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Summary. Plum hypocotyl slices were transformed 
with the coat protein (CP) gene of plum pox virus 
(PPV-CP) following cocultivation with Agrobacterium 
tumefaciens containing the plasmid pGA482GG/PPV- 
CP-33. This binary vector carries the PPV-CP gene 
construct, as well as the chimeric neomycin 
phosphotransferase  and [3-glucuronidase genes. 
Integration and expression of the transferred genes into 
regenerated plum plants was verified through kan 
resistance, GUS assays, and PCR amplification of the 
PPV-CP gene. Twenty-two transgenic clones were 
identified from approximately 1800 hypocotyl slices. 
DNA, mRNA, and protein analyses of five transgenic 
plants conf'Lrmed the integration of the engineered CP 
gene, the accumulation of CP mRNA and of PPV-CP- 
immunoreactive protein. CP mRNA levels ranged from 
high to undetectable levels, apparently correlated with 
gene structure, as indicated by DNA blot analysis. 
Western analysis showed that transgenic plants 
produced amounts of CP which generally correlated 
with amounts of detected mRNA. 
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Introduction 

Plum pox virus (PPV), a member of the potyvirus 
group, is the causal agent of the plum pox (sharka) 
disease of stone fruits (Dunez and Sutic 1988). PPV 
was described for the first time from Bulgaria in the 
early 1930's (Atanasoff 1932). It has progressively 
spread throughout most of Europe and England 
(Cropley 1968; Refatti et al. 1985; Sutic and Pine 
1968). It was identified in Spain and Portugal in 1984 
(Llacer et al. 1986; Louro and Corvo 1986), and in 
1988 it was identified in Egypt (Mazyad et al. 1992). 
To date PPV has not been reported from other countries 
in Africa, Australia, Asia, or the Americas. 
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PPV is t ransmi t ted  t h ro u g h  graf t ing (Bauman 
1965; Chris toff  1958). It is also na tu ra l ly  aph id  
t ransmit ted  in a non-pers is tant  manne r  (Kassanis 
and Sutic 1965; Kunze  and Krczal 1971) and spreads 
rapidly in orchards. Seed transmission has been 
reported from Eastern Europe (Nemeth 1986). 
Symptoms of PPV infection include chlorotic leaf 
spots, blotches and patterns, misshapen leaves, spots 
and rings on young fruit which become necrotic and 
sunken during fruit development, reduced fruit quality, 
dark colored spots on the pit, premature fruit drop 
(Sutic and Pine 1968; Trifonov 1974), and death of 
infected trees upon co-infection with other viruses 
(Nemeth 1986). 

Cross protection has been used as a strategy to protect 
plants against infection by homologous or closely 
related viruses. The process was originally based on 
inoculation of plants with an attenuated virus strain in 
order to protect against a severe strain (McKinney 
1929). In the last 8 years strategies for the protection of 
plants against virus diseases have been expanded to 
include transgenic plants expressing viral-derived genes 
which inhibit virus infection (Sanford and Johnston 
1985). Most commonly used have been viral coat 
protein (CP) genes. Since the initial report of CP- 
mediated resistance against tobacco mosaic virus 
infection in transgenic tobacco (Abel et at. 1986), work 
with viruses such as alfalfa mosaic, cucumber mosaic, 
potato X and Y, tobacco etch, tobacco mosaic, tobacco 
rattle, and tobacco streak have produced CP-mediated 
resistance of varying degrees in transgenic host plants 
(Beachy et al. 1990). Previous work with the PPV-CP 
gene in Nicotiana spp. verified the transfer of the PPV- 
CP gene and the accumulat ion of  PPV-CP 
(Ravelonandro et al. 1992; Regner et al. 1992). 
Following inoculation, PPV was initially able to 
multiply in these transgenic plants but the virus was 
progressively excluded from newly formed tissues and 
within two or three weeks after inoculation the resistant 
transgenic Nicotiana plants fully recovered from virus 
infection (Ravelonandro et al. 1993). The transfer of 



the PPV-CP gene into apricot has also been reported 
(Laimer da Camara Machado et al. 1992). 

We report in the present study data confirming the 
transformation of plum with the PPV-CP gene, the 
accumulation of CP mRNA, and the accumulation of 
immunoreactive CP. 

