one extra
guanosine residue at the 5” terminus and a poly(A),, tract at the 3" end. In addition, pT7ZYMV2-5 was used for
the construction of p35SZYMV2-26 that contained the full-length cDNA of TW-TN3 with a Cauliflower mosaic
virus (CaMV) 35S promoter and a nopaline synthase (nos) terminator. The capped in vitro transcript generated
from pT7ZYMV2-5 and the purified DNA of p35SZYMV2-26 were introduced into zucchini squash plants by
mechanical inoculation and particle bombardment, respectively. Both in vitro and in vivo transcripts induced sys-
temic symptoms on zucchini squash 4 to 6 days after inoculation. In addition, both transcripts also induced local
lesions on plants of Chenopodium quinoa by mechanical inoculation. The results of infectivity assay, symptomatology,
and serologically specific electron microscopy indicated that the in vitro and in vivo TW-TN3 transcripts derived
from pT7ZYMV2-5 and p35SZYMV2-26, respectively, are infectious. The ability to generate biologically func-

tional transcripts from the constructed cDNA clones is a significant step for molecular analyses of TW-TN3.
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Introduction

Zucchini yellow mosaic virus (ZYMV) is a member of
the genus Potyvirus, the largest group among plant
viruses, and is the major limiting factor for production of
cucurbits worldwide. The disease is characterized by pro-
nounced reduction in plant growth, yellow mosaic and dis-
tortion of leaves, and malformation of fruit (Lisa et al., 1981;
Provvidenti et al., 1984). In Taiwan the disease caused by
ZYMV has been considered one of the major limiting fac-
tors for the production of cucurbits (Lin et al., 1998; Lin
etal., 2000). ZYMYV particles are flexuous rods, 750 nm in
length, and contain a monopartite genome consisting of a
positive-sense sSRNA with a 5” genome-linked protein
(VPg) (Siaw et al., 1985; Riechmann et al., 1989; Murphy
etal., 1990) and a 3" poly (A) tract (Hari et al., 1979).

Infectious transcripts generated from cDNA clones of
plant RNA viruses have been described for members of
most plant virus groups (Boyer and Haenni, 1994). Among
potyviruses, transcripts have been synthesized in vitro
from full-length cDNA clones with bacterial phage promot-
ers and proved to be infectious for Plum pox virus (PPV)
(Riechmann et al., 1990), Zucchini yellow mosaic virus
(ZYMV) (Gal-On et al., 1991), Tobacco etch virus (TEV)
(Dolja et al., 1992), Pea seed-borne mosaic virus (PSbMV)
(Johansen et al., 1996), Peanut stripe virus (PStV) (Flasinski
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et al., 1996), Potato virus A (PVA) (Puurand et al., 1996),
Tobacco vein mottling virus (TVMV) (Domier et al., 1989;
Nicolas et al., 1996), Potato virus Y (PVY) (Jakab et al.,
1997), Turnip mosaic virus (TuMV) (Sanchez et al., 1998)
and Papaya ringspot virus (PRSV) (Chiang and Yeh, 1997).
In vivo infectious transcripts, which are driven by a Cau-
liflower mosaic virus (CaMV) 35S promoter that can be
recognized by host RNA polymerase, have also been re-
ported for PPV (Maiss et al., 1992), ZYMV (Gal-On et al.,
1995), Potato virus Y (PVY) (Fakhfakh et al., 1996), PSbMV
(Johansen, 1996), Clover yellow vein virus (CIYVV)
(Takahashi et al., 1997), PVY (Jakab et al., 1997), TuMV
(Sanchez et al., 1998), Lettuce mosaic virus (LMV) (Yang
etal., 1998), Plum pox virus (PPV) (Lopez-Moya and Garcia,
2000), TuMV (Sanchez et al., 1998) and PRSV (Chiang and
Yeh, 1997). In these cases, the plasmids can be directly
introduced to host plants to induce infection.

