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Since the concept of pathogen derived resistance (PDR) was proposed in 1985, genetic transforma-
tion of plants to express virus-derived sequences has been used to engineer resistance to many virus-
es. This paper reviews PDR approaches to Potato virus Y (PVY, type member of the genus Potyvi-
rus). PDR to viruses operates often through RNA-mediated resistance mechanisms that do not re-
quire protein expression. Studies on the RNA-mediated resistance have led to the discovery of post-
transcriptional gene silencing (PTGS), a mechanism that controls gene expression in eukaryotic cells
and provides natural protection against virus infections. Viruses, in turn, can suppress the PTGS with
some of their proteins, such as the helper component-proteinase protein of PVY. Expression of PVY
proteins in transgenic plants entails a risk for heterologous encapsidation or synergism with viruses
that infect the PVY-resistant transgenic plant. These risks are avoided using RNA-mediated resist-
ance, but a risk still exists for recombination between the transgene transcript and the RNA genome
of the infecting virus, which may create a virus with altered properties. The harmful consequences
can be limited to some extent by removing functional motifs from the viral sequence used as a trans-
gene.
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Introduction

The idea of producing virus resistant plants by
transforming them with genes derived from vi-
ruses was first proposed by Sanford and John-
ston (1985). They reasoned that pathogen-spe-

cific resistance could be obtained on a general
basis by engineering the host plant to express
genetic material of the parasite. The authors
coined the concept of parasite-derived resistance
that has since then been referred to as pathogen-
derived resistance (PDR).

Since introducing the concept of PDR, many

mailto:tuula.maki-valkama@helsinki.fi


494

A G R I C U L T U R A L A N D F O O D S C I E N C E I N F I N L A N D

Mäki-Valkama, T. & Valkonen, J.P.T. Transgenic resistance to PVY.

viral sequences were transferred to plants by
genetic transformation. They included genes
encoding a coat protein (Powell-Abel et al.
1986), a replicase (Golemboski et al. 1990), a
proteinase (Vardi et al. 1993), or a viral move-
ment protein (Malyshenko et al. 1993, Lapidot
et al. 1993). Also viral sequences and constructs
not producing proteins were used (Haan et al.
1992, Lindbo and Dougherty 1992b, Vlugt et al.
1992). Furthermore, genomes of defective inter-
fering viruses (Stanley et al. 1990, Kollar et al.
1993), satellite RNA sequences (Harrison et al.
1987, Gerlach et al. 1987), or complete genom-
es of mild strains of viruses (Yamaya et al. 1988)
were used as transgenes. In all these studies, in-
creased resistance to virus infection or suppres-
sion of symptoms was observed in transgenic

plants. The successful use of so many different
viral genes was taken as an indication that virtu-
ally any kind of a viral sequence could be used
to create virus resistance in transgenic plants.

Nowadays PDR is widely used to engineer
virus resistance in crop plants, but only few of
the reported, successful applications have
reached the market. A virus resistant squash va-
riety was released in the USA in July 1994. It
was at the same time the first transgenic crop
approved by authorities for commercial use, and
was followed by a virus resistant papaya variety
in 1996. Virus resistant transgenic potato culti-
vars engineered with the coat protein gene of
Potato virus Y (PVY, genus Potyvirus) and the
replicase gene of Potato leaf roll virus (PLRV,
genus Polerovirus) were approved for commer-
cial use in the USA in December 1998 and Feb-
ruary 1999, respectively. These potato cultivars
were also engineered for resistance to the Colo-
rado potato beetle. In Europe, 152 applications
have been submitted (until May 1999) to obtain
permits for field tests on transgenic potatoes, of
which 22 applications include virus resistant
transgenic potatoes (Table 1).

Potato virus Y and its signifi-
cance as a plant pathogen

Potato virus Y (PVY) causes significant yield
losses in many crops of family Solanaceae, in-
cluding potato, tobacco, tomato and pepper, in
all cultivation areas in the World (De Bokx and
Huttinga 1981). Several factors, such as the PVY
strain, host resistance, time of infection during
plant growth, and environmental conditions af-
fect the severity of the disease. In potato, PVY
can reduce yields up to 80%. Co-infection with
other viruses such as Potato virus X (PVX, ge-
nus Potexvirus) can increase symptom severity
(Shukla et al. 1994). Isolates of PVY from pota-
to are placed to the ordinary (PVYO), tobacco

Table 1. Applications for field tests on virus resistant trans-
genic potatoes in Europe (May 1999*).

Country No. of field tests Target virus1

Denmark 1 PVY
Finland 1 PVY

1 PVX
France 1 PVY
Germany 2 PLRV

2 PVY
1 PVX

Netherlands 1 PLRV
1 PVX

Spain 1 not mentioned
Sweden 1 PMTV

1 TRV
United Kingdom 4 PVX

3 PVY
1 PLRV

1 PVY, Potato virus Y (genus Potyvirus); PVX, Potato vi-
rus X (genus Potexvirus);
PLRV, Potato leaf roll virus (genus Polerovirus); PMTV,
Potato mop-top virus (genus Pomovirus); TRV, Tobacco
rattle virus (genus Tobravirus)
* Submission of new applications and development of the
status of the submitted applications can be followed at the
Internet: http://www.oecd.org/ehs/service.htm, http://
biotech.jrc.it/gmo.htm, http://www.aphis.usda.gov/biotech/
index.html
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veinal necrosis (PVYN), or stiple streak (PVYC)
strain group, or strain group Z (PVYZ). Strain
groups are based on the mosaic symptoms
(PVYO, PVYC and PVYZ) or necrotic symptoms
(PVYN) induced in tobacco leaves, and the strain
group specific hypersensitivity genes that PVYO,
PVYC and PVYZ elicit in potato cultivars (De
Bokx and Huttinga 1981, Jones 1990, Valkonen
et al. 1996). PVYN contains a subgroup of iso-
lates, designated as PVYNTN, that can induce
necrosis on potato tubers (Beczner et al. 1984).
In Finland, PVYN is more common than PVYO

whereas elsewhere in Europe PVYO is more prev-
alent (Kurppa 1983, De Bokx and Want 1987).

PVY is the type member of genus Potyvirus
(Pringle 1999) that contains a larger number of
virus species infecting plants than any other vi-
rus genus. The genomic organization of potyvi-
ruses (reviewed by Riechmann et al. 1992) and
the currently known main functions of potyviral
proteins are presented in Figure 1.

Dispersal of PVY to and within susceptible
crops occurs efficiently by aphid vectors that
transmit PVY in a non-persistent manner. There-
fore, control of PVY by killing the vectors with
aphicides is not effective, and spraying with

mineral oil provides only limited protection
against transmission of PVY (Tiilikkala 1987).
These problems exist in all crop species infect-
ed with PVY. Therefore, development of resist-
ance to PVY in cultivars is of significant eco-
nomic importance (Ross 1986, Watterson 1993).