Materials and methods 

Plant material Seeds of the plum cultivar 'Stanley' and advanced 
breeding selectiou~ B69158 and B70146 were collected and used 
fresh, when seed were filled but fruit were still immature, fresh from 
mature fruit, or after storage at 4 C for up to 10 months, Seeds were 
removed from the fruit prior to cold storage. Explant preparation prior 
to cocultivation was as described by Mante et al. (1991). 

Agrobacterium strain and plasmid description. Construcuon and use 
of the binary eosmid pGA482GG containing the NPTII and GUS 
marker genes has been described (Fitch et at., 1990; Ling etal. 1991) 
The PPV-CP gone cassette with 35S promoter from the plasmid 
pBIPCP (Ravelouandro e ta l .  1992) was subcloned into the binary 
plasmid pGA482GG after digestion with HindIII. The resulting 
plasmid is designated pGA482GG/PPV-CP-33 and was used to 
electrotransform A. tumefaciens strains C58/Z707 and EHA101 
(kindly supplied by A. Hepburn and E. A. Hood respectively). A 
schematic is shown in Fig. 1. A. tumefaciens for all experimenls were 
grown overnight at 28 ~ in 10 ml Luria broth with kanamycin (kan) 
at 50 gg/ml and gentamicin at 50 p.g/ml as selective agents. These 
cultures were then centrifuged (4000 x g, 10 min), resuspended in 10 
ml of bacterial resuspension medium (BRM) consisting of Murashige 
and Skoog (MS) salts and vitamins (Murashige and Skoog. 1962) 
with 2% sucrose, 100 g M  aeetosyringone and 1 mM betaine 
phosphate, and shaken for 6 h at 20 C before use. 

Transformation and regeneration. Transformation and regeneration 
conditions were those described by Mante et ah (1991). Shoot 
regeneration medium (SRM) consisted of MS salts and vitamins plus 
indolebutyric acid (IBA) at 0.25 gM and thidiazuron (TDZ) at 7.5 
~tM. Coeultivatiou was carried out by immersing hypocotyl shces in 
the resuspended A. tumefaciens for 10-20 rain, blotting them briefly 
and placing them on cocultivation medium (SRM containing 100 gM 
acetosyringone). Following a 48 h cocultivation period the explants 
were washed 3 times in half strength liquid MS medium containing 
500 ~tg/ml carbenicillin and 200 gg/rnl eefotaxime. Explants were 
then placed on agar-solidified SRM containing carbenicillin and 
cefotaxime in the same concentrations as the wash and cultured for 
10-14 days. Following this culture period, explants were transferred 
to SRM with carbenicillin and eefotaxime as above with 75 gg/ml 
kan. Only one regenerated shoot was selected from each hypocotyl 
slice. Regenerated shoots were subcultured onto fresh selective 
medium (SRM with antibiotics) every 3-4 weeks until they were 
confirmed transgenic, 

GUS assays, Shoots that grew in the presence of 75 gg/ml kan were 
assayed for GUS activity. Leaf dssue cut from these shoots was 
incubated for 16 to 24 h in an X-GIn solution (Jefferson 1987) at 
37~ and blue staining of  the tissue observed. 

Polymerase chain reaction (PCR). PCR amplification was conducted 
on DNA isolated from leaves of putative transformed plum clones. 
Specific oligonucleotide primers at the 5' and 3' end of the PPV-CP 
gene were used to identify the presence of this gene in DNA isolated 
from different trausgenic clones. The primers used for the PPV-CP 
gone were from the 3' region of the genome of  PPV-D strain 
(Ravelonandro etal.. 1988) starting at bp 1212 (5') to bp 1190 (3'), ie. 
5 '-AAGCTGACGAAAGAGAGGACGAG'; 3'-primer, starting at bp 
217 (5') to bp 240 ie. 5'-CTACACTCCCCTCACACCGAGGAA-3'. 
PCR reactions were run using the GeneAmp kit components (Perkin- 
Elmer, Norwalk, CT) and the following cycle parameters: I rain at 
94~ 1,5 rain at 65~C, and 2 rain at 72~ The first cycle used an 
additional 3 man melt at 95~ and the last 5 cycles had 4 min 
extension times at 72~ After 35 amplification cycles the PCR 
products were analyzed by agarose gel electrophoresis and stained 
with ethidium bromide. 
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Propagation of transgenic plants. Individual transgenic shoots that 
demonstrated positive GUS and PCR reactions were multiplied 
through axillary shoot proliferation on MS-based medium with 0.2 
g M  IBA and 5 gM benzylaminopurine (BA). Shoots were rooted by 
dipping in a solution of 2500 ~tM IBA for 10 sec and then placed onto 
agar-solidified medium containing half strength MS salts and 
vitamins, 2% sucrose, and 0.01 ~ M  each of  kinetin and 
napthaleneacetic acid. Approximately 50% of the treated shoots 
rooted within 3-4 weeks. Additional shoots rooted sporadically after 
that period of rime. Rooted shoots were acclimated to greenhouse 
conditions as previously described (Mante et al. 1989). 