The complete nucleotide sequence of a severe Taiwan
strain ZYMV TW-TN3 has previously been determined by
our laboratory (Lin et al., 2001). Comparison of the coat
protein (CP) gene and the P1 gene of TW-TN3 with those
of other reported ZYMYV isolates classified all sequenced
ZYMV isolates in four genotypes, among which TW-TN3
and most of ZYMYV isolates from Taiwan were placed in
genotype I (Lin et al., 2000). The in vitro and in vivo in-
fectious clones of ZYMYV have been reported for an Israel
isolate (IL) (Gal-On et al., 1991; Gal-On et al., 1995) that
was placed in genotype II with closer relationships to US
isolates (Lin et al., 2000).
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In this study, the full-length cDNA clone of the severe Materials and Methods
Taiwan strain ZYMV TW-TN3 was constructed either
downstream from the bacteriophage T7 promoter for gen- Construction of the Full-Length cDNA with a T7
erating in vitro infectious transcript or downstream from Promoter
the CaMV 35S promoter for directly using plasmid to gen-
erate in vivo infectious transcript. The biological activi-
ties were analyzed on systemic host zucchini squash
(Cucurbita pepo L. var. Zucchini) and the local lesion host
Chenopodium quinoa Willd. by mechanical inoculation or
particle bombardment. The ability to generate biologically
functional RNA transcripts from those full-length cDNA
clones provides a powerful tool to study the gene
functions, replication, and pathogenicity of genotype I
strains of ZYMV.

ZYMV TW-TN3, a severe strain originated from Taiwan
(Lin et al., 1998), was propagated in plants of Cucurbita
pepo L. var. Zucchini. Virus purification, viral RNA
extraction, and cDNA cloning followed the methods pre-
viously described (Lin et al., 2001). The strategy for the
construction of an in vitro infectious transcript derived
from a full-length cDNA clone to TW-TN3 RNA is sum-
marized in Figure 1A. Five overlapping cDNA clones that
covered the complete genomic TW-TN3 RNA, including
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Figure 1. Construction of the in vitro infectious full-length cDNA of a Taiwan strain Zucchini yellow mosaic virus (ZYMV TW-
TN3) in pT7ZYMV2-5. (A), the full-length cDNA clone was constructed downstream from a T7 promoter by ligating suitable
restriction fragments from five overlapping cDNA clones corresponding to different genomic regions of TW-TN3. Nonviral se-
quence upstream from the 5" end of TW-TN3 sequence was removed by site-directed mutagenesis. The final construct containing a
complete cDNA copy of TW-TN3 genome was designated pT7ZYMV2-5. The cDNA of the coding region is indicated by open
bars. The 5" and 3" non-coding regions of the virus are indicated by thick black lines. The plasmid vectors are indicated by thin
lines. The relevant restriction sites for construction are shown; (B), predicted site of initiation and direction of in vitro transcription
initiated by T7 RNA polymerase (arrowed). The junction between the T7 promoter and the 5” end of ZYMYV sequence (9591 nt)
contained an extra guanosine residue, and the 3" end of TW-TN3 sequence was followed by a poly(A),; tract with a NotI site.

bot 3402. p65 262 2002/12/9, PM 04:08



bot 3402. p65

Lin et al. — Construction of infectious transcripts of ZYMV 263
.nKpnI Nhel Sacl pCaMVCN
Nhel pT7IZYMV2-5 Noti
pZ5£0 9A-15 Sal ]
(Fil in)
(qensrated MunlW
pBluescript I KS(+)
p35SZSE34
Xbal Nhel Xt )
p35SZ5Eks-§ 358
EcoRV X ! Nrel xbal
353 NheliNofl
remove non-viral sequence
by mutagensis
P3SSMSE- 1
EeoRV Nhet »
o}
z

p35S-HA

EcoRVINofil

p35SMSEN-10

Nhel Nott Xbal

NOSNOS

Figure 2. Construction of in vivo infectious clones of ZYMV with a 35S promoter and a nos terminator. The 65 nonviral nucle-
otides located between the transcription initiation site of the 35S promoter and the first nucleotide of the TW-TN3 sequence in
p35SZ5Eks-5 were removed by site-directed mutagensis. The final construct was designated p35SZYMV2-26 and contained a
complete cDNA copy of the TW-TN3 genome. The coding region of the cDNA is indicated by open boxes. The 5" and 3" non-
coding regions of the cDNA are indicated by thick black lines. The plasmid vectors are indicated by thin lines. In addition, the

relevant restriction sites for construction are shown.

pZ5SE1.8-4, pZM2.7-20, pZF80, pZF31, and pZCP36, were
used for construction of the full-length ZYMYV genomic
cDNA clone by ligating overlapping fragments that shared
identical restriction sites. Plasmid pZM2.7-20 was digested
with Xbal and ligated with Xbal digested fragment (1.5 kb)
released from pZ5E1.8-4 to generate pZ5E27-1. The plas-
mid pZF31 was digested with Stul and No¢l and ligated
with Stul-Notl digested fragment (2.4 kb) released from
pZF80 to generate pZF31/80-12. Plasmid pZF31/80-12 was
digested with Mlul and No¢l and ligated with MIul-Notl
digested fragment (0.85 kb) released from pZCP36 to gen-
erate pZF147-15. Plasmid pZ147-15 was digested with Apal
and Sa/l and ligated with Apal-Sall fragment (3.7 kb) re-
leased from pZ5E27-1 to generate full-length in pZTW20.