In Finland, PVY is a significant pathogen in
the potato crop (Kurppa 1983, Tapio et al. 1997).
Most potato cultivars grown in Finland are sus-
ceptible to PVY or only partially protected
against some strain groups of PVY (Valkonen
and Mäkäräinen 1993, Valkonen and Palohuhta
1996). Breeding for resistance to PVY is carried
out in Finland and elsewhere using natural re-
sistance genes found in wild and cultivated po-
tato species (Ross 1986, Valkonen 1994, Rokka
1998), which can be augmented by the use of
DNA markers linked to the resistance genes
(Hämäläinen et al. 1997, 1998, Brigneti et al.
1997, Sorri et al. 1999).

Combining resistance to the three most im-
portant potato viruses PVY, PVX and PLRV has
proven difficult in breeding programs. Addition
of a single trait, such as resistance to PVY, to a
cultivar by genetic engineering is therefore an
attractive option.

Fig. 1. The genome structure and the proteins produced from the single-stranded messenger-polarity RNA genome of
Potato virus Y (PVY). The genome contains short non-translated regions (NTR) flanking the single open reading frame, and
a poly(A) tail at the 3’-end. The 5’-NTR enhances translation of a polyprotein subsequently processed by the viral protein-
ases (see below), whereas the 3’-NTR is important for virus replication (Nicolaisen et al. 1992, Simon-Buela et al. 1997).
P1: the first protein is a proteinase that cleaves itself from the polyprotein (Verchot et al. 1991, Verchot and Carrington
1995). HC-Pro: multifunctional helper component-proteinase that cleaves itself from the polyprotein and is required for
virus transmission by aphids, virus movement within the host plant, and suppression of the host gene silencing mechanism
(Maia et al. 1996, Anandalakshimi et al. 1998, Andrejeva et al. 1999). P3: the third protein whose functions are unknown.
CI: cylindrical inclusion protein (CI) is a helicase (Eagles et al. 1994) and a viral movement factor (Carrington et al. 1998),
and it is flanked by two 6K proteins (6K1 and 6K2) that are required during virus replication (Schaad et al. 1997). 6K2 is
also involved in virus movement (Rajamäki and Valkonen 1999). NIa: nuclear inclusion protein a; a proteinase that cleaves
most proteins from the polyprotein, including the viral protein genome linked (VPg) from the N-terminus of NIa. VPg is
covalently bound to the 5’-end of the viral genome (Shahabuddin et al. 1988, Murphy et al. 1990, 1991). NIb: nuclear
inclusion protein b is the viral RNA-dependent RNA polymerase (replicase) (Riechmann et al. 1992). CP: the multifunc-
tional coat protein encapsidates the viral genome to particles and is required for transmission by aphids and for virus
movement within the plant (Mahajan et al. 1996, Rojas et al. 1997, Andrejeva et al. 1999).
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Pathogen derived resistance
to PVY

This review will concentrate on the studies where
PVY has been the target virus for resistance en-
gineering, irrespective of which host species has
been transformed. PVY is an important patho-
gen in all major crop species of Solanaceae, and
the transgenic approaches protecting one species
against PVY are expected to work in the related
species. However, this is not always the case and
functionality needs to be tested in each case
(Smith et al. 1994, 1995). Potato is well suited
for experimental research using genetic engineer-
ing because transformation, regeneration and tis-
sue culture techniques have been described for
several potato varieties. However, most exam-
ples of PDR to PVY and, in particular, to other
potyviruses have been described first in tobacco
or other Nicotiana species, most used common-
ly as the experimental plants for genetic engi-
neering.

The genes and sequences derived from PVY
and transformed to plants do not yet cover all
the genome of PVY (Fig. 1, Table 2). PVY and
other potyviruses share similar genome struc-
tures and, therefore, Table 2 provides examples
on additional genes and sequences from other
potyviruses used successfully for resistance en-
gineering.

In some cases, PDR has provided broad pro-
tection against several viruses. Table 3 provides
examples of genes and sequences derived from
other viruses and which have protected the trans-
genic plant against PVY.

Coat protein gene mediated resistance
The coat protein (CP) encoding region of PVY
has been used to engineer resistance to PVY in
potato (Kaniewski et al. 1990, Lawson et al.
1990, Farinelli et al. 1992, Wefels et al. 1993,
Malnoë et al. 1994, Smith et al. 1995, Okamoto
et al. 1996, Hefferon et al. 1997) and tobacco

(Vlugt et al. 1992, Farinelli and Malnoë 1993,
Vlugt and Goldbach 1993, Smith et al. 1994,
Young et al. 1995). The first study on potato used
two CP genes, one derived from an ordinary
strain of PVY (PVYO) and another one from
PVX, that were transferred simultaneously into
potato cv. Russet Burbank. One transgenic line
showed resistance to both viruses, irrespective
of whether inoculated separately or simultane-
ously, whether PVY was inoculated in sap or
using the natural aphid vectors, or whether ex-
periments were done under experimental condi-
tions or in the field (Kaniewski et al. 1990, Law-
son et al. 1990). The resistant line accumulated
lower levels of transgenic PVY CP than other
transgenic lines, which suggested that resistance
was not based on the expressed recombinant CP
but was probably functional at the RNA level.
Resistance was specific to the viruses from
which the transgenes were derived. No resist-
ance to the unrelated viruses PLRV, Alfalfa mo-
saic virus (AlMV), Cucumber mosaic virus
(CMV) or Tobacco mosaic virus (TMV) was
observed. Resistance to other strains of PVY was
not tested (Kaniewski et al. 1990, Lawson et al.
1990).

In two other studies CP genes were derived
from isolates of another PVY strain group
(PVYN) and transformed into potato cv. Bintje
(Vlugt 1993, Malnoë et al. 1994). Plants trans-
formed with the complete CP gene including 102
nt from the 3’ non-translated region (3’-NTR)
were not resistant to PVY (Vlugt 1993). In con-
trast, two transgenic lines (Bt6 and Bt10) ex-
pressing a sequence containing 285 nt of the NIb
gene, the entire CP gene, and 212 nt of the 3’-
NTR were resistant to PVY (Malnoë et al. 1994).
An intriguing feature of the lines Bt6 and Bt10
was that the transgenic CP of PVYN was ex-
pressed at detectable levels only when the plants
were infected with PVYO (Malnoë et al. 1994).
Heteroencapsidation of the genomic RNA of
PVYO by the transgenically expressed PVYN CP
was detected in the line Bt10 infected with PVYO

(Farinelli et al. 1992).
Potato cv. Folva transformed with the CP

gene from PVYN was resistant to one isolate of
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PVYN, two isolates of PVYNTN and two isolates
of PVYO (Okamoto et al. 1996). Potato cvs. Rus-
set Burbank and Russet Norkotah transformed
with the translatable CP of PVYO were highly

resistant to PVYO and PVYN (Smith et al. 1995).
In both studies, the resistant plants accumulated
low or undetectable levels of transgenic CP and
the steady-state expression of the transgenic CP

Table 2. The genes and sequences from PVY and additional sequences from other potyviruses used to
engineer virus resistance in transgenic plants (Solanaceae).