RNA andDNA extraction, RNA and DNA were extracted from young 
leaves of greenhouse--grown plants for clones C2 through C5, in 
tissue culture for clone C6 and from the field for untransformed 
control clone B69158. Leaves were collected and frozen in liquid 
nitrogen. RNA was extracted from lyophilized leaves as described 
previously (Morgens etal.  1990). Briefly, 0.3 g of leaf material was 
added to 20 ml of 65~ extraction buffer containing Proteinase K. 
The leaf tissue was phenol extracted, phenol-chloroform extracted, 
chloroform extracted, LiCI precipitated and ethanol precipitated. The 
RNA was quantitated at OD 260 and visualized on a gel to verify 
integrity. 

DNA was extracted from fresh-frozen leaves by a modification of a 
protocol of Doyle and Doyle (1990) as previously described 
(Callahan etal. 1992). The leaf material was resuspended in a CTAB 
buffer, chloroform extracted, RNased, phenol-chloroform extracted, 
ethanol precipitated and ethanol precipitated again with NH4-acetate. 
The DNA was visualized on a gel for integrity and amount using 
known standards. 

Probe DNA. A fragment of PPV-CP gone was generated through a 
PCR reaction using the previously mentioned primers with the 
following parameters: 1 rain at 94~ 3 rain at 55~ and 2 rain at 72~ 
for 25 cycles, with the first cycle having a 5 rain 95~ start and the 
last cycle having a 15 min 72~ end. The reaction was ethanol 
precipitated, eluted through an elufipD column per manufacturer's 
conditions (Schleieher and Schuell, Keene, NH) and ethanol 
precipitated twice more, The resulting fragment (approx. 1 kb) was 
quantitated on a gel with known standards. The fragment (25 ng) was 
labeled using a random primer kit (El RL, Gaithersburg, MD) and 
32[p] dCTP (NEN, Bo,,:ton MA). 

DNA and RNA gel blots. Plum leaf DNA (6 ~g) was digested with 
BamHI or EcoRI according to manufacturer's instructions (BRL, 
Gaithersburg, MD) and resolved on a 0,7% agarose gel in a Probe 
Tech I apparatus (Oncor, Gaithersburg, MD) along with digested 
plasmid DNA (pGA482GG/PPV-CP-33) and known amounts of the 
PCR-generated PPV-CP gene fragment. The DNA was uansferred, 
prehybridized with Hybrisol I (Oncor-50% formamide, 10% dextran 
sulfate, 5X SSC), and hybridized 16 h with the 32P-labeled-random 
primed PPV-CP fragment at 42~ Hybridized blots were washed 
three times with 0.I X SSC at room temperature and then washed 
twice with 0.IX SSC at 65~ for 30 minutes each. The blots were 
exposed to x-ray film with two intensifying screens at -80~ 

Total RNA (5 pg)  was resolved on agarose containing 1.4~ 
hydroxy-mezhyl mercury (Bailey and Davidsoa 1975), transferred 
electrophoretically to Nytran (Schleieher and Schuell), stained with 
methylene blue to verify evenness of transfer and loading (Herrin and 
Schmidt 1988), prehybridized in Hybrisol at 42~ and hybridized for 
16 h with 32P-labeled-random primed PPV-CP fragment. The blots 
were washed as above but with a final wash of 0.1 X SSC at 5TC and 
exposed to film with two intensifying screens at -80~ 

Western blot assays. Young/eaves from indepeadently transformed 
greenhouse grown plants were harvested (approx. 500 rag) and 
ground in 1 ml of buffer as described by Berger etal. (1989). Extracts 
were centrifuged at 12,000 rpm for 10 min at 4~ and the superaatant 
was collected. Total soluble protein of each sample was determined 
a s  described by Bradford (1976). Leaf protein extracts (100 gg of 
protein) were then assayed by western blotting using polyelonal 
antibodies against PPV (Ravelonandro et all. 1992). 
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Fig 1. A partial map of the T-DNA region of pGA482GG/PPV-CP- 
33. Several of the restriction sites as well as distances are included. 
For a complete map of this plasmid see Ravelonandro et al. (1992) 
and Ling et al. (1991). 

