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Abstract

Gammelgérd, E. 2007. Interactions of Potato virus A with Host Plants: Recombination,
Gene Silencing and Non-Hypersensitive Resistance. Doctor’ s dissertation.
ISSN: 1652-6880, |SBN: 978-91-85913-10-7

In this thesis molecular interactions between Potato virus A (PVA) and its hosts Nicotiana
benthamiana and potato (Solanum tuberosum) have been studied using PV A recombinants,
gene silencing and non-hypersensitive resistance (nnr).

The full-length cDNA clone pPVA-B11 infects N. benthamiana systemically but is
restricted to inoculated leaves in potato. Therefore, a new infectious clone based on the
isolate PVA-U, which infects potato systemically, was constructed by replacing parts of
pPVA-B11 with parts of PVA-U. Chimeric viruses produced during this process were used
to study how recombination of two closely related viral strains might alter their virus-host
interactions. Our results suggest that recombination between homologous viral genomes can
result in new potyviral strains with novel phenotypic traits. The full-length infectious clone
based on PVA-U, pUFL, was able to infect potato systemically and could be further used
for studying nnr resistance in potato.

To be able to study PVA movement in nnr plants gfp was inserted into the P1 region of
pUFL. PVA-GFP could not infect any potato genotypes, but was still highly infectiousin N.
benthamiana. Infection of gfp transgenic N. benthamiana (line 16c) resulted in transgene
silencing despite the strong silencing suppressor HC-Pro. In this model system systemic
progression of gene silencing and antiviral defense was analyzed in a novel manner. Use of
GFP as a visua marker revealed a mosaic-like recovery phenotype in the top leaves. Leaf
areas appearing red or purple under UV-light (no GFP expression) corresponded to dark
green idands under visible light and they contained little PVA and gfp mRNA. The
surrounding green fluorescent tissue contained replicating viral deletion mutants that
suppressed gfp silencing.

In plants with nnr resistance PVA moves cell-to-cell and accumulates to high titres in
inoculated leaves, but cannot move systemically and no necrotic lesions develop on
inoculated leaves. Suppression subtractive hybridization was used to extract transcripts of
genes that had higher expression levels in the inoculated leaves of nnr genotypes compared
to susceptible (S) genotypes 24 hpi. Hybridization of the extracted transcripts to a cDNA
array containing 10 000 potato cDNAs and sequencing of randomly picked clones identified
645 genes expressed at a higher level in nnr than S. The sequenced cDNAS were spotted to
a microarray and used together with quantitative PCR to study differentially expressed
genes in repeated experiments. According to microarrays and quantitative PCR a family of
proteinase inhibitor 2 (pin2) were the only genes expressed to significantly higher levelsin
nnr than S plants. Since SSH is a more sensitive method than microarray it cannot be
excluded that the genes detected by SSH can be involved in a basal defense activated by
putative virus-induced molecular patterns resulting in a low resistance response that is high
enough to inhibit spread of PVA in the nnr genotypes. PR-1 and SAR were not induced in
systemic leavesin nnr plants.
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I ntroduction

Already when people were nomads plant diseases were probably a problem for
them. This became even worse when people settled down as farmers and began
growing a few food crops in small plots, making the crop more prone to infections
by plant pathogens. Diseases caused by viruses, bacteria, fungi, nematodes and
protozoa reduce crop yields by 10-20% at the global level, despite the use of
pesticides and preventive measures. These losses affect individual farmers as well
as national food production and economies (Agrios, 1997).

Plant viruses are particularly difficult to control since they are intracellular
parasites and cannot be controlled with chemicals. The best ways to control virus
diseases are virus-free planting material, virus-resistant cultivars and appropriate
agricultural practicesin the field (Jones, 2006). When avirusinfects a plant it must
enter a plant cell and utilize the host machinery for nucleic acid and protein
synthesis to be able to replicate and accumulate in the host (Agrios, 1997). It aso
uses the endogenous pathways of the host to move within cells, between cells and
between different parts of the plant (Carrington et al., 1996). A successful
interaction might interfere with the normal cellular processes resulting in diseased
plants. To avoid disease, plants have evolved different defense mechanisms against
viruses (Hull, 2002). For developing sustainable virus control strategies it is
important to understand the interactions between plants and viruses resulting in
disease or no disease. Today biotechnology and functional genomics have made it
possible to study these interactions in detail at the molecular level.

This thesis illuminates new examples of the complex molecular interactions
between viruses and hosts and evolution of these interactions.

Potato virus A (PVA)

Potato virus A (PVA) belongs to the genus Potyvirus (family Potyviridae), one of
the largest groups of plant viruses in the world. Potyviruses cause disease and
economical damage in agricultural, horticultural, ornamental and pasture crops
(Ward & Shukla, 1991). The host range of individual members of genus Potyvirus
is usualy limited. The main host species for PVA is potato (Solanum tuberosum).
PVA can decrease the potato yields by up to 40% in synergistic infections with
Potato virus X (PVX) or Potato virus Y (PVY) (Bartels, 1971). The symptoms
vary from mild mosaic to rugosity of the leaves.

The virions of potyviruses are flexuos and rod-shaped, 680-900 nm long and 11-
15 nm wide, made up of about 2000 units of a single structural protein (coat
protein, CP) encapsidating a single molecule of positive single stranded (ss) RNA
of approximately 10 kb (Dougherty & Carrington, 1988) (Fig. 1). The particles of
PVA are approximately 730 nm long and 15 nm wide (Fribourg & De Zoeten,
1970). The genome is 9565 nucleotides long and contains a single open reading
frame encoding a polyprotein of 3059 amino acids (aa) (Puurand et al., 1994). The
potyviral RNA strand has a poly-A tail at the 3'end (Hari et al., 1979) and a viral



genome-linked protein VPg at the 5'end (Siaw et al., 1985; Riechmann et al.,
1989; Murphy et al., 1990). The VPg of PVA has been identified (Oruetxebarria et
al., 2001). It is exposed at one end of the PVA virion, being accessible to protein-
protein interactions. VPg is phosphorylated by host kinases when it is bound to the
virus particle and the phosphorylation might play a role in the VPg mediated
functions during the infection cycle (Puustinen et al., 2002).

The potyvirus genome contains one single open reading frame that is trandated
into a large polyprotein, which is subsequently cleaved into smaller polypeptides
by three virus-encoded proteinases (Shukla et al., 1994). The protein 1 (P1)
proteinase and hel per-component proteinase (HC-Pro) catalyze their own cleavage
at the C-terminus (Carrington et al., 1989a, 1989b; Verchot et al., 1991) while
nuclear inclusion protein a (N1a) is the main proteinase responsible for cleavage in
the C-terminal two-thirds of the polyprotein (Dougherty & Carrington, 1988). In
PVA it has been shown that Nla mediates both cis- and trans-cleavages, but the cis-
cleavages may be preferred. The sites at P3/6K 1, CI/6K2 and VPg/NlaPro junction
were processed slowly, while the other sites 6K1/Cl, 6K2/VPg, Nla-Pro/NIb and
NIb/CP were quickly processed (Merits et al., 2002). Potyvirus proteins are
multifunctional and their functions are presented in Table 1.

Potyviruses are transmitted by aphids in a non-persistent manner, i.e. aphids
acquire virus particles feeding on an infected plant and can transmit them only for
a number of hours (Robert et al., 2000). The virions are retained in the stylet and
are transmitted via the saliva into the phloem when the aphid is feeding on a
healthy plant. The virus cannot propagate in the vector and the transmission must
occur fast. Some potyviruses can also be transmitted through the seeds of their
hosts (Johansen et al., 1996). Potyviruses can also be transmitted in infected plant
material, such as cuttings and tubers, which isimportant in vegetatively propagated
plants.

JL JL 6K1 6K2  Nla-Pro

B H P1 | HC-Pro | P3 H ci HVPgE ‘Nlb ‘cp ’—PolyA

Fig. 1. Particle morphology (A) and genome organization (B) of potyviruses. The viral
RNA is encapsidated into filamentous particles. The genome contains one ORF, which is
processed into ten mature proteins. The processing sites are indicated by vertical lines. The
P1 and HC-Pro cleavage sites are indicated by thin and thick arrow, respectively. All other
cleavage sites are processed by Nla-Pro. VPg, presented by a black circle, is covalently
attached to the 5'end of the vira RNA and the 3"end terminates with a poly (A) tail. The
mature proteins are [protein 1 (P1), helper component proteinase (HC-Pro), third protein
(P3), the 6kDa protein 1 (6K1), cylindrica inclusion protein (Cl), the 6kDa protein 2
(6K2), nuclear inclusion protein a (Nla) which is processed into viral genome linked protein
(VPg) and Nla proteinase (Nla-Pro), nuclear inclusion protein b (NIb), coat protein (CP)].
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Table 1. Known functions of the mature potyviral proteins

Name Function* References

5'NTR Enhancement of translation 10

P1 Proteinase 36
Accessory factor for suppression of RNA silencing 1,6,22

HC-Pro Proteinase 7,8
Cell-to-cell and long-distance movement 4,31
Suppressor of RNA silencing 1,6,23
Aphid transmission 28
Symptom expression 4,29
Avirulence determinant in SMV (Rsv) 17
Interaction with calmodulin-like protein 2
Interaction with ring-finger protein and HIP2 18

P3 Avirulence determinant 17,21

6K1 Avirulence determinant 21

Cl Helicase 16, 27
Cell-to-cell movement 9
Avirulence determinant 20

6K2 L ong-distance movement 39

VPg Cell-to-cell and long-distance movement 26
Avirulence determinant 5, 23, 26, 33
Interaction with the eukaryotic translation factor el F4E and | 24, 32, 38
elF(iso)4E
Interaction with PVIP 15

Nla-Pro Proteinase 13,14
Elicitor of Ry-mediated resistance 25

NIb RNA-dependent RNA polymerase 19
Interaction with poly(A)binding protein (PABP) 37

CP Encapsidation of viral RNA 34
Cell-to-cell and long-distance movement 11,12, 31,35
Aphid transmission 3

3 NTR Symptom induction 30

*All proteins and non-trandated regions (NTR’s) are necessary for virus propagation
(Shukla et al., 1994; Kekarainen et al., 2002). All main proteins except P3 are known to
bind RNA (Merits et al., 1998). Most proteins and the NTR’s are involved in symptom
expression (Riechmann et al., 1995; Johansen et al., 1996; Chu et al., 1997; Simén-Buela
et al., 1997; Séenz et al., 2000). 1) Anandalakshmi et al., 1998; 2) Anandalakshmi et al.,
2000; 3) Atreya et al., 1990; 4) Atreya et al., 1992; 5) Borgstrom & Johansen, 2001; 6)
Brigneti et al., 1998; 7) Carrington et al., 1989a; 8) Carrington et al., 1989b; 9) Carrington
et al., 1998; 10) Carrington & Freed, 1990; 11) Dolja et al., 1994; 12) Dolja et al., 1995;
13) Dougherty & Carrington, 1988; 14) Dougherty et al., 1989; 15) Dunoyer et al., 2004;
16) Eagles et al., 1994; 17) Eggenberger & Hill, 1997;18) Guo et al., 2003; 19) Hong &
Hunt, 1996; 20) Jenner et al., 2000; 21) Johansen et al., 2001; 22) Kasschau & Carrington,
1998; 23) Keller et al., 1998; 24) Leonard et al., 2000; 25) Mestré et al., 2000; 26) Nicolas
et al., 1997; 27) Lain et al., 1990; 28) Pirone & Thornbury, 1984; 29) Redondo et al.,
2001; 30) Rodriguez-Cerezo et al., 1991; 31) Rojas et al., 1997; 32) Schaad et al., 1997;
33) Schaad et al., 2000; 34) Shukla & Ward 1989; 35) Varrelmann & Maiss, 2000; 36)
Verchot et al., 1991; 37) Wang et al., 2000; 38) Wittmann et al., 1997; 39) Rgjaméki &
Vakonen, 1999

Potyviruses can also be transmitted mechanically, e.g., through wounds in contact
between plants (Shukla et al., 1994). Aphid-transmissibility of PVA is controlled
by aa 5-7 at the CP N-terminus. An Asp-Ala-Ser (DAS) motif at these positions
increases the accumulation of PVA in inoculated leaves, whereas an Asp-Ala-Gly
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(DAG) motif is required for aphid transmissibility. If DAS is mutated to DAG the
virus accumulation will be reduced, but the virus transmissibility will be restored
(Andrejevacet al., 1999).

PVA isolates PVA-U, PVA-M and PVA-B11 represent different strain groups of
PVA, collected in Michigan, Maine and Hungary, respectively (Vakonen et al.,
1995). The strain groups can be distinguished from each other by coat protein
sequence, different abilities to trigger hypersensitive response in potato cv. King
Edward, and ability to infect potato systemically (Valkonen et al., 1995; Rajamaki
et al., 1998). PVA-B11 is in contrast to PVA-U and PVA-M not able to spread
systemically in susceptible potato plants. For example, PVA-M can move
systemically in Solanum commersonii but not PVA-B11. However, a single aa
substitution in VPg, Hisl18Tyr, alows PVA-B11l to move systemicaly in S
commersonii (Rgjaméki & Valkonen, 2002). Similarly, another aa substitution in
VPg, Val1l1l6Met, makes it possible for PVA-M to move systemically in Nicandra
physaloides where PVA-M is usualy restricted to the inoculated leaves (Rajamaki
& Valkonen, 1999). It has been shown that kinases from S. commersonii
phosphorylates VPg in different patterns depending on if there isaleucin or serine
residue at position 185, while kinases from Nicotiana tabacum phosphorylates
both forms of VPg in the same pattern (Puustinen et al., 2002). These findings
might explain the different abilities of VPg to support vascular movement and
accumulation of PVA in different hosts.

Viral infection

Replication, movement within cells and cell-to-cell transport

Potyviruses enter cells through wounds, usualy those made by feeding aphid
vectors. Inside the cell the virus needs to replicate to establish infection. The viral
particle is uncoated, the RNA is released to the cytoplasm and then translated on
ribosomes to proteins required for viral replication (Shukla et al., 1994). The viral
replicase, RNA-dependent RNA polymerase (RdRp), synthesizes a negative strand
using the positive strand as atemplate. The negative strand is then used to generate
positive-stranded RNA molecules (Hull, 2002). The replication is followed by
intracellular movement of vira RNA from the ribosomes to the plasmodesmata
(PD) (Lucas & Woalfe, 1993), and thisis probably facilitated by the endoplasmatic
reticulum and cytosceletal elements. The plasmodesmata have an opening of about
2.5 nm, which limits molecular transport between plant cells to small molecules
with a molecular mass of about 1 kDa. The plasmodesmal size exclusion limit
(SEL) can be increased by viral movement proteins (MP) to alow intercellular
movement of large endogenous proteins or invading viruses (Wolf et al., 1989).
The virus moves from cell-to-cell through the plasmodesmata of several cell types:
epidermal (EP), mesophyll (MS), bundle sheet (BS), phloem parenchyma (PP) and
companion cells (CC). Finaly, it is loaded into the sieve elements (SE) for long-
distance movement (Fig. 2) (Gilbertson & Lucas, 1996;.Carrington et al., 1996).
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Fig. 2. From the inoculated leaf (IL) a virus spreads from the initial infection site (light
green circle) to distal parts of the plant via phloem. Virus moves cell-to-cell through
different types of cells [epidermal cells (EP), mesophyll cells (MS), bundle sheet cells (BS),
phloem parenchyma cells (PP), companion cells (CC)] until it is loaded into sieve elements
(SE). In SEs, virus follows the phloem translocation stream. Sink tissue of the plant where
virus is transported and unloaded is light green and source tissue is dark green (modified
from Rgjaméki, 2002).

For successful cell-to-cell and long-distance movement PVA CP must be
phosphorylated by protein kinase CK2 (lvanov et al., 2003). Using in vitro assays
it was demonstrated that CK2 phosphorylation inhibited the binding of PVA CP to
RNA. VPg is an important domain required for systemic invasion of plants with
potyviruses. A single aa substitution His118Tyr overcome strain-specific resistance
to PVA in S. commersonii and also controls virus accumulation in infected plant
leaves and phloem loading (Rajaméki & Valkonen, 2002). VPg is translocated
from inoculated source leaves to sink leaves, where it accumulates in CC at an
early stage of virus infection, no virus particles or other viral proteins were found
in CC at this infection stage. This suggests that VPg might be a phloem protein,
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which specificaly acts in CC in the sink leaves to facilitate virus unloading
(Rajaméki & Valkonen, 2003). Infection foci at an initial stage of infection were
associated with both major and minor veins suggesting that both may unload PVA
in the sink leaves (Rajaméki & Valkonen, 2003).

Phloem transport

The phloem is constructed of long enucleate SEs, closely connected to CC and
associated PP (Oparka & Santa Cruz, 2000). SEs are joined by perforated end
walls, which form sieve tubes (Fig. 3b). SEs have lost many organelles and contain
endoplasmatic reticulum, modified mitochondria and plastids pressed against the
cell wall (§6lund 1997; Oparka & Turgeon, 1999; Oparka & Santa Cruz, 2000).
They do not contain any ribosomes and therefore the virus cannot replicate in the
SE. SEs are connected to CC through special plasmodesmata called pore-
plasmodesm units (PPUs) (van Bel, 1996). PPUs have an unusually high SEL,
allowing passage of proteins in the range of 10-40 kDa (Kempers et al., 1993;
Kempers & van Bel, 1997). The SE-CC complex is viewed as a single functional
unit due to the close structural and functional connections between the SE and CC
(Fig. 3b) (Oparka & Turgeon, 1999). The SE-CC complex is surrounded by xylem
vessels (X), BSand PP (Fig. 3a).

Following entry to the phloem the virus moves cell to cell in SEs. Littleis known
about the vascular transport of viruses compared to cell-to-cell movement. The
host and viral factors required for cell-to-cell and vascular movement are probably
different since some viruses spread cell-to-cell but can not establish systemic
infection (Gilbertson & Lucas, 1996). The transportable form of potyviruses is
unknown but moving as a ribonucleoprotein seems more probable because it would
protect the RNA from silencing (Carrington et al., 1996; 1998; Rajaméki &
Valkonen, 2004). It is hypothesized that movement of PVA proceeds in repeated
cycles including loading to the phloem for a short transport followed by unloading
to phloem cells for replication and possibly silencing (Germundsson & Valkonen,
2006). Finaly, the virus exits the phloem and initiates infection in sink tissues
(Cronin et al., 1995). The exit of the virus to the sink tissues seems to occur from
major veins (Roberts et al., 1997; Imlau et al., 1999; Oparka et al., 1999).

As leaves mature they undergo a developmentally programmed transition from
net carbon importers (sink) to net carbon exporters (source). The transition
proceeds in a basipetal manner from the leaf tip to the base (Turgeon, 1989), as the
minor veins of the leaves mature. The phloem transport follows the sink-source
transition (Fig. 2). At the transition boundary, import ceases and export is initiated
(Turgeon, 1989). The viruses follow the sink-source relationship and use the same
transport pathway as photoassmilates, proteins, hormones and RNAs (Crawford &
Zambryski, 1999; Thompson & Schulz, 1999; Santa Cruz, 1999; Oparka & Santa
Cruz, 2000; Ruiz-Medrano et al., 2001).
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Fig. 3. A) Schematic picture of atransverse section of aminor vein. BS, bundle sheath cell;
EP, epiderma cell; MS, mesophyll cell; X, xylem vessel B) Schematic picture of a
longitudinal section of the phloem. A pore-plasmodesm unit (PPU) connects companion
cell (CC) and sieve element (SE). PP, phloem parenchyma cell (modified from Rajamaki,
2002).

Transport regulations

The entry and exit of the plant vasculature is strongly regulated to control
photoassimilate loading, entry of foreign molecules and exit of endogenous phloem
proteins. Therefore, the SE-CC complex has been suggested to form the control
point of phloem traffic (Oparka & Turgeon 1999; Santa Cruz, 1999). Transport
through plasmodesmata in source leaves is tightly regulated (Wolf et al., 1989;
Deom et al., 1990), whereas in sink leaves plasmodesmata are more permissive
(Oparka et al., 1999; Crawford & Zambryski, 2000; 2001). The movement in the
phloem is greatly affected by plant species, physiological state of the plant and |eaf
age, but also the size, abundance and subcellular localization of proteins (Crawford
& Zambryski, 2000; 2001). In some cases viruses have problems to move from one
cell type to another, which defines critical cell boundaries. One of them is between
the BS and PP. For example, the 30 kDa movement protein (MP) of Tobacco
mosaic virus (TMV) (genus Tobamovirus) increases plasmodesmal SEL between
MS and BS cells, but cannot move in plasmodesmata connecting BS and PP cells
(Ding et al,. 1992). The boundary between BS and PP also restricts movement of
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Cowpea chlorotic mottle virus (CCMV) (genus Bromovirus) in resistant soybean
(Goodrick et al., 1991).

Plants that do not support a specific step in virad movement can help in
elucidating viral determinants for movement. Tobacco etch virus (TEV) (genus
Potyvirus) with mutations in the central region of HC-Pro can enter phloem cells
but is unable to establish systemic infection in Nicotiana tabacum (Cronin et al.,
1995; Andersen & Johansen, 1998; Guerini & Murphy, 1999). Pea seed-borne
mosaic virus (PSbMV) isolate NY (genus Potyvirus) moves cell-to-cell throughout
inoculated leaf including the petiole of Chenopodium quinoa but is unable to
establish systemic infection due to mutation in CP (Andersen & Johansen, 1998).

Potyviral movement proteins

Movement of the viral nucleic acid is dependent on MP in both source and sink
leaves (Oparka et al., 1999). Severa types of viral movement proteins have been
found to support cell-to-cell spread of viruses through PD (Lucas, 1995;
Carrington et al., 1996). Some viruses encode specific MPs, whereas several
potyviral proteins are involved in the viral movement, including the cylindrical
inclusion protein (Cl), HC-Pro, CP, 6 kDa protein (6K2) and VPg. Formation of
specific structures by potyviral Cl is required for intercellular passage of viruses
(Rodriguez-Cerezo et al., 1997). Cl is suggested to interact with plasmodesmata
and capsid protein-containing ribonucleoprotein complexes to facilitate potyvirus
cell-to-cell movement (Carrington et al., 1998). Mutations in the central region of
HC-Pro inhibit systemic movement of the virus but only slow down cell-to-cell
movement (Cronin et al., 1995). These mutants are also defective in RNA silencing
suggesting that the importance of HC-Pro in systemic movement is associated with
its RNA silencing suppressor activity (Kasschau & Carrington, 2001). Mutationsin
the N-terminal part of the CP affect cell-to-cell movement and long-distance
movement (Dolja et al., 1994). Single aa mutations in 6K2 make it possible for the
PVA-M to overcome resistance to vascular movement (Rajamaki & Valkonen,
1999). Deletion of various portions or insertion of six histidine residues into
various positions of the 6K2 protein inhibited systemic infection in Nicotiana
benthamiana and N. tabacum (Spetz & Valkonen, 2004). Spontaneous mutants
revealed that the PVA 6K2 protein affects viral long-distance movement and
symptom induction independently and in a host-specific manner. Several studies
have identified VPg as the avirulence determinant in potyvirus-host interactions
where systemic infection is restricted (for example Nicolas et al., 1997; Schaad et
al., 1997; Keller et al., 1998; Matsuta et al., 1999; Borgstrom & Johansen, 2001).