Plant species
Virus1 Sequence2 Orientation3 transformed Reference

PVY P1 S Potato Pehu et al. 1995
AS Potato Mäki-Valkama et al. 1999

NIa S Tobacco Vardi et al.1993
S Potato Waterhouse et al. 1998
AS Potato Waterhouse et al. 1998
UN Potato Waterhouse et al. 1998

NIb S Tobacco Audy et al. 1994
S Potato Chachulska et al. 1998

CP S Potato Lawson et al. 1990, Kaniewski et al. 1990
S Tobacco Farinelli and Malnoë 1993
AS Potato Smith et al. 1995
UN Potato Smith et al. 1995
UN Tobacco van der Vlugt et al. 1993, Farinelli and Malnoë 1993

Additional sequences
TVMV P3 S Tobacco Moreno et al. 1998
TEV VPg S Tobacco Swaney et al. 1995

UN Tobacco Swaney et al. 1995

1 PVY, Potato virus Y; TVMV, Tobacco vein mottling virus; TEV, Tobacco etch virus
2 P1, P1 proteinase; NIa, nuclear inclusion protein a; NIb, nuclear inclusion protein b; CP, coat protein; P3,
P3 protein; VPg, viral protein genome linked
3 S, sense; AS, antisense; UN, untranslatable

Table 3. Heterologous protection against potato virus Y achieved using genes and sequences from other
viruses.

Viral Trans-
sequence formed

Virus (genus) used1 species Reference

Soybean mosaic virus (Potyvirus) CP Tobacco Stark and Beachy 1989
Papaya ringspot virus (Potyvirus) CP Tobacco Ling et al. 1991
Watermelon mosaic virus II (Potyvirus) CP Tobacco Namba et al. 1992
Zucchini yellow mosaic virus (Potyvirus) CP Tobacco Namba et al. 1992, Fang and Grumet
1993
Lettuce mosaic virus (Potyvirus) CP Tobacco Dinant et al. 1993
Plum pox virus (Potyvirus) CP Tobacco Ravelonandro et al. 1993
Tobacco vein mottling virus (Potyvirus) CP Tobacco Maiti et al. 1993
Potato leaf roll virus (Polerovirus) MP Potato Tacke et al. 1996

1 CP, coat protein; MP, movement protein
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mRNA was low (Smith et al. 1995, Okamoto et
al. 1996).

CP-mediated resistance against both PVY
strain groups PVYO and PVYN was obtained in
potato cvs. Russet Burbank, Shepody and Nor-
chip using the CP gene of PVYO supplemented
with a leader sequence from PVX (Hefferon et
al. 1997). In contrast to the earlier mentioned
studies, the level of protection against PVY in
these plants positively correlated with the
amounts of transgenic CP produced (Hefferon
et al. 1997), which indicated that resistance was
mediated via a protein-based mechanism.

Resistance obtained using genes encoding
non-structural proteins of PVY

Tobacco plants that expressed the replicase gene
(NIb) of PVYO showed a high level of resistance
to PVYO (Audy et al. 1994). Also NIb genes de-
leted for one fifth of the 5’-end or one third of
the 3’end provided resistance to PVYO. No trans-
genic line that expressed the NIb gene from
which the GDD (Glycine, Aspartic acid, Aspar-
tic acid) motif required for the function of viral
polymerase was deleted was resistant to PVYO.
Resistance was specific to PVYO and no protec-
tion against PVYN, CMV, Tobacco etch virus
(TEV) or Pepper mottle virus (PepMoV) was
observed (Audy et al. 1994).

A transgene containing the nuclear inclusion
protein a (NIa) gene deleted for the 100 nt from
the 5’-end and supplemented with the first 251
nt from the NIb gene, and another construct con-
taining the genes NIa, NIb and CP, provided re-
sistance to PVY in tobacco (Vardi et al. 1993).

In a recent study, tobacco lines were trans-
formed with three different constructs of the
PVYO NIa gene designed as Pro(S), Pro(AS) and
Pro(S)-stop (Waterhouse et al. 1998). The Pro(S)
and Pro(AS) lines contained the NIa gene in
sense (protein-encoding) or antisense (non pro-
tein-encoding) orientation, respectively. The
Pro(S)-stop construct was similar to Pro(S), ex-
cept that it contained a stop codon and a

frameshift after the initiation codon, which pre-
vented production of the NIa protein. Only few
transgenic lines expressing each of these con-
structs were resistant to PVY. In contrast, simul-
taneous expression of both Pro(S) and Pro(AS)
construct in the same line resulted in a high
number of resistant lines (up to 54% of the re-
generants). Also, many progeny lines from a
cross between a susceptible Pro(S) line and a
susceptible Pro(AS) were resistant to PVY. The
progeny lines produced by selfing the Pro(S) or
Pro(AS) lines, or by crossing different Pro(S)
lines or Pro(AS) lines were susceptible (Water-
house et al. 1998).

Several transgenic lines of the Finnish po-
tato cv. Pito expressing a truncated P1 gene of
PVYO in sense (Pehu et al. 1995) or antisense
orientation (Mäki-Valkama et al. 1999) were re-
sistant to PVYO following mechanical and graft-
inoculation. No symptoms developed and no
detectable amounts of PVY accumulated in in-
oculated and the upper non-inoculated leaves.
All lines were susceptible to PVYN, PVA and
PVX.

Heterologous protection against
PVY using genes from other potyviruses

Heterologous protection against PVY has been
achieved in transgenic tobacco plants express-
ing CP genes from other potyviruses, of which
examples are provided in Table 3. In fact, the
first example of PDR to PVY was reported in a
transgenic tobacco line transformed with the CP
gene from Soybean mosaic virus (SbMV, genus
Potyvirus) which does not infect tobacco plants
naturally (Stark and Beachy 1989). The trans-
genic plants were also resistant to TEV. Resist-
ance to PVY and TEV was expressed as a de-
layed development of symptoms that were at-
tenuated. The most resistant transgenic line was
not one of those showing the highest expression
of transgenic SbMV CP. Protection to PVY and
TEV was partially overcome by high amounts
of virus inoculum (Stark and Beachy 1989).
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There are also examples where sequences
derived from unrelated viruses have provided
resistance to PVY in transgenic plants. A defec-
tive movement protein gene (pr17) of PLRV con-
taining a short (2 kDa) hydrophilic extension at
the N-terminus provided resistance to PLRV and
PVYO in potato cv. Linda (Tacke et al. 1996).

