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Preface

Over the course of evolution most plants have acquired the ability to
defend themselves against most groups of pathogens, including the viruses.
Many antiviral resistance phenomena have been known and studied for
decades but, until recently, understanding of their underlying mechanisms
has lagged behind. These phenomena include resistance to infection,
resistance to virus translocation through the plant, recovery from infection
and genetically defined resistance, together with the associated phenomena
of the local lesion response, and induced, or acquired, resistance.

The identification and cloning of plant resistance genes,
characterization of downstream signaling components, and especially the
explosion of data regarding gene-silencing mechanisms, has led to rapid
progress in the investigation of natural resistance phenomena. Meanwhile, in
plant virology there has been remarkable progress in the arenas of
replication, movement proteins and plasmodesmatal gating, and in the
discovery of gene silencing suppressors. Therefore, it seemed timely and
appropriate to link older but still important data on the well known,
‘classical’ resistance phenomena with the new information that has emerged
during the last decade or so.

We hope that this book will inspire further research in this area, as
resistance presents the most economical and environmentally sound approach
to control plant virus diseases. Future technologies that emerge from this
research might include an improved ability to introduce resistance genes into
virus-susceptible, agronomically important cultivars, to improve current
pathogen-derived resistance strategies using our new knowledge of small
interfering and microRNAs, or to develop targeted chemical treatments.
Most likely the technologies that emerge from this work will not be easily
predictable from our present standpoint any more than the feasibility of
pathogen-derived resistance, the workings of resistance genes, or the
existence of small RNAs would have been foreseeable from the standpoint of
a writer in say, 1980, when the junior editor began his PhD work.

This book is presented in two parts. The first discuses the more general
findings concerning the various resistance mechanisms, which have been
obtained for the most part using ‘model’ plant and virus systems. The second
part of the book deals with resistance phenomena in a selection of crop
plants. We constructed the book in this way because it is evident that many
of the new principles discovered with model systems and presented in the



X Preface

first part have not yet been applied to the ‘real world’ of crop protection. It is
our hope that they soon will be.

The editors warmly thank all the contributing authors for their efforts in
the timely preparation of their chapters with the most up-to-date information.
We also want to thank D. Ronen for preparing the cover design and some of
the photographic illustrations; and Springer (formerly Kluwer) for their help
in preparing this book, with special thanks going to Ing. Zuzana Bernhart,
Publishing Editor, for her consistent help.

Gad Loebenstein John P. Carr
April 2005
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Fig. 3 Tissue prints of TamMV-infected le aves containing DGIs shows viral protein and
RNA exclusively in yellow tissue. Both viral protein and RNA are present in the yellow,
chlorotic tissue surrounding DGIs and are not detected or are present at low levels within
DGl tissue. (A) Detection of TamMV CP in a Cyphomandra betacea (tamarillo) leaf with
anti-PVA (TamMYV) antibody results in a purple color whereas those regions not positive
for the presence of CP remained green (chlorophyll). The single visible DGI is indicated
with a dotted line, the yellow surrounding tissue was chlorotic in the sampled leaf and
corresponds to the purple hue. (B) Detection of TamMV CP RNA in a section of
TamMV-infected N. benthamiana leaf cut traverse to three DGIs and the mid-vein. The
probe detects the TamMV CP RNA,which is part of the full-length TamMV RNA
genome (black = positive for TaMV CP RNA). Figure from Moore (2002). (See also
Chapter A9, p. 198)

Attenuation due to Point
mutstion bn HC-Pre gewe Melon plot protected by ZYMV-AG-bar

F NK FNK  Healthy Bastu spruyed Water sprayed

Cocumber

Squash

Fig. 2. ZYMV-AGII as an attenuated, aphid non-transmissible, potentially cross-protecting ex-
pression vector. A single mutation in the potyviral suppressor gene HC-pro from FRNK to
FINK attenuates symptoms in various cucurbits (left). Functional expression of bar via
AGII-Bar in cucurbits confers resistance to glufosinate ammonium herbicide (Basta®)
(right). Melons were sprayed with 0.5% Basta 14 days after planting and photographed
5 days later. (See also Chapter A12, p. 278)
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Fig. 1. Phenotypes of LMV infection in lettuce. A: typical mosaic symptoms induced by
LMV-E in a susceptible butterhead lettuce (Trocadéro). B: necrotic local lesions limit the
spread of a GUS-tagged LMV in rub-inoculated leaves of Lactuca virosa containing the
Mo4 gene. C: accumulation of a GUS-tagged LMV-Common (non-resistance-breaking)
isolate in an inoculated leaf of a mol? crisphead variety (Vanguard 75). D: mosaic
symptoms induced by LMV-Most (resistance-breaking) in a mol? crisphead lettuce
(Vanguard 75). E: vein clearing and “star” symptoms induced by LMV-E (resistance-
breaking) in a mol crisphead breeding line. (See also Chapter B3, p. 387)



Colorplates Xix

Fig. 1. A Turnip mosaic virus infected cabbage plant in the field showing severe necrotic
symptoms. (See also Chapter B5, p. 416)

Fig. 1. Typical leaf symptoms induced by Barley stripe mosaic virus on ‘Dickson’ barley
on leaves of plants in a field planted with infected seed. The symptoms range from
mild mosaic to severe necrosis, often form a V-shaped pattern or chevron. (See also
Chapter B8, p. 468)
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Fig. 3. Barley yellow dwarf focus in a field near Purdue University photographed by Richard
Lister in 1968. Note the yellowing plants and the circular ring of infection that probably
resulted from movement of apterous aphids from plant to plant. (See also Chapter B8,
p. 476)

Fig. 5. Symptoms induced by Barley yellow mosaic virus on barley in Japan. Yellow-green
spots and short streaks are typically produced on leaves, and as yellowing increases, large
yellow patches appear in affected fields. Courtesy B. Steffenson, University of
Minnesota. (See also Chapter B8, p. 483)



Colorplates XX1

Fig. 2. 3D modelling of lettuce eIF4E. The structure is predicted based on that of its mouse
homologue (see Nicaise et al. 2003). The predicted differences between the mol'
(“QGA'H”) or mol? (“A’P”) forms and the susceptibility allele are shown in red versus
green. The cap analogue (“cap”) is shown bound in the cap-binding pocket. The yellow
helix in the background is the portion of the eIF4G protein known to interact with elF4E
for translation initiation. (See also Chapter B3, p. 389)
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Col-0 Dijon-17

Figure 1. Morphological phenotypes of TCV-infected Col-0 and Dijon-17 plants. (A) TCV-
inoculated leaves at four days post infection. The small specks seen on the inoculated
leaves of Col-0 plants are damaged tissue or dried inoculation buffer. The TCV
inoculated resistant plant, Dijon-17, show development of discrete lesion known as
hypersensitve response (marked by an arrow). (B) The morphological phenotypes of the
TCV-inoculated plants at three-weeks post infection. The susceptible plants show severe
crinkling of their leaves, remain stunted and show dropping bolts. By comparison, the
resistant plants develop normally. (See also Chapter A7, p. 149)



Chapter Al

Applied Aspects of Induced Resistance to Plant Virus
Infection

John F. Murphy
Department of Entomology & Plant Pathology, Auburn University, AL 36849, U.S.A.

Introduction

Plant virus diseases occur worldwide in cultivated plant species as well as
many native (weed) plants. A plant virus is dependent on host and vector for
its “survival”. The efficiency and extent of spread of infection within a plant
are important factors for allowing the virus to be accessible to its vector(s),
which in turn allows for dispersal of the virus to new plants and crops. If
dispersal by a vector, such as an insect, is not part of the virus’ infection
cycle, it may adapt alternative, and seemingly clever, approaches. For
example, Tomato mosaic virus is not dispersed in nature by a recognized
vector but its ability to persist in the environment allows it to be transmitted
from soil bound decaying plant tissues, and virus occurred in clouds and fog
which may have served as a source of virus for transmission to spruce trees
(Castello et al. 1995). Plant viruses appear to represent extreme ends of a
life spectrum; they are genetically and structurally simple infectious agents
but their obligatory and intimate relationship with a host plant is quite
complex.

Plant viruses seem nearly impossible to control, instead, practical
attempts are made to keep them in check, to reduce losses, basically to
manage their existence within a crop. The availability of genetically
resistant varieties is clearly the best approach for all cultivated crops;
however, such varieties are often not available, and even when they are

1
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2 J.F. Murphy

available, there is the possibility for the occurrence of other viruses or viral
strains that are not affected by the resistance. Much effort has been devoted
to development of management schemes that integrate with growers’
cultivation practices, e.g., altering planting dates to avoid vector migrations,
various mulches to deter vectors and use of trap crops. The basic premise
behind these approaches is to deter or delay the introduction of virus into the
crop thereby allowing the plant to mature to a stage of development that will
essentially tolerate the infection. Virus infection of a more mature plant
typically results in delayed movement of virus throughout the plant, reduced
virus accumulation, reduced symptom severity and losses in yield.

A complicating factor for virus management schemes is the
unpredictability of the timing and extent of the virus out-break. The
complexity of most viral pathosystems requires that numerous factors align
themselves for a serious out-break to occur. Susceptible hosts must be
available during (to become infected) and between (to serve as sources of
inoculum) crop seasons. The appropriate vectors must be available and able
to feed on the virus infected source plants. The vector must be able to
acquire the virus from that particular host plant and then deliver the virus
into the crop of concern. Secondary spread within that crop may be equally
complicated but with much greater uniformity among virus source plants.

Genetic and engineered forms of resistance to virus infection are the best
options economically and environmentally for a grower; however, each has
limitations in availability. Interestingly, most plant species appear to have
evolved inducible defence mechanisms for protection against plant
pathogens and herbivorous insects. These inducible forms of resistance are
“turned on” upon attack and may be localized or systemic in their response
(Kessman et al. 1994). Chester (1933) initially described the ability of plants
to develop resistance in response to infection. An induced resistance
response to virus infection was first described by Yarwood (1960). Ross
(1961) showed that localized infection by Tobacco mosaic virus (TMV)
resulted in resistance throughout the plant, referred to as ‘systemic acquired
resistance’. Since that initial report, much effort has focused on mechanisms
associated with induced resistance to virus infection (Kessmann et al. 1994;
Murphy et al. 1999; Pennazio and Roggero, 1998; Singh et al. 2004; van
Loon et al. 1998). The application of this knowledge to reduce losses caused
by virus disease, however, has been limited. While induced resistance has
been demonstrated in response to simple wounding, one might expect
induced protection against pathogen attack when plants are grown in natural
conditions since they are under almost continual challenge from wound-
inducing wind-blown soil particles and herbivorous insects. Induced
resistance is, in some cases, thought to be a general response but perhaps
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costs to plant fitness from a continually engaged induced resistance response
may not benefit plant survival.

Bacterial resistance-inducing agents

The treatment of plants with biological agents has evolved from rather
simple bacterial preparations that induced systemic resistance to
combinations of bacterial strains mixed with carriers that result in induced
systemic resistance and enhanced plant growth.  Loebenstein and
Lovrekovich (1966) injected heat-killed Pseudomonas syringae into
intercellular spaces of Samsun NN plants to reduce the number of local
lesions induced by infection with TMV. Mann (1969) showed that addition
of Bacillus uniflagellatus to the soil of Xanthi tobacco plants prior to
inoculation with TMV caused a reduction in the number of local lesions.
Inoculation of cucumber leaves 1 and 2 with Pseudomonas lachrymans
followed by challenge inoculation of leaf 3 with Cucumber mosaic virus
(CMYV) caused reduced lesion number on the CMV inoculated leaf and a
delay in the appearance of systemic symptoms (Bergstrom et al. 1982).

Bacterial populations that colonize the plant rhizosphere sometimes exert
beneficial effects on plant growth and are referred to as plant growth-
promoting rhizobacteria (PGPR) (Kloepper et al. 1980). Similar bacterial
preparations have been used in China and referred to as ‘yield-increasing
bacteria’ (Chen et al. 1996). PGPR were shown to suppress soil-borne and
foliar plant pathogens in different plant species (Alstrom, 1991; Broadbent et
al. 1977; Kloepper, 1996; van Peer et al. 1991; Wei et al. 1996). Treatment
of cucumber with selected PGPR strains reduced bacterial wilt disease and
the feeding of spotted and striped cucumber beetles which serve as vectors
for the bacterial pathogen (Zehnder et al. 1997; Zehnder et al. 2001).

The initial approaches to application of PGPR treatments to manage plant
virus infection involved single bacterial strains used to coat seed or treat
roots by a drench or root dip (Maurhofer et al. 1994; Raupach et al. 1996).
Treatment of tobacco roots with P. fluorescens strain CHAO resulted in a
similar level of reduction in the number and size of Tobacco necrosis virus
(TNV)-induced local lesions as with the well demonstrated approach of
induction of resistance by TNV itself (Maurhofer et al. 1994). Similarly,
treatment involving P. aeruginosa strain 7NSK reduced the size of lesions
caused by TMV infection in tobacco plants (De Meyer et al. 1999). In a
greenhouse study, CMV was mechanically inoculated onto the cotyledons of
cucumber seedlings treated with either PGPR strain 89B-27 or 90-166
(Raupach et al. 1996). A delay in the development of CMV-induced
symptoms of up to 7 days occurred in PGPR-treated plants relative to a non-
treated control. In addition, significantly fewer symptomatic plants occurred
among PGPR treatments compared with the non-treated control at 2 weeks
after inoculation. CMV was not detected in non-inoculated leaves of those
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plants not expressing symptoms. In that same study (Raupach et al. 1996),
the area under the disease progress curve (AUDPC) was significantly less in
PGPR-treated tomato plants inoculated with CMV relative to a non-treated
control.

Zehnder et al. (2000) evaluated additional PGPR strains under
greenhouse conditions for their ability to induce resistance against CMV in
tomato with the intention of selecting treatments to be evaluated under field
conditions. Four PGPR strains were selected, SE34, IN937a, IN937b and
IN114, and used to treat tomato seedlings that were mechanically inoculated
with CMV just prior to being transplanted to the field. These treatments
resulted in significant reductions in percentage of plants infected, amount of
CMV in young tissues (based on serological tests) and AUDPC values
compared with non-treated, CMV inoculated controls. Furthermore, the
PGPR-treated plants had significantly greater height and yield than the
control. Using a similar approach whereby selected PGPR strains were first
screened in the greenhouse and then plants were mechanically inoculated
with CMV for the field trial, Jetiyanon and Kloepper (2003) showed that
PGPR treatments of cucumber resulted in protection against CMV. These
experiments illustrated that the protection observed for some PGPR
treatments performed under the controlled environmental conditions of a
greenhouse was maintained when plants were artificially challenged with
CMYV but grown using conventional practices in the field.