Virus evolution

Populations of RNA viruses are genetically heterogenous and consist of a complex
mixture of mutant and recombinant genomes. This type of a population structure is
known as a quasispecies (reviewed in Domingo et al., 1998). Mutations and
recombination in viruses are generated by errors during the replication of genomes
(reviewed in Roossinck et al., 1997). Mutation rates are relatively high during
RNA virus replication due to the lack of proofreading activity in the viral RNA-
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dependent RNA polymerase, a characteristic that is also seen in potyviruses
(Garcia-Arenal et al., 2001).

Recombination is the process by which segments of genetic information are
switched between nucleotide strands of different genetic variants during the
replication. Recombination has been proposed to be a relatively common process
in some plant RNA viruses, especially the potyviruses (Chare & Holmes, 2006).
The high mutation rates and high frequency of recombination in potyviruses might
explain their successful adaptation to many different hosts and environments.

The distribution of genetic variants generated by mutation or recombination in a
viral population will depend on two major evolutionary processes. genetic drift and
selection. Genetic drift is the name of the random process leading to omittance of
genetic variants from the next generation (reviewed in Garcia-Arenal et al., 2001).
The numbers of individuals that actually pass on their genes to the next generation
are called the effective population. In a population of viruses, the effective
population size may be much smaller than the actual population size, since a large
fraction of the population will consist of mutants that can not multiply. Infection of
a new host will be started by only a few virus particles, which will reduce the
effective population size even more. Population bottlenecks causing genetic drift
will also occur in different moments of the history of the virus, e.g., at each time
when a new host plant is infected. Other examples of bottleneck situations are
aphid transmission and geographic subdivision. It was recently shown that also
systemic infection of the plant is an important genetic bottleneck. The population
diversity of Cucumber mosaic virus (CMV) (genus Cucumovirus) was
stochastically and significantly reduced during systemic infection of N. tabacum
(Li & Rossnick, 2004).

Virus evolution is often explained by selection, but this is not always based on
evidence. As in genetic drift, selection can decrease or increase population
diversity and therefore it is often difficult to separate selection from genetic drift
(Garcia-Arend et al., 2001). Selection can be associated with several factorsin the
infection cycle of the virus. Factors that can cause selection are, e.g., host plants,
over-coming of resistance genes and maintenance of structural features of the virus.

There is evidence suggesting that quasispecies evolution may lead to the
selection of virulent viruses and to emergence of new viral pathogens (reviewed in
Domingo et al., 1998). However, the high potential of genetic variation in plant
viruses due to recombination or mutations does not necessarily result in high
diversity of virus populations. Several studies show that plant RNA virus
populations are genetically stable rather than diverse and that virus-encoded
proteins are not more variable than those of their host and vectors (Fraile, et al.,
1997; Hillman et al., 1991; Keese et al., 1989; Ambros et al., 1998). Furthermore,
populations of plant RNA viruses are not more varied than populations of plant
DNA viruses despite the higher mutation rates (Garcia-Arenal et al., 2001).
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Plant defense against viruses

Resistance to viruses is based on both RNA silencing and innate immunity. Innate
immunity is activated either when pathogen-associated molecular patterns
(PAMPs) are recognized by pattern recognition receptors or upon resistance (R)
protein mediated recognition of pathogen race-specific effector molecules
(NUrnberger & Kemmerling, 2006) (Fig. 5). RNA silencing involves several
pathways important for endogenous gene regulation, transposon taming, vira
defense and heterochromatin formation (reviewed in Brodersen & Voinnet, 2006).
It is possible that there are several layers of defense involving both silencing and
innate immunity (Whitham et al., 2006). For successful infection viruses must
suppress al layers of defense. To complicate the picture further there are also
uncharacterized defense mechanisms, many of them are suggested to result from
defective virus-host interactions (e.g. Rajaméki & Valkonen, 2002; Ruffel et al.,
2004). There are also several indications that silencing and innate immunity might
be partly connected (e.g. Ji & Ding, 2001; Pruss et al., 2004).

RNA silencing

Posttranscriptional gene silencing (PTGS) or RNA silencing was first discovered in
plants (Napoli et al., 1990; van der Krol et al., 1990) but was later found to be
important in fungi and animals (reviewed in Cogoni & Macino, 2000). RNA
silencing pathways are triggered by double-stranded (ds)RNA (Fire & Mello,
1998). The dsRNA is processed into short interfering (s)RNA of 20-26
nuclectides (nt) (Hamilton & Baulcombe, 1999). The sSiRNA is incorporated into
an RNA-induced silencing complex (RISC), which cleaves the complementary
RNA into sRNA (Hammond et al., 2000; Liu et al., 2004). There is also
transcriptional gene silencing (TGS) through methylation of DNA and chromatin
(Jones et al., 1999; Jones et al., 2001).

RNA silencing is a natural defense mechanism against viruses, induced by
double-stranded structures of the viral RNA (Molnar et al., 2005). Virus-induced
gene silencing (VIGS) can be separated into a primary and secondary phase (Fig.
4). In primary VIGS the virus is recognized and spliced into siRNA by RISC. In
secondary VIGS the primary signal is amplified resulting is systemic silencing.

Primary VIGS

Replication of RNA viruses produces double-stranded hybrids of plus-strand and
negative-strand genomic RNA, so called replicative forms. It wasfirst believed that
processing of replicative forms of the virus was the base of VIGS in plants, but the
situation can be more complex. For example, in plants infected by TMV and
Cymbidium ringspot virus (CymRSV) (genus Tombusvirus) the ssSRNA produced
are not distributed homogenously along the vira genome. Instead it maps
preferentially to short, imperfect hairpins that result from interactions in the
genomic ssRNA (Lacomme et al., 2003; Molnar et al., 2005).
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The dsRNAs is cleaved into SRNAs by the Dicer-like proteins (DCLS). In
Arabidopsis thaliana there are four DCLs involved in different silencing pathways
(reviewed in Brodersen & Voinnet, 2006). At least two size classes of primary
siIRNA are produced during PTGS in plants: SRNAs 21-22 nt and siRNAs 24-26
nt (Hamilton et al., 2002; Tang et al., 2003). In silencing induced by exogenously
derived dsRNA DCL4 seems to be the preferred enzyme for producing 21-22 nt
siRNA (Dunoyer et al., 2005). However, it has been suggested that the high levels
of dsRNA produced in this kind of PTGS would promote activites of different
Dicers and RISCs, which would normally act in different pathways (Brodersen &
Voinnet, 2006). Recent analyses of combinatorial Dicer knock-outs support this
idea (Gasciolli et al., 2005; Xie et al., 2005). These 21-22 nt SRNAs are believed
to be involved in the degradation of mMRNA (Hamilton et al., 2002) and cell-to-cell
movement of the silencing signal (Himber et al., 2003). The 24 nt SRNAs are
produced by DCL3 and believed to mediate exclusively chromatin modifications
(Hamilton et al., 2002; Zilberman, et al., 2003; Moissiard et al., 2007). The
siRNAs are unwinded by an ATP-dependent RNA helicase and then one of the
strands is incorporated into RISC (Hammond et al., 2000; Bernstein et al., 2001;
Tabara et al., 2002). RISC contains at least two components, Argonaute proteins
and siRNA. The siRNA guides sequence-specific binding of mRNA (Baulcombe,
2004). The bound mRNA is then spliced into SIRNA by Argonaute proteins (Liu et
al., 2004). Once cleaved some of the siRNA is further degraded by exonuclease
activity in the cytoplasm, thus depleting the cell of the target RNA, sometimes to
undetectable levels (Glazov et al., 2004).

Secondary VIGS and systemic silencing

The newly produced siRNA can also be used to further amplify the RNA silencing
reaction by the action of RdRp:s, which have been identified in plants,
Caenorhabditis elegans and fungi, but not insects or vertebrates (Dalmay et al.,
2000; Sijen et al., 2001; Makeyev & Bamford, 2002; Schwach et al., 2005). This
means that viral replication induces primary VIGS. Viral siRNAs produced in the
primary VIGS trigger host-directed secondary silencing reactions, which leads to
accumulation of 21 nt and 22 nt SIRNA corresponding to sequences outside the
silencing target sequence. The target RNA is processed by Dicer 2 and 4 and RISC
in the same process that occurs in primary VIGS leading to degradation of the
corresponding viral RNA (Vaistij et al.,, 2002; Himber et al., 2003). This
phenomenon called transitivity requires an RdRp aso known as SGS2 or SDE1,
SDES3, a protein with RNA-helicase signatures, and SGS3, a coiled-coil protein of
unknown function (Mourrain et al., 2000). Several vira suppressors inhibit the
RDRG6-dependent amplification of VIGS (Moissiard et al., 2007).

In plants, transitivity is bidirectional but in C.elegans it proceeds in the 3'-
5direction (Voinnet et al., 1998; Vaistij et al., 2002). In transgenic plants
trangitivity is followed by methylation of the transgene and extensive movement of
silencing throughout the plant (Vaistij et al., 2002; Himber et al., 2003).
Transitivity is usually observed along transgenes but most studies have not been
able to provide evidence for transitivity along endogenous segquences (Ruiz et al.,
1998; Jones et al., 1999; Vaitij et al., 2002; Himber et al., 2003; Koscianska et
al., 2005; Miki et al., 2005; Petersen & Albrechtsen, 2005). Recently it was
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reported that a plant gene expressed as a transgene was silenced by transitivity but
not when it was expressed as an endogene, suggesting that transitivity is affected
by the context in which genes are expressed (Bleys et al., 2006).

The siRNAs produced in secondary VIGS are believed to move from cell-to-cell
through plasmodesmata and initiate RNA silencing or further signal amplification
in the new cells. This is followed by long-distance movement in the vasculature,
unloading of the signal into new leaves and movement via plasmodesmata from
cell-to-cell (see section above and Fig. 2) (Palauqual et al., 1997; Voinnet &
Baulcombe, 1997). Evidence suggests that the long distance signal might be small
RNAs, arange of SsRNAs (18-25 nt) has been found to enter and move in cucurbit
phloem (Hamilton & Baulcombe 1999; Hamilton et al., 2002; Himber et al., 2003;
Yoo et al., 2004; Dunoyer et al., 2006; Shaharuddin et al., 2006). One study also
reported a phloem-specific small RNA binding protein (PSRP), which
preferentially binds short, single-strand RNA and likely plays a role in trafficking
them in the phloem (Yoo et al., 2004).
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Fig. 4. A simplified model of virus-induced gene silencing in plants. RNA silencing is
triggered by dsRNA originating from viruses. In primary VIGS dsRNA is cleaved by Dicer-
like enzymes into small interfering (s)RNA that are incorporated into the RNA-induced
silencing complex (RISC). The siRNA guides sequence-specific binding of mRNA, which
is spliced into more SSRNA. The siRNA can be further degraded or used to amplify the
silencing signal in secondary VIGS. This process called transitivity requires RDR6, SDE3,
and SGS3 and leads to silencing of sequences outside the target sequence and to systemic
silencing.
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Plants with decreased RDR6 activity are hypersusceptible to severa viruses
(Mourrain et al., 2000; Muangsan, et al., 2004) suggesting that transitivity is an
important mechanism for dealing with the high replication rates of the virus. The
systemic response might immunize cells that are about to become infected and
thereby stop the virus infection. For example the meristems of N. benthamiana
with reduced RDR6 activity are invaded by several viruses, whereas these tissues
normally are immune to infection.

Finally, one should note that there might be many entry points into VIGS
pathways. Some RNA viruses might be much affected by primary VIGS while
others escape the primary VIGS but remain susceptible to secondary VIGS which
can be induced by aberrant RNA (abRNA) from the virus. The number of RdRps
and DCLs probably also varies between plant species providing flexibility in the
initiation and implementation of VIGS (Voinnet, 2005).

Recovery and dark green islands

Plants containing virus-derived transgenes can sometimes be triggered to recover
from infection with the transgene-homologous virus. In recovered plants new
healthy and virus-free leaves appear in the earlier virus-infected plant, 3-5 weeks
after virus inoculation (Lindbo & Dougherty, 1992a; 1992b; Dougherty et al.,
1994; Swaney et al. 1995; Guo & Garcia, 1997). The recovered tissue is resistant
to subsequent infection by the same virus. No viral protein is detected and a drastic
decrease of the transgene-derived mRNA is observed. However, it has been shown
that the transcription rate is not affected (Lindbo et al., 1993). Dark green islands
(DGIs) occur when a virus systemically infects a plant and induces silencing in
some of the infected tissues. DGIs give rise to mosaic symptoms that include
chloratic, virus-infected leaf tissue surrounding discrete regions of dark-green,
virus-free tissue. Cytological and morphological studies reveal that DGIs have a
phenotype similar to healthy tissue and that DGI formation occurs at random sites
across a leaf (Hull, 2002). Recovery and DGIs are both caused by PTGS. Moore et
al. (2001) concluded that DGIs and recovery are related phenomena differing in
the ability to transport the silencing signal.

Viral suppression of RNA silencing

Many viruses have evolved mechanisms to overcome PTGS. The slencing
suppression phenomenon and the first silencing suppressor were discovered when
potyviral HC-Pro was found to enhance the accumulation of many unrelated
viruses (Pruss et al., 1997; Kasschau et al., 1997). The ability of HC-Pro to
suppress silencing was later confirmed in tobacco (Anandalakshmi et al., 1998;
Kasschau & Carrington, 1998; Brigneti et al., 1998). Later it was discovered that
suppression of RNA silencing is a general mechanism used by both RNA and DNA
viruses in plants (Voinnet et al., 1999). This was the beginning for the
identification of additional silencing suppressors, many of which had earlier been
characterized as pathogenicity determinants. However, besides being pathogenicity
determinants there are few similarities between the silencing suppressors. Many
different viral proteins with distinct sequences and structures can be silencing
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suppressors. Their functions are also diverse and they target many different stepsin
the silencing pathways. The ability to suppress RNA silencing has probably
evolved as features of proteins that already had many different functions (Moissard
& Voinnet 2004; Roth et al., 2004).

The potyviral HC-Pro is a dsRNA-binding protein that interacts physically with
sIRNA duplexes and thereby prevents RISC formation (Lakatos et al., 2006).
However, HC-Pro cannot inhibit the activity of already assembled RISC (Lakatos
et al., 2006). HC-Pro is a strong silencing suppressor capable of suppressing
silencing (Anandalakshmi et al., 1998) and reverse established transgene-induced
silencing (Brigneti et al., 1998).

miRNA and silencing suppressors

Almost all eukaryotes express 20-22 nt imperfectly paired dsRNA, so called
miRNA (reviewed in Bartel, 2004). These miRNASs target many regulators of plant
development, such as transcription factors and protein degradation regulators, in a
sequence-specific manner (reviewed in Baulcombe, 2004). They derive from 70 nt
precursor primary miRNAs that are transcribed from non-protein coding genes and
cleaved by Dicer-like proteins in the nucleus (Kurihara & Watanabe, 2004).
miRNA are incorporated into RISC and target complementary RNA. In plants the
target RNA is usually degraded (reviewed in Baulcombe, 2004), but in animals it
most often results in repressed translation (Chen et al., 2004). Several unrelated
suppressors from multiple viruses have been shown to inhibit miRNA activities in
plants when expressed from transgenes and, at the same time they trigger
developmental defects (Kasschau et al., 2003; Zilberman et al., 2003; Chapman et
al., 2004; Chen et al., 2004; Dunoyer et al., 2004). Some of these defects resemble
virus symptoms and suggest that perturbation of endogenous silencing pathways is
at least one of the mechanisms by which viruses can induce symptoms on infected
plants. However, some defects fall outside the commonly observed virus symptoms
(Dunoyer et al., 2004).

Vectors for virus induced gene silencing (VIGS)

Virus-derived vectors can be used to silence gene expression without
transformation and selection. However, the viruses alter gene expression in their
host, and therefore the process of VIGS must be understood. Kumagai et al. (1995)
were first to use VIGS to knock down expression of endogenous plant genes.
When designing a VIGS vector the region of the gene to be targeted for silencing
must be carefully considered. If the sequence is from a region unique to the target
gene the silencing phenotype will be gene specific, but if the insert includes regions
that are similar in related genes the specificity may be decreased (Lu et al., 2003).
Theoreticaly, VIGS requires a very short target sequence, but the lower limit of
insert size has been shown to be 23 nuclectides (Thomas et al., 2001). The upper
limit size probably depends on size constraints of the virus to move from cell-to-
cell and may vary between viruses and plant species, but the practical limit seems
to be around 1.5 kb (Burch-Smith et al., 2004). The insert must also be cloned into
the virus without compromising viral replication and movement. An efficient VIGS
vector should replicate and accumulate to sufficient levels in the host plant to
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generate dsRNA and should also be devoid of strong silencing-suppressors. Potato
virus X (PVX) (genus Potexvirus), TMV and TMV satellite virus do not have
strong silencing suppressors, whereas for example the CMV, TEV and CymRSV
have RNA silencing suppressors that can reverse transgene silencing. They are
therefore not considered suitable as VIGS vectors (Vance & Vaucheret, 2001). Itis
an advantage if the virus does not cause severe symptoms, since they would make
the silencing phenotype difficult to interpret. Detailed protocols for constructing
and using virus-derived silencing vectors have been published (Lu et al., 2003; Rui
et al., 2003).

RNA virus derived vectors can be gene-replacement vectors or insertion vectors.
Since viral proteins usualy are multifunctional and each RNA virus-encoded
protein is required for efficient movement and replication, gene replacement
vectors have not been extensively used for silencing, even though there are
functional gene-replacement vectors described (Pogue et al., 2002; Turnage et al.,
2002). Most vectors derived from RNA viruses are insertion vectors (Pogue et al.,
2002) and contain a duplicated subgenomic promoter preceding the insertion site.
TMV was the first VIGS vector (Kumagai et al., 1995). TMV induces severe viral
symptoms and the silencing efficiency is low, even if the silencing efficiency has
been stabilized by incorporation of direct inverted repeats of 40-60 bases to form
dsRNA hairpins (Lacomme et al., 2003). PV X cloned into a binary plasmid can be
inoculated by agroinfection. PVX VIGS causes moderate disease symptoms and is
a more stable vector than TMV, but has a narrower host range. Both PV X and
TMV are excluded from the meristems of their hosts, and can therefore not silence
genes in those tissues. The limitations of meristem exclusions, host range, and
symptom induction were overcome when a VIGS vector based on Tobacco rattle
virus (TRV) were developed (Ratcliff et al., 2001; Liu et al., 2002).

VIGS has been a powerful tool for identification of signaling components
involved in disease resistance (Shirasu et al., 1999; Romeis et al., 2001; Liu et al.,
2002; Peart et al., 2002,; Jin et al., 2003; Sharmaet al., 2003; He et al., 2004). The
power of VIGS is its rapid initiation of silencing in intact wildtype (wt) or
transgenic plants. An advantage of using a virus vector for reverse genetics is that
most crop plants that are difficult to transform are susceptible to viruses (Voinnet,
2005). Another advantage of viral vectors is that there is no need for screening
large populations to identify a specific phenotype and only one plant generation is
needed to find a plant with the desired phenotype. Loss-of-function mutants of
some genes that have been silenced by VIGS would be embryo lethal. It is possible
to silence a whole gene family by targeting the most conserved sequence of these
genes. VIGS can also be rapidly tested in many genotypes of the same species,
whereas gene silencing induced with stably transformed transgene constructs are
usually generated in a single genotype. Despite its advantages, VIGS also has some
limitations. VIGS seldom results in complete suppression of the target gene, which
makes it impossible to detect a phenotype if a low level of gene expression is
sufficient for maintaining the function. VIGS does often not result in uniform
silencing of a gene throughout an infected plant, and the levels of silencing can
vary between different plants and experiments. It should also be noted that VIGSis
dependent on a virus-host interaction and the virus alone could alter development
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and mask phenotypes. Finally, VIGS might also silence non-target genes, even if
this possibility decreases with increased knowledge about the genome sequence
and silencing mechanisms of different organisms (Burch-Smith et al., 2004).

I nnate immunity

Non-host resistance

Generally, most plant species are resistant to most microbial species. This
phenomenon is called non-host resistance. It is durable against a broad range of
pathogens, perhaps due to the large number of mechanisms involved (reviewed in
NuUrnberger et al., 2004; Thordal-Cristensen, 2003). Non-host resistance is
conferred by preformed barriers and induced resistance.

The preformed barriers, such as wax layers and rigid cell walls, are constitutively
present on the plant surface, and protects the plant from becoming infected (Heath,
2000; Dixon, 2001; Kamoun, 2001; Nurnberger et al., 2004). However, pathogens
have evolved mechanisms to overcome the preformed barriers. Viruses can do this
through wounds introduced by vectors (Agrios, 1997). If the pathogen manages to
overcome the constitutive defense and penetrate the cell walls it might successfully
infect the plant. Alternatively, the pathogen activated molecular patterns (PAMPs)
can be recognized by receptors at the plant cell surface and induce a resistance
reaction, PAMP-triggered immunity (PTI) (Jones & Dangl, 2006) (Fig. 5). PAMP-
based non-self recognition is found in aimost all eukaryotes (Aderem & Ulevitch,
2000; Cook et al., 2004). A large number of PAMPs have been shown to probably
trigger receptor-mediated defense-responses in natural plant-microbe interactions
(Gomez-Gomez & Boller, 2000; Nirnberger & Brunner, 2002; Parker, 2003;
Espinosa & Alfano, 2004; Jones & Takemoto, 2004). PAMPs are functionally
important for the microbe. They are structurally conserved across a wide range of
microbes, and are not normally present in the host (Aderem & Ulevitch, 2000;
Medzhitov & Janeway, 2002; Underhill & Ozinsky, 2002).