Resistance achieved by expressing viral
RNA sequences that do not encode

proteins
The use of nontranslatable viral genes in sense
orientation has been very successful for creat-
ing resistance to PVY (Vlugt et al. 1992, Farinelli
and Malnoë 1993, Smith et al. 1994, Smith et al.
1995). One of the studies using an untranslata-
ble CP gene of PVYN (Vlugt et al. 1992) was
among the first examples where transgenic vi-
rus resistance was intentionally aimed to func-
tion at the RNA level (Haan et al. 1992, Lindbo
and Dougherty 1992b, Vlugt et al. 1992). Since
these original discoveries that resistance can
operate at the RNA level, it has become evident
that resistance is quite often functional at the
RNA level and is not mediated by the protein.
The untranslatable versions of PVY genes have
mostly conferred virus strain-specific resistance
to PVY, but non-translatable CP genes have pro-
vided resistance to more than one PVY strain
group (Farinelli and Malnoë 1993, Smith et al.
1994, 1995). Resistance is usually correlated
with a low steady-state level of transgenic mes-
senger-RNA (mRNA) expression (Farinelli and
Malnoë 1993, Smith et al. 1994, 1995).

Transformation with PVY genes in an anti-
sense orientation has resulted in high levels of
resistance to PVY only in few studies (Smith et
al. 1995, Waterhouse et al. 1998, Mäki-Valkama
et al. 1999). Delayed disease development and
reduced virus titres have been observed (Farinelli
and Malnoë 1993, Smith et al. 1994). Results
can differ depending on the plant species trans-
formed, as shown by the same antisense con-
struct that was transformed into tobacco and

potato and which protected only potato plants
against PVY (Smith et al. 1994, 1995).

Mechanism of PDR to viruses

The mechanisms of PDR are not yet fully un-
derstood. It seems that there is no single mecha-
nism that could explain all examples of PDR
because some seem to require production of the
recombinant protein whereas many require only
the RNA transcript produced from the transgene.

Protein-mediated resistance
The first example of PDR to viruses was pro-
vided in plants that expressed the CP gene of
TMV (Powell-Abel et al. 1986). Resistance was
mediated by the recombinant CP and was based
on the inhibition of virus disassembly (i.e. re-
lease of the viral nucleic acid from particles for
initiation of translation) in the initially infected
epidermal cells of tobacco plants (Register and
Beachy 1988, Osbourn et al. 1989, Reimann-
Philipp and Beachy 1993, Clark et al. 1995a,
1995b). The CP-mediated resistance in transgen-
ic plants shares some similarities with the cross-
protection phenomenon (McKinney 1929).
Cross-protection prevents virus from infecting
a plant that has already been infected with a re-
lated virus or virus strain. It may be due to a
very early interference with virus infection, for
example by the CP of the protecting virus inhib-
iting uncoating (dissassembly) of the infecting
virus (Lu et al. 1998).

Dysfunctional viral movement proteins (MP)
transformed to plants create “dominant-negative
mutations” (Sanford and Johnston 1985, Her-
skowitz 1987). Plant viruses encode specific pro-
teins that facilitate virus movement from cell to
cell through plasmodesmata and over long dis-
tances through phloem. Several proteins of pot-
yviruses are involved in virus transport (re-
viewed in Fig. 1). Virus transport is carried out
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by the cellular transport mechanisms of the host
(Lapidot et al. 1993). Hence, the MPs of differ-
ent viruses interact with the same host transport
mechanisms, which offers the possibility to cre-
ate virus resistance by blocking such interactions
through expression of non-functional MPs in
transgenic plants (Malyshenko et al. 1993, Beck
et al. 1994, Cooper et al. 1995, Tacke et al. 1996).
The non-functional MP of PLRV was localized
to the plasmodesmata of the sieve element-com-
panion cell complex in transgenic potato plants
and conferred resistance to PLRV, PVY and PVX
(Tacke et al. 1996).

Many studies have used translatable CP genes
or other genes from many viruses for transforma-
tion, but only in few instances has resistance ex-
pression been positively correlated with the CP
expression. Only one example of protein-mediat-
ed resistance to PVY has been reported, as men-
tioned above (Hefferon et al. 1997). In most cas-
es resistance seems to function at the RNA level.

RNA mediated resistance
Resistance mechanisms functional at an RNA
level were revealed in transgenic plants express-
ing viral genes in an untranslatable form as men-
tioned above (Haan et al. 1992, Lindbo and
Dougherty 1992b, Vlugt et al. 1992). Tobacco
plants expressing an untranslatable CP gene of
TEV showed recovery from the initially success-
ful infection. The new developing leaves had
milder or no symptoms, contained lower and ul-
timately non-detectable amounts of viral RNA
and proteins, and could not be re-infected with
TEV (Lindbo and Dougherty 1992b). Recovery
from infection was later found to be character-
istic of the RNA mediated resistance and gene
silencing, as will be discussed later on.

The typical features of RNA mediated resist-
ance include that resistance is specific to the vi-
rus or virus strain from which the transgene se-
quence is derived. Second, high level of resist-
ance is obtained and further enhanced by an in-
creased inoculum dose, while, in contrast, pro-
tein-mediated resistance is overcome by a high

inoculum dose. Third, high levels of resistance
are correlated with low levels of the steady-state
transgenic mRNA expression. Furthermore,
higher levels of resistance are usually associat-
ed with a higher transgene copy number and in-
verted copies of the transgene (Lindbo et al.
1993, Longstaff et al. 1993, Dougherty et al.
1994, Smith et al. 1994, Mueller et al. 1995,
Swaney et al. 1995, Goodwin et al. 1996, Pang
et al. 1996).

Some studies have attempted to determine the
threshold sequence similarities between the
transgene and the infecting virus required for
activation of RNA mediated resistance (Pang et
al. 1993, Longstaff et al. 1993, Mueller et al.
1995, Jones et al. 1998, Taliansky et al. 1998).
Transgenic pea lines expressing the replicase
(NIb) gene of Pea seed-borne mosaic virus (PSb-
MV, genus Potyvirus), isolate DPD1, showed
recovery from infection following inoculation
with isolate DPD1. Plants also recovered from
infection with isolate L-1, in which the NIb gene
shares 92% nucleotide sequence identity with the
NIb gene of DPD1. Inoculation with isolate NY
(89% NIb nucleotide sequence identity with
DPD1) resulted in recovery in one experiment
but in a susceptible response in the second ex-
periment (Jones et al. 1998). Hence, it was con-
cluded that at least 89% sequence identity was
required for activation of resistance.