The use of PGPR to induce systemic resistance to virus infection evolved
from greenhouse-based studies to field trials, all involving artificial
application of the challenge virus. When the selected PGPR strains used by
Zehnder et al. (2000) were tested in natural conditions where a severe CMV
epidemic had essentially devastated a local tomato industry (Sikora et al.
1998), induced systemic resistance was not observed compared with non-
treated controls (Murphy and Sikora, unpublished data). In an effort to
progress further into commercial application of PGPR treatments,
preparations of industrially formulated seed treatments consisting of selected
PGPR strains were evaluated for induced systemic resistance against the
whitefly vectored Tomato mottle virus (ToMoV) under high levels of disease
pressure (Murphy et al. 2000). ToMoV disease severity and virus incidence
were significantly reduced with corresponding increases in yield for one of
the three trials. Protection against ToMoV was most pronounced up to 40
days after plants were transplanted to the field with little or no protection by
80 days. These data offered promise that commercially prepared biological
control agents could induce resistance to high levels of ToMoV disease
pressure with virus delivered by its natural vector.

While treatments involving single PGPR treatments illustrated the ability
to induce systemic resistance to virus infection, other research indicated that
mixtures of PGPR strains offered more consistent and broader spectrum
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protection (Raupach and Kloepper, 1998). Combinations of PGPR strains
offered protection in cucumber against CMV as well as plant growth
promotion (Jetiyanan and Kloepper, 2003). The addition of chitosan to the
two strains PGPR formulation resulted in dramatic plant growth promotion
(Kloepper et al. 2004). This combination apparently offers a combined
effect on plants involving induced systemic resistance with plant growth
promotion. Tomato plants subjected to the PGPR plus chitosan treatments
were significantly larger than non-treated plants of the same age, while being
phenotypically and developmentally similar to plants 10 days older (Figure
1) (Murphy et al. 2003). The PGPR plus chitosan treated tomato plants
responded to CMV infection in a similar manner to the older control plants
with significantly greater plant height, fresh weight and flower and fruit
numbers relative to non-treated control plants of the same age as plants
subjected to PGPR treatments. CMV disease severity was significantly less
for all PGPR treatments than the non-treated, same age control at 14 and 28
days post-inoculation (dpi) (Figure 2, left panel). When plants shown to be
infected with CMV by ELISA were compared, all PGPR treatments had
significantly lower disease severity ratings at 14 dpi with three of the PGPR
treatments remaining significantly less at 28 dpi (Figure 2, right panel).
Similar reductions in CMV accumulation in non-inoculated leaves and
percent infection within a treatment were observed among PGPR treatments
and the non-treated older control. These experiments involved inoculation
of plants with CMV when the tomato plants in the non-treated control
treatment (those that were the same age as the plants in the PGPR
treatments) were at a fairly early stage of development (as seen in Figure 1),
whereas the PGPR plus chitosan treated plants were dramatically larger.
When the PGPR plus chitosan treated tomato plants were inoculated at an
early developmental stage (e.g., similar to the size of the non-treated, same
age control plants in Figure 1), protection against CMV infection was not
observed. These findings suggest that the PGPR plus chitosan treatment
resulted in a form of resistance similar to mature plant resistance rather than
induced systemic resistance. If induced resistance is not a factor in the
protection afforded plants treated with PGPR plus chitosan, the rapid and
enhanced growth provide an important form of protection by shortening the
time during which plants are young and highly vulnerable to infection and
development of severe disease.
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Fig. 1. Representative tomato plants for control (left), older control (center) and PGPR (right)
treatments. The control (left) and PGPR-treated (right) plants are the same age, whereas
the older control (center) is 10 days older. These photographs were taken five days prior
to Cucumber mosaic virus inoculation. Reprinted with permission from Murphy, J. F.,
Reddy, M. S., Ryu, C. M., Kloepper, J. W., and Li, R., 2003, Rhizobacteria-mediated
growth promotion of tomato leads to protection against Cucumber mosaic virus,
Phytopathology 93:1301-1307.
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Fig. 2. Mean disease severity ratings at 14 and 28 dpi for all 40 plants in each treatment
(left panel) or only for plants determined by ELISA to be infected with Cucumber mosaic
virus (right panel). Disease severity was rated using the following scale: 0 = no
symptoms, 2 = mild mosaic symptoms on leaves, 4 = severe mosaic symptoms on leaves,
6 = mosaic and deformation of leaves, 8 = severe mosaic and deformation of leaves, and
10 = severe mosaic and deformation of leaves with stunted growth. Treatments are listed
along the x-axis consisted of PGPR treatments G (GBO3, Bacillus subtilis), SE34 (B.
pumilus), IN937a (B. amyloliquefaciens), IN937b (B. subtilis), INR7 (B. pumilus) and T4
(B. pumilus). Control treatments included plants that were the same age as plants in the
biopreparation treatments (designated control) and plants that were 10 days older than
those in the control and biopreparation treatments (designated control (O)). Statistical
comparisons were made among treatments within each date of disease assessment.
Different letters represent a significant difference of the means at P=0.05 according
to Fisher’s protected LSD test. Reprinted with permission from Murphy, J. F.,
Reddy, M. S., Ryu, C. M., Kloepper, J. W., and Li, R., 2003, Rhizobacteria-mediated
growth promotion of tomato leads to protection against Cucumber mosaic virus,
Phytopathology 93:1301-1307.
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Chemical resistance-inducing agents

The induction of systemic acquired resistance (SAR) results from the
systemic release of signal molecules that activate a broad-spectrum
resistance. A search to identify the molecule(s) or chemical(s) involved in
SAR offered the potential for a commercial product that would protect plants
from multiple types of pathogens as well as herbivorous insects. The plant
activator, CGA-245704 (benzo[1,2,3]thiadiazole-7-carbothioc acid S-methyl
ester), was commercially produced and shown to induce SAR in plants.
CGA-245704 was marketed under the trade name Bion™ in Europe and
Actigard™ in the United States. Since treatment of plants with CGA-
245704 results in induced resistance, which requires 2 to 4 days for
activation, it was shown to be most effective when applied preventatively
prior to transplant. It has since been shown to be effective at protecting
plants from numerous different types of pathogens in distinctly different
crops (Tally et al. 1999).

The application of Actigard to manage plant virus disease under natural
conditions has been tested quite thoroughly against Tomato spotted wilt virus
(TSWV) in flue-cured tobacco (Csinos et al. 2001; Pappu et al. 2000).
Tobacco plants treated with Actigard had significantly less TSWV incidence
(based on occurrence of symptomatic plants) than non-treated controls in
one of four trials (Pappu et al. 2000). When using ELISA to identify
TSWV-infected plants, the Actigard treatment significantly reduced TSWV
incidence in two of four trials. Csinos et al. (2001) applied Actigard as four
weekly sprays starting at four weeks post-transplant with no apparent
reduction in TSWV incidence but also no phytotoxic effects on tobacco
growth and development. When similar applications of Actigard were used
to treat tobacco plants prior to transplant, significant phytotoxic affects
resulted (Pappu et al. 2000). The application of Actigard at reduced amounts
prior to transplant showed no phytotoxicity and significantly reduced TSWV
incidence (Csinos et al. 2001). Thus, Actigard may significantly reduce
incidence of TSWV in tobacco under natural conditions with application
prior to transplant being most effective.

Momol et al. (2004) examined the integration of different plastic mulches
with and without use of Actigard or an insecticide to reduce TSWV in
tomato. While treatment of tomato plants with Actigard reduced TSWV
incidence, the most effective approach was the combined treatment of UV-
reflective plastic mulch, Actigard and insecticide.



Al. Applied aspects of induced resistance 9
Summary

The potential for broad-spectrum resistance resulting from both
biological and chemical inducing agents holds promise for the practical use
of induced resistance to manage diseases caused by different types of
pathogens as well as herbivorous insects. Biological inducing agents that
colonize plant roots may offer a more long-term protection since they may
persist during the course of the plant’s life; however, there may be factors
that negatively affect the viability of biological agents reducing consistency
in their effectiveness. This lack of consistency may be overcome through
the use of multiple bacterial strains within a single treatment, which appears
to be the direction taken for some commercial products. In contrast,
chemical inducers may offer consistency but tend to lack persistence thereby
requiring repeated applications. While the broad-spectrum nature of induced
resistance should offer a practical advantage, the triggering of the induced
state may need to be highly specific in order to avoid a continual state of
resistance from elements of nature such as the physical effects of wind. A
continual state of resistance may have cost trade-offs that negatively affect
physiological and developmental processes of an otherwise healthy plant.
Along similar lines, the rapid and enhanced growth of some combinations
PGPR treatments may offer an opportunity to greatly shorten the window of
time during which young plants are vulnerable to infection and development
of severe disease. This enhanced growth of plants, however, may lead to an
increased drain on soil fertility.

Induced resistance may not effectively serve as a sole means to manage
plant virus disease, but rather, an important component in an integrated
system. Most importantly, perhaps, is a need for more holistic approaches
that integrate the best management practices for crop health, from soil to
fruit and management of pathogens and pests.
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Introduction

The ability of a plant virus to systemically infect its hosts can be
considered the consequence of a series of interactions between the viral
genome and its gene products with the host. Once a virus enters the cell, it
must be able to express each of its proteins, replicate its genome, move from
one cell to another, and then gain access to the host vascular system to move
out of the initially infected leaf to other parts of the plant. At each step of
this process, there must be a basic level of compatibility between the virus
and its host; otherwise, the infection process ends prematurely. Hull (2002)
discusses how mismatches between host and virus at different points of the
infection process can define the host range of a virus. For example, stringent
requirements for cell-to-cell movement in the plant can provide one
important barrier that limits the host range of a virus. A virus may be able to
replicate in an individual cell, but its cell-to-cell movement protein may be
non-functional in that host, thereby limiting its movement into adjacent cells.
In this instance, there would be no visible response of the plant to the
inoculation of the virus.

Plants also have the capacity to recognize and actively defend themselves
from virus infections. This concept of plant defense was first developed by
H. H. Flor in his ‘gene-for-gene’ model (Flor, 1971). He proposed that plant
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pathogens have a series of avirulence (4vr) genes whose protein products
can be recognized by a surveillance system of plant resistance (R) gene
products. Later studies showed that this recognition event sets in motion a
plant defense cascade that limits the spread of the pathogen (Baker et al.
1997; Hammond-Kosack and Jones, 1996; Martin et al. 2003).
Consequently, the viral proteins that are recognized by plant R gene products
can be considered Avr gene products. The manifestation of the host
resistance response may take several forms (Loebenstein, 1972). In some
instances, viral Avr gene products may trigger a classic hypersensitive
response (HR), in which case a necrotic lesion forms in the inoculated leaf.
However, viral Avr genes can trigger other responses as well as the HR. For
example, resistant plants may respond with chlorotic local lesions rather than
necrotic lesions, and in some cases, there may be no visible response at all in
the resistant plant. Furthermore, the recent cloning of recessive genes
conferring resistance to potyviruses indicates that host resistance may also
reflect the inability of that host protein to support a key step in the virus
infection process. In this chapter, I discuss the development of the concept
that virus gene products can act as Avr proteins and the contributions that
viral Avr genes have made to our understanding of gene-for-gene resistance
and plant defenses.

Early investigations into the identification of plant
virus host range determinants

The year 1984 serves as a benchmark for plant pathologists in
understanding how plants recognize and defend themselves from pathogen
attack, as this was the year that Staskawicz and coworkers (1984) cloned and
identified the first bacterial 4vr gene. This bacterial gene, designated AvrA,
was cloned from race 6 of Pseudomonas syringae pv. glycinea. Its
discovery was remarkable for both technical and theoretical reasons. The
paper was a remarkable advance in techniques, because the authors
essentially gambled that they could identify an avirulence determinant by
chopping up the genomic DNA of an avirulent race, transforming each DNA
segment into a virulent race, and observing a conversion of a compatible
interaction into an incompatible interaction. The gamble was a success, as
one transformant out of 680 tested was shown to contain the 4Avr gene from
Race 6. Perhaps more importantly were the theoretical implications, because
the physical isolation of an Avr gene provided tangible proof of the gene-
for-gene theory. Soon after this was reported, several other bacterial Avr
genes were isolated and cloned from other bacterial pathogens. Today, the
existence of Avr genes is a well-established tenet of plant pathology, and
studies have shifted towards understanding the functions of bacterial Avr
genes, including whether they may have a role in virulence.
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What has not been as readily recognized are the studies that describe the
identification of virus host range factors. Many of these studies were
published before the advent of infectious clones of viruses, and in many
instances before the nucleotide sequences were known. The first plant virus
gene to be implicated as an Avr gene was the coat protein of Tobacco mosaic
virus (TMV), a protein that triggers a hypersensitive response in tobacco
plants that carry the R gene, N’ (reviewed in Culver, 2002). These early studies
were conducted in the late 50’s and early 60’s and, at the time, researchers
were not interested in the gene-for-gene theory, but instead were using this
system to characterize the genetic code.

A series of mutagenesis studies eventually showed that 18 amino acids,
out of a total of 152 in the TMV coat protein sequence, could individually
convert TMV from a virulent to an avirulent form (summarized in Funatsu
and Fraenkel-Conrat, 1964). It could not be proven until later that specific
mutations in the amino acid sequence of the coat protein were responsible
for elicitation of the HR, because other TMV genes had not yet been
sequenced and mutations in other viral genes might have been responsible
for eliciting the HR. However when infectious clones of TMV became
available, they were used to formally prove that the coat protein does indeed
elicit the HR in tobacco plants that carry the N’ gene (Knorr and Dawson,
1988; Saito et al. 1987). For example, Knorr and Dawson (1988) identified
a point mutation within the coat protein coding sequence of an infectious
TMV clone that was sufficient to trigger the HR in N. sylvestris. This
change occurred at amino acid 148, converting it from serine to
phenylalanine, and interestingly, it had also been noted previously by
Funatsu and Fraenkel-Conrat (1964). One year later Culver and Dawson
(1989) showed that mutations at coat protein amino acids 11, 20, 25 and 46
could also elicit the HR in N. sylvestris; each of these locations had been
identified in the mutagenesis studies conducted in the early 60’s.

What is intriguing about this host/virus interaction is that a wealth of
information about this viral avirulence gene product had been developed in
the early 60’s. However, it took more than 20 years before researchers could
state categorically that the TMV coat protein was an Avr gene product.
Limitations in technology were largely responsible for this delay, as the
development of an infectious TMV clone was essential for the identification
of the coat protein as the avirulence determinant. The delay also might be
partly attributed to conceptual limitations. Very few investigators appeared
to consider this host/virus interaction in terms of the gene-for-gene theory, at
least in the published record, until Knorr and Dawson’s paper was published
in 1988.