Vira PAMPs have not been as extensively characterized as PAMPs in bacteria
and fungi, but there are some examples. Cauliflower mosaic virus (CaMV) in A.
thaliana (Love et al., 2005) and TMV in tobacco (Allan et al., 2001) induce
PAMP-like activities. The PAMPs is predicted to be peptides of the viral coat
protein.

The plant cell receptors recognizing PAMPs have in some cases been shown to
be receptor-like kinases (RLKS) (Gomez-Gomez & Boller, 2000; Zipfe & Felix,
2005) and it has been suggested that other so far uncharacterized PAMP receptors
also are RLKs (Niirnberger & Kemmerling, 2006). The molecular mechanisms
involved in non-host resistance are not completely understood but its induction is
connected to calcium influx, production of reactive oxygen species (ROI), GTP
binding proteins, production of nitric oxide (NO), MAP kinase signaling,
transcriptional induction of pathogen-responsive genes, and deposition of callose
to reinforce cell walls at the site of infection, all of which contribute to prevention
of microbial growth (Jonak et al., 2002; Abramovitch & Martin, 2004; Jones &
Takemoto, 2004; Nirnberger et al., 2004).
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Fig. 5. Zigzag model illustrating the quantitative output of the plant immune system. The
ultimate amplitude of disease resistance or susceptibility is proportional to [PTI-ETS+ETI].
Plant receptors detect pathogen-associated molecular patterns (PAMPs) inducing PAMP-
triggered immunity (PTI). Successful pathogens deliver effectors interfering with PTI
resulting in effector-triggered susceptibility (ETS). One effector can be recognized by an R
protein activating effector-triggered immunity (ETI). If pathogens acquire new effectors,
ETI can be suppressed, but selection favors new R-genes resulting again in ETI (modified
from Jones & Dangl, 2006).

Gene-for-gene resistance

The non-host resistance can be overcome by a pathogen species or individual races
or strains of a given pathogen species through acquisition of virulence factors, so
called effectors (Fig. 5). The effectors enable the pathogens to either evade or
suppress the PAMP-triggered immunity (PTI). The effector will make the plant
susceptible again; therefore, this is called effector-triggered susceptibility (ETS).
The PTI can still be detected in susceptible plants, but it cannot stop infection;
nonetheless it is referred to as basal defense. The importance of basal defense
against viruses has not been established. A. thaliana mutants defective in SA-
mediated defense responses have not been found to have enhanced virus
susceptibility (Laird et al., 2004; Huang et al., 2005). In contrast, a tomato
(enhanced disease susceptibility) edsl mutant was reported to be more susceptible
to TMV, suggesting there can be arole for SA in basal defenses (Hu et al., 2005).

The selective pressure on host plants caused by the effectors of virulent
pathogens has resulted in evolution of plant resistance (R) genes, which
specifically recognize pathogen strain -or race-specific factors. This is called
effector triggered immunity (ETI) (Jones & Dangl, 2006) (Fig. 5). Most effector
proteins are virulence factors required for the colonization of host plants. An
effector that is recognized by an R protein is termed avirulence (Avr) protein. To
avoid resistance, pathogens may evolve new races leading to the establishment of
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race/plant cultivar-specific resistance (Abramovitch & Martin, 2004; Espinosa &
Alfano 2004; Jones & Takemoto, 2004). This type of resistance is genetically
determined by complementary pairs of pathogen-encoded avirulence genes and
plant R genes (Gabriel & Rolfe, 1990) and conforms to the gene-for-gene
resistance (Flor, 1946). Matching R-Avr genes results in resistance (incompatible
interaction), while lack of matching R-Avr gene pairs result in disease (compatible
interaction). (Abramovitch & Martin, 2004; Alfano & Collmer, 2004; Jones &
Takemoto, 2004).

Recently, a zigzag model illustrating the quantitative output of the plant innate
immune system was described (Jones & Dangl, 2006) (Fig. 5). In this model the
disease level is proportional to [PTI-ETS+ETI]. Thus, resistance and susceptibility
are not described as a fixed permanent condition, but as something that can take
many different levels depending on PAMPs, effectors and resistance genes. If the
sum of the equation reaches a certain threshold the plant will be resistant, but
below the threshold the plant remains susceptible.

For gene-for-gene resistance there is a large body of information available. Over
the past 10-15 years many novel genes, proteins and molecules have been
discovered through the use of gene expression studies and reverse genetics
(reviewed in Hammond-Kosack & Parker, 2003). Severa R genes have been
cloned. They are largely conserved both in monocotyledons and dicotyledonous
plants and are grouped into different classes based on the conserved domains they
contain. Effectors have been cloned from bacteria, fungi and viruses. They may
directly encode the €elicitor (Van den Ackervecken et al., 1992) or they encode an
enzyme that catalyses the production of the elicitor molecule (Keen et al., 1993).
Viral CPs, replicases and MPs have been identified as vira effectors (reviewed by
Culver, 1997), but also the viral virulence determinants that suppress silencing can
be considered effectors.

The simplest biochemical interpretation of the gene-for-gene hypothesis involves
direct interaction of areceptor and aligand, which was demonstrated in afew cases
(Cohn et al., 2001; Jia et al., 2000). In several studies it has been found that R
proteins constitute components of larger signaling complexes, but these proteins
may not necessarily bind directly to the matching Avr protein (Axtell &
Staskawicz, 2002; Mackey et al., 2002; Van der Hoorn et al., 2002). These studies
have led to the guard hypothesis. According to the guard hypothesis the effectors
function as dlicitors of cultivar-specific resistance only when the complementary R
protein is recruited into a functional signal perception complex (Van der Biezen &
Jones, 1998; Cohn et al., 2001; Dangl & Jones 2001; Bonas & Lahaye, 2002; Holt
et al., 2003; Van der Hoorn et al., 2002). Thus, the role of the R protein is to
monitor/guard the Avr-mediated perturbance of cellular functions.

Different R gene and avirulence gene interactions activate different resistance
pathways. They are dependent on diverse genes and signaling molecules to
establish successful resistance. However, the different signaling networks seem to
be highly interactive, which makes the situation complex (reviewed in Hammond-
Kosack & Parker, 2003).
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Inducible responses associated with gene-for-gene resistance

The most well-known response in gene-for-gene resistance is the frequently
observed, highly localized hypersensitive response (HR). HR occurs against all
known groups of pathogens (Keen, 1990). HR to viruses results in development of
necrotic lesions at the initial infection sites of inoculated leaves (Jones, 1990). Cell
death might not be essential for the mechanism that prevents virus infection. HR
against CaMV in Nicotiana edwardsonii and Nicotiana bigelovii can be uncoupled
from cell death (Cawly et al., 2005).

There are also other indications that the cell death is not essential. A. thaliana
mutants dnd1, dnd2, himl (Yu et al., 1998; Clough et al., 2000; Balague et al.,
2003; Jurowski et al., 2004) and RSS1-R in A. thaliana (Deslandes et al., 2002)
lack the capacity to respond to Pseudomonas syringae with HR—elated cell death
but do exhibit typical gene-for-gene resistance responses. In HR, a range of plant
defense-related pathways are activated that lead to cell death and to the restriction
of the pathogen at the initial site of infection (Hammond-Kosack & Jones, 1996;
Heath, 2000). The cell death response has been considered to be a form of
programmed cell death, which may have similarities with animal apoptosis
(Gilchrist, 1998; Greenberg & Yao, 2004). A rapid induction of active oxygen
species (oxidative burst) is typical of HR in plants. lon fluxes across the plasma
membrane (Ca?* and H* influx; K*and CI" efflux) activate an NADPH oxidase,
which produces reactive oxygen intermediates (ROI). The active oxygen species
can also be produced by peroxidases and extracellular enzymes, such as oxalate
and amine oxidases. The active oxygen species may be directly toxic to the
pathogen or may lead to crossinking of the cell walls. They also act as secondary
messengers in the activation of transcription of defense genes. It is believed that
NO starts the oxidative burst. NO also induce defense genes like PR-1 and PAL
(reviewed in Hammond-Kosack & Jones, 1996). Other important early signals are
the G-proteins, which activate the Ca?* signaling through phospholipase C (PLC)
(reviewed in Jones, 2002). When the Ca®* level increases in the cytosol many
calcium binding proteins are activated. Calmodulin is a calcium sensor transmitting
changes in cytosolic calcium levels to cellular metabolic processes. Camodulin
activates several targets including transcription factors, protein kinases and Ca?*
ATPases (reviewed in Yang & Poovaiah, 2003). One camodulin-related protein
also interacts with HC-Pro and has been suggested to function as an endogenous
silencing suppressor through an uncharacterized calcium-dependent pathway
(Anandalakshmi et al., 2000). The calcium signaling activates different protein
kinases, like mitogen-activated protein kinases (MAPK) and calcium-dependent
protein kinases (CDPK). The signaling of kinases is complex. Specific isoforms
become activated by environmental stimuli and race -and non-race specific
resistance. (Desikan et al., 1999; Suzuki et al., 1999). The early signaling
described above activates transcription factors and regulate defense related genes
(DRGs), such as those involved in ubiquitination, production of PR-proteins and
proteinase inhibitors.
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Extreme resistance (ER) to viruses is another resistance response inducing signal
transduction pathways and is based on interactions between dominant resistance
genes and avirulence genes. In contrast to HR which is virus-strain specific, ER
typically acts against all strains of a virus. ER efficiently reduces virus replication
in infected cells and no cell death is observed in inoculated leaves (Cockerham,
1970; Ross, 1986; Kéhm et al., 1993).

Other resistance responses

There are also resistances that do not function on a gene-for-gene basis, but still
confer resistance to virus replication, cell-to-cell movement or vascular movement.
The exact mechanisms are not very well studied, but many of these resistance
genes have been shown to be recessive. Already 1905 Biffen discovered that
resistance against yellow rust in a specific wheat variety was due to a single
recessive gene. The barley mlo gene is one of the most studied recessive resistance
genes and functions as a negative regulator of cell death (Blischges et al., 1997).
Resistance genes that do not induce HR, SAR or cell death have usually been
suggested to be passive and the resistance to result from defective host-virus
interactions. This has been supported by data indicating that the resistance is
overcome by mutations in viral proteins. Usually VPg is the important virulence
determinant, in which mutations of host-specific aa can overcome the resistance
(for example Gibb et al., 1989; Nicolas et al., 1997; Schaad et al., 1997; Keller et
al., 1998; Rajaméaki & Vakonen, 1999; Raaméki & Vakonen, 2002). It has been
shown that the natural recessive resistance genes pvr2 and potl (Ruffel et al.,
2002; Moury et al, 2004; Ruffel et al., 2005) correspond to the eukaryotic
initiation factor 4E (elF4E). The interaction between VPg and elF4AE has been
shown in severa virus-host combinations (Wittman et al., 1997; Léonard et al.,
2000; Schaad et al., 2000; Beauchemin et al., 2007; Roudert-Tavert et al., 2007).
Ruffel et al. (2004) suggested that the resistance could be due to incompatibility
between the VPg and el F4E.

Systemic acquired resistance

The localized HR induces systemic acquired resistance (SAR), which is a broad-
spectrum resistance in uninfected parts of the plant (reviewed in Hammond-K osack
& Parker, 2003; Durrant & Dong, 2004). SAR is long-lasting, sometimes for the
life-time of the plant, and effective against a broad spectrum of pathogens
including viruses, bacteria, fungi and oomycetes (Ryals et al., 1996; Sticher et al.,
1997). SAR is characterized by the increased expression of pathogenesis-related
genes (Van Loon et al., 1998; Van Loon & Van Strien, 1999). Upregulation of PR-
1 indicates SAR induction (Van Loon & Van Strien, 1999; Durrant & Dong,
2004). SAR requires the signal molecule SA (Gaffney et al., 1993; Delaney et al.,
1994), but SA is not the systemic signal (Dempsey et al., 1997). The signal might
be a lipid (Falk et al., 1999; Jirage et al., 1999; Maldonado et al., 2002) and
recently it was also suggested that jasmonate might be involved in systemic
signaling inducing SAR (Truman et al., 2007). The systemic signals induce SA
accumulation throughout the plant. To further induce SAR the NPR1 (non-
expressor of PR-1) isrequired (Cao et al., 1994; Delaney et al., 1995; Glazebrook
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et al., 1996; Shah et al., 1997). NPR1 relocates from the cytoplasm to the nucleus
(Kinkema et al., 2000), binds with various TGA class transcription factors and
induces PR gene expression (Subramaniam et al., 2001; Fan & Dong, 2002).

Pathogenesis-related protein 1 (PR-1)

PR-1 is one of the 17 PR-protein families that have been defined so far (reviewed
inVan Loon & Strien, 1999). PR-proteins are induced by a pathogen in tissues that
normally do not express the PR-proteins. The expression must have been shown to
occur in at least two different plant-pathogen combinations. For a single plant-
pathogen combination the expression must have been independently detected in
two different laboratories. PR-1 has been shown to be encoded by small multigene
families in tomato, tobacco and potato. There are both basic and acidic PR-1
proteins. PR-1 has a high stability due to a unique compact structure. Most PR
proteins function as p-1,3-glucanase, chitinases, endoproteinases, defensins,
thionin, peroxidases, thaumatin-like proteins, ribonuclease-like proteins, lipid
transfer proteins and oxalate oxidase proteins. The function of PR-1 is not known.
There are indications that PR-1 might participate in pathogen resistance.
Transgenic tobacco plants expressing PR-1 to high levels exhibited increased
tolerance to some oomycete pathogens (Alexander et al., 1993, Niderman et al.,
1995). PR-1 shows homology to some proteins of non-plant origin, such as;
allergen, mammalian sperm coating glycoproteins and human glioma pathogenesis-
related protein (GliPR) (Broekagert et al., 2000).

Connections between RNA silencing and innate immunity

There are several indications that silencing and innate immunity might be partly
connected. It has for example been shown that viral RNA-silencing suppressors can
induce HR (Scholthof et al., 1995; Li et al., 1999). CMV silencing suppressor 2b
suppresses both RNA silencing and SA-induced defense pathways (Ji & Ding,
2001). Tobacco plants expressing HC-Pro show enhanced resistance to a broad
range of pathogens (Pruss et al., 2004). It is proposed that HC-Pro suppresses the
effect of miRNAs that are targeted against negative regulators of R-protein
mediated defense. Another explanation could be that HC-Pro releases a silencing-
based mechanism that directly restricts constitutive R-gene expression (Stokes et
al., 2002).
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Aims of the study

The aim of this study was to examine molecular interactions between potyviruses
and their hosts using PVA and its hosts N. benthamiana and potato as the model
system. The more specific aims were to;

e Obtain a new infectious clone of PVA based on the isolate PVA-U that
infects potato plants systemically.

e Usethe novel vira chimeras produced during the process of construction
of the PVA-U clone for studying how recombination of two closely
related viral strains might alter their virus-host interactions.

e Study whether PVA can be used as a VIGS vector and analyze the
systemic progression of viral infection and RNA silencing.

e Use functional genomics to study the genetic bases of non necrotic

resistance, nnr, which inhibits transport of PVA from the inoculated
leavesin potato.

30



Results and discussion

Studies of PVA in vitro recombinants (1)

The full-length ¢cDNA clone pPVA-B11 (Puurand et al., 1996) infects N.
benthamiana but not potatoes systemically. Previous studies have shown that
pPVA-B11 is able to infect inoculated leaves of the diploid potato plants in
population v2, but that it is unable to systemically spread throughout any plant,
2000). To obtain a new infectious clone based on PVA-U, parts of the full-length
clone of pPVA-B11 were replaced stepwise with parts of PVA-U until the new
clone was ready. During this process six novel chimeric viruses, pBUI, pBUII,
pBUIlI, pBUI+pBUII, pBUI+pBUIIl and pBUII+pBUIIl were produced. These
six chimeras were used for studying how recombination of two closely related viral
strains might alter their virus-host interactions. The Ul, Ull and Ulll segments
correspond to nucleotides 1-3012, 2905-6823 and 6055-9565 of PVA-U,
respectively.

Infectivity of the full-length PVA-U clone (pUFL), pPVA-B11 and the virus
chimeras were tested in N. benthamiana and potato lines v2-134 and v2-51. pUFL
infected the susceptible potato line v2-134 and N. benthamiana systemically.
However, it was not able to systemically infect the resistant (nnr) potato line v2-51
although quite high virus titers were detected in inoculated leaves, as aso found in

The N. benthamiana plants inoculated with pUFL and pPVA-B11 showed
similar symptoms of severe mosaic and leaf malformation. All chimeras infected N.
benthamiana, but their infectivity varied. Some chimeras caused similar
phenotypes as the parental viruses, but there were aso chimeras causing
completely new phenotypes that were not like any of those found with the parental
viruses. pBUI+III caused severe mosaic and leaf malformation as the parental
viruses, while very severe mosaic and leaf malformation were observed in leaves
infected with pBUII and pBUIII, even though the titer of pBUIIl was only half of
that of pUFL. Infection with pBUI+II resulted in novel symptoms of yellow vein
chlorosis (net chlorosis) without leaf malformation, although viral titers were
equivalent to those of the parental viruses. pBUI produced titers that were 2.5-fold
less than the titers of pBUI+Il and pUFL and its infection caused mild mosaic
without leaf malformation. pBUII+UlIl showed a systemic infection delayed by
two weeks and the viral titers were low.

pBUII+IIT was not inoculated to potato because of its low infectivity in N.
benthamiana. All other chimeras, except pBUI+l1, infected the susceptible line v2-
134 systemically, but none of them infected the resistant line v2-51 systemically.
The titers of pBUI+II in inoculated leaves were significantly lower than the titers
of the other chimeras. pBUI accumulated to similar levels as the other chimerasin
both inoculated and upper non-inoculated leaves of potato and the titers were not
significantly lower compared to the other chimeras as they were in N. benthamiana
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(see section above). In general, the vira titers in potato were lower than in N.
benthamiana for all chimeras but they were quite high as compared to the PVA
titers previously observed in potato plants (Andrejeva et al., 1999). No symptoms
were induced in v2-51 and v2-134 by the chimeras or the parental viruses.

In our study N. benthamiana had higher PV A titers than potato and also tolerated
more changes in the viral genome. The fact that N. benthamiana is extremely
susceptible to viruses is well-known (van Dijk et al., 1987; Dawson & Hilf, 1992).
Yang et al., (2004) found that one of two RdRps in N. benthamiana is modified by
an extra 72 nt insert and not induced by SA and viruses. RdRp:s have been shown
to be important both for SA-inducible defenses and RNA silencing (Moissard et
al., 2007; Xie et al., 2001). Therefore, the mutated RdRp might explain the
extreme susceptibility of N. benthamiana to viruses.

PVA-B11 could not infect v2-134 systemically, but the new chimeras made of
PVA-U and PVA-B11 in this study could overcome resistance to vascular
movement in v2-134. This was a novel finding because in a previous study a
chimera of PVA-B11 carrying the CP encoding region of isolate U (B11-Ucp) was
not able to infect v2-134 systemically (Andrejeva et al., 1999). When a few aa
residues of HC-Pro and V Pg were mutated to make B11-Ucp more similar to PVA-
al., 2000). This indicates that complex coordinated functions between different
parts of the PV A polyprotein might be required for a successful infection cycle.

The sequence of pUFL has a few aa changes compared to PVA-U. Fourteen
changes are predicted to result in aa changes or a short frameshift region. All
changed aa residues were identical to PVA-B11, making pUFL more similar to
PVA-B11 than PVA-U, probably because of host adaptation. pPVA-B11 has been
maintained in N. benthamiana and pUFL was constructed via intermediary
chimeras pBUI, pBUII and pBUIII, which were preselected for infectivity in N.
benthamiana. For this reason the aa which have changed in pUFL compared to
PVA-U may have greater compatibility for interactions with N. benthamiana and
with the rest of the virus genome derived from pPVA-B11. Host adaptation studied
by Yarwood (1979) showed that serial passaging of the virus in different hosts
could change viral properties. The experiments often involved a host shift, in
which the virus adapted to one particular host was inoculated to and passaged in a
different host. The resulting changes of virus traits were taken as evidence for host
adaptation. It has also been shown at the molecular level, using the DNA oligomer-
directed RNase H cleavage method and sequencing that Satellite tobacco necrosis
virus (STNV, single-stranded RNA satellite viruses; family 81) from tobacco
adapted to its new host mung bean, Vigna radiate, by gradual selection of sequence
variants from the tobacco-adapted population (Donis-Keller et al., 1981).

It has been shown in many studies that small changes in the potyviral genome
can make it possible for the virus to overcome host resistance, possibly because
these changes restore virus interactions with the host. For example, a single aa
substitution Hisl18Tyr in the VPg of PVA-B11l alows the virus to move
systemically in S. commersonii, a host where it is usually restricted to inoculated

32



leaves (Rajaméki & Valkonen, 2002). Similarly, another aa substitution in VPg,
Va1ll6Met, makes it possible for PVA-M to move systemically in N. physaloides
where PVA-M is usualy restricted to the inoculated |eaves (Rajaméki & Valkonen,
1999). The Vall6Met substitution has also been found to occur in vivo during
replication of PVA-M in infected N. physaloides plants (Ragjaméki & Valkonen,
2004). Pisum sativum, accession Pl 269818, is resistant to the potyvirus PSbMV
pathotype P1, but susceptible to pathotype P4 isolates. Mutation analysis showed
that the region influencing virulence was VPg, more specificaly aa 105 to 117
(Borgstrom & Johansen, 2001). When pathotype P1 was allowed to pass through
Pl 269818, mutants overcoming resistance appeared. Mutations were only found at
codons from aa 105 to 117. No changes in virus sequence were observed when
pathotype P4 passed through Pl 269818, suggesting that the changes in P1 were
due to host adaptation. The recessive gene pot-1 in Lycopersicon hirsutum can be
overcome by a single mutation, Argl19His, in VPg (Moury et al., 2004). With
changes in five aa between codons 105-123 in the VPg PVY could circumvent the
resistance conferred by the gene pvr2 in Capsicum annuum (Moury et al., 2004).

The virulence determinant can, however, also be located in other parts of the
genome. Viral determinants for overcoming recessive resistance (sbm-2) in P.
sativum against PSbMV reside in the region encoding the N-terminal part of the P3
protein (Hjulsager et al., 2006). The 3"terminal region of the Plum pox virus (PPV)
genome, from nucleotide 7677 to the end appears to be responsible for the ability
of isolate PPV-R to overcome rpvl-mediated resistance in A. thaliana (Decroocq
et al., 2006). This region corresponds to the end of the NIb, the whole CP and the
3'NTR region.