RESULTS 

Transformation 

A total of 22 putative transgenic clones were obtained 
from 458 hypocotyls treated with A. tumefaciens giving 
a transformation rate of 4.8%. Based on the number of 
hypocotyl slices (an average of 4 per hypocotyl) the 
rate was 1.2%. The only group of seeds that did not 
produce putative transformants were those harvested 
from immature fruit approximately 120 days post 
bloom. 

PCR analysis indicated that all except one putative 
transformant (clone PT6, not shown) produced from the 
plasmid pGA482GG/PPV-CP-33 contained the PPV- 
CP gene (Fig. 2). Histological assays of shoots 
growing under selection showed that all putative 
transformants except one (clone C6) expressed GUS. 
This plant (clone C6) was one of those used for further 
analysis of PPV-CP mRNA and protein expression. All 
nine shoots that were propagated from this original 
transgenic shoot proved to be negative for GUS 
expression. 

BamHI to generate a 1.2 kb fragment that would 
hybridize with the PPV-CP probe. The results of the 
DNA blot experiment are shown in Fig. 3. The plasmid 
pGA482GG/PPV-CP-33 and plants C2-C5 had the 
predicted 1.2 kb fragment. C6 had a larger fragment 
suggesting that a rearrangement had occurred affecting 
the PPV-CP gene. C5 also had a second unique sized 
fragment suggesting a rearrangement. The insert DNA 
concentrations represent approximately 1 gene copy (2 
pg) to 6 gene copies (12 pg) per haploid genome. The 
intensity of the signal from the transformed plants 
suggested that there were from one to four copies of  the 
PPV-CP gene in each plant. The control plant DNA 
0369158) had no visible fragment that hybridized to the 
PPV-CP gene probe. 

The DNA was also digested with EcoRI to generate 
one fragment that would contain part of the PPV-CP 
gene (approximately 9 kb) and a fragment of the plant 
genome the size of which would depend upon where 
the T-DNA had integrated (Fig. 3). The DNA from 
each of the transformed plants exhibited at least one 
unique fragment. No signal was detected in the control 
DNA. C2-C5 had the expected 9 kb fragment, while 
C6 did not. C2 and C4 exhibited two unique bands 
indicating two insertion sites. The multiple fragments 
detected in C5 may also indicate several insertion sites. 

Fig 2. Amplified 1 kb PPV-CP gene fragment from putative PPV- 
CP transformed plums (C2-C6, P2-2, P4-3, PA and PL) and the 
posit ive control p lasmid  pGA482GG/PPV-CP-33(P1) .  No 
amplification was detected m control transformants without the PPV- 
CP insert (P14 and P20) or in the. negative control lane without DNA 
(NO). M represent~ a DNA ]adder with sizes indicated. 

Integration and expression of PPV-CP 

DNA was isolated from five putatively transformed 
plants (C2 through C6) as well as an untransformed 
plum plant 0369158). The DNA was digested with 

F i g  3 ,  DNA gel blot analysis of five putative transgenic plums (C2- 
C6) containing a coat protein gene of p lum pox virus. Known 
amounts of the PCR generated PPV-CP gene fragment (insert) were 
also resolved on the same gel. The 1.2 kb BamHI fragment detected 
in the plasmid (PL) and in C2, C3, C4 and C5 represents the expected 
internal BamHI fragment of the CP. The EcoRI digests demonstrate 
that all five plants tested have unique bands representing different 
i n s e r t i o n  e v e n t s .  P L = p G A 4 8 2 G G / P P V - C P -  3 3 ; 
conu'ol=unlransformed B69158 plum. 