Plasmid pBluescript II (SK+) was digested with EcoRI
and ligated to the EcoRI fragment (900 bp) released from
pZ5E1.8-4 to generate pZ5E0.9A-15. The polylinker se-
quence (75 nt) located between the T7 promoter and the
5" terminus of the TW-TN3 genomic sequence in
pZ5E0.9A-15 was removed using the site-directed mu-
tagenesis GeneEditor system of Promega (Madison,
Wisconsin). Escherichia coli strain XL-1 was used for
the cloning of all plasmids and the production of single-
stranded DNA via helper phage VCSM13 (Stratagene, La
Jolla, California) for the mutagenesis reaction. The oligo-
nucleotide 5'-CGACTCACTATAGAAAATTAAAA-
CAAATCAC-3" contained 13 nucleotides of the T7
promoter plus an additional guanosine residue and the last
18 nucleotides of the 5" end of TW-TN3 sequence
(underlined) derived from the previous report (Lin et al.,
2001). The resulting plasmid pMZ5E-18 was sequenced
to verify the deletion. Plasmid pMZ5E-18 was digested
with Nhel and Nofl and ligated with Nhel-Notl digested
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fragment (8942 bp) released from pZTW20 to generate
pT7ZYMV2-5 that contained the T7 promoter and an addi-
tional guanosine residue with the full-length cDNA to TW-
TN3 genomic RNA (Figure 1B).

Construction of the Full-Length cDNA with a
CaMV 358 Promoter

A plasmid pCaMVCN containing a CaMV 35S promoter
and a nos terminator was purchased from Pharmacia/LKB
(South Plainfield, NJ). Escherichia coli strain IM109 was
used for cloning the plasmid, and E. coli strain XL-1 was
used for site-directed mutagenesis.

The strategy for the construction of a full-length cDNA
clone of TW-TN3 with the 35S promoter and the nos ter-
minator is outlined in Figure 2. The Kpnl-Sacl fragment
of pZ5E0.9A-15 (Figure 1) was converted to blunt ends
with the Klenow fragment of DNA polymerase I, and li-
gated with pCaMVCN that was digested with Sa/l and
filled-in by the Klenow fragment. The resulting plasmid
p35SZ5E34 contained 65 extra nucleotides between the 35S
promoter and the 5" end of ZYMYV sequence. In order to
generate single-stranded DNA for site-directed
mutagenesis, p35SZ5E34 was further digested with Xbal
and subcloned into Xbal digested pBluescript 11 (KS+)
(Stratagene) to create p35SZ5Eks-5. The 65 nonviral nucle-
otides located between the transcription initiation site of
the 35S promoter and the first nucleotide of TW-TN3 se-
quence in p35SZ5Eks-5 were then removed by site-directed
mutagenesis. The oligonucleotide 5'-GTGATTTGTTTT
AATTTTCCTCTCCAAATGAAATGAA -3’, containing the
first 18 nucleotides of TW-TN3 RNA (underlined) (Lin et
al., 2001) followed by the last 15 nucleotides of the 35S
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promoter, was used for site-directed mutagenesis. The re-
sulting plasmid p35SMS5E-1 was sequenced to verify the
deletion.

The EcoRV-Nofl fragment of p35MS5E-1 was ligated with
the same enzyme-digested p35S-HA (Chiang and Yeh,
1997) to generate p35SMSEN-10 to obtain the nos termi-
nator downstream from the Notl site. Plasmid p35SMSEN-
10 was then digested with Nhel-Notl and ligated to the
same enzyme digested fragment (8942 bp) that was excised
from the cDNA clone of pT7ZYMV2-5 to produce
p35SZYMV2-26, which contained a construct of the full-
length TW-TN3 cDNA with a 35S promoter and a nos ter-
minator (Figure 2).