The titers of pUFL were among the highest of all viruses tested in this study.
This might be because pUFL as well as PVA-B11 contain an Asp-Ala-Ser (DAS)
motif a the CP N-terminus, The motif DAS increases the accumulation of PVA in
inoculated leaves, as compared to DAG, but DAS is not compatible for aphid
transmissibility which requires DAG (Rajamaki et al., 1998; Andrejeva et al.,
1999; Vakonen et al., 2002). Virus maintained artificialy through mechanical
passage or vegetative propagation may lose the ability to be vector-transmitted.
This was first reported for Wound tumour virus (WTV) (Reddy & Black, 1977),
and has also been shown in several other cases (reviewed in Pirone & Blanc,
1996). Loss of vector transmissibility is also more common in viruses whose
transmission is dependent on viral helper components besides the CP, which is the
case with potyviruses (Pirone & Blanc, 1996).

In this study, there was no direct correlation between the vira titers and
symptom severity, suggesting that interactions between the chimeras and specific
hosts are more important determinants for the phenotypic difference than the viral
titer. This conclusion is supported by another study (Kagiwada et al., 2005). They
constructed chimeras between PV X-OS causing necrosis and mosaic and PV X-BS
causing mild mosaic in N. benthamiana and N. tabacum. Western blot analysis of
viral CP in the uppermost leaves of N. tabacum 7, 10 and 15 days post inoculation
(dpi) showed no difference in accumulation of CP between PV X-BS and PV X-OS.
There were also no differences in local lesions induced in C. quinoa after sap
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inoculation from uppermost leaves 7, 10 or 15 dpi. The symptom determinant was
asingle aa residue in the RdRp. In PPV the symptom determinant of vein necrosis
in Nicotiana clevelandiii is residing within a 173 aa long region from the C-
terminal part of P3 and 6K 1 (Saenz et al., 2000). In the same region a stretch of 74
aa contains the symptom determinant for PPV infection in P. sativum (Saenz et al.,
2000). PVYN causes veinal necrosis in tobacco, while mosaic symptoms are
observed with PVY®. By constructing chimeric viruses between PVY™ and PVY©°
the determinant for necrosis induction was mapped to the two aa residues K 49 and
E419 in the C-terminal part of HC-Pro (Tribodet et al., 2005). The isolate AF199 of
LMYV causes local lesions followed by wilting and plant death in L. sativa cultivars
Ithaca and Vanguard 75. Analysis of viral chimeras revealed that nucleotides 112-
386 in P1 and/or nucleotides 5496-5855 in Cl are sufficient for causing wilting in
Ithaca but not Vanguard 75, indicating that the determinants were different in these
two cultivars (Krause-Sakrate et al., 2005).

Our results suggest that virulence depends also on compatible coordinated
functions between different parts of the PVA genome. In some of our chimeras
interactions between different parts of the polyprotein or between mature proteins
produced from different parts of the polyprotein might have been disrupted and
resulted in reduced virulence. This model is supported by previous studies. Gomez
de Cedron et al. (2006) introduced a series of point mutations to CI of PPV. CI
could dtill self-interact in all mutants but with reduced binding strength, which
correlated with reduced efficiency of movement, whereas virus replication was not
affected. The authors suggest that the CI-Cl interactions putatively required for
RNA replication and virus movement could be rather different.

The same PVA chimera could cause completely different phenotypes in potato
and N. benthamiana suggesting that host factors play an important role for virus-
host interactions. This is aso found in recent publications studying Potyviridae-
host interactions. One study by Stenger & French (2004) involved another member
of the Potyviridae family, strain Sidney 81 of Wheat streak mosaic virus (WSMV)
(genus Tritimovirus) infecting wheat, oat and barley. When HC-Pro of WSMV-
Sidney 81 was replaced with the corresponding region derived from four strains of
WSMYV or the related tritimovirus Oat necrotic mottle virus (ONMV) changes in
symptom severity and aphid transmission, but not in host range, could be observed.
It was first when HC-Pro from the potyviruses TEV and Turnip mosaic virus
(TuMV) or rymoviruses Hordeum mosaic virus (HoMV) and Agropyron mosaic
virus (AgMV) replaced the HC-Pro of WSMW-Sidney 81 that changes in host
range of WSMV could be detected. However, all chimeric viruses were able to
infect wheat. It was suggested that the host-virus interactions mediated by HC-Pro
are less specific in wheat than in the two other hosts, barley and oat. As in the
present study, they could not predict virulence of a certain chimeric WSMV from
the virulence of the parental viruses and concluded that replacements with distantly
related HC-Pro may perturb virus-host interactions and alter virulence in an
unpredictable manner. Another example is a study where twelve A. thaliana
accessions were challenged with PPV isolates representing four PPV strains. Each
accession supported local and systemic infection by at least some of the PPV
isolates, but high variability was observed in the interaction between PPV isolates
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and the 12 A. thaliana accessions (Decroocq et al., 2006). Resistance to local
infection or long-distance movement was detected in 40 % of the accession-isolate
combinations analyzed. In a few cases the resistance genes were already known.
For example resistance to long-distance movement of PPV-El Amar in Col-0
requires the RTM genes and resistance to long-distance movement in Cvi-1 to
PPV-PSis controlled by the single recessive gene rpvl.

Our results suggest that recombination between homologous viral genomes can
result in new potyviral strains with novel phenotypic traits. This is supported by a
study by Chare & Holmes (2006) who conducted a phylogenetic study of
recombination frequency in plant RNA viruses. The results suggested that
recombination is relatively common in some plant RNA viruses, most particularly
the potyviruses. They also concluded that recombination occurs less often between
phylogenetically divergent strains. Another recent study where recombination sites
in 92 isolates of the potyvirus TuMV were studied shows that recombination
occurred throughout the genomes (Ohshima et al., 2007). Some recent results
indicate that close homology might be a prerequisite for successful recombination.
Martin et al. (2005) used engineered recombinants of a DNA virus, Maize streak
virus (MSV), to demonstrate that the virus need to maintain intragenomic
interaction networks and that this limits the evolutionary potential of recombination
for MSV and probably for genomes in general. To function optimally fragments of
genetic material should reside within genomes similar to those in which they
evolved. The similarity necessary for optimal functionality correlates with the
complexity of the intragenomic interaction networks in which the genome
fragments must function.

PVA asavector for virus-induced gene silencing (11)

Viruses encoding strong RNA-silencing suppressors (RSS), such as the potyviral
HC-Pro (Anandalakshmi et al., 1998; Kasschau & Carrington, 1998), have been
anticipated to be poor VIGS vectors. However, there are aso indications that
potyviruses might be useful as VIGS vectors. Arazi et al. (2001) constructed a
vector based on Zucchini yellow mosaic virus (ZYMV-AGII) (genus Potyvirus),
which maintained systemic infectivity in cucumber when a human c-Myc peptide
or hexahistidine peptide was inserted between the NIb and CP coding regions. This
vector was used to lower or enhance expression of a MAPK in cucumber (Shoresh
et al., 2006). However, the mechanism behind the 50-60 % reduction in MAPK
expression was not analyzed in detail, although it was likely caused by VIGS.
There are also several reports on transgenic plants that recover from infection with
a potyvirus homol ogous to the transgene sequence despite the HC-Pro encoded by
the potyvirus (e.g Dougherty et al., 1994;. Swaney et al., 1995; van den Boogart et
al., 2004; Germundsson & Vakonen, 2006). Carrington et al. (2001) concluded
that many viruses encoding functional suppressors trigger RNA silencing during
infection. This might be explained by the fact that the suppressor proteins do not
affect al steps in the silencing pathway and thereby allow RNA silencing to be
induced and function to some extent.
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In order to test whether potyviruses can be used as VIGS vectors, transgenic N.
benthamiana (line 16¢) showing strong constitutive expression of the green
fluorescent protein (GFP) (Brigneti et al., 1998) was infected with an infectious
cDNA of PVA that contains the gfp gene inserted to the N-terminus of the P1
region. The chimera was called PVA-GFP. Our results show that PVA-GFP can
induce systemic silencing of the transgene gfp, even if HC-Pro also is expressed by
PVA-GFP.

Our data suggest that SSRNAs were produced from gfp mRNA and vira gfp
aready in the inoculated leaves. The virus-derived siRNA was probably produced
from the complete PV A genome, because it accumulated in equal amounts from the
5"and 3"proximal parts of the genome. However, we do not know if PVA-GFP was
silenced by transitivity, i.e., secondary silencing triggered by primary silencing of
the viral gfp gene (Vaistij et al., 2002; Himber et al., 2003) or natura silencing
based resistance that is induced by the dsRNA of PVA (Hamilton & Baulcombe
1999; Molnar et al., 2005) or both mechanisms. VIGS has been shown to spread
over adistance of at least 1000 nucleotides from the 5"end towards the 3"end of the
target mMRNA, while 3" to 5'spread can extend at least 332 nucleotides with a
possible limit of 600 nucleotides (Vaistij et al., 2002; Petersen & Albrechtsen,
2005). The PVA genome is nearly 10 000 nt long and therefore it is hard to believe
that the complete viral genome was silenced only due to transitivity. This makes
the natural resistance theory more probable, but there are no data supporting or
rejecting the idea that both mechanisms could be active at the same time.

Viruses (Roberts et al., 1997; Santa Cruz, 1999) and silencing signals (Yoo et
al., 2004; Tournier et al., 2006) move in plants according to the source-sink
relationship (Turgeon, 1989). This was also observed in the present study. PVA-
GFP and the silencing followed the phloem transport. In the first and second leaf
(leaves 1 and 2) above the inoculated leaf there was no silencing detected, which
was expected since they were source tissues aready at the time of plant
inoculation. PVA-GFP was systemically transported to and replicating in the basal
part of leaf 3 and 4, which caused a more intense GFP fluorescence in these
tissues. Silencing was not induced in these leaves, which might be because
transgene mediated PTGS is induced in tissues that have a high level of target
MRNA expression (Palauqui & Vaucheret, 1998; Vaucheret et al., 1998; Hiriart et
al., 2003) whereas leaves 3 and 4 were full-grown and hence had relatively low
levels of target MRNA.

In leaves 5 and 6 the first signs of gfp silencing were seen in the sink tissue. In
leaves 7-15 the transgene gfp was suppressed to such a high extent that the leaves
were completely red under UV-light, but still low levels of gfp mRNA were
detectable. PTGS does not usually result in complete abolishment of target RNAS,
but there is some degree of expression remaining (e.g., Elmayan & Vaucheret
1996; Hamilton et al., 1998). The silencing was maintained for at least 2 weeks
and the silenced tissue was aso free of viral symptoms. For a VIGS vector thisis
an advantage, because viral symptoms can mask a transgene phenotype. The
systemic silencing was efficient enough for suggesting that PVA could be used asa
VIGS vector in N. benthamiana. The aleviated symptoms of PVA-GFP were
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caused by the insert in P1 (Rajaméki et al., 2005). Since Pl is suggested to
enhance the silencing suppressor function of HC-Pro (Pruss et al., 1997;
Anandalakshmi et al., 1998; Brigneti et al., 1998; Kasschau & Carrington 1998;
Savenkov & Valkonen 2002; Rajamaki et al., 2005) the insert in P1 might also
have made silencing possible due to weakened HC-Pro (Rajaméki et al., 2005).
Our results suggest that other potyviruses with strong silencing suppression also
could be used for VIGS if they were modified in an appropriate way. Foreign
insertions have caused alleviated symptoms and reduced RNA silencing
suppression efficiency in severa potyviruses, for example TEV (Dolja et al.,
1993), PPV (Guo et al., 1998) and LMV (German-Retana et al., 2000).

In leaves at position 9 and above the PVA-GFP lost the insert and the
accumulating deletion mutants released GFP expression, which was observed as
green spots in the previously silenced, red leaves when observed under UV-light.
Sequenced PCR-products from leaves 9-14 revealed deletion of most or al gfp and
in one case even deletion of 45 nucleotides of the P1 region. Bargjas et al. (2006)
infected HC-Pro transgenic and non-transgenic N. benthamiana plants with a PV X
vector carrying HC-Pro (PVX-HCT). As in the present study they detected intact
PVX-HCT and deletion mutants in both types of plants, but the deletion mutants
could be seen aready at 9 d.p.i. as compared to 28 d.p.i. in our study. The insert
was lost earlier in transgenic plants than non-transgenic plants, and the authors
suggested that this could be because the transgene possibly promoted a higher
selective pressure against the recombinant virus. However, in our study there were
no clear differences between the appearance of deletion mutants in transgenic and
non-transgenic plants. The previous authors also suggested that the HC-Pro
deletion mutants accumulating in the plants probably were less efficiently targeted
by silencing than PV X-HCT, and therefore capable of evading the plant silencing
(Bargjas et al., 2006). In the present study, a dot-blot detecting the negative viral
strand confirmed that after loss of the insert PVA quickly accumulated to higher
levels. However, we could also see that PVA siRNA accumulated to higher levels
indicating that silencing of PVA increased at the same time. This suggests that the
deletion mutants were not less efficiently targeted by silencing than the intact virus,
but that the silencing was not efficient enough to decrease virus accumulation. In
the study by Barajas et al., (2006) virus accumulation and silencing in the same
leaf and between different leaves were not compared, making it difficult to
compare their results to ours.

Inthe PVA deletion mutants lacking the gfp insert, HC-Pro was able to reverse
silencing. In the new emerging top leaves a mosaic with dark greenislands (DGl s)
and surrounding light green tissue were detected. In transgenic plants the DGIs
corresponded to red silenced tissue observed under UV light, while the
surrounding tissue showed a strong GFP expression. Accumulation of viral RNA
was very high in green tissues, but low in red tissues. gfp mRNA was rarely
detectable in red tissue, but in the green tissue the amounts of GFP transgene RNA
were modest. The red tissues had higher accumulation of gfp SIRNA than the green
tissues. Moore et al., (2001) concluded that DGIs are the result of antiviral PTGS,
however, our study isthe first one in which silencing in DGIs could be detected by
avisible marker, e.g. change in color from green to red under UV-light. In the
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surrounding tissue the strong GFP expression from the transgene was possible due
to RNA silencing suppression caused by replicating PVA. Silencing of gfp was
maintained in DGI because accumulation of PV A was inhibited in them by avirus
resistance mechanism. Since al virusesin leaves with DGIs had lost the gfp insert
the gfp silencing must be due to a systemic signal. However, it is not known if the
DGIswereinduced locally as aresponse to PVA replication or by a systemic
silencing signal. We think systemic signaling is the preferred explanation since
HC-Pro enforces RNA silencing suppression by binding sRNA and hence cannot
inhibit the activity of preassembled RISC (Lakatos et al., 2006).

Transport of preassembled RISC from lower leaves or incorporation of transported
siRNA into RISC could cause gfp transgene silencing in the top leaves despite HC-
Pro. Upon arrival of PVA that has lost the gfp insert, the silencing is suppressed in
those tissues where it replicates. However, in DGls silencing is active and prevent
virus replication. The localization of DGIs along the veins and observation of the
red-green pattern as soon as the leaves open supports this theory.

Hiriart et al., (2003) silenced the ChlC gene using TMV VIGS. Two weeks post
inoculation they saw some mosaic and chlorosis. Three weeks post inoculation the
apical stem and leaves turned white indicating lack of chlorophyll and ChIC
silencing. By six weeks new leaves were composed of green and white mosaic.
Probably asin our case this corresponded to DGIs even if it was not notified by the
authors. However, instead of all the new leaves showing DGIs as in our study,
leaves developing 8 weeks post infection were completely silenced. After that the
new apical growth shifted between completely white and green or white-green
mosaic in about 2-weeks intervals. The virus levels also fluctuated, in the green
leaves the levels were very high, in the white-green leaves they were high and in
the white leaves they were very low. Apparently replication of the TMV vector was
able to repeatedly induce silencing in the study by Hiriart et al., (2003) whereasin
our study the silencing only was induced once. One reason for the difference could
be that Hiriart et al. (2003) silenced an endogene whereas we silenced a transgene.
It has been shown that elimination of a PVX VIGS vector did not occur when an
endogenous gene was targeted (Ruiz et al., 1998) but if the VIGS vector target a
transgene, both the vector and the transgene will be silenced (Kumagai et al., 1995;
Ruiz et al., 1998). This explains the fact that the VIGS vector was able to
repeatedly accumulate to high levels in the study by Hiriart et al. (2003), while in
our study the virus levels were very low until the GFP insert was lost. However,
silencing in our plants was maintained in larger part of the plants despite the low
levels of PVA. Silencing of endogenes often persists just as long as the virus
infection permits (Ruiz et al., 1998; Jones et al., 1999) and there is no transitivity
or systemic silencing induced in the plants. In our study silencing was maintained
despite low levels of PVA because silencing of transgenes persists longer than the
virus infection due to transitivity and systemic silencing. However, endogenes can
be systemically silenced when they are expressed as transgenes (Bleys et al.,
2006).
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Resistance to potyvirustrangocation in a diploid potato
population (111)

In previous studies a cross between diploid parental lines expressing hypersensitive
resistance (HR) and susceptibility (S) to PVA resulted in 78 progeny genotypes
that were characterized for resistance to PVA (Valkonen, 1994; Watanabe et al.,
1994; Hamaldinen et al., 1998; 2000). This population included 6 genotypes
failing to support trandocation of PVA from inoculated |leaves, in which the virus
accumulated to high levels similar to S plants. The infected leaves developed no
detectable symptoms. This resistance was called non-necrotic resistance (nnr). The
resistance was not PV A strain-specific (unpublished data).

In order to characterize nnr, plants were grown in the greenhouse and inoculated
with PVA. Samples from inoculated leaves were collected at certain time intervals
after inoculation and analyzed using different methods of functional genomics.

Genes differentially expressed in the nnr genotypes as compared to S plants upon
PVA infection were detected by suppression subtractive hybridization (SSH) in
samples collected 24 hours post-inoculation. Two cDNA libraries, SSH-nnr and
SSH-S, were obtained containing genes differentially induced upon infectionin nnr
and S plants, respectively. The content of the SSH-nnr library was analyzed using
the TIGR potato cDNA array containing 10 000 non-redundant potato cDNAs as a
diagnostic tool (Potato Functional Genomics Project of The Institute for Genomic
Research, TIGR; USA). Over 1000 cDNAS gave positive signal, and of them 542
genes were exclusively detected in the SSH-nnr library. Putative function could be
assigned to 351 genes and many of those were putative defense-related genes. To
investigate further the gene induction, 384 sequenced cDNAs from the SSH
library, corresponding to 146 genes, were spotted on a microarray and used to
analyze the results from three repeated plant experiments at 12 and 24 hours post
inoculation. Approximately one third (43 cDNAS) of these were identical or had
high sequence identity to the cDNAS that gave positive signal in the hybridization
of the SSH-nnr library of the TIGR potato cDNA array. Taken together, atotal of
645 genes (542+146-43) were expressed at a higher level in nnr than S genotypes
according to the SSH analysis. The induction of genes in nnr was, however, only
dlightly higher compared to S plants. Only afamily of serine proteinase inhibitor 2
(Pin2) were expressed at a significantly higher level at both 12 and 24 hours
according to microarray analysis and quantitative PCR.

Many of the genes that have a dlight differential induction in nnr according to the
SSH are typical for HR and SAR, which might indicate that there is activation of
similar defense pathways as in R-gene mediated virus resistance, but without cell
death. Thisis probably the case for the recessive resistance genes dnd1 and RSS1-
Rin A. thaliana (Yu et al., 1998; Deslandes et al., 2002). To test this hypothesis,
PR-1 induction, which is considered to be a marker for SAR, was analyzed in
upper non-inoculated leaves. There was no significant systemic PR-1 induction.
The upper non-inoculated leaves in PV A-inoculated nnr plants were not resistant to
PV A infection, suggesting that nnr was not an HR-like response without cell death.
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According to our SSH results, defense genes are induced to a slightly higher level
in nnr genotypes compared to S genotypes. Many of these genes encode defense-
related proteins, for example PR-proteins, proteins involved in signal transduction
and ubiquitination. This means that even if it cannot be proved that the genesin the
SSH-nnr library are induced to a significantly higher level, they may still be part of
a basal disease resistance induced by pathogen-associated molecular patterns
(PAMPs) (reviewed in Whitham et al., 2003; Chisholm et al., 2006; Jones &
Dangl, 2006) (Fig. 5). The basa resistance, PAMP-triggered immunity (PTI)
resulting in the slightly higher gene induction seen in the SSH-nnr compared to the
SSH-S library might be enough to inhibit vascular movement of PVA. However,
PTI is not aways enough to stop virus infection and it can be induced even in
susceptible plants without limiting viral infection (Laird et al., 2004; Huang et al.,
2005). Recently a model illustrating the plant innate immune system as a zig-zag
model was described (Jones & Dangl, 2006). In this model PTI can be overcome
by effectors produced by the pathogen. This means that the plant will become
susceptible again, which is called effector-triggered susceptibility, (ETS). The
plants can then involve resistance genes recognizing the effectors, resulting in
effector-triggered immunity (ETI). If the nnr resistance has an ETI response there
will be an R gene recognizing the effector resulting in the gene induction and nnr
resistance. This may be the case with the genes RTM1 and RTM2 that restrict the
movement of TEV in the phloem and prevent systemic infection of A. thaliana
plants without involving HR or SAR (Chisholm et al., 2001). However, the nnr
genotypes are not known to carry PV A-specific R-genes and PR-1, HR and SAR
are not induced, suggesting that PTI is responsible for the nnr resistance
phenotype. Another explanation is that nnr is due to a missing interaction or other
unknown factors and the low induction of defense genes is not involved in nnr.
This defense gene induction could then be explained as a basal resistance which in
this case is not involved in inhibiting vascular movement of PVA.

The zig-zag mode illustrates the quantitative output of the plant immune system
(Jones & Dangl, 2006). In this model the disease level is proportiona to [PTI-
ETS+ETI] (Fig. 5). Thus, resistance and susceptibility are not described as a fixed
permanent condition but as something that can take many different types of
amplitude depending on PAMPs, effectors and resistance genes. If the sum of the
equation reaches above a certain threshold the plant will be resistant, but below the
threshold the plant remains susceptible. For example HR is considered to be avery
efficient resistance with a high level of defense, even if this model is open for the
possibility that different HR responses have different defense levels. The resistance
level of nnr is apparently high enough to inhibit systemic virus infection. If nnrisa
PTI response it might be activated also in S plants, but the amplitude in the S
plants might not reach the level acquired to stop systemic infection.

The difference between S and nnr plants might be too low to be detected with
microarrays and quantitative PCR, but possible to detect with the more sensitive
SSH. These results are in line with Pan et al. (2006). They compared differential
gene expression in the same materia by hybridizing the SSH library directly to the
pre-made microarrays or printing sequenced SSH clones on a chip. The direct
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hybridization identified more than twice as many differentially expressed genes as
the chips. Cao et al. (2004) aso concluded the importance of complementing
microarrays with SSH, especially in identifying novel genes and transcripts of low
abundance.