From a further review of the literature, it is clear that viral Avr genes
were also characterized in the genomes of several multicomponent viruses in
the early 70’s and 80’s (Table 1). Each of the viruses in Table 1 has a
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divided genome, which meant that Avr genes could be identified by
swapping RNA components between a strain that elicited a resistance
response in a particular host and one that was able to systemically infect that
host. For example, Alfalfa mosaic virus (AMV) strain 425 elicited pinpoint
necrotic lesions in the bean variety “Berna” and failed to move systemically,
whereas AMV strain YSMV induced a chlorotic symptom and was
transported to the trifoliate leaves (Dingjan-Versteegh et al. 1972). An
exchange of nucleoprotein components between the two strains showed that
RNA 2 of strain 425 was responsible for eliciting defense responses in bean.
The authors were not aware then that RNA 2 of AMV encoded a single
protein involved in replication of the virus, as the nucleotide sequence of
RNA 2 of AMV was not determined until 1983 (Cornelisson et al. 1983).
However, the HR is a classic indicator of gene-for-gene resistance, and on
the virus side of this interaction, the HR was induced by an RNA encoding a
single AMV gene. Consequently, it would not be overly speculative to
suggest now that the replicase protein component encoded by RNA 2 of
AMYV of strain 425 acts as an Avr gene product in bean, and that early
studies on the multicomponent nature of AMV laid the foundation for this
observation.

There are several other examples in Table 1 in which resistance could be
described as an HR elicited by a single viral protein. In particular,
Cucumber mosaic virus (CMV) was ideal for these types of RNA
component-swapping experiments because of its simple genome structure
and diversity of strains. Consequently both replicase proteins encoded by
RNAs 1 and 2 were shown to act as Avr determinants, depending on the type
of host tested (Edwards et al. 1983; Hanada and Tochihara, 1980; Lakshman
et al. 1985). In other cases, the RNA component identified as the host range
determinant encoded more than one virus protein. Consequently, Avr
determinants were not localized to a single protein in Raspberry ringspot
virus or Cherry leafroll virus (Harrison et al. 1974; Jones and Duncan,
1980), among others.

Although individual 4vr genes can be identified in many of the viruses
listed in Table 1, the gene-for-gene concept was not introduced in any of
these studies. The very earliest studies were concerned with proving the
multicomponent nature of that virus, and the local lesion response was a
convenient marker to track infectivity. Later studies were concerned with
mapping symptom determinants, and an inability to infect a host
systemically was considered one type of symptom determinant. There is a
subtle difference in designating a viral gene product as a symptom
determinant rather than an Avr gene; consequently these studies generally
were not included in early reviews that discuss the characterization of
Avr genes (Keen and Staskawicz, 1988). However, they clearly laid the
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TABLE 1: Identification of virus genetic components that act as host range
determinants: studies conducted before the availability of infectious virus clones.

RNA Viral
Virus (strain) Host Component Proteins ~ HR? Reference
AMV (425)* bean 2 Replicase ~ Yes Dingjan-Versteegh et al. 1972
CLRV (G) G. globosa 1 Replicase ~ No  Jones & Duncan 1980
& Protease

CCMV (T) Cowpea 1 Replicase ~ No  Wyatt & Kuhn, 1980
CMV (Y) Cowpea 2 Replicase ~ Yes Hanada & Tochihara 1980
CMV (U & M) Comn 2 Replicase =~ No  Rao & Francki 1983
CMV (LsS) Pea, cowpea, 2 Replicase ~ Yes Edwards et al. 1983

& bean No
CMV (NL#1) Pumpkin & 2 Replicase ~ Yes Lakshman et al. 1985

Tobacco No
RCNMV (H) Cowpea 2 Movement Yes Osman etal. 1986
RCNMV Sweet clover 1 Replicase & Yes Okuno et al. 1983

Coat Protein
RpSRV (S & LG) Raspberry & 1 Replicase & No  Harrison et al. 1974

Bean Protease No
™V N. sylvestris N/A®  Coat Protein Yes Funatsu & Fraenkel-Conrat
1964
TRV (2) P. hybrida 1 Replicase & Yes Ghabrial & Lister 1973
Movement
TSWV Tomato M Movement & Yes Hoffmann et al 2001

Coat Protein

“the virus strain that could not infect the host is listed in parenthesis. Viruses are: AMV-
Alfalfa mosaic virus, CLRV-Cherry leafroll virus, CCMV-Cowpea chlorotic mottle virus,
CMV-Cucumber mosaic virus, RCNMV-Red clover necrotic mosaic virus, RpSRV-
Raspberry ringspot virus, TMV-Tobacco mosaic virus, TRV-Tobacco rattle virus, TSWV,
Tomato spotted wilt virus.

Pnot applicable.

foundation for later studies that involved the exchange of genetic
information between infectious virus clones.
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Identification of plant virus avirulence genes in infectious virus clones

The nucleotide sequences of hundreds of plant viruses have been
determined, and in many instances, an infectious clone has been developed
for one or more members of a plant virus genus. With the development of
infectious clones, gene-swapping experiments have been devised to identify
which viral gene product triggers resistance and even to pinpoint the
nucleotides within the gene that are responsible for triggering resistance. The
first virus Avr gene identified in this manner was P6 of Cauliflower mosaic
virus (CaMV), the type member of the caulimovirus group. The genome of
CaMV consists of circular, double-stranded (ds) DNA approximately 8000
bp in length. It was the first plant virus genome to be completely sequenced
(Franck et al. 1980; Gardner et al. 1981), and the first plant virus to be
cloned in infectious form (Howell et al. 1980; Lebeurier et al. 1980). It is
fairly simple to initiate infections in turnip leaves from cloned, viral DNA,
as the full length viral DNA can be released from the plasmid vector through
digestion with the appropriate restriction enzyme. This mixture is applied to
a glass rod and then gently rubbed onto turnip leaves to introduce the viral
DNA into the plant cell (Howell et al. 1980; Lebeurier et al. 1980). Once
inside, the viral DNA is re-circularized by plant DNA ligases, and the
infection ensues. To identify P6 as an Avr determinant, DNA segments
delimited by common restriction enzyme sites were swapped between
CaMV strains D4 and CM1841 to construct a series of reciprocal chimeric
viruses. The inoculation of the chimeric viruses to solanaceous hosts
revealed that P6 of CM 1841 was responsible for eliciting the HR in Datura
stramonium and a non-necrotic resistance response in Nicotiana bigelovii
(Daubert et al. 1984; Schoelz et al. 1986). In contrast, chimeric viruses that
contained P6 of D4 induced a systemic mosaic in both hosts.

As infectious clones were developed for other RNA and DNA virus
groups, one priority was to determine which viral gene products triggers
resistance. Plant viruses have very small genome sizes; most have the
capacity to encode anywhere from three to ten proteins to fulfill the
requirements for replication, gene expression, cell-to-cell movement and
encapsidation. To date, every viral gene that has been shown to be an Avr
gene has always had an essential role in the viral disease cycle. Table 2 lists
some well-characterized viral Avr genes as well as the hosts that contain
resistance genes. Although in many cases, the viral coat protein has been
found to elicit the resistance response, it is generally accepted that virtually
any viral gene product may trigger resistance in plants (Culver, 1997). This
observation is underscored in Table 2, as viral proteins involved in genome
expression, replication, movement and encapsidation have all been identified
as Avr proteins.



A2. Viral determinants of resistance versus susceptibility 19

Although gene-swapping experiments between infectious clones might
be considered the primary method for the identification of viral Avr genes,
other techniques have also proven valuable to identify viral Avr genes and to
probe their function. For example, virulent and avirulent forms of the TMV
coat protein gene have been expressed in transgenic plants to show that viral
avirulence genes can elicit the HR independently of the viral genome (Culver
and Dawson, 1991; Pfitzner and Pfitzner, 1992). In contrast, transgenic
plants that expressed the virulent form of the TMV coat protein developed
normally. The study by Culver and Dawson (1991) also highlighted that
viral Avr genes could be characterized as “weak elicitors” and “strong
elicitors”. TMV variants that acted as weak elicitors evoked a slow
developing HR in N. sylvestris, and transgenic plants that expressed this coat
protein variant became stunted and chlorotic. TMV variants that acted as
strong elicitors evoked a rapid HR in N. sylvestris; transgenic plants that
expressed this coat protein variant developed large necrotic patches and
eventually died. The authors suggested that TMV coat protein variants that
acted as strong elicitors might have a stronger affinity for the product of the
N’ gene than the coat proteins that acted as weak elicitors.

Agroinfiltration provides a more rapid alternative to screen for Avr genes
relative to the development of transgenic plants. In this technique, a putative
Avr gene is placed under the control of a constitutive promoter and into the
T-DNA of the Ti plasmid of Agrobacterium tumefaciens. Expression of this
gene is achieved when Agrobacterium containing this Ti plasmid is treated
with acetosyringone and infiltrated into the leaf. Plant tissues infiltrated
with an Avr gene will develop the HR at a rate comparable to a virus-inoculated
plant. Agroinfiltration has been used successfully to illustrate the function of
Avr genes from several viruses. For example, the TMV replicase has been
shown to elicit the HR upon agroinfiltration into tobacco varieties that contain
the V gene (Abbink et al. 1998; Erickson et al. 1999), and the coat protein of
Potato virus X (PVX) elicited the HR upon agroinfiltration into potato
plants that contain the Rx resistance gene (Bendahmane et al. 1999).

Agroinfiltration has two advantages over the inoculation with viruses.
First, it allows for the identification of an Avr gene when no resistance
breaking strain of the virus is available. Second, it is possible to probe the
structure of Avr genes in a manner that would not be possible in the context
of the viral genome. For example, agroinfiltration was used to show that the
helicase domain of the TMV 126/183 kDa replicase protein was responsible
for eliciting the HR in N-gene tobacco (Abbink et al. 1998; Abbink et al.
2001; Erickson et al. 1999). This experiment could not have been done in
the context of the viral genome, as the deletions would have destroyed its
infectivity.
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In addition, viral Avr genes may also be expressed from an unrelated
virus vector. Scholthof and coworkers (1995) utilized a PVX vector to
identify Avr genes in the genome of Tomato bushy stunt virus (TBSV).
They found that p19 of TBSV elicits a systemic cell death symptom in M.
clevelandii and the HR in N. tabacum, whereas the TBSV p22 protein elicits
the HR in N. edwardsonii. They also could use this system to dissect the
functions of Avr proteins from other functions associated with either p19 or
p22. Mutations in the N-terminal portion of p19 abolished the elicitation of
cell death in both N. clevelandii and N. tabacum, but the resistance pathway
remained intact in N. tabacum against the mutant viruses (Chu et al. 2000).
In contrast, mutations in p22 that abolished the HR in N. edwardsonii also
influenced systemic movement, an indication that cell death was important
for effective defense in this host/virus combination (Chu et al. 1999).

Structure/function studies of viral Avr gene products

Through the years, numerous Avr genes have been identified in viral,
bacterial and fungal pathogens, and many excellent reviews have been
written on the subject (Alfano and Collmer, 2004; Culver, 1997; Culver,
2002; Gabriel, 1999; Lauge and De Witt, 1998; Staskawicz et al. 2001;
White et al. 2000). As Avr genes have been identified for each pathogen
group, similar types of research questions have emerged. For example, what
are the biochemical functions of Avr gene products? What roles do Avr gene
products play in pathogenicity? And, how are Avr gene products recognized
by the host?

It is instructive at this point to compare what has been learned about
bacterial Avr genes in order to illustrate the contributions viral Avr genes
have made to this area of research. Until recently, little was known about
the functions of the bacterial Avr gene products, but several studies have
now shown that many of them are types of bacterial ‘effector’ proteins
injected into plant cells through a type III secretion system (Alfano and
Collmer, 2004). By convention, bacterial Avr genes are recognized by host
R genes, and this recognition event triggers an active defense response. For
many years there was no evidence that they contributed anything of value to
the bacterium, and the mystery was why bacteria would retain them as part
of their genome (Gabriel, 1999). However there is now good evidence that
in the absence of recognition, bacterial Avr gene products can function as
virulence factors or “effectors” (Alfano and Collmer, 2004). Effectors
promote disease through suppression of plant defenses or by contributing to
growth of the bacteria in the host. The discovery of many effectors has been
facilitated through the completion of genome sequences of bacteria such as
Ralstonia solanacearum (Salanoubat et al. 2002), Xanthomonas species (Da
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Silva et al., 2002), and Pseudomonas syringae (Fouts et al. 2002). Genome
sequencing projects have also facilitated the discovery of the enzymatic
activities of several effector proteins, as well as key elements of the type III
secretion system. Bacterial effectors are thought to act in concert to cause
disease, and perhaps not too surprisingly, they are also considered to have
multiple functions (Alfano and Collmer, 2004).

In comparison, the characterization of viral Avr genes has had some
built-in advantages. For example, the small genome sizes of plant viruses
have made it relatively easier to identify functions for each of the genes in a
viral genome, in addition to their role in avirulence. In many instances, we
have moved beyond the understanding of a single function for viral proteins,
as multiple functions have now been identified for many virus gene
products. Furthermore, it is now well accepted that any viral protein can
have a role as an Avr gene product. In the sections below, I discuss what is
known about the functions of several well-characterized virus avirulence
genes.

The coat protein of Tobacco mosaic virus

The TMV coat protein is recognized by the N’ gene of N. sylvestris
(Knorr and Dawson, 1988; Saito et al. 1987), and the L gene in pepper
(Berzal-Herranz et al. 1995), as well as by as-yet uncharacterized R genes in
other hosts such as eggplant (Dardick and Culver, 1997). Of all pathogen
Avr gene products that have been identified, the coat protein of TMV has
been the best characterized at the structural level. Not only has its three
dimensional structure been solved (Bhyravbhatla et al. 1998; Bloomer et al.
1978; Namba et al. 1989), there is also extensive information on how it self
aggregates to form virions (Butler, 1984; Butler, 1999), and how virions
disassemble upon entry into the host (Wilson, 1984). In addition to its role
in encapsidation, at least two other functions are associated with the TMV
coat protein. It is necessary for systemic movement of the virus through the
vascular system (reviewed in Derrick and Nelson, 1999; and Chapter A14)
and it also plays an essential role in the phenomenon of cross protection by
inhibiting the disassembly of the challenge virus (Sherwood and Fulton,
1982).