Synthesis of in vitro Transcripts

In vitro transcription of pT7ZYMV2-5 (30 pug in 200 pl
final volume) was carried out with the mCAP mRNA
capping kit (Stratagene), T7 RNA polymerase (1.2 unit per
pl) (Stratagene), RNase inhibitor (Promega, Madison, WI)
(0.4 unit per pl), and 500 mM m’GpppG (Stratagene). The
mixture was first incubated at 37°C for 1 h; GTP was then
supplemented to 250 mM, and the incubation was further
proceeded for 1 h. Size and concentrations of the
transcripts were estimated by comparison with a known
quantity of viral RNA.

Infectivity Assay

Systemic host Cucurbita pepo L. var. Zucchini at the
cotyledon stage and local lesion host Chenopodium
quinoa Willd. with four fully expanded leaves were used
for bioassay of the cDNA constructs. Transcription mix-
tures of 20 pl (final quantity of 2-3 ug RNA) were mechani-
cally applied onto a leaf of each carborundum-dusted plant
with a sterilized glass spatula. Healthy seedlings were
mock-inoculated with 20 pl transcription buffer or with 0.5
pg of ZYMV native RNA per plant as controls.

ZYMV full-length cDNA clone p35ZYMV2-26 was pu-
rified by alkaline lysis minipreparation (Sambrook and
Russell, 2001). Aliquots of 20 pl, containing 1 ug DNA in
sterilized water, were mechanically applied onto a
carborundum-dusted leaf of C. quinoa with a sterilized
glass spatula. Plants were also inoculated by
microprojectile bombardment with a particle delivery sys-
tem (Bio-Rad, Biolistic PDS-1000/He, Hercules, California)
following the procedure described in the user’s manual.
Briefly, aliquots of 10 pl (containing 0.8 pg DNA) of the
DNA-coated gold microcarriers (1.6 pm) were transferred
onto the center of the macrocarrier and dried in low hu-
midity under vibration-free conditions. Four zucchini
squashes at the cotyledon stage were clustered by rub-
ber bands and placed on a petri dish with the leaves fac-
ing the macrocarrier. The petri dish was placed on the
holder in the third position down from the microcarrier
launch assembly. The vacuum was maintained at 20-25
inches of mercury, and then the microcarriers were deliv-
ered into plants at 650 psi. All inoculated plants were kept
in a temperature-controlled (23-28°C) greenhouse for ob-
servation of symptom development.
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Confirmation of Infection

Inoculated plants were assayed by indirect enzyme-
linked immunosorbent assay (ELISA) using ZYMYV anti-
serum (Lin et al., 1998) to detect the presence of ZYMYV at
8 days post inoculation (dpi). Results were recorded by
measurement of the absorbancy at 405 nm by an ELISA
reader (ELx800, Bio-Tek Instruments, Inc., Winooski,
Vermont).

Total proteins extracted from leaf tissues of infected
plants were separated by SDS polyacrylamide gel (12.5%)
electrophoresis, transferred to nitrocellulose membranes
(Bio-Rad), and immunostained with the polyclonal antise-
rum to ZYMYV (Lin et al., 1998) as described by Sambrook
and Russell (2001).

Virions present in infected squash were also analyzed
by immunogold labeling and electron microscopy. The
gold labeling of virus particles followed the method of Van
Lent and Verduin (1985). Formvar/ carbon-coated grids

Zucchini squash Chenopodium quinoa

pT7ZYMV2-5

p35SZYMV2-26

ZYMV TW-TN3

Figure 3. Symptoms on zucchini squash induced either by
microprojectile bombardment with p35SZYMV2-26 or by me-
chanical inoculation with the transcript synthesized from
pT7ZYMV2-5. In addition, both transcripts also induced local
lesions on plants of Chenopodium quinoa by mechanical
inoculation. The photographs were taken at 14 days after
inoculation.
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were allowed to float on drops of crude sap from leaf tis-
sue of infected plant extracted in Tris-EDTA buffer (10 mM
Tris-HCI, 10 mM EDTA, pH 7.4, containing 100 pg/ml
bacitracin). Grids were incubated with phosphate-buffered
saline (PBS: 0.137 M Na(Cl, 1.5 mM KH,PO,, 8.1 mM
Na,HPO,, 2.7 mM KCI, 3.1 mM NaN,, pH 7.4) containing
1% (w/v) BSA for 10 min and transferred to drops of pri-
mary antisera (1:200 in PBS buffer containing 1% BSA) for
30 min. The grids were then washed with 30 drops of PBS
and 10 drops of distilled water. Grids were incubated with
gold conjugated protein A (Zymed Laboratories, South
San Francisco, CA) with 20 nm gold (1:50 in PBS buffer
containing 1% BSA) for 30 min, washed with 30 drops of
PBS and 10 drops of distilled water, and stained with 2%
uranyl acetate. Results of immunodecoration were exam-
ined with a JEOL 200CX electron microscope and photo-
graphed with Kodak 4489 EM film.