Pin2 was the most abundant gene in the SSH library, and also the only gene
which was found to be clearly induced based on microarray and quantitative PCR
assays. Pin2 has eight homologues in S. tuberosum with different expression
patterns (Barta et al., 2002). Pin2 encodes a serine proteinase inhibitor (SPI)
involved in defense against herbivores and it is also induced by wounding, various
forms of stress and pathogen infection in barley, potato, tobacco, tomato and
pepper (Graham et al., 1985; Sanchez-Serrano et al., 1986; Pena-Cortes et al.,
1992; Balandin et al., 1995; Lee et al., 1996; Kim et al., 2001). Pin2 has also been
shown to be induced in response to virus infection. CaPinll was induced in pepper
plants during hypersensitive response to TMV (Shin et al., 2001). Potyviruses
contain a cysteine proteinase domain, Nla, and Gutierrez-Campos et al, (1999)
used cysteine proteinase inhibitors to engineer resistance against potyviruses in
transgenic tobacco plants.

SaPin2 in Solanum americanum is expressed in the phloem suggesting that it
could possibly regulate proteolysis in the sieve elements (Xu et al., 2001; Sin &
Chye, 2004). To investigate where in the inoculated leaves PVA movement was
stopped we tried to monitor infection with PVA-GFP (1). The virus chimera was,
however, not able to infect potato plants of the v2 mapping population systemically
(unpublished data). Therefore only immunostaining for the PVA CP was conducted
in the inoculated leaves at the edges of the bombarded areas. Signal for the virus
was detected in all types of leaf cells, even the companion cells, and the results
with nnr and S genotypes were similar. These results suggest that nnr might have a
role in transport of PVA in the phloem. Multigenic recessive genes conferring
strain-specific resistance to TEV inhibit vascular transport in N. tabacum (Schaad
& Carrington, 1996). The viral determinant controlling vascular transport has been
mapped to VPg (Schaad et al., 1997). As in the present study TEV can enter PP
and CC suggesting that resistance is functiona at or beyond the entry into SE
(Schaad & Carrington, 1996).

Resistance to potyvirus translocation, replication or cell-to-cell movement
without HR, cell death, SAR and any known dominant R gene has usually been
suggested to be passive, resulting from defective host-virus interactions. This
hypothesis has been based also on the observation that resistance is overcome by
mutations in viral proteins (for example in Gibb et al., 1989; Nicolas et al., 1997;
Rajamaki & Valkonen, 2002). Usually VPg is the crucial virulence determinant, in
which mutations of aa can overcome the resistance. It has been shown that the
natural recessive resistance genes pvr2 and potl (Ruffel et al., 2002; Ruffel et al.,
2005; Moury et al, 2004) correspond to the eukaryotic initiation factor 4E (el F4E).
The VPg-el FAE interaction has been found in several potyvirus-host combinations
(Wittman et al., 1997; Léonard et al., 2000; Schaad et al., 2000, Beauchemin et
al., 2007; Roudert-Tavert et al., 2007). Ruffel et al. (2004) suggested that the
resistance could be due to incompatibility between the VPg and elF4E. No study,
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however, has to our knowledge suggested that this incompatibility would lead to
gene induction or report a gene expression study in this kind of resistance. We
have performed the first gene induction study on a so-called passive resistance and
cannot rule out an active mechanism, which suggests that these potentially passive
resistances could in some cases be a new kind of incompatible interaction resulting
in gene induction and thereby resistance.

Studies on PVA-host interactionsilluminate the dynamic
process of virus-host co-evolution

Resistance is a manifestation of the co-evolution of viruses and their hosts. The co-
evolution is driven by recombination and mutation of viruses and evolution of
plant resistance genes, including genes involved in innate immunity and RNA
silencing. Virus evolution, innate immunity and silencing are highly connected.
The outcome of each specific host-virus interaction is determined by the properties
of both the virus and the host. In this thesis PVA-host interactions studied have
included alterations due to PVA recombination, molecular studies of a non-
necrotic resistance to PVA, and RNA silencing induced by PVA. Our results
clearly show how rather small changes in the virus genome can give rise to new
virus-host interactions (I; 1) and the importance of host factors for the virus-host
interaction both between different species and within the same species (I; I11).

The infectious clone pPVA-B11 did not infect PVA-susceptible potatoes
systemically (Puurand et al., 1996). Therefore, a new clone based on PVA-U
(PUFL) that infects potato systemically was constructed (1). The chimeras
produced during the construction of pUFL were used to study how recombination
of two closely related viral strains might alter virus-host interactions. Some of the
recombinant viral chimeras had completely new phenotypes compared to the
parental phenotypes when they interacted with the host, showing the importance of
small changes in the virus genome for the virus-host interaction. However, the
different chimeras' interactions with potato and N. benthamiana did however not
correlate at al. The chimerathat had high viral titersin potato could have low viral
titers in N. benthamiana, indicating the importance of host factors for virus-host
interactions. The new clone pUFL infected susceptible potato systemically and
could be further used for studying nnr resistance in potato (I11). To study PVA
movement in nnr plants gfp was inserted in P1 of pUFL. However, PVA-GFP
could not infect any potato genotypes, but was still highly infectious in N.
benthamiana (I1). In gfp-transgenic N. benthamiana, PVA-GFP was a successful
VIGS vector despite HC-Pro, probably due to the gfp insert in P1 decreasing the
silencing suppressor activity of HC-Pro and aleviating virus symptoms. The
decreased silencing suppression activity could also be one of the reasons that PV A-
GFP was not able to infect potato. Somehow, the potato host factors are able to
stop the weakened virus, but this is not possible for the host factors of N.
benthamiana.

A cross of two diploid potato plants gave rise to a completely new resistance
phenotype, nnr, which probably resulted from combination of new aleles (I11;
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movement of PVA. In this study we have used functional genomics to prove that
this is a new resistance phenotype also on the molecular level. Compared to S
plants there is a slightly higher induction of defense genes in nnr plants, which
might be basal resistance and there is also significant induction of Pin2. We have
also confirmed that thisis not an HR without cell death since no PR-1 induction or
SAR isinduced in upper non-inoculated |eaves.

In conclusion this thesis has illuminated new examples of the complex
interactions between host and virus and the evolution of these interactions. Studies
on these interactions are important aspects of plant pathology and highly relevant
to the development of strategies for control of virus.
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Conclusions

The main conclusions drawn from this study are:

The infectious clone based on PVA-U, pUFL, was able to infect the
potato population v2 systemically and it was not restricted to inoculated
leaves as pPVA-B11.

Recombination between closely related viral genomes of potyviruses can
result in new viral strains with novel phenotypic traits.

PVA-GFP can be used as a VIGS vector in N. benthamiana despite HC-
Pro.

In the model system including N. benthamiana (line 16c) and PVA-GFP,
systemic progression of gene silencing and antiviral defense could be
analyzed in a novel manner and DGIs could be detected by a visua
marker.

According to SSH 645 genes are induced in nnr plants and many of those
are putative defense-related genes.

According to microarrays and real-time PCR Pin 2 is the only gene that is
significantly higher induced in nnr than S plants.

PR-1 and SAR are not induced in systemic leaves of nnr plants.

PVA can be detected in all types of leaf cells in nnr and S plants, i.e.,
PVA movement is not stopped until somewhere in the phloem transport.



Future per spectives

e Gene expression studies comparing DGI's with surrounding tissues might
give some more insights to the spatial induction of the antiviral defense
and also on the silencing mechanism in general.

e  Other target genes than GFP should be tested in PVA VIGS.

e Silencing of Pin2 by VIGS or through amiRNA would help to elucidate
the importance of Pin2 for nnr resistance. Silencing of other possibly
interesting genes revealed by SSH would aso help to identify the
resi stance mechanism.

e Gene expression studies on resistances similar to nnr, for example sbml

(Keller et al., 1998) and pvrl (Murphy, 1998) could provide further
insights into resistance mechanisms similar to nnr.

45



Refer ences

Abramovitch, R. B. & Martin, G. B. 2004. Strategies used by bacterial pathogens to
suppress plant defenses. Current Opinion in Plant Biology 7, 356-364.

Aderem, A. & Ulevitch, R. J. 2000. Toll-like receptors in the induction of the innate
immune response. Nature 406, 782-787.

Agrios, G. N. 1997. Plant pathology. 4™ edition. Academic Press, San Diego, CA, USA.

Alexander, D., Goodman, R. M., Gut-Rella, M., Glascock, C., Weyman, K., Friedrich, L.,
Maddox, D., Ahl-Goy, P., Luntz, T., Ward, E. & Ryals, J. 1993. Increased tolerance to
two oomycete pathogens in transgenic tobacco expressing pathogenesis-related protein
1a. Proceedings of National Academy of Sciences U SA 90, 7327-7331.

Alfano, J. R. & Collmer, A. 2004. Type |ll secretion system effector proteins. Double
agents in bacterial disease in plant defense. Annual Review of Phytopathology 42, 385-
414,

Allan, A. C., Lapidot, M., Culver, J. N. & Fluhr, R. 2001. An early Tobacco mosaic virus-
induced oxidative burst in tobacco indicates extracellular perception of the virus coat
protein. Plant Physiology 126, 97-108.

Ambrés, S., Hernandez, C., Desvignes, J. C. & Flores, R. 1998. Genomic structure of three
phenotypically different isolates of peach latent mosaic viroid: Implications of the
existence of constraints limiting the heterogeneity of viroid quasispecies. Journal of
Virology 72, 7397-7406.

Anandaakshmi, R., Marathe, R., Ge, X., Herr J, J. M., Mau, C., Malory, A., Pruss, G.,
Bowman, L. & Vance, V. B. 2000. A camodulin-related protein that suppresses
posttranscriptional gene silencing in plants. Science 290, 142-144.

Anandaakshmi, R., Pruss, G. J, Ge, X., Marathe, R., Mdlory, A. C., Smith, T. H. &
Vance, V. B. 1998. A viral suppressor of gene silencing in plants. Proceedings of
National Academy of Sciences U SA 95, 13079-13084.

Andersen, K. & Johansen, I. E. 1998. A single conserved amino acid in the coat protein
gene of pea seed-borne mosaic potyvirus modulates the ability of the virus to move
systemically in Chenopodium quinoa. Virology 241, 304-311.

Andrgleva, J., Puurand, U., Merits, A., Rabenstein, F., Jarvekilg, L. & Vakonen, J. P. T.
1999. Potyvirus helper component-proteinase and coat protein (CP) have coordinated
functions in virus-host interactions and the same CP motif affects virus transmission and
accumulation. Journal of General Virology 80, 1133-1139.

Arazi, T., Shiboleth, Y. M. & Gal-On, A. 2001. A nonviral peptide can replace the entire N
terminus of Zucchini yellow mosaic potyvirus coat protein and permits viral systemic
infection. Journal of Virology 75, 6329-6336.

Atreya, C. D., Atreya, P. L., Thornbury, D. W. & Pirone, T. P. 1992. Site-directed
mutations in the potyvirus HC-Pro gene affect helper component activity, virus
accumulation, and symptom expression in infected tobacco plants. Virology 191, 106-
111

Atreya, C. D., Raccah, B. & Pirone, T. P. 1990. A point mutation in the coat protein
abolishes aphid transmissibility of a potyvirus. Virology 178, 161-165.

Axtell, M. J. & Staskawicz, B. J. 2003. Initiation of RPS2-specified disease resistance in
Arabidopsisis coupled to the AvrRpt2-directed elimination of RIN4. Cell 112, 369-377.
Balagué, C., Baiqing, L., Alcon, C., Flottes, G., Mamstrém, S., Kohler, C., Neuhaus, G.,
Pelleitier, G., Gaymard, F. & Roby, D. 2003. HLM1, an essential signaling component in
the hypersensitive response, is a member of the cyclic nucleotide-gated channel ion

channel family. Plant Cell 15, 365-379.

Bdandin, T., van der Does, C., Bellés, J. A, Bol, J. F. & Linthorst, H. J. M. 1995. Structure
and induction pattern of a novel proteinase inhibitor class Il gene of tobacco. Plant
Molecular Biology 27, 1197-1204.

Bargjas, D., Tenllado, F. & Diaz-Ruiz, J. R. 2006. Characterization of the recombinant
forms arising from a Potato virus X chimeric virus infection under RNA silencing
pressure. Molecular Plant-Microbe Interactions 19, 904-913.

46



Barta, E., Pintar, A. & Pongor, S. 2002. Repeats with variations: accelerated evolution of
the Pin2 family of proteinase inhibitors. Trends in Genetics 18, 600-603.

Bartel, D. P. 2004. MicroRNAs: Genomics, biogenesis, mechanism, and function. Cell 116,
281-297.

Bartels, R. 1971. Potato virus A. CMI/AAB. Descriptions Plant Viruses no. 54.

Baulcombe, D. 2004. RNA silencing in plants. Nature 431, 357-363.

Beauchemin, C., Boutet, N. & Ladliberté, J-F. 2007. Visudization of the interaction
between the precursors of the VPg, the vira protein linked to the genome of Turnip
mosaic virus, and the translation eukaryotic initiation factor iso 4E in planta. Journal of
Virology 81, 775-782.

Bernstein, E., Caudy, A. A., Hammond, S. M. & Hannon, G. J. 2001. Role for a bidentate
ribonuclease in the initiation step of RNA interference. Nature 409, 363-366.

Biffen, R. H 1905. Mendel's laws of inheritance and wheat breeding. Journal of
Agricultural Science 1, 4-48.

Bleys, A., Vermeersch, L., Van Houdt, H. & Depicker, A. 2006. The frequency and
efficiency of endogene suppression by transitive silencing signals is influenced by the
length of sequence homology. Plant Physiology 142, 788-796.

Bonas, U. & Lahaye, T. 2002. Plant disease resistance triggered by pathogen-derived
molecules: refined models of specific recognition. Current Opinion in Microbiology 5,
44-50.

Borgstrom, B. & Johansen, . E. 2001. Mutations in Pea seedborne mosaic virus genome-
linked protein VPg dter pathotype-specific virulence in Pisum sativum. Molecular Plant-
Microbe Interactions 14, 707-714.

Brigneti, G., Voinnet, O., Li, W. X., J, L. H., Ding, S. W. & Baulcombe, D. C. 1998. Vira
pathogenicity determinants are suppressors of transgene silencing in Nicotiana
benthamiana. EMBO Journal 17, 6739-6746.

Brodersen, P. & Voinnet, O. 2006. The diversity of RNA silencing pathways in plants.
Trendsin Genetics 22, 268-280.

Broekaert, W. F., Cammue, B. P. A., De Bolle, M. F. C., Thevissen, K., De Samblanx, G.
W. & Osborn, R. W. 1997. Antimicrobial peptides from plants. Critical Reviews in Plant
Science 16, 297-323.

Burch-Smith, T. M., Anderson, J. C., Martin, G. B. & Dinesh-Kumar, S. P. 2004.
Applications and advantages of virus-induced gene silencing for gene function studiesin
plants. Techniques for Molecular Analysis 39, 734-746.

Bischges, R., Hollricher, K., Panstruga, R., Simons, G., Wolter, M., Frijters, A., van
Daelen, R., van der Lee, T., Diergaarde, P., Groenendijk, J.,, Tépsch, S, Vos, P.,
Salamini, F. & Schulze-Lefert, P. 1997. The barley Mlo gene: A novel control element of
plant pathogen resistance. Cell 88, 695-705.

Cao, W., Epstein, C, Liu, H., DeLoughery, C., Ge, N, Lin, J, Diao, R., Cao, H., Long, F.,
Zhang, X., Chen, Y., Wright, P. S., Busch, S., Wenck, M., Wong, K., Sdtzman, A. G,,
Tang, Z., Liu, L. & Zilberstein, A. 2004. Comparing gene discovery from Affymetrix
GeneChip microarrays and Clontech PCR-select cDNA subtraction: a case study. BMC
Genomics 27, 26.

Carrington, J. C., Cary, S. M., Parks, T. D., & Dougherty, W. G. 1989a. A second
proteinase encoded by a plant potyvirus genome. EMBO Journa 8, 365-370.

Carrington, J. C. & Freed, D. D. 1990. Cap-independent enhancement of trandation by a
plant potyvirus 5 nontranslated region. Journal of Virology 64, 1590-1597.

Carrington, J. C., Freed, D. D. & Sanders, T. C. 1989b. Autocatalytic processing of the
potyvirus helper component proteinase in Escherichia coli and in vitro. Journal of
Virology 63, 4459-4463.

Carrington, J. C., Jensen, P. E., & Schaad, M. C. 1998. Genetic evidence for an essential
role for potyvirus Cl protein in cell-to-cell movement. Plant Journal 14, 393-400.

Carrington, J. C., Kasschau, K. D. & Johansen, L. K. 2001. Activation and suppression of
RNA silencing by plant viruses. Virology 281, 1-5.

Carrington, J. C., Kasschau, K. D., Mahgjan, S. K. & Schaad, M. C. 1996. Cell-to-cell and
long-distance transport of virusesin plants. Plant Cell 8, 1669-1681.

47



Cawly, J., Cole, A. B., Kirdy, L., Qiu, W. & Schoelz, J. E. 2005. The plant gene CCD1
selectively blocks cell death during the hypersensitive response to Cauliflower mosaic
virus infection. Molecular Plant-Microbe Interactions 18, 212-219.

Chapman, E. J., Prokhnevsky, A. |., Gopinath, K., Dolja, V. V. & Carrington, J. C. 2004.
Vira RNA silencing suppressors inhibit the microRNA pathway at an intermediate step.
Genes & Development 18, 1179-1186.

Chare, E. R. & Holmes, E. C. 2006. A phylogenetic survey of recombination frequency in
plant RNA viruses. Archives of Virology 151, 933-946.

Chen, C—Z., Li, L., Lodish, H. F. & Bartel, D. 2004. MicroRNAs modul ate hematopoietic
lineage differentiation. Science 303, 83-86.

Chu, M., Lopez-Moya, J. J,, Llave-Correas, C. & Pirone, T. P. 1997. Two separate regions
in the genome of the tobacco etch virus contain determinants of wilting response of
Tabasco pepper. Molecular Plant Microbe Interaction 10, 472-480.

Chisholm, S. T., Coaker, G., Day, B. & Staskawicz, B. J. 2006. Host-microbe interactions:
Shaping the evolution of the plant immune response. Cell 124, 803-814.

Clough, S. J., Fengler, K. A., Yu,, |, Lippok, B., Smith J., R. K. & Bent, A. F. 2000. The
Arabidopsis dndl “defense, no death” gene encodes a mutated cyclic nucleotide-gated
ion channel. Proceedings of National Academy of Sciences U SA 97, 9323-9328.

Cockerham, G. 1970. Genetical studies on resistance to potato viruses X and Y. Heredity
25, 309-348.

Cogoni, C. & Macino, G. 2000. Post-transcriptional gene silencing across kingdoms.
Current Opinion in Genetics & Development 10, 638-643.

Cohn, J.,, Sessa, G. & Martin, G. B. 2001. Innate immunity in plants. Current Opinion in
Immunology 13, 55-62.

Cook, D. N., Pisetsky, D. S. & Schwartz, D. A. 2004. Toll-like receptors in the
pathogenesis of human disease. Nature Immunology 5, 975-979.

Crawford, K. M. & Zambryski, P. C. 1999. Phloem transport: are you chaperoned? Current
Biology 2, 382-387..

Crawford, K. M. & Zambryski, P. C. 2000. Subcelular locdization determines the
availability of non-targeted proteins to plasmodesmatal transport. Current Biology 10,
1032-1040.

Crawford, K. M. & Zambryski, P. C. 2001. Non-targeted and targeted protein movement
through plasmodesmata in leaves in different developmental and physiological states.
Plant Physiology 125, 1802-1812.

Cronin, S., Verchot, J., Hademan-Cahill, R., Schaad, M. C. & Carrington, J. C. 1995.
Long-distance movement factor: a transport function of the potyvirus helper component
proteinase. Plant Cell 7, 549-559.

Culver, J. N. 1997. Vira avirulence genes. Pages 196-219 in: Plant-microbe interactions.
Vol 1. Stacey, G. & Keen, N. T. eds. Chapman & Hall, New York, USA.

Damay, T., Hamilton, A., Rudd, S., Angell, S. & Baulcombe, D. C. 2000. An RNA-
dependent RNA polymerase gene in Arabidopsis is required for posttranscriptiona gene
silencing mediated by atransgene but not by avirus. Cell 101, 543-553.

Dangl, J. L. & Jones, J. D. G. 2001. Plant pathogens and integrated defense responses to
infection. Nature 411, 826-833.

Dawson, W. O. & Hilf, M. E. 1992. Host-range determinants of plant viruses. Annual
Review of Plant Physiology and Plant Molecular Biology 43, 527-555.

Decroocq, V., Sicard, O., Alamillo, J. M., Lansac, M., Eyquard, J. P., Garcia, J. A.,
Candresse, T., Le Gall, O. & Revers, F. 2006. Multiple resistance traits control Plum pox
virus infection in Arabidopsis thaliana. Molecular Plant-Microbe Interactions 19, 541-
549.

Delaney, T. P., Friedrich, L. & Ryals, J. A. 1995. Arabidopsis signal transduction mutant
defective in chemically and biologically induced disease resistance. Proceedings of
National Academy of Sciences U SA 92, 6602-6606.

Délaney, T. P., Uknes, S., Vernoaij, B., Friedrich, L., Weymann, K. et al. 1994. A centra
role of salicylic acid in plant disease resistance. Science 266, 1247-1250.

48



Dempsey, D. A., Pathirana, M. S., Wobbe, K. K. & Klessig, D. F. 1997. Identification of an
Arabidopsis locus required for resistance to turnip crinkle virus. Plant Journal 11, 301-
311.

Deom, C. M., Schubert, K. R., Wolf, S., Halt, C. A., Lucas, W. J. & Beachy, R.N. 1990.
Molecular characterization and biologica functions of the movement protein of tobacco
mosaic virus in transgenic plants. Proceedings of National Academy of Sciences U SA
87, 3284-3288.

Desikan, R., Clarke, A., Atherfold, P., Hancock, J. T. & Neill, S. J. 1999. Hairpin induces
mitogen-activated protein kinase activity during defense responses in Arabidopsis
thaliana suspension cultures. Planta 210, 97-103.