Transgenic resistance to PVY has in some
cases been effective only against the homologous
virus isolate or strain group (e.g., Vlugt and
Goldbach 1992, Audy et al. 1994, Malnoë et al.
1994, Mäki-Valkama et al. 1999). In other cas-
es, resistance has acted against several strains
of PVY (e.g., Smith et al. 1994, 1995, Young et
al. 1995, Okamoto et al. 1996). These discrep-
ancies can be at least partially explained in plants
transformed with the CP genes, because the iso-
lates from strain groups PVYO, PVYN (and
PVYNTN) do not form completely distinct genet-
ic clusters based on the CP sequences (Vlugt et
al. 1993, Heuvel et al. 1994). Hence, no thresh-
old sequence similarity value can be identified
that includes all isolates of one strain group and
excludes the others.
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Many studies have not reported the sequenc-
es from the virus isolates used for inoculation,
which hampers any attempt to explain the ob-
served specificity of resistance by threshold se-
quence similarities. In potato cv. Pito trans-
formed with a truncated P1 gene of PVYO (Pehu
et al. 1995), resistance is functional only against
isolates of PVYO (five isolates tested). This was
unexpected because the isolates of PVYO and
PVYN used for inoculations could not be distin-
guished based on their P1 gene sequences (Mäki-
Valkama et al., unpublished). Therefore, other
factors such as lower accumulation of PVYN in
infected Pito plants and the consequently lower
capacity to activate resistance may explain why
PVYN is not affected by this resistance.

Gene silencing

Gene silencing occurs either transcriptionally
through methylation of the promoter (Meyer et
al. 1993, Neuhuber et al. 1994, Elmayan and
Vaucheret 1996), or post-transcriptionally. The
post-transcriptional gene silencing (PTGS) is
more relevant regarding virus resistance (Baul-
combe 1996b). It is by no means a phenomenon
limited or specific to transgenic plants express-
ing resistance to PVY but is dealt with in this
review because it provides a new and most like-
ly broadly applicable concept for understanding
the function of transgenic virus resistance and
also natural, induced resistance to viruses in
plants.

PTGS is a cytoplasmic event. It is character-
ized by a relatively high transcription rate and
low or undetectable levels of mRNA and pro-
tein accumulation (de Carvalho et al. 1992, De-
hio and Schell 1994, Ingelbrecht et al. 1994,
Smith et al. 1994, Mueller et al. 1995, Elmayan
and Vaucheret 1996, English et al. 1996, Good-
win et al. 1996). Also recovery from virus in-
fection is correlated with reduction of the steady-
state transgene mRNA levels, which is not due
to reduction of the rate of transcription, shown

by nuclear run-off studies (Lindbo et al. 1993,
Dougherty et al. 1994, Mueller et al. 1995). It
was first discovered as co-suppression of trans-
genes and the homologous endogenous genes
that synthesize antocyanin pigments in flowers
of petunia (Napoli et al. 1990, Krol et al. 1990).

Targeted silencing of genes
Quite elegant, directly visible examples of PTGS
and its use for targeted silencing of selected host
genes have been recently presented using plant
viruses as gene vectors (Baulcombe 1999). Vi-
rus-induced gene silencing (VIGS) was first
shown in nontransgenic Nicotiana benthamiana
plants inoculated with a cytoplasmically repli-
cating virus (TMV) that carried a phytoene de-
saturase (PDS) gene inserted into the viral ge-
nome (Kumagai et al. 1995). Expression of the
plant’s own PDS mRNA was reduced to an un-
detectable level following infection with the
engineered TMV, resulting in severe chlorosis
in the young systemically infected leaves where
the virus replicated most efficiently. Chlorotic
symptoms were due to low levels of PDS and
the consequently blocked carotenoid synthesis,
which makes the plant unprotected against pho-
tobleaching. Inoculation with the wild-type TMV
caused no chlorosis.

In some cases PTGS does not only silence
the host gene expression but is also targeted to
the virus carrying the homologous gene insert
(Ruiz et al. 1998). This latter phenomenon pro-
vides the mechanism how the virus-derived se-
quence inserted into the plant by transformation
causes “silencing” of the subsequently infecting
virus that contains a homologous sequence. Both
homologous RNA sequences will then be degrad-
ed in the host cell by the same mechanism.

Initiation of PTGS
The core idea of the models explaining the mech-
anism of gene silencing is that an aberrant tran-
script of the transgene is recognized and short
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complementary RNA molecules synthesized by
specialized host-encoded RNA-dependent RNA
polymerase (RdRp). The synthesized double-
stranded RNA molecules activate a mechanism
that degrades all RNA molecules homologous to
the double-stranded sequence. Hence, any viral
RNA sharing sufficient homology with the trans-
gene sequence will be degraded in the cytoplasm
(Dougherty and Parks 1995, Baulcombe 1996a,
Baulcombe and English 1996, Wassenegger and
Pélissier 1998). Evidence for RdRp genes in
plants (tomato; Schiebel et al. 1998) and fungi
(Neurospora crassa; Cogoni and Macino 1999)
has recently been reported, and similar genes
seem to exist in the animal kingdom (Cogoni and
Macino 1999). These findings support the role
of RdRp in PTGS.

The central role of double-stranded RNA in
the initiation of PTGS is supported by several
studies (Montgomery and Fire 1998, Waterhouse
et al. 1998, Jorgensen et al. 1999, Selker 1999).
Simultaneous expression of the NIa gene of PVY
in sense and antisense orientation resulted in a
higher percentage of transgenic tobacco lines
with activated PTGS than the expression of the
gene in only one orientation. These data can be
explained by double stranded RNA molecules
being readily born through pairing of the homol-
ogous sense and antisense transcripts in the first
mentioned transgenic lines. Similarly, a cross
between a sense and an antisense line carrying a
single copy of the NIa gene resulted in PVY-re-
sistant progeny, whereas the selfed parents re-
sulted in PVY-susceptible progeny (Waterhouse
et al. 1998). A higher transgene copy number
(Sijen et al. 1996) and inverted transgene repeats
(Stam et al. 1997, Selker 1999) also increase
PTGS.

Signals mediating systemic gene silencing
Palaqui et al. (1997) showed that silencing was
transmitted from a silenced rootstock to a non-
silenced scion grafted on the rootstock, indicat-
ed by a great reduction of the steady-state mRNA
expression in the top scion expressing the same

transgene as the rootstock. The messenger that
mediates this systemic acquired silencing (SAS)
was thought to be part of the transgene product,
probably an aberrant poly(A)- RNA (Metzlaff et
al. 1997, Palaqui et al. 1997). Currently, the sig-
nal is believed to contain douple-stranded RNA
that is protected against degradation by a pro-
tein or by heteroduplex formation (Wasseneg-
ger and Pélissier 1999).