Through a detailed structural analysis, Culver and collaborators have
characterized the molecular features of the coat protein that are recognized
by the N’ protein. It consists of a central hydrophobic core surrounded by
polar and charged residues; amino acids on the right face of the coat protein
molecule are thought to comprise the binding site for the N’ protein
(reviewed in Culver, 2002). The same basic structure is also recognized by R
gene products in pepper and eggplant (Dardick et al. 1999). Surprisingly,
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both virulent and avirulent forms of the viral coat protein contain the same
sequence. In fact, this structure is highly conserved among tobamoviruses,
and mutations that affect recognition by the N’ protein also affect the ability
of the virus to assemble into virions (Taraporewala and Culver, 1996;
Taraporewala and Culver, 1997).

So, how do virulent TMV strains avoid recognition by the host? In this
scenario, the coat protein subunits are aggregated in a manner such that the
HR-determinant is not accessible to the product of the N’ gene.
Consequently, the amino acid mutations that converted a virulent TMV
strain to an avirulent form were responsible for subtle changes in structure
that exposed the recognition site. Neither the whole virion nor the coat
protein monomer appear to be recognized by the N’ protein (Culver et al.
1994; Toedt et al. 1999). Instead, recognition may reside in the quaternary
structure, the formation of coat protein dimers, trimers and tetramers.
Furthermore, small shifts in the ratios of these lower order aggregates can be
the deciding factor between recognition and subsequent elicitation of the
HR versus the evasion of host defenses and development of a systemic
infection (Toedt et al. 1999).

The coat protein of TMV has also been useful for illustrating that
pathogen Avr gene products have a significant role in causing disease, as the
TMV coat protein has been implicated in the development of chlorotic and
necrotic symptoms. It is not known exactly how the coat protein induces
chlorosis, but mutations at specific amino acids in the coat protein can
modulate the severity of this symptom. For example, a point mutation that
altered amino acid 19 in the coat protein resulted in a TMV variant that
induces bright yellow chlorosis (Banerjee et al. 1995). The evidence
indicates that TMV may induce chlorosis via several mechanisms, but the
common thread is that chloroplast functions are impaired. Several studies
have shown that the TMV coat protein is imported into the chloroplast,
where it becomes associated with the thylakoid membrane (Banerjee et al.
1995; Hodgson et al. 1989; Reinero and Beachy, 1989). Reinero and
Beachy (1989) found that chloroplasts from plants infected with a severe
strain of TMV contained significantly higher levels of coat protein than
chloroplasts of plants infected with milder strains. Furthermore, the TMV
coat protein inhibits electron transport in the photosystem II (PSII) complex
(Hodgson et al. 1989). However, other TMV coat protein mutants induce
chlorosis and cause significant degradation of chloroplasts, but do not
accumulate in the chloroplast (Lindbeck et al. 1991; Lindbeck et al. 1992).
These authors hypothesized that the TMV coat protein might interfere with
the synthesis of nuclear encoded chloroplast proteins or their translocation
into the chloroplast, thereby affecting chloroplast structure. In a third
variation, Lehto and coworkers (2003) have suggested that the coat protein
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of the flavum strain of TMV triggers the destruction of the PSII complex and
a corresponding increase in reactive oxygen species. This mechanism was
specific to the flavum strain, as other TMV strains did not have an affect on
the PSII protein levels.

The TMV coat protein may induce a systemic cell death symptom
through at least two mechanisms. The first mechanism might be considered
a failure of containment after the induction of the HR. Culver and Dawson
(1989) found that some mutations in the coat protein of TMV could alter its
recognition by the product of the N’ gene, converting an HR to a spreading,
systemic cell death symptom. However, several other coat protein mutants
have been described that induce necrosis, but the underlying mechanisms
remain obscure. For example, some coat protein deletion mutants elicit local
necrotic lesions in the absence of any known resistance gene (Dawson et al.
1988; Saito et al. 1989). In addition to deletions within the coat protein,
some insertions of foreign sequences into the TMV coat protein may also
unexpectedly elicit necrotic local lesions. TMV vectors that displayed
epitopes of hepatitis and rabies viruses on the outer surface of the coat
protein triggered necrotic local lesions in a tobacco variety that did not carry
any known resistance to TMV (Bendahmane et al. 1999). It could be that
alterations in TMV coat protein structure reveal some interaction with a
previously unknown R gene that is common to many different plants.
However, Bendahmane et al. (1999) suggest that these alterations in coat
protein structure may be destabilizing cellular membranes, and this would
trigger host cell death.

The P6 protein of Cauliflower mosaic virus

The P6 protein of CaMV is recognized by resistance genes in D.
stramonium, N. bigelovii, N. glutinosa, N. edwardsonii, and Arabidopsis
thaliana ecotype Tsu-0 (Agama et al. 2002; Daubert et al. 1984; Kiraly et al.
1999; Schoelz et al. 1986; Wintermantel et al. 1993), albeit none of these R
genes have been characterized genetically yet. Examinations of P6 of
CaMV have contributed to the concept that viral Avr gene products have
multiple roles in the viral infection cycle, and that viral Avr gene products
can promote disease. The primary role of P6 is to modify the host translation
machinery to facilitate the translation of the polycistronic CaMV 35S RNA,
described as the translational transactivator (TAV) function (Bonneville et
al. 1989; Fiitterer and Hohn, 1991; Gowda et al. 1989; Scholthof et al. 1992).
It is not known exactly how P6 facilitates translation of complex mRNAs,
although recent evidence indicates that it interacts with ribosomes to allow
reinitiation of translation of polycistronic messages (Bureau et al. 2004; Leh
et al. 2000; Park et al. 2001). The discovery of the TAV function of P6 has



24 J.E. Schoelz

illustrated how a complex, polycistronic mRNA such as the CaMV 35S
RNA could be translated after it is transcribed in plant cells. CaMV P6 has
been shown to transactivate the expression of reporter genes in plant
protoplasts derived from host and non-host plants (Bonneville et al. 1989;
Gowda et al. 1989), in transgenic plants (Zijlstra and Hohn, 1992), in the
yeast, Saccharomyces cerevisiae (Sha et al. 1995), and in in vitro systems
(Ranu et al. 1996).

P6 also self aggregates to form the amorphous inclusion bodies seen in
infected cells (Li and Leisner, 2002). These inclusion bodies may be
considered pathogen organelles, as they are thought to serve as the sites for
replication of the viral nucleic acid, as well as translation of the 35S RNA
and assembly of the virions. P6 may contribute to long distance movement
of the virus (Schoelz et al. 1991). Additionally, recent evidence indicates
that it is essential for replication of the virus (Kobayashi and Hohn, 2003;
Kobayashi and Hohn, 2004).

Considerable effort is now being directed towards teasing apart the
various functions ascribed to P6. Given that one function of CaMV P6 is to
regulate the translation of other genes, there had been a possibility that the
avirulence phenotype associated with P6 of strains such as W260 might
actually be attributed to altered expression of either a different CaMV gene
or a host gene. However, the elicitation of the HR can be uncoupled from
the TAV function of P6 (Palanichelvam and Schoelz, 2002), which indicates
that the interaction of P6 with ribosomes might not contribute directly to
pathogenesis or avirulence. Interestingly, the Avr function of P6 is very
sensitive to any perturbations in amino acid sequence. A deletion of only 10
amino acids on the amino-terminus, or 39 amino acids on the carboxy-
terminus, completely abolishes the avirulence function of P6, whereas TAV
function was unaffected by these deletions (Palanichelvam and Schoelz,
2002). This indicates that maintenance of the three-dimensional structure of
P6 must be critical for recognition by the host resistance gene product. It is
not known if the self aggregation properties of P6 contribute to its function
as an Avr gene product.

CaMV P6 also acts as a symptom determinant in several hosts. It has
been shown to play a key role in the formation of chlorotic symptoms in
turnips (Daubert et al. 1984; Stratford and Covey, 1989). This virulence
function was first associated with P6 through gene-swapping experiments,
but it was confirmed when P6 was transformed into several species of plants,
and in most cases, they exhibited virus-like symptoms (Balasz, 1990;
Baughman et al. 1988; Goldberg et al. 1991; Schoelz et al. 1991; Takahashi
et al. 1989). Transgenic Arabidopsis plants that express P6 have emerged as
one host that can be used to investigate the development of chlorotic
symptoms (Geri et al. 1999; Yu et al. 2003; Zijlstra and Hohn, 1992). Geri
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and coworkers (1999) used differential display techniques to compare the
changes in gene expression that occur in transgenic plants that express P6 to
those that occur in virus infections. Although there were some differences in
the expression patterns of the two types of plants, there were also many
similarities. Geri et al. (1999) concluded that transgenic plants that express
CaMV P6 could serve as a model system to investigate symptom
development.

CaMV P6 is also responsible for triggering systemic cell death in N.
clevelandii, as well as a non-necrotic resistance response in N. glutinosa, and
the HR in N. edwardsonii (Kiraly et al. 1999; Palanichelvam et al. 2000).
Cole et al. (2001) hypothesized that the interaction between CaMV and
Nicotiana species may represent a variation of a gene-for-gene system in
which the HR is conditioned by the interaction of a single viral protein,
CaMV P6, with two host gene products; one host gene product may trigger
resistance, whereas the other may regulate the development of cell death. If
the gene conditioning cell death is present and the resistance gene product is
absent, as with N. clevelandii, then the outcome is systemic cell death. On
the other hand, if both of these genes are present in the plant, then the
outcome is an HR.

The coat protein of Turnip crinkle virus (TCV)

The coat protein of TCV is recognized by the HRT gene of Arabidopsis
thaliana (Dempsey et al. 1997; Oh et al. 1995). The TCV-coat protein/HRT
model system is valuable because it has provided new insights into how host
R gene products may physically recognize the cognate Avr gene products. In
the most straightforward model for gene-for-gene resistance, Avr and R gene
products would be expected to physically interact, and this would set in
motion the plant defense response (Flor, 1971). However, this physical
interaction has only been demonstrated in a few cases: the Pfo gene of
tomato, which recognizes AvrPto or AvrPtoB in Pseudomonas syringae
(Tang et al. 1996); the Pita gene in rice, which recognizes AVR-Pita in
Magnaporthe grisea (Jia et al. 2000); and the RPS2 gene in Arabidopsis
thaliana, which recognizes AvrRpt2 in P. syringae (Leister and Katagiri,
2000).

The apparent absence of a physical interaction between most R gene
products with Avr gene products has led to the development of alternative
models, such as the guard hypothesis (Dangl and Jones, 2001; van der
Biezen and Jones, 1998). This model was originally formulated to explain
the requirement of the tomato gene Prf, in addition to Pto, for the activation
of host defenses against P. syringae. In this model, the bacterial effector
AvrPto interacts with Pto to promote disease or perhaps to suppress basal
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plant defenses. Prfhas the capacity to recognize or stabilize this interaction,
and consequently plays an essential role in the activation of plant defenses.
Prfis thought to guard against the interaction of Pto and AvrPto.

Similar to the situation seen with Pto, AvrPto, and Prf a third
Arabidopsis protein is required to activate resistance against TCV, in
addition to the TCV coat protein and HRT. This protein, designated 77P (for
TCV-interacting protein), is a member of a family of proteins that regulate
the development of plant embryos and flowers (Ren et al. 2000). TIP is
thought to be a plant transcription factor, and it is expressed in TCV-
resistant and TCV-susceptible Arabidopsis ecotypes (Ren et al. 2000), so it
is distinctly different from what would be considered a typical R gene. In
contrast, HRT has been cloned and its protein sequence contains the
nucleotide binding site and leucine-rich repeat motifs that are characteristic
of many other R genes (Cooley et al. 2000). The TCV coat protein
physically interacts with 77P, and mutations in the coat protein that disrupt
this interaction also block the resistance response (Ren et al. 2000).

Furthermore, a recent study has shown that the TCV coat protein blocks
the import of 7P into the nucleus (Ren et al. 2005). Consistent with the
guard hypothesis, it has been hypothesized that 7/P may have a role in the
activation of basal defenses against TCV. The interaction of the TCV coat
protein would prevent this activation of basal defenses by blocking the
movement of 7/P into the nucleus. Arabidopsis has evolved a counter-
counter-defense mechanism in the form of the HRT protein, which has the
capacity to recognize and guard against the formation of the TCV-CP/TIP
complex; this recognition event sets in motion plant defenses mediated
through a hypersensitive response (Ren et al. 2005).

The TCV coat protein also has recently been shown to suppress
posttranscriptional gene silencing (PTGS) (Qu et al. 2002). Consequently, it
was speculated that 7/P might be a necessary component of the PTGS
machinery, and that the TCV coat protein might interfere with this function
(Choi et al. 2004). This hypothesis was attractive because it would confirm
that TIP contributed to host basal defenses and would explain how the TCV
coat protein is able to block these defenses. However, coat protein mutants
that could not interact with 7/P retained the ability to suppress RNA
silencing (Choi et al. 2004). The authors concluded that the ability of the
TCV coat protein to interact with 77P was unrelated to its role as a silencing
suppressor. It does confirm, though, that plant virus proteins have multiple,
and possibly independent, roles in promoting infections, eliciting symptoms,
triggering plant defenses, and suppressing plant defenses.
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The replicase protein of Tobacco mosaic virus

The helicase domain of the TMV 126/183-kDa replicase proteins is
recognized by the N gene of N. glutinosa, and this interaction results in the
development of a hypersensitive response (Abbink et al. 1998; Erickson et
al. 1999; Holmes, 1938; Padgett and Beachy, 1993; Padgett et al. 1997).
Two experimental approaches have been used to show that the helicase
domain of the replicase is the Avr determinant. Padgett and coworkers
(1997) exchanged domains between infectious clones of virulent and
avirulent TMV isolates, whereas other groups expressed TMV genes
individually by agroinfiltration to identify the helicase domain of the
replicase as the HR determinant (Abbink et al. 1998; Erickson et al. 1999).
Helicases participate in the replication of the viral nucleic acid by promoting
the unwinding of duplex nucleic acids (Hull, 2002; Kadarei and Haenni,
1997). Since this process is energy dependent, requiring the hydrolysis of
ATP, Erickson et al. (1999) investigated whether the ATPase activity of the
helicase contributed in some way to its role as an Avr protein. They found
that the two functions acted independently of each other; a helicase that
lacked ATPase activity could still elicit the HR in an agroinfiltration assay.