Results

Full-Length cDNA Clones with a T7 Promoter or
a 35S Promoter

The clone pT7ZYMV2-5 contained the full length cDNA
sequence of ZYMV TW-TN3 (9591 nt) downstream from
the T7 promoter, with one extra G in between the promoter
and the 5" end of the ZYMYV sequence and a poly (A) tail
of 95 nucleotides at the 3" end followed by a NotI site for
run-off transcription (Figure 1B). This full-length cDNA
clone was further used for the construction of the full-
length cDNA clone with a CaMV 35S promoter (Figure 2).

The plasmid p35SZYMV2-26 contained a construct in
the arrangement of the 35S promoter, the complete ZYMV
cDNA, a 95 poly (A) tract with 10 additional nucleotides
including a Notl site, and a nos polyadenylation signal as
a terminator (Figure 2).

Infectivity Assay of in vivo and in vitro Infectious
Clones

The biological activities of both infectious clones were
analyzed on the systemic host zucchini squash and the
local lesion host C. quinoa. Capped in vitro transcript
generated from template pT7ZYMV2-5 infected squash
plants (4 out of 6 inoculated plants) after they were me-
chanically inoculated. In addition, the in vitro transcripts
also infected plants of C. quinoa (4 out of 4 inoculated
plants) after they were mechanically inoculated. In vitro
transcripts of pT7ZYMV2-5 were able to induce typical
severe symptoms on squash plants 4 to 6 days after in-
oculation and local lesions on C. guinoa plants 5 to 7 days
after inoculation, respectively, similar to those induced by
ZYMV TW-TN3 (Figure 3).

The plasmid p35SZYMV2-26 did not infect any of the
squash plants (0 out of a total of 12 inoculated plants from
three independent experiments) mechanically inoculated.
However, 100% infection (16 out of a total of 16 inocu-
lated plants from four independent experiments) was ob-
tained when the plants were particle-bombarded with
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Figure 4. Western blot analysis of zucchini squash plants in-
fected with ZYMYV infectious clones, using the polyclonal anti-
body to ZYMYV (Lin et al., 1998). Extracts (5 pl) from equal
amounts of leaf tissue (0.05 g /500 pl) collected at 7 days after
inoculation (0.5 cm diameter of disk from three different leaves
ground in 500 pl extraction buffer) were loaded in each lane.
Lane 1, leaf extract from a plant infected with ZYMV TW-TN3;
Lanes 2 and 3, leaf extracts from plants infected with in vitro
transcript of pT7ZYMV2-5 by mechanical inoculation and in-
fected by the plasmid of p35SZYMV2-26 by particle
bombardment, respectively; Lane 4, an uninfected plant as
control; M, protein markers.

p35SZYMV2-26. Also, an infection rate of 100% was ob-
tained after the plasmid was mechanically introduced onto
C. quinoa (20 out of a total of 20 inoculated plants in four
independent experiments). Inoculated squash plants
showed severe symptoms of yellow mosaic 4 to 6 days
after inoculation, similar to those on plants mechanically
inoculated with TW-TN3 (Figure 3). Appearance of the
symptoms induced by p35SZYMV2-26 was not signifi-
cantly delayed when compared with those induced by the
virus. Local lesions also developed on plants of C.
quinoa 5 to 7 days after mechanical inoculation with
p35SZYMV2-26. The lesions showed characteristics typi-
cal to those induced by ZYMV TW-TN3 (Figure 3).

Squash plants showing symptoms of viral infection af-
ter inoculation with either p35SZYMV2-26 or in vitro tran-
script of pT7ZYMV2-5 were used as sources of inocula
to inoculate new sets of plants. In all cases, 100% infec-
tion rates were obtained (6 plants per inoculation tested,
four independent experiments).