RNA blot analysis 

Total RNA was isolated from five transformed plants 
(C2 through C6) as well as the control plant 0369158) 
to determine the relative amounts of PPV-CP-related 
RNA. Fig. 4 demonstrates that plants C2 through C5 



had an RNA transcript of approximately 1.4 kb. There 
were also two smaller minor transcripts detected at 
around 0.6 kb. None of these transcripts were detected 
in the control or in C6. The amount of 1.4 kb transcript 
detected varied with the four samples in that a 40 h 
exposure was necessary to detect RNA in sample C5 
while after five h CP mRNA was detected in C2, C3 
and C4. Clone C4 appeared to contain the most PPV- 
CP-related mRNA. 
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Fig 4. RNA gel blot analysis of plum leaves from five plants (C2 to 
C6) transformed with the CP gene from PPV. After a 40 h exposure, 
neither the untransformed control-Co(B69158 plum) nor transgenic 
clone C6 had a detectable transcript. MW=RNA size standard 
resolved on same gel and transferred. 

Western analysis 

Fig. 5 demonstrates that a protein product in the 
analyzed samples was immunoreactive with antiserum 
to PPV-CP and this product comigrated with purified 
PPV-CP. In the lane corresponding to the total soluble 
protein from the untransformed plant, no PPV-CP could 
be detected. The amount of CP in transgenic plums is 
different among the independent clones tested (Fig. 5). 
Clones C2, C3, and C4 had greater than 100 ng of 
detectable protein while C5 and C6 produced 
undetectable levels. 

Discussion 

This report confirms that PPV-CP-transgenic plum 
plants can accumulate PPV-CP. The differences in the 
levels of viral CP appear to be related to the integrity of 
the PPV-CP insert. Five transformed plants were 
analyzed to determine the integration and expression of 
the PPV-CP gene. Clones C2, C3, and C4 appeared to 
carry one to three copies of the PPV-CP gene. They 
had detectable RNA transcript and produced a 
detectable level of protein. 

Fig 5. Western blot assay of transgenic plum plants C2 through C6 
reacted with polyclonal antibodies against PPV-CP. Ten or 100 ng of 
PPV were used to approximate the relative amounts of PPV-CP 
expressed in transgenic plants. Lane l=untransformed plum, MW 
represents protein standards resolved on the same gel and blotted. 

Clone C5 appeared to have at least two inserts with one 
being a possible rearrangement of the PPV-CP gene. 
This plant had significantly lower amounts of RNA 
transcript and no detectable protein. C6 appeared to 
have a rearranged copy of the PPV-CP gene. The DNA 
blot of C6 yielded unexpected sized fragments which 
suggested that the BamHI and EcoRI sites within the 
PPV-CP coding sequence were gone. The inability to 
detect GUS expression in this clone supports the 
possibility that a deletion or rearrangement of  the left 
border region containing the GUS and the 3' end of the 
PPV-CP gene had taken place. Other reports have 
shown that the left border region is not necessary for 
integration (Shaw et al. 1984; Wang et al. 1984; Caplan 
et al. 1985) and partial deletions of transferred DNA 
and duplications have been reported (Hobbs et al. 1990; 
Goring et al. 1991). This deletion or rearrangement in 
clone C6 would also account for the fact that no CP 
mRNA transcript or protein was detected in this clone. 
The gene is either unrecognizably rearranged or 
deleted. 

To date, this is the first demonstration of PPV-CF 
gene expression in transgenic plum plants at the mRNA 
and protein levels. Beyond their obvious potential as 
sources of resistance to PPV these plants will allow for 
study of CP-mediated virus protection in tree fruits in 
the short (greenhouse studies) and long term (field 
studies). Interestingly, with the first five of 14 PPV-CP 
gene-containing transformants different levels of  CP 
were found. Such results suggest that plants expressing 
gradations of PPV-CP can be isolated. This in turn 
offers the potential for testing the effect of CP levels on 
virus resistance. These plants will also be of value in 
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determining the molecular mechanisms involved in 
heteroencapsidation mechanisms of potyviruses from 
transgenic plants expressing engineered CP (Lecoq et 
al. 1993). 

We have previously transferred papaya ringspot coat 
protein (PRV-CP) gone into plum (Scorza et al. 1991). 
Greenhouse graft transmission studies in which PRV 
transgenic plums were graft inoculated with PPV and 
evaluated for up to two years through symptomology, 
ELISA and RT-PCR showed that while most transgenic 
plants became infected, the infection was somewhat 
less severe than in non-transformed controls, and one 
plant showed a high degree of apparent protection 
against PPV (Scorza et at. submitted). Development of 
PPV-CP transgenic plants as we report in the present 
study offers the possibility of comparing the 
effectiveness of PRV-CP- and PPV-CP-mediated 
resistance to plum pox virus in plum. 
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