Dedlandes, L., Olivier, J.,, Theulieres, F., Hirsch, J., Feng, D. X., Bittner-Eddy, P., Beynon,
J. & Marco, Y. 2002. Resistance to Ralstonia solanacearum in Arabidopsis thaliana is
conferred by the recessive RRS1-R gene, a member of a novel family of resistance genes.
Proceedings of National Academy of Sciences U S A 99, 2404-2409.

Ding, B., Haudenshield, J. S., Hull, R. J, Walf, S,, Beachy, R. N. & Lucas, W. J. 1992.
Secondary plasmodesmata are specific sites of localization of the Tobacco mosaic virus
movement protein in transgenic tobacco plants. Plant Cell 4, 915-928.

Dixon, R. A. 2001. Natural products and plant disease resistance. Nature 411, 843-847.

Dalja, V. V., Haldeman-Cahill, R., Montgomery, A. E., VAndenbosch, K. A. & Carrington,
J. C. 1995. Capsid protein determinants involved in cell-to-cell and long-distance
movement of Tobacco etch potyvirus. Virology 206, 1007-1016.

Dalja, V. V., Hademan, R., Robertson, R. L., Dougherty, W. G. & Carrington, J. C. 1994.
Distinct functions of capsid proteins in assembly and movement of Tobacco etch
potyvirusin plants. EMBO Journal 13, 1482-1491.

Dolja, V. V., Hemdon, K. L., Pirone, T. P. & Carrington, J. C. 1993. Spontaneous
mutagenesis of a plant potyvirus genome after insertion of a foreign gene. Journal of
Virology 67, 6995-7000.

Domingo, E., Baranowski, E., Ruiz-Jarabo, C. M., Martin-Hernandez, A. M., Séiz, J. C. &
Escarmis, C. 1998. Quasispecies structure and persistence of RNA viruses. Emerging
Infectious Diseases 4, 521-527.

Donis-Keller, H., Browning, K. S. & Clarck, J. M. 1981. Sequence heterogeneity in
Satellite tobacco necrosis virus RNA. Virology 110, 43-53.

Dougherty, W. G. & Carrington, J. C. 1988. Expression and function of potyvira gene
products. Annual Review of Phytopathology 26, 123-143.

Dougherty, W. G., Lindbo, J. A., Smith, H. A., Parks, T. D., Swaney, S & Proebsting, W.
M. 1994. RNA-mediated virus resistance in transgenic plants: exploitation of a cellular
pathway possibly involved in RNA degradation. Molecular Plant-Microbe Interaction 7,
544-552.

Dougherty, W. G., Parks, T. D., Cary, S. M., Bazan, J. F. & Fletterick, J. R. 1989.
Characterization of cataytic residues of the Tobacco etch virus 49 kDa proteinase.
Virology 172, 302-310.

Dunoyer, P., Himber, C. & Voinnet, O. 2005. DICER-LIKE 4 is required for RNA
interference and produces the 21-nucleotide small interfering RNA component of the
plant cell-to-cell silencing signal. Nature Genetics 37, 1356-1360.

Dunoyer, P., Himber, C. & Voinnet, O. 2006. Induction, suppression and requirement of
RNA silencing pathways in virulent Agrobacterium tumefaciens infections. Nature
Genetics 38, 258-263.

Dunoyer, P., Lecellier, C.-H., Parizotto, E. A., Himber, C. & Voinnet, O. 2004. Probing the
microRNA and small interfering RNA pathways with virus-encoded suppressors of RNA
silencing. Plant Cell 16, 1235-1250.

Durrant, W. E. & Dong, X. 2004. Systemic acquired resistance. Annual Review of
Phytopathol ogy 42, 185-209.

Eagles, R. M., Balmorimelian, E., Beck, D. L., Gardener, R. C. & Foster, R. S. L. 1994.
Characterization of ntpase, RNA-binding and RNA-helicase activities of the cytoplasmic
inclusion protein of tamarillo mosaic potyvirus. European Journal of Biochemistry 224,
677-684.

49



Eggenberg, A. L. & Hill, J. H. 1997. Anaysis of resistance-breaking determinants of
Soybean mosaic virus. Phytopathology 87, S27.

Elmayan, T. & Vaucheret, H. 1996. Single copies of a strongly expressed 35S-driven
transgene undergo post-transcriptional silencing. Plant Journal 9, 787-797.

Espinosa, A. & Alfano, J. R. 2004. Disabling surveillance: bacterial type Il secretion
system effectors that suppress innate immunity. Cellular Microbiology 6, 1027-1040.

Fak, A., Feys, B. J, Frost, L. N., Jones, J. D. G., Daniels, M .J. & Parker, J. E. 1999.
EDSI, an essential component of R gene-mediated disease resistance in Arabidopsis has
homology to eukaryotic lipases. Proceedings of National Academy of Sciences U S A 96,
3292-3297.

Fan, W. & Dong, X. 2002. In vivo interaction between NPR1 and transcription factor TGA2
leads to salicylic acid-mediated gene activation in Arabidopsis. Plant Cell 14, 1377-
1389.

Fire, A. & Méllo, C. 1998. Potent and specific genetic interference by double-stranded
RNA in Caenorhabditis elegans. Nature 391, 806-811.

Flor, H. H. 1946. Genetics of pathogenicity in Melampsora lini. Journal of Agricultural
Research 73, 335-357

Fraile, A., Escriu, F., Aranda, M. A., Malpica, J. M., Gibbs, A. J. & Garcia-Arenad, F. 1997.
A century of Tobamovirus evolution in an Australian population of Nicotiana glauca.
Journal of Virology 71, 8316-8320.

Fribourg, C. A. & de Zoeten, G. A. 1970. Antiserum preparation and partia purification of
potato virus A. Phytopathology 60, 1415-1421.

Gabriel, D. W. & Rolfe, B. G. 1990. Working models of specific recognition in plant-
microbe interactions. Annual Review of Phytopathology 28, 365-391

Gaffney, T., Friedrich, L., Vernooij, B., Negrotto, D. & Nye, G. 1993. Requirement of
sdlicylic acid for the induction of systemic acquired resistance. Science 261, 754-756.

Garcia-Arenal, F., Fraile, A. & Malpica, J. M. 2001. Variability and genetic structure of
plant virus populations. Annual Review of Phytopathology 39, 157-186.

Gasciolli, V. Madlory, A. C., Bartel, D. P. & Vaucheret, H. 2005. Partially redundant
functions of Arabidopsis DICER-like enzymes and a role for DCL4 in producing trans-
acting SSRNAs. Current Biology 15, 1494-1500.

German-Retana, S., Candresse, T., Alias, E., Delbos, R. P. & Le Gall, O. 2000. Effects of
green fluorescent protein or beta-glucuronidase tagging on the accumulation and
pathogenicity of a resistance-breaking Lettuce mosaic virus isolate in susceptible and
resistant lettuce cultivars. Molecular Plant-Microbe Interactions 13, 316-324.

Germundsson, A. & Valkonen, J. P. T. 2006. P1- and VPg-transgenic plants show similar
resistance to potato virus A and may compromise long distance movement of the virusin
plant sections expressing RNA silencing-based resistance. Virus Research 116, 208-213.

Gibb, K. S., Hellman, G. M. & Pirone, T. P. 1989. Nature of resistance of atobacco cultivar
to Tobacco vein mottling virus. Molecular Plant-Microbe Interactions 2, 332-339.

Gilbertsson, R. L. & Lucas, W. J. 1996. How do virus traffic on the “vascular highway”?
Trendsin Plant Science 1, 260-268.

Gilrichst, D. G. 1998. Programmed cell death in plant disease: the purpose and promise of
cellular suicide. Annual Review of Phytopathology 36, 393-414.

Glazebrook, J., Rogers, E. E. & Ausubel, F. M. 1996. Isolation of Arabidopsis mutants with
enhanced disease susceptibility by direct screening. Genetics 143, 973-982.

Glazov, E., Phillips, K., Budziszewski, G. J.,, Meins J, F. & Levin, J. Z. 2003. A gene
encoding an RNase D exonuclease protein is required for post-transcriptional silencing in
Arabidopsis. Plant Journal 35, 342-349.

Gomez de Cedron, M., Osaba, L., Lopez, L. & Garcia, J. A. 2006. Genetic analysis of the
function of the Plum pox virus Cl RNA helicase in virus movement. Virus Research 116,
136-145.

Goméz-Goméz, L. & Boaller, T. 2000. FLS2: An LRR receptor-like kinase involved in the
perception of the bacterial elicitor flagellin in Arabidopsis. Molecular Cell 5, 1003-1011.

Goodrick, B.J., Kuhn, C. W. & Hussey, R. S. 1991. Restricted systemic movement of
Cowpea chlorotic mottle virus in soybean with nonnecrotic resistance. Phytopathol ogy
81, 1426-1431.

50



Graham, J. S., Merrywaters, P. J., Titani, K., Ericsson, L. H. & Ryan, C. A. 1985. Wound-
induced proteinase inhibitors from tomato leaves. Journal of Biological Chemistry 260,
6561-6564.

Greenberg, J. T. & Yao, N. 2004. The role and regulation of programmed cell death in
plant-pathogen interactions. Cell Microbiology 6, 201-211.

Guerini, M. N. & Murphy, J. F. 1999. Resistance of Capsicum annuum "Avelar” to pepper
mottle potyvirus and alleviation of this resistance by co-infection with cucumber mosaic
cucumovirus are associated with virus movement. Journal of General Virology 80, 2785-
2792.

Guo, H. S. & Garcia, J. A. 1997. Delayed resistance to plum pox potyvirus mediated by a
mutated RNA replicase gene: involvement of a gene-silencing mechanism. Molecular
Plant Microbe Interactions 10, 160-170.

Guo, H. S, Lopez-Moya, J. J. & Garcia, J. A. 1998. Susceptibility to recombination
rearrangements of a chimeric Plum pox potyvirus genome after insertion of a foreign
gene. Virus Research 57, 183-195.

Guo, D., Spetz, C., Saarma, M. & Vakonen, J. P. T. 2003. Two potato proteins, including a
novel RING-finger protein, interact with the potyviral multifunctional protein HC-Pro.
Molecular Plant-Microbe Interactions 16, 405-410.

Gutierrez-Campos, R., Torres-Acosta, J. A., Saucedo-Arias, L. J. & Gomez-Lim, M. A.
1999. The use of cystein proteinase inhibitors to engineer resistance against potyviruses
in transgenic tobacco plants. Nature Biotechnology 17, 1223-1226.

Hamdéinen, J. H., Kekarainen, T., Gebhardt, C., Watanabe, K. N. & Vakonen, J. P. T.
2000. Recessive and dominant genes interfere with the vascular transport of Potato virus
Ain diploid potatoes. Molecular Plant-Microbe Interactions 13, 401-412.

Hamdainen, J. H., Sorri, V. A., Watanabe, K. N., Gebhardt, C. & Valkonen, J. P. T. 1998.
Molecular examination of a chromosome region that controls resistance to potato Y and
A potyvirusesin potato. Theoretical and Applied Genetics 96, 1036-1043.

Hamilton, A. J. & Baulcombe, D. C. 1999. A species of small antisense RNA in
posttranscriptional gene silencing in plants. Science 286, 950-952.

Hamilton, A. J, Brown, S., Yuahai, H., Ishizuka, M., Lowe, A., Alpuche Solis, A.-G. &
Grierson, D. 1998. A transgene with repeated DNA causes high frequency, post-
transcriptional suppression of ACC-oxidase gene expression in tomato. Plant Journal 15,
737-746.

Hamilton, A., Voinnet, O., Chappel, L. & Baulecombe, D. 2002. Two classes of short
interfering RNA in RNA silencing. EMBO Journal 21, 4671-4679.

Hammond, S. M., Bernstein, E., Beach, D. & Hannon, G. J. 2000. An RNA-directed
nuclease mediates post-transcriptional gene silencing in Drosophila cells. Nature 404,
293-296.

Hammond-Kosack, K. E. & Jones, J. D. G. 1996. Resistance gene-dependent plant defense
responses. Plant Cell 8, 1773-1791.

Hammond-Kosack, K. E. & Paker, J E. 2003. Deciphering plant-pathogen
communication: fresh perspectives for molecular resistance breeding. Current Opinion in
Biotechnology 14, 177-193.

Hari, V., Siegd, A., Rozek, C. & Timberlake, W. E. 1979. The RNA of Tobacco etch virus
contains poly(A). Virology 30, 568-571.

He, X., Anderson, J. C., del Pozo, O., Gu, Y.-Q., Tang, X. & Martin, G. B. 2004. Silencing
of subfamily | of protein phosphatase 2A catalytic subunits results in activation of plant
defense responses and localized cell death. Plant Journal 38, 563-577.

Heath, M. C. 2000. Hypersensitive response-related cell death. Plant Molecular Biology 44,
321-334.

Hillman, B. |., Anzola, J. V., Halpern, B. T., Cavileer, T. D. & Nuss, D. L. 1991. First field
isolation of Wound tumor virus from a plant host: Minimal sequence divergence from the
type strain isolated from an insect vector. Virology 185, 896-900.

Himber, C., Dunoyer, P. Moisard, G., Ritzenthaer, C. & Voinnet, O. 2003. Transitivity-
dependent and —independent cell-to-cell movement of RNA silencing. EMBO Journal 22,
4523-4533.

51



Hiriart, J. B., Aro, E. M. & Letho, K. 2003. Dynamics of the VIGS-mediated chimeric
silencing of the Nicotiana benthamiana ChlH gene and of the Tobacco mosaic virus
vector. Molecular Plant-Microbe Interactions 16, 99-106.

Hjulsager, C. K., Olsen, B. S, Jensen, D. M., Cordea, M. |., Krath, B. N., Johansen, |. E. &
Lund, O. S. 2006. Multiple determinants in the coding region of Pea seed-borne mosaic
virus P3 areinvolved in virulence against som-2 resistance. Virology 10, 52-61.

Holt, B. F., Hubert, D. A. & Dangl, J. L. 2003. Resistance gene signaling in plants —
complex similarities to animal immunity. Current Opinion in Immunology 15, 20-25.

Hong, Y. & Hunt, A. G. 1996. RNA polymerase activity catalyzed by a potyvirus encoded
RNA-dependent RNA polymerase. Virology 226, 146-151.

Hu, G, deHart, A. K. A, Li, Y., Ustach, C., Handley, V., Navarre, R., Hwang, C.-F.,
Aegerter, B. J., Williamsson, V. M. & Baker, B. 2005. EDSL in tomato is required for
resistance mediated by TIR-class R genes and the receptor-like R gene Ve. Plant Journal
42, 376-391.

Huang, Z., Yeakley, J. M., Garcia, E. W., Holdridge, J. D., Fan, J. B. & Whitham, S. A.
2005. Salicylic-acid dependent expression of host genes in compatible Arabidopsis-virus
interactions. Plant Physiology 137, 1147-1159.

Hull, R. 2002. Matthews Plant Virology. 4" edition. Academic Press, New Y ork.

Imlau, A., Truernit, E. & Sauer, N. 1999. Cell-to-cell and long-distance trafficking of the
green fluorescent protein in the phloem and symplastic unloading of the protein into sink
tissues. Plant Cell 11, 309-322.

Ivanov, K. I., Puustinen, P., Gabrenaite, R., Vihinen, H., Ronnstrand, L., Vamu, L.,
Kakkinen, N. & Makinen, K. 2003. Phosphorylation of the potyvirus capsid protein by
protein kinase CK2 and its relevnace for virsu infection. Plant Cell 15, 2124-2139.

Jenner, C. E., Sanches, F., Nettleship, S. B., Foster, G. D., Ponz, F. & Walsh, J. A. 2000.
The cylindrical inclusion gene of Turnip mosaic virus encodes a pathogenic determinant
to the brassica resistance gene TURBOL. Molecular Plant-Microbe Interactions 13, 1102-
1108.

Ji, L.-H., Ding, S.-W. 2001. The suppressor of transgene RNA silencing encoded by
Cucumber mosaic virus interferes with salicylic acid-mediated virus resistance.
Molecular Plant Microbe Interaction 14, 715-724.

Jia, Y., McAdams, S. A., Bryan, G. T., Hershey, H. P. & Vaent, B. 2000. Direct interaction
of resistance gene and avirulence gene products confers rice blast resistance. EMBO
Journal 19, 4004-4014.

Jin, H., Liu, Y., Yang, K.-Y., Kim, C. Y., Baker, B. & Zhang, S. 2003. Function of a
mitogen-activated protein kinase pathway in N gene-mediated resistance in tobacco.
Plant Journal 33, 719-731.

Jirage, D., Tootle, T. L., Reuber, T. L., Frost, L. N. & Feys, B. J. 1999. Arabidopsis thaliana
PAD4 encodes a lipase-like gene that is important for salicylic acid signaling.
Proceedings of National Academy of SciencesU SA 96, 13583-13588.

Johansen, I. E., Dougherty, W. G., Keller, K. E., Wang, D. & Hampton, R. O. 1996.
Multiple viral determinants affect seed transmission of Pea seedborne mosaic virus in
Pisum sativum. Journal of General Virology 77, 3149-3154.

Johansen, I. E., Lund, O. S., Hjulsager, C. K. & Laursen, J. 2001. Recessive resistance in
Pisum sativum and potyvirus pathotype resolved in a gene-for-cistron correspondence
between host and virus. Journal of Virology 75, 6609-6614.

Jonak, C., Okrész, L., Bogre, L. & Hirt, H. 2002. Complexity, cross talk and integration of
plant MAP kinase signaling. Current Opinion in Plant Biology 5, 415-424.

Jones, A. M. 2002. G-protein-coupled signaling in Arabidopsis. Current Opinion in Plant
Biology 5, 402-407.

Jones, D. A. & Takemoto, D. 2004. Plant innate immunity — direct and indirect recognition
of general and specific pathogen-associated molecules. Current Opinion in Immunology
16, 48-62.

Jones, J. D. & Dangl, J. L. 2006. The plant immune system. Nature 444, 323-329.

Jones, L., Hamilton, A. J., Voinnet, O., Thomas, C. L., Maule, A. J. & Baulcombe, D. C.
1999. RNA-DNA interactions and DNA methylation in post-transcriptional gene
silencing. Plant Cell 11, 2291-2301.

52



Jones, L., Ratcliff, F. & Baulcombe, D. C. 2001. RNA-directed transcriptional gene
silencing in plant can be inherited independently of the RNA trigger and requires MeH
for maintenance. Current Biology 11, 747-757.

Jones, R. A. C. 1990. Strain group specific and virus specific hypersensitive reactions to
infection with to potyviruses in potato cultivars. Annals of Applied Biology 117, 93-105.
Jones, R. A. C. 2006. Control of plant virus diseases. Advances in Virus Research 67, 205-

244,

Jurowski, G. I., Smith Jr., R. K., Yu, ., Ham, J. H., Sharma, S. B., Klessig, D. F., Fengler,
K. A: & Bent, A. F. 2004. Arabidopsis DND2, a second cyclic nucleotide-gated ion
channel gene for which mutation causes the “defense, no death” phenotype. Molecular
Plant Microbe Interactions 17, 511-520.

Kagiwada, S., Yamgji, Y., Komatsu, K., Takgjashi, S., Mori, T., Hirata, H., Suzuki, M.,
Ugakki, M. & Namba, S. 2005. A single amino acid residue of RNA dependent RNA
polymerase in the Potato virus X genome determines the symptoms in Nicotiana plants.
Virus Research 110, 177-182.

Kamoun, S. 2001. Nonhost resistance to Phytophthora: novel prospects for a classical
problem. Current Opinion in Plant Biology 4, 295-300.

Kang, S. H., Lim, W. S,, Hwang, S. H., Park, J. W., Choi, H. S. & Kim, K. H. 2006.
Importance of the C-terminal domain of soybean mosaic virus coat protein for subunit
interactions. Journal of General Virology 87, 225-229.

Kasschau, K. D. & Carrington, J. C. 1998. A counterdefensive strategy of plant viruses:
suppression of posttranscriptional gene silencing. Cell 13, 461-470.

Kasschau, K. D. & Carrington, J. C. 2001. Long-distance movement and replication
maintainance functions correlate with silencing suppression activity of potyvira HC-Pro.
Virology 285, 71-81.

Kasschau, K. D., Cronin, S. & Carrington, J. C. 1997. Genome amplification and long-
distance movement functions associated with the central domain of tobacco etch
potyvirus helper component-proteinase. Virology 228, 251-262.

Kasschau, K. D., zZhixin, Z., Allen, E., Llave, C., Chapman, E. J., Krizan, K. A. &
Carrington, J. C. 2003. PL/HC-Pro, a viral suppressor of RNA silencing interferes with
Arabidopsis development and miRNA function. Developmental Cell 4, 205-217.

Keen, N. T. 1990. Gene-for-gene complementarity in plant-pathogen interactions. Annual
Review of Genetics 24, 447-463.

Keen, N. T., Sims, J. J, Midland, S., Yoder, M., Jurnak, F., Shen, H., Boyd, C., Yucdl, I.,
Lorang, J. & Murillo, J. 1993. In: Advances in molecular genetics of plant-microbe
interactions, Nester, E. W. & Verma, D. P. S. eds. pages 211-220, Kluwer, The
Netherlands. 1993.

Keese, P., Mackenzie, A. & Gibbs, A. 1989. Nuclectide sequence of the genome of an
Australian isolate of turnip yellow mosaic tymovirus. Virology 172, 536-546.

Kekarainen, T., Merits, A., Oruetxebarria, |., Rajaméki, M. & Vakonen, J. P. T. 1999.
Comparison of the complete sequence of five different isolates of Potato virus A (PVA),
genus Potyvirus. Archives of Virology 144, 2355-2366.

Kekarainen, T., Savilathi, H. & Vakonen, J. P. T. 2002. Functional genomics on potato
virus A: virus genome-wide map of sites essential for virus propagation. Genome
Research 12, 584-594.

Kdler, K. E., Johansen, |. E., Martin, R. R. & Hampton, R. O. 1998. Potyvirus genome-
linked protein (VPg) determines Pea seed-borne mosaic virus pathotype-specific
virulence in Pisum sativum. Molecular Plant-Microbe Interactions 11, 124-130.

Kempers, R., Prior, D. A. M., van Bel, A. J. E. & Oparka, K. J. 1993. Plasmodesmata
between sieve element and companion cell of extrafascicular stem phloem of Cucurbita
maxima permit passage of 3 kDa fluorescent probes. Plant Journal 4, 567-575.

Kempers, R. & van Bel, A. J. E. 1997. Symplasmic connections between sieve element and
companion cell in the stem phloem of Vicia faba L. have a molecular exclusion limit of at
least 10 kDa. Planta 201, 195-201.