Confirmation of Infection

All inoculated plants were analyzed by ELISA with the
antiserum to ZYMYV to confirm infection. Squash plants
that developed severe symptoms strongly reacted with the
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antiserum, while the uninfected control or plants inocu-
lated with Papaya ringspot virus (PRSV) showed nega-
tive reactions. By immunoblotting analysis, a 33 kDa
protein corresponding to the CP of ZYMV was detected
in the plants infected by the in vitro transcripts derived
from pT7ZYMV2-5 or in vivo transcripts derived from
p35ZYMV2-26. The quantity of the CP in plants infected
with both of them was similar to that infected with wild-
type ZYMV (Figure 4).

To confirm that the development of symptoms in zuc-
chini squash plants was induced by p35SZYMV2-26, the
crude sap from leaf tissues of infected squash plants was
examined by electron microscopy. Numerous filamentous
virus particles of 750 nm in length were observed in the
samples from infected plants (Figure SA). When the crude
sap was further analyzed by immunogold labeling, the gold
particles were specifically located along the entire length
of the virions decorated by ZYMV CP antiserum (Figure
5B). Similarly, filamentous particles decorated by gold par-
ticles were also found in the samples infected with capped
in vitro transcripts derived from pT7ZYMV2-5.

Discussion

In this investigation, full-length cDNA clones of ZYMV
TW-TN3 were constructed downstream from a bacterioph-
age T7 RNA polymerase promoter or a CaMV 35S promoter.
The transcripts produced either by in vitro transcription
driven by the T7 promoter or by in vivo transcription de-
rived from the 35S promoter were proven infectious when
introduced to the systemic host zucchini squash and the

Botanical Bulletin of Academia Sinica, Vol. 43,2002

local lesion host C. gquinoa. In addition, ELISA, western
blotting, and electron microscopy confirmed that the arti-
ficial viruses created from both in vitro and in vivo tran-
scripts were similar to the native ZYMV.

Typical symptoms of ZYMYV infection appeared on
plants of zucchini squash and C. quinoa inoculated with
infectious in vitro and in vivo transcripts of ZYMV at
about the same time as those induced by native RNA or
virus particles of ZYMV. These results are similar to the
infectivity assay of in vitro and in vivo infectious tran-
scripts of PRSV (Chiang and Yeh, 1997). However, our re-
sults are different from those induced by the other six
infectious potyviral transcripts, which have a slight lag of
1 to 13 days for symptom development following mechani-
cal inoculation (Domier et al., 1989; Riechmann et al., 1990;
Gal-On et al., 1991; Dolja et al., 1992; Jakab et al., 1997;
Sanchez et al., 1998; Yang et al., 1998).

The infectivity of a number of viral 35S-cDNA clones
by manual inoculation onto plants has been reported, in-
cluding Pea early browning virus (PEBYV, Tobravirus)
(MacFarlane et al., 1992); Tobacco mosaic virus L strain
(ToMV-L, Tobamovirus) (Weber et al., 1992); Plum poxvi-
rus (PPV, Potyviridae) (Maiss et al., 1992); Cowpea mo-
saic virus (CPMV, Comoviridae) (Dessens and
Lomonossoff, 1993); Alfalfa mosaic virus (AIMV,
Bromoviridae) (Neeleman et al., 1993); Cucumber mosaic
virus (CMV, Bromoviridae) (Ding et al., 1995); ZYMV
(Potyviridae) (Gal-On et al., 1995); and PRSV (Potyviridae)
(Chiang and Yeh, 1997). However, low infectivity follow-
ing the mechanical inoculation of plants using intact plas-
mid was noticed (Neeleman et al., 1993; Ding et al., 1995;

Figure 5. Particles of ZYMYV observed in the crude sap of systemically infected leaves of zucchini squash plants inoculated with
the p35SZYMV2-26. (A), filamentous particles about 750 nm in length were observed; (B), serologically specific electron micros-
copy with immunogold labeling on virions prepared from a zucchini squash infected with p35SZYMV2-26. Arrows indicate that
ZYMV virions were labeled by 20 nm gold particles after virions were decorated by the antiserum to ZYMV CP (Lin et al., 1998).
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Gal-On et al., 1995). In this study, the plasmid
p35SZYMV2-26 failed to establish infection by mechani-
cal inoculation on the four tested squash plants. We re-
peated the manual inoculation several times on more than
20 squash plants (data not shown), but still no infectivity
was noticed. However, particle bombardment of zucchini
squash plants resulted in successful infection. Our results
agree with those of Dagless et al. (1997), who showed that
the construct p35SU1R of TMV was unable to infect some
TMV host plants by mechanical inoculation but infected
all TMV host plants by particle bombardment. In addition,
Gal-On et al. showed that particle bombardment increased
the infectivity of pKS35SZYMVNOS from 19% by manual
inoculation to 100% (Gal-On et al., 1995). Through par-
ticle bombardment, Yamashita et al. (1991) showed a strong
positive correlation (>90%) between transient gene expres-
sion and the direct delivery of a gold particle into the cell
nucleus. The unsuccessful delivery of p35ZYMV2-26 into
plant nuclei may be responsible for the lack of infection
by mechanical inoculation on zucchini squash plants.