Resetting PTGS
PTGS is developmentally regulated and so-called
meiotic resetting takes place. High levels of
transgene transcription are observed immediately
after germination of transgenic seeds that were
harvested from plants where PTGS was active.
Transgene expression then decreases during fur-
ther growth of the seedlings, indicating that
PTGS is reinitiated (de Carvalho et al. 1992,
Dehio and Schell 1994, Dorlhac de Borne et al.
1994, Elmayan and Vaucheret 1996, Kunz et al.
1996, Pang et al. 1996, Tanzer et al. 1997).
Therefore, small seedlings grown from seeds of
a highly TEV-resistant, transgenic tobacco line
are susceptible to TEV, whereas the older seed-
lings express high levels of resistance to TEV
(Tanzer et al. 1997). Furthermore, silencing sig-
nals can pass through the dividing meristematic
cells but silencing is not activated in such tis-
sues (Voinnet et al. 1998).

Meiotic resetting may be due to a lack of
transgene transcription in the apical meristem.
Most studies have used the Cauliflower mosaic
virus 35S promoter that operates poorly in the
apical meristem, for example in tobacco (Ben-
fey et al. 1989, Benfey and Chua 1990). It is not
known if PTGS is reset during dormancy of stor-
age organs, such as tubers, or if resetting occurs,
how quickly the re-initiation occurs after sprout-
ing. It is also not documented how physiologi-
cal changes, such as the differences in vitro and
in vivo, may affect the ability of transgenic po-
tatoes to maintain PTGS. The transcriptional si-
lencing of the Plum pox virus derived NIb trans-
gene was mitotically stable in Nicotiana bentha-
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miana plants propagated in vitro (Guo et al.
1999).

Minimal lengths of sequences
activating PTGS

Minimum lengths have been estimated for the
transgene transcript and the introduced homolo-
gous RNA molecule required for activation of
PTGS. The minimum length for the transgene
capable of activating PTGS against Tomato spot-
ted wilt virus was 236–387 bp (Pang et al. 1997).
Expression of smaller viral gene segments (92–
235 bp) also resulted in PTGS if these segments
were combined with a non-homologous DNA
sequence to increase the transgene size (Pang et
al. 1997). A segment of only 60 nucleotides from
the movement protein gene of Cowpea mosaic
virus introduced by means of a PVX-based gene
vector was sufficient to activate PTGS in trans-
genic plants that expressed the homologous,
complete viral movement protein gene (Sijen et
al. 1996).

PTGS is a natural mechanism
of virus resistance

Discovery of PTGS in transgenic plants has
prompted studies to resolve its original role in
non-transgenic plants. Subsequently, PTGS was
found to be associated with the natural recovery
of plants from virus infection (Covey et al. 1997,
Ratcliff et al. 1997, Al-Kaff et al. 1998). For
example, recovery of Nicotiana clevelandii
plants from infection with Tomato black ring
virus (genus Nepovirus) provides an induced
stage of resistance where the plants resist fur-
ther inoculations with virus isolates that share
certain sequence homology with the isolate that
triggered PTGS and recovery (Ratcliff et al.
1997). According to the current knowledge,
PTGS is found in different eukaryotic organisms
where it degrades aberrant mRNA molecules,
regulates host gene expression and also protects

the cell against infection with viruses (Cogoni
and Macino 1999, Selker 1999).

As recognition of quite small virus-specific
sequences can be sufficient for activation of
PTGS, as explained earlier, it becomes more
understandable how certain natural, virus-in-
duced resistance mechanisms could be based on
PTGS (Ratcliff et al. 1997, Li et al. 1999, Valko-
nen and Watanabe 1999). Otherwise, it is diffi-
cult to see how activation of PTGS can happen
in non-transgenic plants where large DNA frag-
ments with high sequence similarity to plant vi-
ruses do not naturally exist.

The ability of viruses to suppress PTGS
Discovery of PTGS as a natural, conserved de-
fense mechanism against viruses provided good
reasons to suspect that viruses might have strat-
egies to overcome it (Anandalakshmi et al. 1998,
Brigneti et al. 1998, Kasschau and Carrington
1998). In fact, the ability to suppress PTGS may
be crucial for the virus to be able to infect many
if not all of its hosts. Indeed, evidence for the
ability of viruses to suppress host gene silenc-
ing was recently provided. The HC-Pro of PVY
and TEV, and the 2b protein of CMV can sup-
press PTGS (Anandalakshmi et al. 1998, Brigneti
et al. 1998, Kasschau and Carrington 1998).
Expression of HC-Pro or 2b from a heterologous
virus genome (PVX gene vector) in transgenic
plants recovered expression of the marker trans-
genes that had previously been silenced by
PTGS. The gene vector (PVX) alone did not re-
cover the transgene expression. Suppression of
PTGS by PVY HC-Pro may also explain the pre-
viously described case of the transgenic potato
line Bt10 (Malnoë et al. 1994). This line was
transformed with the CP gene of PVYN but ex-
pressed detectable amounts of the recombinant
CP only when infected with PVYO.

It seems that certain viral proteins have an
ability to suppress PTGS in a general manner,
independent from the gene or sequence that in-
duced the PTGS, while PTGS is directed only
against sequences that are highly homologous
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to the sequence that activated PTGS. How can
then any transgenic plant transformed with genes
from potyviruses, such as PVY, be protected
against the homologous virus if these viruses
carry a suppressor of PTGS? This is possible
probably because PTGS is already activated prior
to infection and degrades viral RNA before any
significant amounts of viral proteins are trans-
lated from it (Lindbo and Dougherty 1992a,
1992b, Lindbo et al. 1993, Kasschau and Car-
rington 1998).

Risks associated with the use of
PDR to PVY

Risks associated with the cultivation of trans-
genic plants can be divided into two categories,
namely those related to the use of the transgenic
plants as a crop in the agricultural environment,
and those due to the specific trait introduced into
the plant. The following will deal only with po-
tatoes and engineered virus resistance.

Risks associated with the cultivation of
transgenic potatoes

Potato (Solanum tuberosum L.) has been culti-
vated in Finland for over 200 years (Sauli 1941).
Only two native, distantly related species (S.
dulcamara L. and S. nigrum L.) of potato occur
in Finland (Hämet-Ahti et al. 1998). They do not
hybridize with potato under field conditions
(Dale 1992, Kapteijns 1993). Therefore, gene
transfer from transgenic potatoes to natural rel-
atives is extremely unlikely in Finland and also
many other potato cultivation areas (Dale 1992,
Goy and Duesing 1996). The cultivated potato
has not invaded and become established outside
the potato fields in Finland or elsewhere in north-
ern Europe during its long cultivation history,
which indicates that transgenic potatoes won’t
“escape” to nature.