Kim, S,, Hong, Y., An, C. S, Lee, K. 2001. Expression characteristics of serine proteinase
inhibitor 1l under variable environmental stresses in hot pepper. Plant Science 161, 27-
33.

53



Kinkema, M., Fan, W. & Dong, X. 2000. Nuclear localization of NPR1 is required for
activation of PR gene expression. Plant Cell 12, 2339-2350.

Kohm, B. A., Goulden, M. G., Kavanagh, T. A. & Baulcombe, D. C. 1993. A potato virus
X resistance gene mediates an induced, nonspecific resistance in protoplasts. Plant Cell
5, 913-920.

Koscianska, E., Kaantidis, K., Wypijewski, K., Sadowski, J. & Tabler, M. 2005. Anaysis
of RNA silencing in agroinfiltrated leaves of Nicotiana benthamiana and Nicotiana
tabacum. Plant Molecular Biology 59, 647-661.

Krause-Sakate, R., Redondo, E., Richard-Forget, F., Salolm&o Jad&o, A., Houvenaghel, M .-
C., German-Retana, S., Agenor Pavan, M., Candresse, T., Zerbini, F. M. & Le Gall, O.
2005. Molecular mapping of the viral determinants of systemic wilting induced by a
Lettuce mosaic virus (LMV) isolate in some lettuce cultivars. Virus Research 109, 175-
180.

Kumagai, M. H., Donson, J., Della-Cioppa, G., Harvey, D., Hanley, K. & Girill, L. K. 1995.
Cytoplasmic inhibition of carotenoid biosynthesis with virus-derived RNA. Proceedings
of National Academy of Sciences 92, 1679-1683.

Kurihara, Y. & Watanabe, Y. 2004. Arabidopsis micro RNA biogenesis through Dicer-like
1 protein function. Proceedings of National Academic Science 101, 12735-12758.

Lacomme, C., Hrubikova, K. & Hein, |. 2003. Enhancement of virus-induced gene
silencing through viral-based production of inverted-repeats. Plant Journal 34, 543-553.

Lain, S., Riechmann, J. L. & Garcia, J. A. 1990. RNA helicase: A nove activity associated
with a protein encoded by a positive stranded RNA virus. Nucleic Acids Research 18,
7003-7006.

Laird, J., Armengaud, P., Giuntini, P., Laval, V. & Milner, J. J. 2004. Inappropriate
annotation of a key defense marker in Arabidopsis will the real PR-1 please stand up?
Planta 219, 1089-1092.

Lakatos, L., Csorba, T., Pataleo, V., Chapman, E. J., Carrington, J. C., Liu, Y. P., Dolja, V.
V., Cavino, L. F., Lopez-Moya, J. J. & Burgyan, J. 2006. Smal RNA binding is a
common strategy to suppress RNA silencing by viral suppressors. EMBO Journal 25,
2768-2780.

Lee, J, Parthier, B. & Lobler, M. 1996. Jasmonate signaling can be uncoupled from
abscisic acid signaling in barley: identification of jasmonate-regulated transcripts which
are not induced by abscisic acid. Planta 199, 625-632.

Léonard, S., Plante, D., Wittman, S., Daigneault, N., Fortin, M. G. & Ldiberte, J.-F. 2000.
Complex formation between potyvirus VPg and trandlation eukaryotic initiation factor 4E
correlates with virus infectivity. Journal of Virology 74, 7730-7737.

Li, H.-W., Lucy, A. P,, Guo, H.-S,, Li, W.-X., Ji, L.-H., Wong, S.-M. & Ding, S.-W. 1999.
Strong host resistance targeted against a viral suppressor of the plant gene silencing
defence mechanism. EMBO Journal 18, 2683-2691.

Li, H. & Rossnick, M. J. 2004. Genetic bottlenecks reduce population variation in an
experimental RNA virus population. Journal of Virology 78, 10582-10587.

Lindbo, J. A. & Dougherty, W. G. 1992a. Pathogen-derived resistance to a Potyvirus:
Immune and resistant phenotypes in transgenic tobacco expressing atered forms of a
potyvirus coat protein nucleotide sequence. Molecular Plant-Microbe Interactions 5,
144-153.

Lindbo, J. A. & Dougherty, W. G. 1992b. Untrandatable transcripts of the Tobacco etch
virus coat protein gene sequence can interfere with tobacco etch virus replication in
transgenic plants and protoplasts. Virology 189, 725-733.

Lindbo, J. A., Silva-Rosales, L., Proebsting, W. M. & Dougherty, W. G. 1993. Induction of
a highly specific antiviral state in transgenic plants: Implications for regulation of gene
expression and virus resistance. Plant Cell 5, 1749-1759.

Liu, J, Carmell, M. A., Rivas, F. V., Marsden, C. G., Thomson, J. M., Song, J. J,
Hammond, S. M., Joshua-.Tor, L. & Hannon, G. J. 2004. Argonaute? is the catalytic
engine of mammalian RNAI. Science 305, 1437-1441.

Liu, Y., Schiff, M., Marathe, R., Dinesh-Kumar, S. P. 2002. Tobacco Rarl, EDS1 and
NPR1/NIM1 like genes are required for N-mediated resistance to Tobacco mosaic virus.
Plant Journal 30, 415-429.

54



Love, A. J, Yun, B. W., Laval, V., Loake, G. J. & Milner, J. L. 2005. Cauliflower mosaic
virus, a compatible pathogen of Arabidopsis, engages three distinct defense-signaling
pathways and activates rapid systemic generation of reactive oxygen species. Plant
Physiology 139, 935-948.

Lu, R., Martin-Hernandez, A. M., Peart, J. R., Malcuit, |. & Baulcombe, D. C. 2003. Virus-
induced gene silencing in plants. Methods 30, 296-303.

Lucas, W. J.. 1995. Plasmodesmata: intercellular channels for macromolecular transport in
plants. Current Opinion in Cell Biology 7, 673-680.

Lucas, W. J. & Wolf, S. 1993. Plasmodesmata: the intercellular organelles of green plants.
Trendsin Cell Biology 3, 308-315.

Mackey, D., Holt IlI, B. F., Wiig, A. & Dangl, J. L. 2002. RIN4 interacts with
Pseudomonas syringae type |11 effector molecules and is required for RPM 1-mediated
resistance in Arabidopsis. Cell 108, 734-754.

Makeyev, E. V. & Bamford, D. H. 2002. Cellular RNA-dependent RNA polymerase
involved in posttranscriptional gene silencing has two distinct activity modes. Molecular
Cell 10, 1417-1427.

Maldonado, A. M., Doerner, P., Dixon, R. A., Lamb, C. J. & Cameron, R. K. 2002. A
putative lipid transfer proteins involved in systemic resistance signaling in Arabidopsis.
Nature 419, 399-403.

Martin, D. P., van der Walt, E., Posada, D. & Rybicki, E. P. 2005. The evolutionary value
of recombination is constrained by genome modularity. Public Library of Science
Genetics 1, 51.

Matsuta, C., Nishimura, M., Morishita, H. & Hataya, T. 1999. A single amino acid change
in viral genome-associated protein of Potato virus Y correlates with resistance breaking in
“Virgin A Mutant” tobacco. Phytopathology 89, 118-123.

Medzhitov, R. & Janeway, C. A. Jr. 2002. Decoding the patterns of self and nonself by the
innate immune system. Science 296, 298-300.

Merits, A., Guo, D., & Saarma, M. 1998. VPg, coat protein and five non-structural proteins
of potato A potyvirus bind RNA in a sequence-unspecific manner. Journal of General
Virology 79, 3123-3127.

Merits, A., Rgjaméki, M.-L., Lindholm, P., Runeberg-Roos, P., Kekarainen, T., Puustinen,
P., M&kedinen, K., Vakonen, J. P. T. & Saarma, M. 2002. Proteolytic processing of
potyviral proteins and polyprotein processing intermediates in insect and plant cells.
Journal of General Virology 83, 1211-1221.

Mestré, P., Brigneti, G. & Baulcombe, D. C. 2000. An Ry-mediated resistance response in
potato requires the intact active site of the Nla proteinase from potato virus Y. Plant
Journal 23, 653-661.

Miki, D., Itoh, R. & Shimamoto, K. 2005. RNA silencing of single and multiple members
in agene family of rice. Plant Physiology 138, 1903-1913.

Moissard, G., Parizotto, E. A., Himber, C. & Voinnet, O. 2007. Transitivity in Arabidopsis
can be primed, requires the redundant action of the anticiral Dicer-like 4 and Dicer-like 2,
and is compromised by viral-encoded suppressor proteins. RNA 13, 1268-1278.

Moissard, G. & Voinnet, O. 2004. Viral suppression of RNA silencing in plants. Molecular
Plant Pathology 5, 71-82.

Molnéar, A., Csorba, T., Lakatos, L., Véralaya, E., Lacomme, C. & Burgyan, J. 2005. Plant
virus-derived small interfering RNAs originate predominantly from highly structured
single-stranded viral RNAs. Journal of Virology 79, 7812-7818.

Moore, C. J,, Sutherland, P. W., Forster, R. L. S,, Gardner, R. C. & MacDiarmid, R. M.
2001. Dark green idands in plant virus infection are the result of posttranscriptional gene
silencing. Molecular Plant Microbe Interactions 14, 939-946.

Mourrain, P., Beclin, C., ElImayan, T., Feuerbach, F., Godon, C., Morel, J.-B. Jouette, D.,
Lacombe, A.-M., Nikic, S., Picault, N., Rémoué, K., Sania, M., Vo, T.-A., Vaucheret, H.
2000. Arabidopsis SGS2 and SGS3 genes are required for posttranscriptional gene
silencing and natural virus resistance. Cell 101, 533-542.

Moury, B., Morel, C., Johansen, E., Guilbaud, L., Souche, S., Ayme, V., Caranta, C.,
Paloix, A. & Jacquemond, M. 2004. Mutations in Potato virus Y genome-linked protein

55



determine virulence toward recessive resistances in Capsicum annuum and Lycopersicon
hirsutum. Molecular Plant-Microbe Interactions 17, 322-329.

Muangsan, N., Beclin, C., Vaucheret, H. & Robertson, D. 2004. Geminivirus VIGS of
endogenous genes requires SGS2/SDE1 and SGS3 and defines a new branch in the
genetic pathway for silencing in plants. Plant Journal 38, 1004-1014.

Murphy, J. F. 1998. Genetic mapping of the pvrl locus in Capsicem spp. and evidence that
distinct potyvirus resistnace loci control responses that differ at the whole plant and
cellular levels. Molecular Plant-Microbe Interactions 11, 943-951.

Murphy, J. F., Rhoads, R. E., Hunt, A. G. & Shaw, J. G. 1990. The VPg of Tobacco etch
virus RNA is the 49-kDa proteinase or the N-termina 24-kDa part of the proteinase.
Virology 178, 285-288.

Napoli, C., Lemieux, C. & Jorgensen, R. A. 1990. Introduction of a chimeric chalcone
synthase gene into petunia results in reversible co-suppression of homologous genes in
trans. Plant Cell 2, 279-289.

Nicolas, O., Dunnington, S. W., Gotow, L. F., Pirone, T. P. & Hellman, G. M. 1997.
Variations in the VPg protein alow a potyvirus to overcome va gene resistance in
tobacco. Virology 237, 452-459.

Niederman, T., Genetet, |., Bruyére, T., Gees, R., Stintzi, A., Legrand, M., Fritig, B. &
Mosinger, E. 1995. Pathogenesisrelated PR-1 proteins are antifungal; isolation and
characterization of three 14-kilodalton proteins of tomato and of a basic PR-1 of tobacco
with inhibitory activity against Phytophthora infestans. Plant Physiology 108, 17-27.

Nurnberger, T. & Brunner, F. 2002. Innate immunity in plants and animals. emerging
parallels between the recognition of genera elicitors and pathogen-associated molecular
patterns. Current Opinion in Plant Biology 5, 1-7.

Nurnberger, T., Brunner, F., Kemmerling, B. & Piater, L. 2004. Innate immunity in plants
and animals: striking similarities and obvious differences. Immunological Reviews 198,
249-266.

Nurnberger, T. & Kemmerling, B. 2006. Receptor protein kinases — pattern recognition
receptorsin plant immunity. Trends in Plant Science 11, 519-522.

Ohshima, K., Tomitaka, Y., Wood, J. T., Minematsu, Y., Kgiyama, H., Tomimura, K. &
Gibbs, A. J. 2007. Patterns of recombination in Turnip mosaic virus genomic sequences
indicate hotspots of recombination. Journal of General Virology 88, 298-315.

Oparka, K. J., Roberts, A. G., Boevink, P., Santa Cruz, S., Raberts, |., Praddl, K. S, Imlau,
A., Kotlizky, G., Sauer, N. & Epel, B. 1999. Simple, but not branched, plasmodesmata
allow the non-specific trafficking of proteins in developing tobacco leaves. Cell 97, 743-
754.

Oparka, K. J. & Santa Cruz, S. 2000. The great escape: phloem transport and unloading of
macromolecules. Annual Review of Plant Physiology Plant Molecular Biology 51, 323-
347.

Oparka, K. J. & Turgeon, R. 1999. Sieve elements and companion cells — traffic control
centers of the phloem. Plant Cell 11, 739-750.

Oruetxebarria, |., Guo, D., Merits, A., M&kinen, K., Saarma, M. & Vakonen, J. P. T. 2001.
Identification of the genome-linked protein in virions of Potato virus A, with comparison
to other members in genus Potyvirus. Virus Research 73, 103-112.

Palauqui, J. C., ElImayan, T., Pollien, J. M. & Vaucheret, H. 1997. Systemic acquired
silencing: transgene-specific post-transcritional gene silencing is transmitted by bgrafting
from silenced stocks to non-silenced scions. EMBO Journal 17, 2137.

Palauqui, J. C. & Vaycheret, H. 1998. Transgenes are dispensable for the RNA degradation
step of cosuppression. Proceedings of National Academy of Sciencesin U S A 95, 9675-
9680.

Palmer, K. E. & Rybicki, E. P. 2001. Investigation of the potential of Maize streak virus to
act as an infectious gene vector in maize plants. Archives of Virology 146, 1089-1104.

Pan, Y. S, Lee Y. S, Leg Y. L, Lee, W. C. & Hsieh, S. Y. 2006. Differentially profiling
the low-expression transcriptomes of human hepatoma using a novel SSH/microarray
approach. BMC Genomics 7, 131.

Parker, J. E. 2003. Plant recognition of microbia patterns. TRENDS in Plant Science 8,
245-247.

56



Peart, J. R., Lu, R., Sadanandom, A., Makuit, |., Moffett, P., Brice, D. C., Schauser, L.,
Jaggard, D. A. W, Xiao, S., Coleman, M. J., Dow, M., Jones, J. D. G., Shirasu, K. &
Baulcombe, D. C. 2002. Ubiquitin ligase-associated protein SGT1 is required for host
and nonhost disease resistance in plants. Proceedings of National Academy of Sciences
99, 10865-10869.

Pefia-Cortés, H., Liu, X., Sanchez Serrano, J.,, Schmid, R. & Willmitzer, L. 1992. Factors
affecting gene expression of patatin and proteinase-inhibitor-11 gene families in detached
potato leaves. Implications for their co-expression in developing tubers. Planta 186, 492-
502.

Petersen, B. O. & Albrechtsen, M. 2005. Evidence implying only unprimed RARP activity
during transitive gene silencing in plants. Plant Molecular Biology 58, 575-583.

Pirone, T. P. & Blanc, S. 1996. Helper-dependent vector transmission of plant viruses.
Annual Review of Phytopathology 34, 227-247.

Pirone, T. P. & Thornbury, D. W. 1984. The involvement of a helper component in
nonpersistent transmission of plant viruses by aphids. Microbiology Science 1, 191-193.
Pogue, G. P,, Lindbo, J. A., Garger, S. J. & Fitzmaurice, W. P. 2002. Making an aly from
the enemy: Plant virology and the new agriculture. Annual Review of Phytopathology 40,

45-74.

Pruss, G., Ge, X., Shi, X. M., Carrington, J. C. & Bowman Vance, V. 1997. Plant viral
synergism: The potyviral genome encodes a broad-range pathogenicity enhancer that
transactivates replication of heterologous viruses. Plant Cell 9, 859-868.

Pruss, G. J., Lawrence, C. B., Bass, T., Li, Q. Q., Bowman, L. H. & Vance, V. 2004. The
potyviral suppressor of RNA silencing confers enhanced resistance to multiple pathogens.
Virology 320, 107-120.

Puurand, U., Vakonen, J. P. T., M&kinen, K., Rabenstein, F. & Saarma, M. 1996.
Infectious in vitro transcripts from cloned cDNA of the potato A potyvirus. Virus
Research 40, 135-140.

Puurand, U., Makinen, K., Paulin, L. & Saarma, M. 1994. The nucelotide sequence of
potato virus A genomic RNA and its sequence similarities with other potyviruses.
Journal of General Virology 75, 457-461.

Puustinen, P., Rgamé&ki, M.-L., lvanov, K. I., Vakonen, J. P. T. & Ma&kinen, K. 2002.
Detection of the potyviral genome-linked protein VPg in virions and its phosphorylation
by host kinases. Journal of Virology 76, 12703-12711.

Rajamaki, M. 2002. Viral genome-linked protein (VPg) of Potato virus A as a determinant
of systemic infection in plants. Acta Universitatis Agriculturae Sueciae, Agraria 340
,SLU Sevice/Repro, Uppsaa

Rajaméki, M. L., Kelloniemi, J., Alminaite, A., Kekarainen, T., Rabenstein, F. & Vakonen,
J. P. T. 2005. A novel insertion site inside the potyvirus P1 cistron allows expression of
heterologous proteins and suggests some P1 functions. Virology 342, 88-101.

Rajaméaki, M., Merits, A., Rabenstein, F., Andregjeva. J., Paulin, L., Kekarainen, T., Kreuze,
J. F., Forster, R. L. S. & Vakonen, J. P. T. 1998. Biological, serological, and molecul ar
differences among isolates of Potato A potyvirus. Virology 88, 311-321

Rajaméaki, M. & Vakonen, J. P. T. 1999. The 6K2 protein and the VPg of Potato virus A
are determinants of systemic infection in Nicandra physaloides. Molecular Plant-
Microbe Interactions 12, 1074-1081.

Rajamaki, M. & Valkonen, J. P. T. 2002. Vira genome-linked protein (VPg) controls
accumulation and phloem-loading of a potyvirus in inoculated potato leaves. Molecular
Plant-Microbe Interactions 15, 138-149.

Rajaméki, M. & Valkonen, J. P. T. 2003. Localization of a potyvirus and the viral genome-
linked protein in wild potato leaves at an early stage of systemic infection. Molecular
Plant-Microbe Interactions 16, 25-34.

Rajaméaki, M. & Valkonen, J. P. T. 2004. Detection of a natural point mutation in Potato
virus A that overcomes resistance to vascular movement in Nicandra physaloides, and
studies on seed-transmissibilty of the mutant virus. Annals of Applied Biology 144, 77-
86.

Ratcliff, F., Martin-Hernandez, A. M. & Baulcombe, D. C. 2001. Tobacco rattle virus as a
vector for analysis of gene function by silencing. Plant Journal 25, 237-245.

57



Reddy, D. V. R. & Black, L. M. 1977. Isolation and replication of mutant populations of
wound tumor virions lacking certain genome segments. Virology 80, 336-346.

Redondo, E., Krause-Sakate, R., Yang, S.-J,, Lot, H., Le Gall, O. & And Candresse, T.
2001. Lettuce mosaic virus pathogenicity determinants in susceptible and tolerant lettuce
cultivars map to different regions of the vira genome. Molecular Plant-Microbe
Interactions 14, 804-810.

Riechmann, J. L., Cervera, M. T., & Garcia, J. A. 1995. Processing fo the plum pox virus
polyprotein at the P3-6K 1 junction is not required for virus viability. Journal of General
Virology 76, 951-956.

Riechmann, J. L., Lain, S. & Garcia, J. A. 1989. The genome-linked protein and 5'end RNA
sequence of Plum pox potyvirus. Journal of General Virology 70, 2785-2789.

Robert, Y., Woodford, J. A. T., Ducray-Bourdin, D. G. 2000. Some epidemiological
approaches to the control of aphid-borne virus diseases in seed potato crops in northern
Europe. Virus Research 71, 33-47.

Roberts, A. G., Santa Cruz, S., Roberts, I. M., Prior, D. A. M., Turgeon, R. & Oparka, K. J.
1997. Phloem unloading of sink leaves of Nicotiana benthamiana: comparison of a
fluorescent solute with a fluorescent virus. Plant Cell 9, 1381-1396.

Rodriguez-Cerezo, E., Klein, P. G. & Shaw, J. G. 1991. A determinant of disease symptoms
severity is located in the 3'-termina noncoding region of the RNA of a plant virus.
Proceedings of National Academy of Sciences U SA 88, 9863-9867.

Rodriguez-Cerezo, E., Findlay, K., Shaw, J. G., Lomonossoff, G. P., Qiu, S. G., Linstead,
P., Shanks, M. & Risco, C. 1997. The coat and cylindrical inclusion proteins of a
potyvirus are associated with connections between plant cells. Virology 236, 296-306.

Rojas, M. R., Zerbini, F. M., Allison, R. F., Gilbertson, R. L. & Lucas, W. J. 1997. Capsid
protein and helper component-proteinase function as potyvirus cell-to-cell movement
proteins. Virology 237, 283-295.

Romels, T., Ludwig, A. A., Martin, R. & Jones, J. D. G. 2001. Calcium-dependent protein
kinases play an essential role in a plant defense response. EMBO Journal 20, 5556-5567.

Roossinck, M. J 1997. Mechanisms of plant virus evolution. Annual Review in
Phytopathol ogy 35, 191-209.

Ross, H. 1986. Potato breeding — problems and perspectives. Journal of Plant Breeding.
Supplementary 13.

Roth, B. M., Pruss, G. J. & Vance, V. B. 2004. Plant viral suppressors of RNA silencing.
Virus Research 102, 97-108.

Roudet-Tavert, G., Michon, T., Walter, J., Delaunay, E., Redondo, E. & Le Gall, O. 2007.
Central domain of a potyvirus VPg isinvolved in the interaction with the host translation
initiation factor elFAE and the vira protein HC-Pro. Journal of General Virology 88,
1029-1033.

Ruffel, S., Caranta, C., Pdloix, A., Lefebvre, V., Caboche, M. & Bendahmane, A. 2004.
Structural analysis of the eukaryotic initiation factor 4E gene controlling potyvirus
resistance in pepper: exploitation of aBAC library. Gene 338, 209-216.