The N gene was one of the first resistance genes to be cloned (Whitham
et al. 1994). Since the corresponding Avr gene product has also been
identified, this system has provided an opportunity to investigate how
resistance proteins recognize Avr proteins. However, studies completed to
date have failed to indicate how recognition of the helicase domain is
mediated. Yeast two-hybrid screens have yielded several host proteins that
interact with the helicase domain of TMV, but none of the proteins identified
appear to have a role in recognition by the N gene product. For example,
Abbink et al. (2002) identified two host proteins that each physically
interacted with the TMV helicase domain; one belonged to a family of
ATPases, whereas the other was a 33-kDa subunit of the oxygen-evolving
complex of photosystem II. To investigate the role of these genes in TMV
infections, they were silenced in N. benthamiana and in transgenic M.
benthamiana that expressed the N gene. Silencing of either the ATPase or
the photosystem II subunit had no effect on N gene function; these plants
remained resistant to TMV. Interestingly, silencing of these proteins in
susceptible N. benthamiana had an effect on viral titer. Silencing of the
ATPase resulted in a modest decrease in the titer of TMV, whereas silencing
of the photosystem II subunit resulted in a 10-fold increase in TMV titer
(Abbink et al. 2002).

Bilgin et al. (2003) identified a third protein that physically interacts with
the TMV helicase domain, the double-stranded RNA-dependent protein
kinase inhibitor P58"¥. Interestingly, silencing of P58 in N. benthamiana
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resulted in the death of the plant upon infection by TMV or Tobacco etch
virus (Bilgin et al. 2003). Similarly, plant virus infections killed Arabidopsis
knockouts that lack P58, However, P58"™ was not involved in mediating
virus resistance, as silencing of the P58 transcript had no effect on N-
mediated resistance to TMV in transgenic N. benthamiana plants that
express the N gene product. The authors also showed that loss of P58'"™ had
a negative effect on viral titer, and they concluded that it might function as a
susceptibility factor.

A fourth protein that interacts with the TMV helicase domain has been
identified through a mutant hunt in Arabidopsis. In contrast to the other
three genes, this gene, designated TOM1, was isolated through a map based
cloning strategy and subsequently shown to physically interact with the
helicase domain (Yamanaka et al. 2000). Mutations in TOM1 suppress the
replication of TMV in single cells, but have no effect on the replication of
other viruses, such as CMV, TCV, or Turnip yellow mosaic virus. The
authors showed that the TOM1 protein is associated with membranes and
they proposed that it functions in the TMV replication complex by anchoring
the complex to host membranes. The discovery of this particular role for a
host protein is satisfying because it is well established that the TMV
replicase complex could only function in association with host membranes
(Heinlein et al. 1998). Homologs of TOMI can be found in tobacco, but
there is no evidence at this time for an involvement of TOMI in the
recognition of TMV by the N gene product.

As a group, the four proteins that interact with the TMV helicase domain
are intriguing because they illustrate the complexity of interactions that can
occur between host and virus. Each of these proteins has been shown to
physically associate with the helicase domain of the TMV replicase proteins,
and each has been shown to influence the titer of TMV. Yet none of them
appear to participate in recognition events by the N product that result in the
HR. If there is a bridge protein between N and the helicase domain, it
remains to be found.

The 126/183-kDa replicase proteins of TMV have also been shown to
influence symptoms and phloem dependent movement of the virus. The
attenuated “masked” strain of TMV elicits very mild symptoms in tobacco
(Holmes, 1934). Gene-swapping experiments conducted between the M
strain and the more severe Ul strain showed that the mild symptoms and
effects on phloem-dependent accumulation could be attributed to eight
amino acids in the 126/183-kDa replicase proteins (Bao et al. 1996; Derrick
et al. 1997; Shintaku et al. 1996). New studies now indicate that the 126-
kDa protein is a suppressor of RNA silencing, and that suppression is
correlated with severity of symptoms (Ding et al. 2004; Meshi et al. 2003).
These studies further underscore that viral proteins that act as Avr gene
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products have the capacity to suppress host defenses, as well as facilitate
virus infections and contribute to symptom development.

Identification of divergent Avr genes by R gene homologs

As host R genes have been cloned and the cognate pathogen Avr genes
identified, it has been possible to begin to examine the issue of specificity; in
particular, how do R gene products of similar sequence and structure
recognize different Avr gene products? The three examples below illustrate
how closely related R genes can recognize Avr gene products that differ by
only a few amino acids, as well as Avr gene products from widely divergent
pathogen groups.

The potato R genes Rx/ and Rx2 both recognize the same domain of the
PVX coat protein (Bendahmane et al. 1995; Querci et al. 1995) (Table 2).
Two amino acids in the PVX coat protein, located at positions 121 and 127,
are involved in breaking the resistance specified by Rx/ and Rx2.
Consequently, it was considered that Rx/ and Rx2 might have a high degree
of similarity (Bendahmane et al. 2000; Querci et al. 1995). Although the
RxI and Rx2 genes were considered to be homologs, they are not allelic, as
Rx1 is located on chromosome XII (Bendahmane et al. 1997), whereas Rx2
is located on chromosome V (Ritter et al. 1991).

The RxI gene was physically isolated before Rx2, through a map-based
cloning strategy (Bendahmane et al. 1999). Based on the sequence of Rx/,
a transient expression assay was then developed to identify and clone the
Rx2 gene. In this assay, Rx homologues were cloned into an Agrobacterium
vector and infiltrated into transgenic tobacco that expressed the PVX coat
protein. The Rx homologue that elicited the HR upon agroinfiltration into
the transgenic tobacco was confirmed to be Rx2 (Bendahmane et al. 2000).
A sequence comparison between Rx/ and Rx2 revealed a close evolutionary
relationship that the two R genes may have evolved through repeated
sequence exchanges between these unlinked loci. Interestingly, amino acid
121 in the PVX coat protein also plays a critical role in recognition by an
unspecified R gene in Gomphrena globosa (Goulden and Baulcombe, 1993).
The implication is that this R gene may have homology to Rx/ and Rx2.

Host R genes that have a high degree of homology may also recognize
viral Avr genes that have similar functions but share very little or no
sequence similarity. This can be seen in comparing the Arabidopsis R gene
HRT, which recognizes the coat protein of TCV (Oh et al. 1995), to the
Arabidopsis R gene RCYI, which recognizes the coat protein of CMV
(Takahashi et al. 2001) (Table 2). HRT and RCY! are allelic and their
predicted amino acid sequences differ by only 8.7% (Cooley et al. 2000;
Takahashi et al. 2002), yet the coat proteins of TCV and CMV have no
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similarity at the amino acid level. Takahashi et al (2002) suggests that RCY1
and HRT may have evolved to recognize completely different sequences
within viral coat proteins, or alternatively, specificity might reside in the
three dimensional structure of the coat proteins. The HRT and RCY1 genes
are themselves part of a cluster of related R genes that include RPPS, a gene
that conditions resistance to Peronospora parasitica (McDowell et al. 1998).
The predicted amino acid sequence of RCY/ differs by only 8.0% from that
of RPPS8, yet it would be very surprising if their respective Avr gene
products had any similarity at the primary amino acid level.

Finally, host R genes that have similarities in sequence may recognize
Avr genes from completely different pathogen groups. The tomato R gene
SW-5, which conditions resistance to Tomato spotted wilt virus (TSWV), is
considered a homolog of the tomato gene Mi, which conditions resistance to
Root-knot nematode (Brommonschenkel et al. 2000; Milligan et al. 1998).
The degree of similarity between Mi and Sw-5 (30% identity in predicted
amino acid sequence) is not nearly as close as the relationship between HRT
and RCYI, but Brommonschenkel and coworkers (2000) speculate that the
two R genes might share a common signal transduction pathway. The
avirulence determinant of TSWV has been mapped to the M RNA segment
(Table 1) (Hoffmann et al. 2001), which encodes a 34-kDa protein involved
in cell-to-cell movement and a 127-kDa protein that is processed into two
polypeptides that form the spikes on the surface of the virus particles (Hull,
2002; Moyer, 1999). In contrast, the avirulence determinant in the root-knot
nematode has not yet been identified.

At present, only a handful of viral 4vr-R gene combinations exist in
which both components have been cloned and sequenced, largely because
the identification of R genes has lagged behind the identification of viral Avr
genes. However, as more plant genomes are sequenced and more tools are
developed for their analysis, the pace of discovery of R genes will accelerate.
Their discovery holds the promise for unlocking the mystery of Avr-R gene
specificity.

The interaction of the Potyvirus genome-linked protein (VPg) with
eukaryotic translation factors: a model for recessive resistance

Many of the dominant R genes function as part of a surveillance system
in the host to recognize specific pathogen Avr genes, and this recognition
event activates a large number of plant defense pathways, which collectively
protect the plant from infection. However, some recessive » genes may
function in a different manner; they may contain defects such that the host
cellular machinery is unable to provide functions essential for virus
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replication and spread. One example that illustrates this type of resistance
can be found in the interaction of potyvirus VPg proteins with their recessive
host resistance genes (Table 2).  Several recessive potyvirus resistance
genes have recently been cloned from a variety of hosts, including pvr2’ and
pvr2’ in pepper, mol in lettuce, and sbm1 in pea (Gao et al. 2004, Nicaise et
al. 2003; Ruffel et al. 2002). These genes condition resistance to Potato
virus Y (PVY), Lettuce mosaic virus (LMV) and Pea seedborne mosaic virus
(PSbMV), respectively. Each of these host » genes were revealed to be
elF4E, a protein component of a complex involved in translation initiation of
mRNAs. Furthermore Arabidopsis mutants that could not support the
replication of Tobacco etch virus (TEV), Turnip mosaic virus (TuMV) and
LMV were shown to have defects in the mRNA cap-binding protein
elF(iso)4E, another protein that participates in translation initiation (Lellis et
al. 2002; Duprat et al. 2002).

On the virus side of this interaction, mutations in the potyvirus VPg have
been shown to be responsible for overcoming recessive r gene resistance
from many different hosts (Table 2). The VPg protein has been considered
to participate in translation of the viral genome and to also influence cell-to-
cell and long distance movement of the virus (Revers et al. 1999). In
contrast to studies involving dominant R genes, physical interactions
between potyvirus VPg and host translation initiation factors have been
readily detected. For example, the VPg of TuMV has been shown to bind to
elFAE and elF(iso)4E of A. thaliana (Léonard et al. 2000; Léonard et al.
2004; Wittmann et al. 1997), and the VPg of TEV binds to eIF4E from
tomato or tobacco (Schaad et al. 2000). Léonard and coworkers (2000) also
showed that mutations in the TuMV VPg that disrupt the interaction with
elF(is0)4E abolish the infectivity of TuMV in Brassica perviridis. However,
protein-protein interactions have not been observed in all cases, as an
interaction has not been found between the VPg of PSbMV and pea elF4E
(Gao et al. 2004).

A direct protein-protein interaction between VPg and host translation
factors could facilitate the understanding for how recessive resistance is
mediated. One attractive feature of this host-virus system is that a large
number of recessive potyvirus » genes have been characterized in a variety
of hosts (Khetarpal et al. 1998), and indications are that many of these r
genes will be components of the host translational apparatus. As more
recessive anti-potyvirus » genes are cloned and their Avr counterpart
identified, it should be possible to resolve the questions regarding how this
class of Avr proteins is recognized.
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Conclusions

Throughout this review I have sought to emphasize several themes that
are common to the study of viral Avr gene products. Given the small
genome size of viruses, it may not be surprising that virtually any type of
viral protein may act in the capacity of an Avr gene product. A large number
of viral proteins can be considered to function as Avr genes (Tables 1 and 2),
and many more will likely be identified in the coming years. Viral 4vr gene
products have multiple roles in the infection cycle, both in facilitating virus
infections and in eliciting disease symptoms. Recent studies have shown
that some viral Avr gene products can also act as silencing suppressors, and
there has been speculation that this suppressor function might be directly
related to gene-for-gene-resistance. However in the one instance where this
hypothesis has been investigated, the suppressor function of the TCV coat
protein appears to be independent of its role in elicitation of the HR by HRT
(Choi et al., 2004).

So, what does the future hold for the study of viral Avr genes? One
challenge will be to gain a more thorough understanding of how viral Avr
gene products are recognized by host resistance gene products. Clearly, the
viral coat proteins have led the way, both in terms of the resolution of
tertiary and quaternary structures, and in terms of the discovery of host
proteins such as TIP, a host protein that bridges the interaction between the
TCV coat protein and the HRT protein. Will other viral Avr/R gene
combinations require a third interactor to facilitate recognition?
Furthermore, plant viruses may be especially valuable for investigating the
molecular basis for specificity, how host R genes are able to target a wide
array of pathogens. With their small genome size, the Avr genes can be
placed into a finite number of distinct categories: coat proteins, movement
proteins, replicases, and genome expression proteins. For example, do
diverse proteins within a category have features in common that allow them
to be recognized by host R genes?

A second challenge will be to identify host gene products that directly
interact with viral gene products for the development of symptoms, i.e. how
they act as virulence factors. Many viral Avr gene products also influence
the severity of systemic host symptoms, such as chlorosis or necrosis. In
many instances, it will likely be found that within a viral protein, the
symptom determinant is unrelated to its Avr determinant. However, it may
be that some forms of systemic necrosis may actually represent a failure of
gene-for-gene resistance. The identification and cloning of these R gene
variants may yield a convergence of several themes that relate to how R
genes recognize viral Avr gene products, how necrotic symptoms develop,
and how plant defense signal transduction pathways are activated.



A2. Viral determinants of resistance versus susceptibility 33
Acknowledgements

I would like to thank B. Balaji, J. Cawly, and B. E. Wiggins for helpful
comments on the manuscript.

References

Abbink, T.E.M., de Vogel, J., Bol, J.F., and Linthorst, H.J.M. 2001. Induction of a
hypersensitive response by chimeric helicase sequences of tobamoviruses Ul and Ob
in N-carrying tobacco. Mol. Plant-Microbe Interact. 14: 1086-1095.

Abbink, T.E.M., Tjernberg, P.A., Bol, J.F., and Linthorst, H.J.M. 1998. Tobacco mosaic
virus helicase domain induces necrosis in N gene-carrying tobacco in the absence of
virus replication. Mol. Plant-Microbe Interact. 11: 1242-1246.

Abbink, T.E.M., Peart, J.R., Mos, T.N.M., Baulcombe, D.C., Bol, J.F., and Linthorst,
H.J.M. 2002. Silencing of a gene encoding a protein component of the oxygen-
evolving complex of photosystem II enhances virus replication in plants. Virology
295:307-319.

Agama, K., Beach, S., Schoelz, J., and Leisner, S.SM. 2002. The 5’ third of Cauliflower
mosaic virus gene VI conditions resistance breakage in Arabidopsis Ecotype Tsu-0.
Phytopathology 92: 190-196.

Alfano, J.R., and Collmer, A. 2004. Type III secretion system effector proteins: double
agents in bacterial disease and plant defense. Annu. Rev. Phytopathol. 42: 385-414.

Baker, B., Zambryski, P., Staskawicz, B., and Dinesh-Kumar, S.P. 1997. Signaling in
plant-microbe interactions. Science 276: 726-733.