On the other hand, mechanical inoculation of
p35SZYMV2-26 on C. quinoa resulted in 100% infection.
This result is similar to the results of Weber et al. (1992)
that only 1 pg of 35S-TMV-L cDNA was highly infectious
when introduced into C. quinoa. The bioassay on C.
quinoa does not need any expensive in vitro transcrip-
tion kits or instruments such as the biolistic delivery sys-
tem to introduce infectious plasmids, and many infectious
clones can be assayed at the same time with only a few
C. quinoa plants. Moreover, over 15 local lesions were
caused by 1 pg of p35ZYMV2-26 plasmid on C. quinoa
plants at 5-6 dpi. Thus, we consider bioassay on plants
of C. quinoa a simple, reliable, and economical method for
testing the infectivity of in vivo infectious cDNA clone
of ZYMV. Under the microscope, there were no trichomes
on the epidermis of C. quinoa plants; however, a lot are
found on the epidermis of cucurbit plants. The trichomes
on the leaf epidermis may prevent the entry of
P35SZYMV2-26 into cell nuclei to initiate replication.

The infectious clones of p35SZYMV2-26 and
pT7ZYMV2-5 in E. coli were stored at -80°C for long- term
preservation. After one month, when these bacteria were
activated from -80°C and plated at 37°C, problems of low
plasmid yield and low colony numbers of p35SZYMV2-26
were noticed. However, this phenomenon did not occur
with pT7ZYMV2-5 in E. coli. Instability of full-length
cDNA clones in bacteria have been reported for several
animal and plant viruses, possibly due to the potential tox-
icity and instability of viral sequences in bacteria (Boyer
and Haenni, 1994). In some particular cases of
potyviruses, the construction of a full-length clone of PVY
in E. coli has been unsuccessful to date (Fakhfakh et al.,
1996). Instability of the full-length clones of PStV and
TuMYV in E. coli strain DH50 have also been reported
(Flasinski et al., 1996; Sanchez et al., 1998). The reasons
for the instability have been attributed to potential expres-
sion of toxic product (PVY) (Fakhfakh et al., 1996) and to
the intact P3 gene or its protein product (PSbMV)
(Johansen, 1996). These notions are supported by the fact
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that insertion of introns into the genome of PStMV and
PPV strongly attenuates the instability problems
(Johansen, 1996; Lopez-Moya and Garcia, 2000). The in-
stability detected in full-length clones of TuMV has been
overcome by growing solid and liquid cultures contain-
ing 100 pg/ml ampicillin at 30°C (Sanchez et al., 1998). In
our laboratory, a large amount of original infectious clones
p35SZYMV2-26 were stockpiled at -80°C and used to trans-
form E. coli whenever needed.

TW-TN3 is classified in genotype I (Lin et al., 2000),
and this report represents the first ZYMYV infectious clone
in Eastern Asia. Our ability to synthesize biologically ac-
tive TW-TN3 from full-length cDNA template is a signifi-
cant step forward in molecular studies of the functions of
TW-TN3 genes and the roles of specific sequences of
TW-TN3 RNA in encapsidation, pathogenicity,
transmission, replication, and translation. Currently, TW-
TN3 infectious clone is being modified by mutagenesis to
obtain mild strains for cross protection for control of
ZYMV in Taiwan or Eastern Asia. This ZYMV-based sys-
tem that permits both efficient systemic spread and high
insertion capacity is suitable for the development of a vi-
ral vector for expressing foreign proteins in cucurbits. In
addition, the Nla proteinase of ZYMYV that recognizes se-
quence-specific cleavage sites can be designed along with
foreign proteins for their processing as free form in infected
tissues.
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