Ruffel, S., Dussault, M. H., Paloix, A., Moury, B., Bendahmane, A., Robaglia, C. &
Caranta, C. 2002. A natural recessive resistance gene against Potato virus Y in pepper
corresponds to the eukaryotic initiation factor 4E (el F4E). Plant Journal 32, 1067-75.

Ruffel, S., Gallois, J. L., Lesage, M. L. & Caranta, C. 2005. The recessive potyvirus
resistance gene pot-1 is the tomato orthologue of the pepper pvr2-el F4E gene. Molecular
Genetics and Genomics 274, 346-353.

Rui, L., Martin-Hernandez, A. M., Peart, J. R., Malcuit, |. & Baulcombe, D. C. 2003.
Virus-induced gene silencing in plants. Methods 30, 296-303.

Ruiz, M. T., Voinnet, O. & Baulcombe, D. C. 1998. Initiation and maintenance of virus-
induced gene silencing. Plant Cell 10, 937-946.

Ruiz-Medrano, R., Xoconostle-Cazares, B. & Lucas, W. J. 2001. The phloem as a conduit
for inter-organ communication. Current Opinion in Plant Biology 4, 202-209.

Ryals, J., Neuenschwander, U. H., Willits, M. G., Molina, A., Steiner, Y.-H. & Hunt, M. D.
1996. Systemic acquired resistance. Plant Cell 8, 1809-1819.

Saenz, P., Cervera, M. T., Dadlot, S, Quioat, L., Quiot, J-B., Riechmann, J. L. & Garcia, J.
A. 2000. Identification of a pathogenicity determinant of Plum pox virus in the sequence

58



encoding the C-terminal region of protein P3+6K ;. Journal of General Virology 81, 557-
566.

Sanchez-Serrano, J., Schmidt, R., Schell, J. & Willmitzer, L. 1986. Nucleotide sequence of
proteinase inhibitor 11 encoding cDNA of potato (Solanum tuberosum) and its mode of
expression. Molecular and General Genetics 203, 15-20.

Santa Cruz, S. 1999. Perspective: Phloem transport of viruses and macromolecules — what
goes in must come out. Trendsin Microbiology 7, 237-241.

Savenkov, E. I. & Valkonen, J. P. T. 2002. Silencing of avirad RNA silencing suppressor in
transgenic plants. Journal of General Virology 83, 2325-2335.

Schaad, M. C. Anderberg, R. J. & Carrington, J. C. 2000. Strain-specific interaction of the
Tobacco etch potyvirus Nla protein with the trandation initiation factor elF4E in the
Y east two-hybrid system. Virology 273, 300-306.

Schaad, M. C. & Carrington, J. C. 1996. Suppression of long-distance movement of tobacco
etch virus in anonsusceptible host. Journal of Virology 70, 2556-2561.

Schaad, M. C., Léllis, A. D. & Carrington, J. C. 1997. VPg of tobacco etch potyvirusis a
host genotype specific determinant for long-distance movement. Journal of Virology 70,
7039-7048.

Scholthof, H. B., Scholthof, K.-B. G. & Jackson, A. O. 1995. Identification of Tomato
bushy stunt virus host-specific symptom determinants by expression of individual genes
from a Potato virus X vector. Plant Cell 7, 1157-1172.

Schwach, F., Vaistij, F. E., Jones, L. & Baulcombe, D. C. 2005. An RNA-dependent RNA
polymerase prevents meristem invasion by Potato virus X and is required for the activity
but not the production of a systemic silencing signa. Plant Physiology 138, 1842-1852.

Shah, J,, Tsui, F. & Klessig, D. F. 1997. Characterization of a sdicylic acid-insensitive
mutant (sail) of Arabidopsis thaliana identified in a selective screen utilizing the SA-
inducible expression of the tms2 gene. Molecular Plant-Microbe Interactions 10, 69-78.

Shaharuddin, N. A., Han, Y. H., Li, H. Y. & Grierson, D. 2006. The mechanism of graft
transmission of sense and antisense gene silencing in tomato plants. FEBS Letters 580,
6579-6586.

Sharma, P. C., Ito, A., Shimizu, T., Terauchi, R. Kamoun, S. & Saitoh, H. 2003. Virus-
induced silencing of WIPK and SIPK genes reduces resistance to a bacterial pathogen,
but has no effect on the INFl-induced hypersensitive response (HR) in Nicotiana
benthamiana. Molecular and General Genetics 269, 583-591.

Shin, R, Lee, G, Park, C., Kim, T., You, J., Nam, Y. & Paek, K. 2001. Isolation of pepper
mRNA differentially expressed during the hypersensitive response to Tobacco mosaic
virus and characterization of a proteinase inhibitor gene. Plant Science 161, 727-737.

Shirasu, K., Lahaye, T., Tan, M.-W., Zhou, F., Azevedo, C. & Schulze-Lefert. 1998. A
novel class of eukaryotic zinc-binding proteinsis required for disease resistance signaling
in barley and development in C. elegans. Cell 99, 355-366.

Shoresh, M., Gal-On, A., Leibman, D. & Chet, |. 2006. Characterization of a mitogen-
activated protein kinase gene from cucumber required for trichoderma-conferred plant
resistance. Plant Physiology 142, 1169-1179.

Shukla, D. D. &Ward, C. W. 1989. Structure of potyvirus coat proteins and its application
in the taxonomy of the potyvirus group. Advances in Virus Research 36, 273-314.

Shukla, D. D., Ward, C. W. & Brunt, A. A. 1994. The Potyviridae. C.A.B. International,
Wallingford, UK.

Siaw, M. F. E., Shahabuddin, M., Ballard, S., Shaw, J. G. & Rhoads, R. E. 1985.
Identification of a protein covalently linked to the 5"terminus of Tobacco vein

mottling virus RNA. Virology 142, 134-143.

Sijen, T., Fleenor, J.,, Simmer, F., Thijssen, K. L., Parrish, S., Timmons, L., Plasterk, R. H.
A. & Fire, A. 2001. On the role of RNA amplification in dsRNA-triggered gene silencing.
Cell 107, 465-476.

Simon-Buela, L., Guo, H. S. & Garcia, J. A. 1997. Long sequences in the 5 noncoding
region pf plum pox virus are not necessary for virla infectivity but contribute to vira
competitiveness and pathogenesis. Virology 233, 157-162.

Sin, S. & Chye, M. 2004. Expression of proteinase inhibitor 11 proteins during floral
development in Solanum americanum. Planta 219, 1010-1022.

59



Sj6lund, R. D. 1997. The phloem sieve element: ariver runs through it. Plant Cell 9, 1137-
1146.

Spetz, C & Valkonen, J. P. T. 2004. Potyviral 6K2 protein long-distance movement and
symptom-induction functions are independent and host-specific. Molecular Plant-
Microbe Interactions 17, 502-510.

Stenger, D. C. & French, R. 2004. Functional replacement of Wheat streak mosaic virus
HC-Pro with the corresponding cistron from a diverse array of viruses in the family
Potyviridae. Virology 323, 257-267.

Sticher, L., Mauch-Mani, B. & Métraux, J. P. 1997. Systemic acquired resistance. Annual
Review of Phytopathology 35, 235-270.

Stokes, T. L., Kunkel, B. N. & Richards, E. J. 2002. Epigenetic variation in Arabidopsis
disease resistance. Genes & Development 16, 171-182.

Subramaniam, R., Desveaux, D., Spickler, C., Michnick, S. W. & Brisson, N. 2001. Direct
visualization of protein interactionsin plant cells. Nature 19, 769-771.

Suzuki, K., Yano, A. & Shinshi, H. 1999. Slow and prolonged activation of the p47 protein
kinase during hypersensitive cell death in a culture of tobacco cells. Plant Physiology
119, 1465-1472.

Swaney, S., Powers, H., Goodwin, J., Rosales, L. S. & Dougherty, W. G. 1995. RNA -
mediated resistance with nonstructural genes from the Tobacco etch virus genome.
Molecular Plant-Microbe Interactions 8, 1004-1011.

Tabara, H., Yigit, E., Siomo, H. & Mello, C. C. 2002. The dsRNA binding protein RDE-4
interacts with RDE-1, DCR-1, and a DExH-Box Helicase to direct RNAI in C. elegans.
Cell 109, 861-871.

Tang, G., Reinhart, B. J., Bartel, D. P. & Zamore, P. D. 2003. A biochemical framework for
RNA silencing in plants. Genes & Development 17, 49-63.

Thomas, C. L., Jones, L., Baulcombe, D. C. & Maule, A. J. 2001. Size constraints for
targeting post-transcriptional gene silencing and for RNA-directed methylation in
Nicotiana benthamiana using a Potato virus X vector. Plant Journal 25, 417-425.

Thompson, G. A. & Schulz, A. 1999. Macromolecular trafficking in the phloem. Trends in
Plant Science 4, 354-360.

Thordal-Christensen, H. 2003. Fresh insights into processes of non-host resistance. Current
Opinion in Plant Biology 6, 351-357.

Tournier, B., Tabler, M. & Kaantidis, K. 2006. Phloem flow strongly influences the
systemic spread of silencing in GFP Nicotiana benthamiana plants. Plant Journal 47,
383-394.

Tribodet, M., Glais, L., Kerlan, C. & Jacquot, E. 2005. Characterization of Potato virus Y
(PVY) molecular determinants involved in the vein necrosis symptoms induced by
PVYN isolates in infected Nicotiana tabacum cv. Xanthi. Journal of General Virology
86, 2101-2105.

Truman, W., Bennett, M. H., Kubigsteltig, I., Turnbull, 1. & Grant, M. Arabidopsis
systemic immunity uses conserved defense signaling pathways and is mediated by
jasmonates. Proceedings of National Academic Science 104, 1075-1080.

Turgeon, R. 1989. The source-sink transition in leaves. Annual Review of Plant Physiology
and Plant Molecular Biology 40, 119-138.

Turnage, M. A., Muangsan, N., Peele, C. G. & Robertson, D. 2002. Geminivirus-based
vectors for gene silencing in Arabidopsis. Plant Journal 30, 107-114.

Underhill, D. M. & Ozinsky, A. 2002. Toll-like receptors: key mediators of microbe
detection. Current Opinion in Immunology 14, 103-110.

Vaigtij, F. E., Jones, L. & Baulcombe, D. C. 2002. Spreading of RNA targeting and DNA
methylation in RNA silencing requires transcription of the target gene and a putative
RNA-dependent RNA polymerase. Plant Cell 14, 857-867.

Valkonen, J. P. T. 1994. Natura genes and mechanisms for resistance to viruses in
cultivated and wild potato species (Solanum spp.). Plant breeding 112, 1-16.

Valkonen, J. P. T., Puurand, U., Slack, S. A., M&kinen, K. & Saarma, M. 1995. Three strain
groups of potato A potyvirus based on hypersensitive response in potato, serological
properties and coat protein sequences. Plant Disease 79, 748-753.

60



Valkonen, J. P. T., Rgamé&ki, M. L. & Kekarainen, T. 2002. Mapping of viral genomic
regions important in cross-protection between strains of a potyvirus. Molecular Plant
Microbe Interactions 15, 683-692.

Van Bel, A. J. E. 1996. Interaction between sieve element and companion cell and the
consequences for photoassimilate distribution. Two structural hardware frames with
associated physiological software packages in dicotelydons? Journal of Experimental
Botany 47, 1129-1140.

Van den Ackervecken, G. F., Van Kan, J. A. & De Wit, P. J. 1992. Molecular analysis of
the avirulence gene awr9 of the fungal tomato pathogen Cladosporium fulvum fully
supports the gene-for-gene hypothesis. Plant Journal 2, 359-366.

Van den Boogaart, T., Maule, A. J.,, Davies, JW. & Lomonossoff, G. P. 2004. Sources of
target specificity associated with the recovery against Pea seed-borne mosaic virus
infection mediated by RNA silencing in pea. Molecular Plant Pathology 5, 37-43.

Van der Biezen, E. A. & Jones, J. D. G. 1998. Plant disease-resistance proteins and the
gene-for-gene concept. Trends in Biochemical Sciences 23, 454-456.

Van der Hoorn, R. A. L., De Wit, J. G. M. & Joosten, M. H. A. J. 2002. Balancing selection
favors guarding resistance proteins. Trends in Plant Science 7, 67-71.

Van der Krol, A. R., Mur, L. A., de Lange, P., Mal, J. N. & Stuitje, A. R. 1990. Inhibition
of flower pigmentation be antisense CHS genes. promoter and minimal sequence
requirements for the antisense effect. Plant Molecular Biology 14, 457-466.

Van Dijk, P, Van der Meer, F.A. & Piron, P.G.M. 1987. Accessions of Austraian
Nicotiana species suitable as indicator hosts in the diagnosis of plant virus diseases.
Netherlands Journal of Plant Pathology 93, 73-85.

Van Loon, L. C., Bakker, P. A. H. M. & Pietersen, C. M. J. 1998. Systemic resistance
induced by rhizosphere bacteria. Annual Review of Phytopathology 36, 453-483.

Van Loon, L. C. & Van Strien, E. A. 1999. The families of pathogenesis-related proteins,
their activites, and comparative analysis of PR-1 type proteins. Physiological and
Molecular Plant Pathology 55, 85-97.

Vance, V. & Vaucheret, H. 2001. RNA silencing in plants -defense and counterdefense.
Science 292, 2277-2280.

Varrelman, M. & Maiss, E. 2000. Mutations in the coat protein gene of Plum pox virus
suppress particle assembly, heterologous encapsidation and complementation in
transgenic plants of Nicotiana benthamiana. Journal of General Virology 81, 567-576.

Vaucheret, H., Beclin, C., ElImayan, T., Feuerbach, F., Godon, C., Morel, J. B., Mourrain,
P., Palauqui, J. C. & Vernhettes, S. 1998. Transgene-induced gene silencing in plants.
Plant Journal 16, 651-659.

Verchot, J., Koonin, E. V. & Carrington, J. C. 1991. The 35-kDa protein from the N-
terminus of the potyvira polyprotein functions as a third virus-encoded proteinase.
Virology 185, 527-535.

Voinnet, O. 2005. Induction and suppression of RNA silencing: Insights from vira
infections. Nature 6, 206-221.

Voinnet, O. & Baulcombe, D. C. 1997. Systemic signaling in gene silencing. Nature 389,
553.

Voinnet, O., Pinto, Y. M. & Baulcombe, D. C. 1999. Suppression of gene silencing: A
generd strategy used by diverse DNA and RNA viruses of plants. 96, Proceedings of
National Academy of SciencesU SA 96, 14147-14152.

Voinnet, O., Vain, P., Angell, S. & Baulcombe, D. C. 1998. Systemic spread of sequence-
specific transgene RNA degradation is initiated by localised introduction of ectopic
promotorless DNA. Cell 95, 177-197.

Wang, X., Ullah, Z. & Grumet, R. 2000. Interaction between zucchini yellow mosaic
potyvirus RNA-dependent RNA polymerase and host poly-(A) binding protein. Virology
275, 433-443.

Ward, C. W. & Shukla, D. D. 1991. Taxonomy of potyviruses: current problems and some
solutions. Intervirology 32, 269-296.

Watanabe, K. N., Orrillo, M., lwanaga, M., Ortiz, R., Freyre, R. & Perez, S. 1994. Diploid
potato germplasm derived from wild and land race genetic resources. American Potato
Journal 71, 599-604.

61



Whitham, S. A., Quan, S., Chang, H. S., Cooper, B., Este, B., Zhu, T., Wang, X. & Hou, Y.
M. 2003. Diverse RNA viruses elicit the expression of common sets of genes in
susceptible Arabidopsis thaliana plants. Plant Journal 33, 271-283.

Whitham, S. A., Yang, C. & Goodin, M. M. 2006. Globa impact: Elucidating plant
responses to viral infection. Molecular Plant-Microbe Interactions 19, 1207-1215.

Wittman, S., Chatel, H., Fortin, M. G. & Laliberté, J. 1997. Interaction of the vira protein
genome linked of Turnip mosaic potyvirus with the translational eukaryotic initiation
factor (iso) 4E of Arabidopsis thaliana using the yeast two-hybrid system. Virology 234,
84-92.

Wolf, S., Deom, C. M., Beachy, R. N. & Lucas, W.J. 1989. Movement protein of tobacco
mosaic virus modifies plasmodesmatal size exclusion limit. Science 246, 377-379.

Xie, Z., Allen, E., Wilken, A. & Carrington, J. C. 2005. DICER-LIKE 4 functionsin trans-
acting small interfering RNA biogenesis and vegetative phase change in Arabidopsis
thaliana. Proceedings of National Academic Science U SA 102, 12984-129809.

Xie, Z., Fan, B., Chen, C. & Chen, Z. 2001. An important role of an inducible RNA-
dependent-RNA polymerase in plant antiviral defense. Proceedings of National Academy
of Sciences U SA 98, 6516-6521.

Xu, Z., Qi, W., Ouyang, X., Yeung, E. & Chye, M. 2001. A proteinase inhibitor Il of
Solanum americanum is expressed in phloem. Plant Molecular Biology 47, 727-738.

Yang, S. J, Carter, S. A., Cole, A. B., Cheng, N. H. & Nelson, R. S. 2004. A natural variant
of a host RNA-dependent RNA polymerase is associated with increased susceptibility to
viruses by Nicotiana benthamiana. Proceedings of National Academy of SciencesU SA
101, 6297-6302.

Yang, T. & Poovaiah, B. W. 2003. Calcium/camodulin-mediated signal network in plants.
Trendsin Plant Science 8, 505-512.

Yarwood, C. E. 1979. Host passage effects with plant viruses. Advances in Virus Research
25, 169-190.

Yoo, B.-C., Kragler, F., Varkonyi-Gasic, E., Haywood, V., Archer-Evans, S, Leg, Y. M.,
Lough, T. J. & Lucas, W. J. 2004. A systemic small RNA silencing system in plants.
Plant Cell 16, 1979-2000.

Yu, I., Paker, J & Bent, A. 1998. Gene-for-gene disease resistance without the
hypersensitive response in Arabidopsis dnd1 mutant. Proceedings of National Academy
of Sciences U SA 95, 7819-7824.

Zilberman, D., Cao, X., Jacobsen, S. E. 2003. ARGONAUTE4 control of locus-specific
SIRNA accumulation and DNA and histone methylation. Science 299, 716-719.

Zipfd, C. & Felix, G. 2005. Plants and animals. a different taste for microbes? Current
Opinion in Plant Biology 8, 353-360.

62



Acknowledgements

When | was going to start at the university | knew | wanted to study biology, but |
did not want to collect dust and mildew at the university. Therefore, | decided to
avoid the master educations and get a profession. | decided | would become a plant
and soil agronomist, then it would be possible to get a “real” job directly after the
undergraduate education. However, | gradually discovered that | loved al the
topics my course mates despised, i.e. everything about RNA, DNA, proteins and
other things below cell level. | was really a biotechnology-wannabe and al my
studies pointed towards a PhD. (Secretely, | also thought all the PhD students
teaching at the courses were realy cool, who would not want to become like
them?) Luckily, | met Professor Jari Valkonen and he offered me a PhD. Thanks
Jari for your advice and encouragement and for supporting me al the way from
Finland during the last years.

Today, at the end of my PhD education, | can guarantee that the only thing that
has been dusty during these years is my home and | have only found mildew a
couple of times in my in vitro cultures. To do a PhD has been an interesting,
stimulating journey. | have learned many things and met people from al over the
world. Many of these people have been very important for my work and without
them this thesis would not exist.

I would like to thank my closest coworkers Mohan and Anssi. Anssi for being
the perfect PhD student struggling hard with our project in Helsinki. Mohan for
taking the everyday fight with me in Uppsala for several yearsin an excellent way,
and also for taking care of things during my first maternal leave.

All my former and present colleagues in the plant virology group deserve a big
THANK YOU. Anders, for always answering all questions seriously, no matter
how stupid they appeared to be, and for becoming my supervisor during the last
months of my PhD. Anna, for all the good and bad times together, your friendship
and support have been invaluable both when we were colleagues at GC, and after
you moved to Norway. Ingela, for advice about lab matters and nice times together
both inside and outside GC. Jon, for being such a nice guy, always helpful with the
camera, computers and in the isotope lab. Eugene, for help in the isotope lab and
advice about many things. Ulrike, for coming as a fresh German wind to the
virology group. Hannele, for starting me up in the lab when | did my master thesis.
Raobert, for being my second supervisor in the beginning and of course | should not
forget Viiu, Minna R, Minna P, Maria, Jan, Carl, Aldo, Settumba, Walter, Fred,
Akita, Tuija, Igor, Britt and Li. Also thanks Wang, Anssi, Minna R., Marjo and
Paulafor taking care of me both inside and outside the lab in Helsinki.

Thanks to al helpful people at GC. All people involved in the AgriFunGen
research school. Dixan, for quick help with administrative problems in the end of
my studies. Per and Christer for running the department. Mona, Annelie, Birgitta,
Lotta, Urban, Ingrid and al other service-minded T/A personal. Thanks to the

63



yeast group for lovely cakes and to all other people that have been keeping me
company in the lunchroom.

Tack till alla utanfor GC som hjapt till sa att vér vardag gétt ihop eller bara
forgyllt livet med trevligheter. Familjen Gammelgards egen huskorean Kim for alla
middagar och presenter, otroliga historier, provocerande uttalanden och hjalp med
photoshop. Stormullarna Lina, Daniel, Maria, Dan och Kim for ala fester och
naturéventyr. Familjen Pettersson i Vaxjo, vi saknar er hér i Uppsalal Familjen
Karpmyr for stor gastfrihet. Inte att forglomma V-dala spelmansag, sd mycket kul
vi haft med er!

Tack till mina svarféréldrar Sigbritt och Curt for hjélp med barnpassning och
manga andra saker som underléttat livet for oss doktorerande/konsultande
tidsoptimistiska smabarnsforaldrar. Mormor for att du alltid varit sa stolt Gver oss
och talat om det! Mina fina syskon Hanna, Erik och Gustav med respektive Anders
och Annie for barnpassning och manga trevliga stunder. Mamma och pappa for
outtréttlig uppmuntran och stéd genom hela mitt liv. Utan ert arbetshotell med full
service hade inte avhandlingen varit klar nu!

Till sist tack till min @dskade make och baste vdn Magnus och det basta vi
ndgonsin gjort, vara dottrar Tilda och Adela. Miljoner pussar och kramar till er
fran mig!




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts false
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /Description <<
    /JPN <FEFF3053306e8a2d5b9a306f30019ad889e350cf5ea6753b50cf3092542b308030d730ea30d730ec30b9537052377528306e00200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /FRA <>
    /DEU <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