Balasz, E. 1990. Disease symptoms in transgenic tobacco induced by integrated gene VI
of cauliflower mosaic virus. Virus Genes 3: 205-211.

Banerjee, N., Wang, J.Y., and Zaitlin, M. 1995. A single nucleotide change in the coat
protein gene of tobacco mosaic virus is involved in the induction of severe chlorosis.
Virology 207: 234-239.

Bao, Y., Carter, S.A., and Nelson, R.S. 1996. The 126- and 183-kilodalton proteins of
tobacco mosaic virus, not their common nucleotide sequence, control mosaic symptom
formation in tobacco. J. Virol. 70: 6378-6383.

Baughman, G.A., Jacobs, J.D., and Howell, S.H. 1988. Cauliflower mosaic virus gene VI
produces a symptomatic phenotype in transgenic tobacco plants. Proc. Natl. Acad. Sci.
U.S.A. 85: 733-837.

Bendahmane, A., Kanyuka, K., and Baulcombe D.C. 1997. High resolution and physical
mapng of the Rx gene for extreme resistance to potato virus X in tetraploid potato.
Theor. Appl. Genet. 95: 153-162.

Bendahmane, A., Kanyuka, K., and Baulcombe D.C. 1999. The Rx gene from potato
controls separate virus resistance and cell death responses. Plant Cell 11: 781-791.
Bendahmane, A., Kéhm, B.A., Dedi, C., and Baulcombe D.C. 1995. The coat protein of
potato virus X is a strain-specific elicitor of Rx-1-mediated virus resistance in potato.

Plant J. 8: 933-941.

Bendahmane, A., Querci, M., Kanyuka, K., and Baulcombe, D.C. 2000. Agrobacterium
transient expression system as a tool for the isolation of disease resistance genes:
application to the Rx2 locus in potato. Plant J. 21: 73-81.



34 J.E. Schoelz

Bendahmane, M., Koo, M., Karrer, E., and Beachy, R.N. 1999. Display of epitopes on the
surface of tobacco mosaic virus: impact of charge and isoelectric point of the epitope
on virus-host interactions. J. Mol. Biol. 290: 9-20.

Berzal-Herranz, A., de la Cruz, A., Tenllado, F., Diaz-Ruiz, J.R., Lopez, L., Sanz, AL,
Vaquero, C., Serra, M.T., and Garcia-Luque, I. 1995. The Capsicum L3 gene-
mediated resistance against the tobamoviruses is elicited by the coat protein. Virology
209: 498-505.

Bhravbhatla, B., Watowich, S.J., and Caspar, D.L.D. 1998. Refined atomic model of the
four-layer aggregate of the tobacco mosaic virus coat protein at 2.4 A resolution.
Biophys. J. 74: 604-615.

Bilgin, D.D., Liu, Y., Schiff, M., and Dinesh-Kumar, S.P. 2003. P58IPK, a plant ortholog
of double-stranded RNA-dependent protein kinase PKR inhibitor, functions in viral
pathogenesis. Developmental Cell 4: 651-661.

Bloomer, A.C., Champness, J.N., Bricogne, G., Staden, R. and Klug, A. 1978. Protein
disk of tobacco mosaic virus at 2.8 A resolution showing the interactions within and
between subunits. Nature 276: 362-368.

Bonneville, J.M., Sanfacon, H., Fiitterer, J., and Hohn, T. 1989. Posttranscriptional trans-
activation in cauliflower mosaic virus. Cell 59: 1135-1143.

Brommonschenkel, S.H., Frary, A., Frary, A., and Tanksley, S.D. 2000. The broad-
spectrum tospovirus resistance gene Sw-5 of tomato is a homolog of the root-knot
nematode resistance gene Mi. Mol Plant-Microbe. Interact. 13: 1130-1138.

Bureau, M., Leh, V., Haas, M., Geldreich, A., Ryabova, L., Yot, P., and Keller, M. 2004.
P6 protein of Cauliflower mosaic virus, a translation reinitiator, interacts with
ribosomal protein L13 from Arabidopsis thaliana. J. Gen. Virol. 85: 3765-3775.

Butler, P.J.G. 1984. The current picture of the structure and assembly of tobacco mosaic
virus. J. Gen. Virol. 65: 253-279.

Butler, P.J.G. 1989. Self-assembly of tobacco mosaic virus: the role of an intermediate
aggregate in generating both specificity and speed. Philos. Trans. R. soc. London Ser.
B 354: 537-550.

Calder, V.L., and Palukaitis, P. 1992. Nucleotide sequence analysis of the movement
genes of resistance breaking strains of tomato mosaic virus. J. Gen. Virol. 73: 165-168.

Canto, T., and Palukaitis, P. 1999. The hypersensitive response to cucumber mosaic virus
in Chenopodium amaranticolor requires virus movement outside the initially infected
cell. Virology 265: 74-82.

Choi, C.W., Qu, F., Ren, T., Ye, X., and Morris, T.J. 2004. RNA silencing-suppressor
function of Turnip crinkle virus coat protein cannot be attributed to its interaction with
the Arabidopsis protein TIP. J. Gen. Virol. 85: 3415-3420.

Chu, M., Desvoyes, B., Turina, M., Noad, R., and Scholthof, H.B. 2000. Genetic
dissection of Tomato bushy stunt virus p19-protein-mediated host-dependent symptom
induction and systemic invasion. Virology 266: 79-87.

Chu, M., Park, J.-W., and Scholthof, H.B. 1999. Separate regions on the Tomato bushy
stunt virus p22 protein mediate cell-to-cell movment versus elicitation of effective
resistance responses. Mol. Plant-Microbe Interact. 12: 285-292.

Cole, A.B., Kiraly, L., Ross, K., and Schoelz, J.E. 2001. Uncoupling resistance from cell
death in the hypersensitive response of Nicotiana species to Cauliflower mosaic virus
infection. Mol. Plant-Microbe. Interact. 14: 31-41.

Cooley, M.B., Pathirana, S., Wu, H-J., Kachroo, P., and Klessig, D.F. 2000. Members of
the Arabidopsis HRT/RPP8 family of resistance genes confer resistance to both viral
and oomycete pathogens. Plant Cell 12: 663-676.



A2. Viral determinants of resistance versus susceptibility

Cornelissen, B.J.C., Brederode, F.Th., Veeneman, G.H., van Boom, J.H., and Bol,J.F.
1983. Complete nucleotide sequence of AMV RNA 2, Nucl. Acids Res. 11:3019-
3025.

Culver, J.N. 1997. Viral avirulence genes. In “Plant-Microbe Interactions, Vol. 2” (Gary
Stacey and Noel Keen, eds) Chapman and Hall, New York, pp 196-219.

Culver, J.N. 2002. Tobacco mosaic virus assembly and disassembly: determinants in
pathogenicity and resistance. Annu Rev. Phytopathol. 40: 287-308.

Culver, J.N., and Dawson, W.O. 1989. Point mutations in the coat protein gene of
tobacco mosaic virus induce hypersensitivity in Nicotiana sylvestris. Mol. Plant-
Microbe Interact. 2: 209-213.

Culver, J.N., and Dawson, W.0O. 1991. Tobacco mosaic virus elicitor coat protein genes
produce a hypersensitive phenotype in transgenic Nicotiana sylvestris plants. Mol.
Plant-Microbe Interact. 4: 458-463.

Culver, J.N., Stubbs, G., and Dawson, W.0., 1994. Structure-function relationship
between tobacco mosaic virus coat protein and hypersensitivity in Nicotiana sylvestris.
J. Mol. Biol. 242: 130-138.

Da Silva, A.C., Ferro, J.A., Reinach, F.C., Farah, C.S. Furlan, L.R. et al. 2002.
Comparison of the genomes of two Xanthomonas pathogens with differing host
specificities. Nature 417: 459-463.

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

Dardick, C.D., and Culver, J.N. 1997. Tobamovirus coat proteins: elicitors of the
hypersensitive response in Solanum melongena (eggplant). Mol. Plant-Microbe
Interact 12: 247-251.

Dardick, C.D., Taraporewala, Z. Lu, B., and Culver, J.N. 1999. Comparison of
tobamovirus coat protein structural features that affect elicitor activity in pepper,
eggplant and tobacco. Mol. Plant-Microbe Interact. 12: 247-251.

Daubert, S.D., Schoelz, J.E., Debao, L., and Shepherd, R.J., 1984. Expression of disease

symptoms in cauliflower mosaic virus genomic hybrids. J. Mol. Appl. Genet. 2: 537-547.

Dawson, W.O., Bubrick, P., and Grantham, G.L. 1988. Odifications of the tobacco
mosaic virus coat protein gene affect replication, movement, and symptomatology.
Phytopathology 78: 783-789.

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

Derrick, P.M., Carter, S.A., and Nelson, R.S. 1997. Mutation of the4 126/183 kDa
proteins of tobacco mosaic tobamovirus: The relationship of phloem-dependent
accumulation with viral protein accumulation. Mol. Plant-Microbe Interact. 10: 589-
596.

Derrick, P.M., and Nelson, R.S. 1999. Plasmodesmata and long-distance movement. In
“Plasmodesmata: Structure, function, Role in Cell Communicaitons” (A. J. E. van Bel
and W. J. P. van Kesteren, eds) Springer-Verlag, Berlin pp. 315-339.

Ding, X.S., Liu, J., Cheng, N.-H., Folimonov, A., Hou, Y.-M., Bao, Y., Katagi, C., Carter,
S.A., and Nelson, R.S. 2004. The Tobacco mosaic virus 126-kDa protein associated
with virus replication and movement suppresses RNA silencing. Mol. Plant-Microbe.
Interact. 17: 583-592.

35



36 J.E. Schoelz

Dingjan-Versteegh, A., van Vloten-Doting, L., and Jaspars, E.M.J. 1972. Alfalfa mosaic
virus hybrids constructed by exchanging nucleoprotein components. Virology 49: 716-
722.

Duprat, A., Caranta, C., Revers, F., Menand, B., Browning, K.S., and Robaglia, C. 2002.
The Arabidopsis eukaryotic initiation factor (iso)4E is dispensable for plant growth but
required for susceptibility to potyviruses. Plant J. 32: 927-934.

Edwards, M.C., Gonsalves, D., and Providenti, R. 1983. Genetic analysis of cucumber
mosaic virus in relation to host resistance: Location of determinants for pathogenicity
to certain legumes and Lactuca saligna. Phytopathology, 73: 269-273.

Eggenberger. A.L., and Hill, JH. 1997. Analysis of resistance-breaking determinants of
soybean mosaic virus. (Abstr.) Phytopathology 87: S27.

Erickson, F., Holzberg, S., Calderon-Urrea, A., Handley, V., Axtell, M., Corr, C., and
Baker, B. 1999. The helicase domain of the TMV replicase proteins induces the N-
mediated defence response in tobacco. Plant J. 18: 67-75.

Flor, H.H. 1971. Current status of the gene-for-gene concept. Annu. Rev. Phytopathol. 9:
275-296.

Fouts, D.E., Abromovitch, R.B., Alfano, J.R., Baldo, A.M., Buell, C.R. et al. 2002
Genomewide identification of Pseudomonas syringae pv. tomato DC3000 promoters
controlled by the HrpL alternative sigma factor. Proc. Natl. Acad. Sci. USA 99: 2275-
2280.

Franck A., Guilley H., Jonard G., Richards K., and Hirth L. 1980. Nucleotide sequence of
cauliflower mosaic virus DNA. Cell 21: 285-294.

Funatsu, G., and Fraenkel-Conrat, H. 1964. Location of amino acid exchanges in
chemically evoked mutants of tobacco mosaic virus. Biochemistry 3: 1356-1361.

Fiitterer, J., and Hohn, T. 1991. Translation of a polycistronic mRNA in the presence of
the cauliflower mosaic virus transactivator protein. EMBO J. 10: 3887-3896.

Gabriel, D.W. 1999. Why do pathogens carry avirulence genes? Physiol. Mol. Plant
Pathol. 55: 205-214.

Gao, Z., Johansen, E., Eyers, S., Thomas, C.L., Noel Ellis, T.H., and Maule, A.J. 2004.
The potyvirus recessive resistance gene, sbml, identifies a novel role for translation
initiation factor eIF4E in cell-to-cell trafficking. Plant J. 40: 376-385.

Gardner R.C., Howarth A., Hahn P., Brown-Leudi M., Shepherd R.J., and Messing J.
1981. The complete nucleotide sequence of an infectious clone of cauliflower mosaic
virus by M13mp7 shotgun sequencing. Nucleic Acids Res. 9: 2871-2888.

Garrido-Ramirez, E.R., Sudarshana, M.R., Lucas, W.J., and Gilbertson, R.L. 2000. Bean
dwarf mosaic virus BV1 protein is a determinant of the hypersensitive response and
avirulence in Phaseolus vulgaris. Mol. Plant-Microbe Interact. 13: 1184-1194.

Geri, C., Cecchini, E., Giannakou, M.E., Covey, S.N., and Milner, J.J. 1999. Altered
patterns of gene expression in Arabidopsis elicited by cauliflower mosaic virus
(CaMV) infection and by a CaMV gene VI transgene. Mol. Plant-Microbe Interact.
12:377-384.

Ghabrial, S.A., and Lister, R.M. 1973. Coat protein and symptom specification in
tobacco rattle virus. Virology 52: 1-12.

Goldberg, K.B., Kiernan, J., and Shepherd, R.J. 1991. A disease syndrome associated with
expression of gene VI of caulimoviruses may be a nonhost reaction. Mol. Plant-
Microbe Interact. 4:182-189.

Goulden, M.G., and Baulcombe, D.C. 1993. Functionally homologous host components
recognize potato virus X in Gomphrena globosa and potato. Plant Cell 5: 921-930.



A2. Viral determinants of resistance versus susceptibility

Gowda, S., Wu, F.C., Scholthof, H.B., and Shepherd, R.J. 1989. Gene VI of figwort
mosaic virus (caulimovirus group) functions in posttranscriptional expression of genes
on the full-length RNA transcript. Proc. Natl. Acad. Sci. USA 86: 9203-9207.

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

Hanada, K., and Tochihara, H. 1980. Genetic analysis of cucumber mosaic, peanut stunt,
and chrysanthemum mild mottle viruses. Ann. Phytopath. Soc. Japan 46: 159-168.

Harrison, B.D., Murant, A.F., Mayo, M.A., and Roberts, .M. 1974. Distribution of
determinants for symptom production, host range, and nematode transmissibility
between the two RNA components of raspberry ringspot virus. J. Gen. Virol. 22: 233-
247.