Potato cultivars may posses male sterility,
premature flower abortion, incapability in pol-
len production, infertility, or self-fertility that
reduce the chance of a cross between a trans-
genic and a nontransgenic potato cultivar in the
field. Field experiments with transgenic potatoes
indicate that the pollen dispersal from potatoes
occurs only over limited distances, seldom ex-
ceeding 10 m (Skogsmyr 1994, Conner and Dale
1996). Therefore, the appropriate placement of
transgenic and non-transgenic potato crops will
prevent cross-pollination.

Movement of transgenes from a transgenic
plant to plant-associated microbes has been dis-
cussed as a possible risk. Little experimental data
support occurrence of this type of a horizontal
gene transfer (HGT). Erwinia spp. are bacteria
that infect and lyse potato tissue and can there-
fore come to contact with the plant nuclear DNA
and the transgene. In a detailed study, the maxi-
mum frequency of HGT from transgenic potato
tubers to Erwinia was estimated to be one infec-
tion of 7.5 x 1014 infections occurring during a
2-hour incubation period (Schlüter et al. 1995).
Thus, to obtain a single HGT event, 100 tons of
potatoes should be inoculated with 1017 bacte-
ria. Alternatively, considering the average yields
of potato in Europe and the total number of any
bacteria in soil, the calculated frequency corre-
sponds to HGT to one bacterial cell in a potato
field of 4.3 ha. Therefore, including HGT in a
realistic risk assessment has been questioned
(Schlüter et al. 1995).

Risk associated with the use of engi-
neered virus resistance

The risks associated specifically with the trait
of engineered virus resistance include heterolo-
gous encapsidation, synergism, and recombina-
tion (Tepher 1993, Valkonen 1998). The likeli-
hood that any of these will occur depends on the
viruses, host genotype (cultivar) and viral gene
used for transformation, and which viruses and
vectors occur in the geographic area during the



505

A G R I C U L T U R A L A N D F O O D S C I E N C E I N F I N L A N D

Vol. 8 (1999): 493–513.

growing season. Similar factors also determine
whether any actual harmful consequences from
these events are expected. All these aspects must
be taken into consideration in risk assessment.

Heterologous encapsidation, or transencap-
sidation, means that the viral genome of one vi-
rus is completely or partially encapsidated with
the CP of another virus or virus isolate (Rochow
1970). It occurs primarily between related vi-
ruses and virus isolates in nature and can be ex-
pected to occur in transgenic plants expressing
CP (Tepher 1993). Because CP is a determinant
of vector transmissibility in many virus genera,
heterologous encapsidation has practical signif-
icance if a non-transmissible virus is encapsi-
dated with CP that provides the trait of vector-
transmissibility. A non aphid-transmissible iso-
late of Zucchini yellow mosaic virus was trans-
mitted by aphids after being encapsidated with
the recombinant CP of an aphid-transmissible
isolate of Plum pox virus in a transgenic plant
(Lecoq et al. 1993, 1994). Heterologous encap-
sidation of PVYO RNA by the CP of PVYN pro-
duced from the transgene was shown in potato
cv. Bintje (Farinelli et al. 1992). It is important
to note that heterologous encapsidation has an
effect only over one transmission event because
infection in the new plant occurs with the en-
capsidated viral genome that encodes a CP lack-
ing the ability to mediate aphid-transmissibili-
ty. Hence, no genetic change in the virus takes
place.

Synergism is observed as a higher virus
amount and/or more severe symptoms in the
plant infected by two viruses, as compared to a
plant infected with one of the two viruses. Many
synergistic virus combinations are known. For
example, co-infection with PVY and PVX results
in increased titres of PVX (Vance et al. 1995),
and co-infection with Sweet potato feathery
mottle virus (SPFMV, genus Potyvirus) and
Sweet potato chlorotic stunt virus (SPCSV, ge-
nus Crinivirus) results in greatly increased ti-
tres of SPFMV and very severe symptoms in
sweet potato (Karyeija et al. 1998). Synergy can
result from complementation of virus replication
or movement and be associated with single viral

genes. Complementation of cell-to-cell and long
distance transport in plants occurs between un-
related viruses (Atabekov and Taliansky 1990).
Therefore, expression of viral movement pro-
teins, e.g., HC-Pro, cylindrical inclusion protein
(CI), the viral genome-linked protein (VPg) or
CP of PVY (Fig. 1), in transgenic plants may
open the possibility for an unrelated virus to
expand its host range to the transgenic species
(Kaplan et al. 1995, Fenczik et al. 1995, Fujita
et al. 1996). In addition to virus movement, the
P1/HC-Pro region of PVY mediates synergism
with PVX (Vance et al. 1995), and, as described
above, is a suppressor of PTGS.

Production of virus proteins in plants and
their consumption as food possesses no new risks
because virus-infected plant products are com-
monly used, probably every day. Also, the
amount of viral protein produced in the trans-
genic plant is many times less than the amounts
in plants infected with the virus. Other above
described risks could be avoided if the viral gene
was modified to produce a non-functional pro-
tein, or no protein at all. It is therefore impor-
tant that in most cases, resistance is indeed me-
diated at RNA level and production of the corre-
sponding viral protein is not required for resist-
ance.

Unfortunately, RNA mediated virus resist-
ance also possesses certain risks, most notably
the possibility for RNA recombination between
the transcript of the transgene and the RNA ge-
nome of an infecting virus. Recombination
would alter the genome of the virus and might
consequently provide the virus with new prop-
erties, such as altered vector transmissibility or
symptom induction, and might contribute to de-
velopment of new viruses and virus strains (Si-
mon and Bujarski 1994, Aaziz and Tepfer 1999,
Reade et al. 1999, Rubio et al. 1999). Recom-
binants have been described among natural iso-
lates from many plant virus genera (Simon and
Bujarski 1994), including PVY and other poty-
viruses (Revers et al. 1996).

Transgene transcripts are produced virtually
in all cells, which provides a high chance for
recombination in the transgenic plant. Howev-
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er, the known examples of recombinant viruses
born in transgenic plants (Lommel and Xiong
1991, Gal et al. 1992, Schoelz and Winterman-
tel 1993, Greene and Allison 1994, Borja et al.
1999) were described under a selection pressure
much exceeding what occurs in the field. On the
other hand, cultivation of the same transgenic
cultivar in large areas increases the odds of a
rare recombination event in an individual plant.