Heinlen, M., Padgett, H.S., Gens, J.S., Pickard, B.G., Caspar, S.J., Epel, B.L., and Beachy,
R.N. 1998. Changing patterns of localization of TMV movement protein and
replicase to endoplasmic reticulum and microtubules during infections. Plant Cell 10:
1107-1120.

Hodgson, A.A.J., Beachy, R.N., and Pakrasi, H.B. 1989. Selective inhibition of
photosystem II in spinach by tobacco mosaic virus: an effect of the viral coat protein.
FEBS Lett. 245: 267-270.

Hoffmann, K., Qui, W.P., and Moyer, J.W. 2001. Overcoming host- and pathogen-
mediated resistance in tomato and tobacco maps to the M RNA of Tomato spotted wilt
virus. Mol. Plant-Microbe Interact. 14: 242-249.

Holmes, F.O. 1934. A masked strain of tobacco mosaic virus. Phytopathology 24: 845-
873.

Holmes, F.O. 1938. Inheritance of resistance to tobacco mosaic virus disease in tobacco.
Phytopathology 28: 553-561.

Howell S.H., Walker L.L., and Dudley, R.K .1980. Cloned cauliflower mosaic virus DNA
infects turnips (Brassica rapa ). Science 208: 1255-1267.

Hull, R. 2002. Matthews’ Plant Virology, 4th edn. Academic Press, San Diego, CA.

Jenner, C.E., Sanchez, F., Nettleship, S.B., Foster, G.D., Ponz, F., and Walsh, J.A. 2000.
The cylindrical inclusion gene of Turnip mosaic virus encodes a pathogenic
determinant to the Brassica resistance gene TuRBO1. Mol. Plant-Microbe Interact. 13:
1102-1108.

Jennner, C.E., Tomimura, K., Ohshima, K., Hughes, S.L., and Walsh, J.A. 2002.
Mutations in Turnip mosaic virus P3 and cylindrical inclusion proteins are separately
required to overcome two Brassica napus resistance genes. Virology 300: 50-59.

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

Johansen, L.LE., Lund, O.S., Hjulsager, C.K., and Laursen, J. 2001. Recessive resistance in
Pisum sativum and potyvirus pathotype resolved in a gene-for-cistron correspondence
between host and virus. J. Virol. 75: 6609-6614.

Jones, A.T., and Duncan, G.H. 1980. The distribution of some genetic determinants in the
two nucleoprotein particles of cherry leaf roll virus. J. Gen. Virol. 50: 269-277.

Kadarei, G., and Haenni, A.-L. 1997. Virus-encoded RNA helicases. J. Virol. 71: 2583-
2590.

Karasawa, A., Okada, 1., Akashi, K. Chida, Y., Hase, S., Nakazawa-Nasu, Y., Ito, A., and
Ehara, Y. 1999. One amino acid change in cucumber mosaic virus RNA polymerase
determines virulent/avirulent phenotypes on cowpea. Phytopathology 89: 1186-1192.

37



38 J.E. Schoelz

Kavanagh, T., Goulden, M., Santa Cruz, S., Chapman, S., Barker, I., and Baulcombe, D.
1992. Molecular analysis of a resistance-breaking strain of potato virus X. Virology
189: 609-617.

Keen, N.T., and Staskawicz, B. 1988. Host range determinants in plant pathogens and
symbionts. Annu Rev. Microbiol. 42: 421-440.

Keller, K.E., Johansen, I.E., Martin, R.R., and Hampton, R.O. 1998. Potyvirus genome-
linked protein (VPg) determines pea seed-borne mosaic virus pathotype-specific
virulence in Pisum sativam. Mol. Plant-Microbe Interact. 11: 124-130.

Khetarpal, R.K., Maisonneuve, B., Maury, Y., Chalhoub, B., Dinant, S., Lecoq, H., and
Varma, A. 1998. Breeding for resistance to plant viruses. In “Plant Virus Disease
Control” (A. Hadidi, R.K. Khetarpal, and H. Koganezawa, eds) The American
Phytopathological Society, St. Paul MN, pp. 14-32.

Kim, C.-H., and Palukaitis, P. 1997. The plant defense response to cucumber mosaic virus
in cowpea is elicited by the viral polymerase gene and affects virus accumulation in
single cells. EMBO J. 16: 4060-4068.

Kiraly L., Cole A.B., Bourque J.E., and Schoelz J.E. 1999. Systemic cell death is elicited
by the interaction of a single gene in Nicotiana clevelandii and gene VI of cauliflower
mosaic virus. Mol. Plant-Microbe Interact. 12: 919-925.

Knorr, D.A., and Dawson, W.O. 1988. A point mutation in the tobacco mosaic capsid
protein gene induces hypersensitivity in Nicotiana sylvestris. Proc. Natl. Acad. Sci.
USA 85:170-174.

Kobayashi, K., and Hohn, T. 2003. Dissection of cauliflower mosaic virus
transactivator/viroplasmin reveals distinct essential functions in basic virus
replication. J. Virol. 77: 8577-8583.

Kobayashi, K., and Hohn, T. 2004. The avirulence domain of Cauliflower mosaic virus
transactivator/viroplasmin is a determinant of viral virulence in susceptible hosts. Mol.
Plant-Microbe. Interact. 17: 475-483.

Kubota, K., Tsuda, S., Tamai, A., and Meshi, T. 2003. Tomato mosaic virus replication
protein suppresses virus-targeted posttranscriptional gene silencing. J. Virol. 77:
11016-11026.

Lakshman, D.K., and Gonsalves, D. 1985. Genetic analysis of two large-lesion isolates of
cucumber mosaic virus, Phytopathology 75: 758-762.

Lauge, R. and De Witt, P.J. 1998. Fungal avirulence genes: structure and possible
functions. Fungal Genet. Biol. 24: 285-297.

Lebeurier G.L., Hirth L., Hohn B., and Hohn T. 1980. Infectivities of native and cloned
DNA of cauliflower mosaic virus. Gene 12: 139-146.

Leh, V., Yot, P., and Keller, M. 2000. The cauliflower mosaic virus translational
transactivator interacts with the 60S ribosomal subunit protein L18 of Arabidopsis
thaliana. Virology 266: 1-7.

Lehto, K., Tikkanen, M., Hiriart, J-B., Paakkarinen, V., and Aro, E-M. 2003. Depletion
of the photosystem II core complex in mature tobacco leaves infected by the Flavum
strain of Tobacco mosaic virus. Mol. Plant-Microbe. Interact. 16: 1135-1144.

Leister, R.T., and Katagiri, F. 2000. A resistance gene product of the nucleotide binding
site-luecine rich repeats class can form a complex with bacterial avirulence proteins in
vivo. Plant J. 22: 345-354.

Lellis, A.D., Kasschau, K.D., Whitham, S.A., and Carrington, J.C. 2002. Loss-of-
susceptibility mutants of Arabidopsis thaliana reveal an essential role for elF(iso)4E
during potyvirus infection. Curr. Biol. 12: 1046-1051.



A2. Viral determinants of resistance versus susceptibility

Léonard, S., Plante, D. Wittman, S., Daigneault, N., Fortin, M.G., and Laliberté, J.F. 2000.

Complex formation between potyvirus VPg and translation eukaryotic initiation factor
4E correlates with virus infectivity. J. Virol. 74: 7730-7737.

Léonard, S., Viel, C., . Beauchemin, C., Daigneault, N., Fortin, M.G., and Laliberté, J.F.
2004. Interaction of VPg-Pro of turnip mosaic virus with the translation initiation
factor 4E and poly(A) binding protein in planta. J. Gen. Virol. 85: 1055-1063.

Li, Y., and Leisner, S.M. 2002. Multiple domains within the Cauliflower mosaic virus
gene VI product interact with the full-length protein. Mol. Plant-Microbe. Interact. 15:
1050-1057.

Lindbeck, A.G.C., Dawson, W.0O., and Thomson, W.W. 1991. Coat protein-related
polypeptides from in vitor tobacco mosaic virus mutants do not accumulate in the
chloroplasts of directly inoculated leaves. Mol. Plant-Microbe Interact. 4: 89-94.

Lindbeck, A.G.C., Lewandowski, D.L., Culver, J.N., Thomson, W.W., and Dawson, W.O.
1992. Mutant coat protein of tobacco mosaic virus can induce chlorosis in expanded
and developing leaves. Mol. Plant-Microbe Interact. 5: 235-241.

Loebenstein, G. 1972. Localization and induced resistance in virus-infected plants.
Annu. Rev. Phytopathol. 10: 177-206.

Malcuit, 1., Marano, M.R., Kavanaugh, T.A., de Jong, W., Forsyth, A., and Baulcombe,
D.C. 1999. The 25-kDa movement protein of PVX elicits Nb-mediated hypersensitive
cell death in potato. Mol. Plant-Microbe Interact. 12: 536-543.

Martin, G.B., Bogdanove, A.J., and Sessa, G. 2003. Understanding the functions of plant
disease resistance proteins. Annu. Rev. Plant Biol. 54:23-61.

Masuta, C., Nishimura, M., Morishita, H., and Hataya, T. 1999. A single amino acid
change in viral genome-associated protein of potato virus Y correlates with resistance
breaking in ‘Virginia A Mutant’ tobacco. Phytopathology 89: 118-123.

McDowell, J.M., Dhandaydham, M., Long, T.A., Aarts, M.G.M., Goff, S., Holub, E.B.,
and Dangl, J.L. 1998. Intragenic recombination and diversifying selection contribute
to the evolution of downy mildew resistance at the RPPS8 locus of Arabidopsis. Plant
Cell 10: 1861-1874.

Meshi, T., Motoyoshi, F., Maeda, T., Yoshiwoka, S., Watanabe, H., and Okada, Y. 1989.
Mutations in the tobacco mosaic virus 30-kD protein gene overcome Tm-2 resistance
in tomato. Plant Cell 1: 515-522.

Milligan, S.B., Bodeau, J., Yaghoobi, J., Kaloshian, I., Zabel, P., and Williamson, V.M.
1998. The root knot nematde resistance gene Mi from tomato is a member of the
leucine zipper, nucleotide binding, leucine-rich repeat family of plant resistance genes.
Plant Cell 10: 1307-1319.

Moury, B., Morel, C., Johansen, E., Guilbaud, L., Souche, S., Ayme, V., Caranta, C.,
Palloix, A., and Jacquemond, M. 2004. Mutations in Potato virus Y genome-linked
protein determine virulence toward recessive resistances in Capsicum annuum and
Lycopersicon hirsutum. Mol. Plant-Microbe Interact. 17:322-329.

Moyer, J.W. 1999. Tospoviruses (Bunyaviridae). In “Encyclopedia of Virology, 2nd edn.

(A. Granoff and R. G. Webster, eds) Academic Press, San Diego, pp1803-1807.

Namba, K., Pattanayek, R., and Stubbs, G. 1989. Visualization of protein-nucleic acid
interactions in a virus: refined structure of intact tobacco mosaic virus at 2.9 A
resolution by X-ray fiber diffraction. J. Mol. Biol. 208: 307-325.

Nicaise, V., German-Retana, S., Sanjuan, R., Dubrana, M.-P., Maier, M., Maisonneuve,
B., Candresse, T., Caranta, C., and LeGall, O. 2003. The eukaryotic translation
initiation factort 4E controls lettuce susceptibility to the potyvirus Lettuce mosaic
virus. Plant Physiol. 132: 1272-1282.

39



40 J.E. Schoelz

Nicolas, O. Dunnington, S.W., Gotow, L.F., Pirone, T.P., and Hellmann, G.M. 1997.
Variations in the VPg protien allow a potyvirus to overcome va gene resistance in
tobacco. Virology 237: 452-459.

Oh, J.-W., Kong, Q., Song, C., Carpenter, C.D., and Simon, A.E. 1995. Open reading
frames of turnip crinkle virus involved in satellite symptom expression and
incompatibility with Arabidopsis thaliana ecotype Dijon. Mol. Plant-Microbe Interact.
8:979-987.

Okuno, T., Hirucki, C., Rao, D.V., and Figueiredo, G.C.. 1983. Genetic determinants
distributed in two genomic RNAs of sweet clover necrotic mosaic, red clover necrotic
mosaic, and clover primary leaf necrosis viruses. J. Gen. Virol. 64: 1907-1914.

Osman, T.A.M., Dodd, S.M., and Buck, K.W. 1986. RNA 2 of red clover necrotic mosaic
virus determines lesion morphology and systemic invasion in cowpea. J. Gen. Virol.
67:203-207.

Padgett, H.S., and Beachy, R. N. 1993. Analysis of a tobacco mosaic virus strain capable
of overcoming N gene-mediated resistance. Plant Cell 5: 577-586.

Padgett, H.S., Watanabe, Y., and Beachy, R. N. 1997. Identification of the TMV replicase
sequence that activates the N gene-mediated hypersensitive response. Mol. Plant
Microbe Interact. 10: 709-715.

Palanichelvam, K., Cole, A.B., Shababi, M., and Schoelz, J.E. 2000. Agroinfiltration of
Cauliflower Mosaic Virus gene VI elicits hypersensitive response in Nicotiana species.
Mol. Plant-Microbe Interact. 13: 1275-1279.

Palanichelvam, K., and Schoelz, J.E. 2002. A comparative analysis of the avirulence and
translational transactivator functions of gene VI of cauliflower mosaic virus. Virology
293:225-233.

Park, H-S., Himmelbach, A., Browning, K.S., Hohn, T., and Ryabova, L.A. 2001. A plant
viral “reinitiation” factor interacts with the host translational machinery. Cell 106:
723-733.

Petty, I.T.D., French, R., Jones, R.W., and Jackson, A.O. 1990. Identification of barley
stripe mosaic virus genes involved in viral replication and systemic movement. EMBO
J. 9:3453-3457.

Pfitzner, U.M., and Pfitzner, A.J.P. 1992. Expression of a viral avirulence gene in
transgenic plants is sufficient to induce the hypersensitive defense reaction. Mol.
Plant-Microbe Interact. 5: 318-321.

Qu, F., Ren, T., and Morris, T.J. 2003. The coat protein of turnip crinkle virus suppresses
posttranscriptional gene silencing at an early initiation step. J. Virol 77: 511-522.

Querci, M., Baulcombe, D.C., Goldbach, R.W., and Salazar, L.F. 1995. Analysis of the
resistance-breaking determinants of potato virus X (PVX) strain HB on different potato
genotypes expressing extreme resistance to PVX. Phytopathology 85: 1003-1010.

Rajamaiki, M.L., and Valkonen, J.P., 1999. The 6K2 protein and the VPg of potato virus
A are determinants of systemic infection in Nicandra physaloides. Mol. Plant-Microbe
Interact. 12: 1074-1081.