While realizing the theoretical risks, it is also
important to realize that the resistance based on
PTGS will affect the recombinant virus, too, in
many cases. This is because the recombinant vi-
rus will contain a part from the transgene, the
activated PTGS is specifically targeted to se-
quences homologous to the transgene, and se-
quences as short as 60 nucleotides can be tar-
geted by PTGS (Sijen et al. 1996). The theoret-
ical risks can be avoided or further minimized
by the elimination of those nucleotides and se-
quences from the transgene that are known to be
critical for a viral function (vector transmission,
movement, replication, host specificity) (Greene
and Allison 1996, Jacquet et al. 1998, Pang et
al. 1997).

Conclusions

The studies reviewed in this paper show that ef-
ficient resistance to PVY can be obtained through
the expression of CP and nonstructural viral
genes in transgenic plants, including potato. The
limitations of this approach has included the
genetically narrow range of isolates and strains
against which the transgene have provided pro-
tection, and the risks for heteroencapsidation,
synergism and recombination with viruses that
are able to infect the transgenic plant. Better
understanding of the resistance mechanisms will
allow the design of constructs for broader and
more effective resistance. In the meanwhile, the
use of untranslatable virus genes, antisense con-
structs and transgene sequences from which
functional viral motifs have been deleted helps

to reduce some of the risks. Durability of the
resistance expression after several plant genera-
tions and the effects of environmental factors on
resistance expression require further examina-
tion.

The use of transgenic PVY-resistant potatoes
at an agricultural scale will ultimately depend
on the public perception (Ruibal-Mendieta and
Lints 1998). At the time being, the developments
in Europe and the USA are quite contradictory.
The former is becoming more restrictive and
concerned about the use of transgenic crops and
food while the latter is concerned about the re-
strictions to the marketable use of transgenic
crops and investigates possibilities to make
transgenic plants more accessible to agricultur-
al use. One of the paradigms is that there is mis-
belief among the public concerning the risk as-
sessment done on ecological and health conse-
quences, because the assessment is done by the
companies who aim to market and release the
transgenic crop. This procedure is a requirement
by law (e.g., in Finland: Geenitekniikkalaki 377/
95) but it would certainly help if more independ-
ent risk assessment was also carried out by sci-
entists financed by public sources at universi-
ties and other institutions.

Discovery of PTGS in transgenic plants has
been of intrinsic scientific value in understand-
ing natural virus resistance mechanisms in
plants. This knowledge is likely to provide ide-
as and tools for creating new strategies for the
control of plant viruses. In the future, transfor-
mation of cultivars with isolated, natural virus
resistance genes can provide an alternative to the
engineered pathogen-derived resistance. Due to
the limitations in both approaches used alone,
combination of the natural and engineered re-
sistance mechanisms could provide the most
durable resistance to viruses.
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SELOSTUS
Patogeenivälitteinen, siirtogeeninen kestävyys perunan

Y-virusta vastaan: mekanismit ja riskit
Tuula Mäki-Valkama ja Jari P.T. Valkonen

Helsingin yliopisto ja Ruotsin maatalouskorkeakoulu

vat viruksia, aiheuttavat samanlaisen mekanismin
käynnistymisen, mikä johtaa kasvin toipumiseen vi-
rustartunnasta. Toisaalta viruksilla on havaittu olevan
kyky estää geeninhiljentämiseen perustuvan kestä-
vyysmekanismin toiminta.

Vaihtokuorisuus, siirtogeenin lähetti-RNA:n osi-
en siirtyminen viruksen perintöainekseen (rekombi-
naatio), sekä siirtogeenin tuottaman virusproteiinin
kyky lisätä kasvia tartuttavan viruksen leviämistä
kasvissa tai oireiden ankaruutta (synergia), ovat mah-
dollisia riskejä, jotka liittyvät virusgeenien käyttöön
siirtogeenisissä kasveissa. Näitä riskejä voidaan vä-
hentää käyttämällä siirtogeenejä, jotka eivät tuota
proteiinia tai joista on poistettu proteiinin toiminnan
kannalta tärkeät osat.

Sekä patogeenivälitteiseen että luonnolliseen vi-
ruskestävyyteen liittyvän geeninhiljentämisen meka-
nismeja ei vielä täysin tunneta. Näiden mekanismi-
en tutkiminen avaa uudenlaisia mahdollisuuksia kas-
vivirusten torjumiseksi. Tulevaisuudessa on myös
mahdollista siirtää perunasta eristettyjä, luonnollisia
PVY-kestävyysgeenejä virukselle alttiisiin lajikkei-
siin. Luonnollisten kestävyysgeenien käyttö yhdessä
erilaisten geeniteknisten taudinkestävyyssovellusten
kanssa saattaisi olla tehokkain keino kasvien suojaa-
miseksi virustartunnoilta.

Perunan Y-virus (PVY) aiheuttaa maailmanlaajuisesti
merkittäviä satotappioita Solanaceae-heimon viljely-
kasveissa kuten perunassa, tomaatissa, paprikassa ja
tupakassa. Suomessa PVY on yksi tärkeimmistä pe-
runan taudinaiheuttajista. Kasvustot voidaan suojata
tehokkaasti PVY-tartunnalta vain käyttämällä PVY:ta
kestäviä lajikkeita, sillä PVY:n leviäminen kirvojen
välityksellä tapahtuu nopeasti ja tehokkaasti eikä sitä
pystytä estämään kirvoja torjumalla. Virusgeenejä on
siirretty kasveihin viruskestävyyden tuottamiseksi
hieman yli kymmenen vuoden ajan. Myös PVY:ta
kestäviä perunalajikkeita on tuotettu tällä tavoin käyt-
tämällä PVY:n kuoriproteiinia, replikaasia, proteinaa-
sia ja P1-proteiinia tuottavia geenejä. Kestävyys voi
ilmetä täydellisenä kestävyytenä tartuntaa vastaan,
vähäisenä viruspitoisuutena ja oireettomuutena tai
oireiden hitaampana kehittymisenä.

Kestävyyden ilmeneminen ei useimmissa tapauk-
sissa edellytä virusproteiinin tuottamista siirtogeeni-
sessä kasvissa. Siirtogeenin lähetti-RNA:n tuottami-
nen riittää, sillä se käynnistää lähetti-RNA:han tar-
koin kohdistuvan hajotusmekanismin, nk. transkrip-
tion jälkeisen geeninhiljentämisen (post-transcriptio-
nal gene silencing). Tämä mekanismi tunnistaa ja ha-
jottaa myös viruksen, jonka perintöaines on RNA:ta
ja jossa on siirtogeeniä vastaava geenialue. Ilmeisesti
kasvien luonnolliset kestävyysgeenit, jotka tunnista-
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