Rajamaéki, M.L., and Valkonen, J.P., 2002. Viral genome-linked protein (VPg) controls
accumulation and phloem-loading of a potyvirus in inoculated potato leaves. Mol.
Plant-Microbe Interact. 15: 138-149.

Ranu, R.S., Gowda, S., Scholthof, H., Wu, F.C., and Shepherd, R.J. 1996. In vitro
translation of the full-length RNA transcript of figwort mosaic virus (Caulimovirus).
Gene Expression 5: 143-153.



A2. Viral determinants of resistance versus susceptibility 41

Rao, A.L.N., and Francki, R.I.B. 1982. Distribution of determinants for symptom
production and host range on the three RNA components of cucumber mosaic virus.
J. Gen. Virol. 61: 197-205.

Reinero, A. and Beachy, R.N. 1989. Reduced photosystem II activity and accumulation of
viral coat protein in chloroplasts of leaves infected with tobacco mosaic virus. Plant
Physiol. 89: 111-116.

Ren, T., Qu, F., and Morris, T.J. 2000. HRT gene function requires interaction between a
NAC protein and viral capsid protein to confer resistance to turnip crinkle virus. Plant
Cell 12: 1917-1925.

Ren, T., Qu, F., and Morris, T.J. 2005. The nuclear localization of the Arabidopsis
transcription factor TIP is blocked by its interaction with the coat protein of Turnip
crinkle virus. Virology 331:316-324.

Revers, F., Guiraud, T., Houvenaghel, M.-C., Mauduit, T., Le Gall, O., and Candresse, T.
2003. Multiple resistance phenotypes to Lettuce mosaic virus among Arabidopsis
thaliana accessions. Mol. Plant-Microbe Interact. 16: 608-616.

Revers, F., Le Gall, O., Candresse, T., and Maule, A.J. 1999. New advances in
understanding the molecular biology of plant-potyvirus interactions. Mol. Plant-
Microbe Interact. 12: 367-376.

Ritter, E., Debener, T., Barone, A., Salamini, F., and Gebhardt, C. 1991. RFLP mapping
on potato chromosomes of two genes controlling extreme resistance to potato virus X
(PVX). Mol. Gen. Genet. 227: 81-85.

Ruffel, S., Dussault, M.H., Palloix, A., Moury, B. Bendahmane, A., Robaglia, C., and
Caranta, C. 2002. A natural recessive resistance gene interaction of the tobacco etch
virus Nla protein with the translation initiation factor eKF4E in the yeast two-hybrid
system. Virology 273: 300-306.

Saito, T., Meshi, T., Takamatsu, N., and Okada, Y. 1987. Coat gene sequence of tobacco
mosaic virus encodes host response determinant. Proc. Natl. Acad. Sci. USA 84:
6074-6077.

Saito, T., Yamanaka, K., Watanabe, Y., Takamatsu, N., Meshi, T., and Okada, Y. 1989.
Mutational analysis of the coat protein gene of tobacco mosaic virus in relation to
hypersensitive response in tobacco plants with the N* gene. Virology 173: 11-20.

Salanoubat, M., Genin, S., Artiguenave, F., Gouzy, J., Mangenot, S. et al., 2002. Genome
sequence of the plant pathogen Ralstonia solanacearum. Nature 415: 497-502.

Schaad, M.C., Anderberg, R.J., and Carrington, J.C. 2000. Strain-specific interaction of
the tobacco etch virus Nla protein with the translation initiation factor eIF4E in the
yeast two-hybrid system. Virology 273: 300-306.

Schaad, M.C. Lellis, A.D., and Carrington, J.C. 1997. VPg of tobacco etch potyvirus is a
host genotype-specific determinant for long-distance movement. J. Virol. 71: 8624-
8631.

Schoelz, J.E., Goldberg, K.-B., and Kiernan, .M. 1991. Expression of cauliflower
mosaic virus (CaMV) gene VI in transgenic Nicotiana bigelovii complements a strain
of CaMV defective in long-distance movement in nontransformed N. bigelovii. Mol.
Plant-Microbe Interact. 4: 350-355.

Schoelz, J.E., Shepherd, R.J., and Daubert, S. 1986. Region VI of cauliflower mosaic virus
encodes a host range determinant. Mol. Cell Biol. 6: 2632-2637.

Scholthof, H.B., Gowda, S., Wu, F.C., and Shepherd, R.J. 1992. The full-length transcript
of a caulimovirus is a polycistronic nRNA whose genes are trans-activated by the
product of gene VI. J. Virology 66: 3131-3139.



42 J.E. Schoelz

Scholthof H.B., Scholthof K.-B.G., and 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.

Sha, Y., Broglio, E.P., Cannon, J.F., and Schoelz, J.E. 1995. Expression of a plant viral
polycistronic mRNA in yeast, Saccharomyces cerevisiae, mediated by a plant virus
translational transactivator. Proc. Natl. Acad. Sci. USA 92: 8911-8915.

Sherwood, J.L., and Fulton, R.W. 1982. The specific involvement of coat protein in
tobacco mosaic virus cross protection. Virology 119: 150-158.

Shintaku, M.H., Carter, S.A., Bao, Y., and Nelson, R.S. 1996. Mapping nucleotides in
the 126-kDa protein gene that control the differential symptoms induces by two strains
of tobacco mosaic virus. Virology 221: 218-225.

Staskawicz, B.J., Dahlbeck, D., and Keen, N.T. 1984. Cloned avirulence gene of
Pseudomonas syringae pv. glycinea determines race-specific incompatibility on
Glycine max (L.) Merr. Proc. Natl. Acad. Sci. USA 81: 6024-6028.

Staskawicz, B.J., Mudgett, M.B., Dangl, J.L., and Galan, J.E. 2001. Common and
contrasting themes of plant and animal diseases. Science 292: 2285-2289.

Stratford, R., and Covey, S.N. 1989. Segregation of cauliflower mosaic virus symptom
genetic determinants. Virology 172: 451-459.

Takahashi, H., Miller, J., Nozaki, Y., Sukamto, Takeda, M., Shah, J., Hase, S., Ikegami,
M., Ehara, Y., and Dinesh-Kumar, S.P. 2002. RCY 1, an Arabidopsis thaliana
RPP8/HRT family resistance gene, conferring resistance to cucmber mosaic virus
requires salicylic acid, ethylene and a novel signal transduction mechanism. Plant J.
32: 655-667.

Takahashi, H., Shimamoto, K., and Ehara Y. 1989. Cauliflower mosaic virus gene VI
causes growth suppression, development of necrotic spots and expression of
defense-related genes in transgenic tobacco plants. Mol. Gen. Genet. 216: 188-194.

Takahashi, H., Suzuki, M., Natsuaki, K., Shigyo, T., Hino, K., Teraoka, T., Hosokawa, D.,
and Ehara, Y. 2001. Mapping the virus and host genes involved in the resistance
response in Cucumber mosaic virus-infected Arabidopsis thaliana. Plant Cell Physiol.
42:340-347.

Tang, X. Frederick, R.D., Zhou, J., Halterman, D.A., Jia, Y., and Martin, G.B. 1996.
Initiation of plant disease resistance by physical interaction of AvrPto and Pto kinase.
Science 274: 2060-2063.

Taraporewala, Z.F., and Culver, J.N., 1996. Identification of an elecitor active site within
the three-dimensional structure of the tobacco mosaic virus tobamovirus coat protein.
Plant Cell 8: 169-178.

Taraporewala, Z.F., and Culver, J.N., 1997. Structural and functional conservation of the
tobamovirus coat protein elicitor active site. Mol. Plant-Microbe Interact. 10: 597-604.

Toedt, J.M., Braswell, E.H., Schuster, T.M., Yphantis, D.A., Taraporewala, Z.F., and
Culver, J.N. 1999. Biophysical characterization of a designed TMV coat protein
mutant, R46G, that elicits a moderate hypersensitive response in Nicotiana sylvestris.
Protein Sci. 8: 261-270.

Van der Biezen, E.A., and Jones, J.D.G. 1998. Plant disease resistance proteins and the
gene-for-gene concept. Trends Biochem Sci. 23: 454-456.

White, F.F., Yang, B., and Johnson, L.B. 2000. Prospects for understanding avirulence
gene function. Curr. Opin. Plant Biol. 3: 291-298.

Whitham, S., Dinesh-Kumar, S.P., Choi, D., Hehl, R., Corr, C., and Baker, B. 1994. The
product of the tobacco mosaic virus resistance gene N: similarity to Toll and the
interleukin-1 receptor. Cell 78: 1101-1115.



A2. Viral determinants of resistance versus susceptibility 43

Wilson, T.M.A. 1984. Cotranslational disassembly of tobacco mosaic virus in vitro.
Virology 137: 255-265.

Wintermantel, W.M., Anderson, E.J., and Schoelz J.E. 1993. Identification of domains
within gene VI of cauliflower mosaic virus that influence systemic infection of
Nicotiana bigelovii in a light-dependent manner. Virology 196: 789-798.

Wittmann, S., Chatel, H., Fortin, M.G., and Laliberte, J.-F. 1997. Interaction of the viral
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.

Wyatt, S.D., and Kuhn, C.W. 1980. Derivation of a new strain of cowpea chlorotic
mottle virus from resistant cowpeas. J. Gen. Virol. 49: 289-296.

Yu, W., Murfett, J., and Schoelz, J. 2003. Differential induction of symptoms in
Arabidopsis by P6 of Cauliflower mosaic virus. Mol. Plant-Microbe. Interact. 16: 35-
42.

Yamanaka, T., Ohta, T., Miki, T., Meshi, T., Schmidt, R., Dean, C., Naito, S., and
Ishikawa, M. 2000. TOM1, an Arabidopsis gene required for efficient multiplication
of a tobamovirus, encodes a putative transmembrane protein. Proc. Natl. Acad. Sci.
USA97:10107-10112.

Zijlstra, C., and Hohn, T. 1992. Cauliflower mosaic virus gene VI controls translation
from dicistronic expression units in transgenic Arabidopsis plants. Plant Cell 4: 1471-
1484.



Chapter A3

RNA Silencing: A Natural Resistance Mechanism in
Plants

Etienne Bucher and Marcel Prins
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Netherlands

Introduction

Over the last years RNA silencing in plants and its animal counterpart
RNA interference (RNAi) have become intensively studied biological
systems. While initially being discovered as a side effect of transgene
expression in plants and a process by which transgenic virus resistance could
be obtained, it has since been implicated in natural virus resistance and basic
biological processes such as development, gene regulation and chromatin
condensation. RNA silencing related mechanisms are not only limited to
plants, but also play a role in a variety of eukaryotic organisms. Due to the
biochemical dissection of components of the silencing pathway in several
model organisms, such as Arabidopsis thaliana, Caenorhabditis elegans and
Drosophila melanogaster, the general understanding of how RNA silencing
works has greatly increased in recent years. The revelation of a striking level
of conservation of the RNA silencing pathway between most eukaryotic
organisms strengthens its importance. Nowadays, RNA silencing induced by
double stranded RNA (dsRNA) molecules such as short hairpins, short
interfering RNAs (siRNAs) and long dsRNAs has developed into a standard
tool in gene function studies (gene knock-down). It is being applied in large
automated genome screens, where a majority of genes of certain organisms
(e.g. C. elegans and Homo sapiens) are knocked-down and analyzed using
different assays depending on the research interests. In plants RNA silencing
is used as a generally applicable antiviral strategy.
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In this chapter we will describe the RNA silencing process with emphasis
on the functioning of the mechanisms and its role in natural virus infection in
plants. In addition, applications of RNA silencing in plants and implications
of RNA silencing for research in other organisms will be discussed.

The discovery of RNA silencing

The first recognized encounter with RNA silencing was when van der
Krol, Napoli and their respective co-workers (Napoli 1990; van der Krol et
al. 1990) reported their inability to over-express chalcone synthase (CHS) in
transgenic petunia plants. In order to obtain an increase of flower
pigmentation, petunia plants were transformed with the CHS gene using
different constructs that should have led to over-expression. However,
instead of observing an increase of flower pigmentation, the opposite effect
was observed: some plants completely lacked pigmentation in the flowers
and others showed patchy or reduced pigmentation. It was shown that even
though an extra copy of the transgene was present, the CHS mRNA levels
were strongly reduced in the white sectors. Since the transgene RNA was
suppressing not only its own expression, but also the endogenous gene this
observation was called ‘co-suppression’.

Not much later, another encounter with RNA silencing was made in the
field of virus resistance where the concept of pathogen-derived resistance
(PDR) was being exploited to produce virus resistant plants. Using different
viral systems, three reports demonstrated that in contrast to the original
notion, the expression of viral proteins was not required for virus resistance,
but untranslatable viral RNA sufficed (de Haan et al. 1992; Lindbo and
Dougherty 1992; van der Vlugt et al. 1992). Since the virus resistance in the
recovered plant parts correlated with reduction of transgene mRNA in the
cytoplasm, Lindbo and co-workers (1993) proposed this phenomenon to be
similar to co-suppression. The observation that a silenced GUS transgene
could prevent virus accumulation of Potato virus X (PVX) carrying GUS
sequences pointed toward an actual role of, what was then called post-
transcriptional gene silencing (PTGS), as a sequence specific antiviral
defense mechanism (English et al. 1996). Supporting evidence of the more
general nature of this plant response to viral infection was provided by the
finding that the recovered parts of virus infected plant would not only be
resistant against the initially inoculated virus, but would also cross-protect
the plant against other viruses carrying homologous sequences (Ratcliff et al.
1999). In addition, this work showed that viral RNA-mediated cross
protection was caused by the same mechanism as transgene induced PTGS.
These phenomena are now generally known as virus-induced gene silencing
(VIGS). The identification of different Arabidopsis mutants exhibiting
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impaired RNA silencing revealed more details about the mechanisms
involved in this process (Elmayan et al. 1998; Dalmay et al. 2000). Certain
mutants affected in the silencing pathway showed enhanced susceptibility to
virus infection, confirming their involvement in antiviral activity (Dalmay et
al. 2000; Mourrain et al. 2000). Over recent years, many components of the
plant silencing pathways (Fig. 1) have now been uncovered and will be
further discussed later in this chapter.
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Silencing of endogenous and viral genes has now become a commonly
used method. Transgene constructs can be arranged as inverted repeats,
producing double-stranded RNA (dsRNA), which efficiently trigger
silencing of homologous genes (Smith et al. 2000). This can be used to
obtain transgenic virus resistance or endogenous gene knock-down. For gene
knock-down VIGS is often preferred to the production of transgenic plants,
as this fast method can give a first indication on whether a gene knock-down
produces the expected phenotype (reviewed in Lu et al. 2003).

To explain the extreme sequence specificity of the RNA silencing
process, small RNA molecules had been envisaged in models throughout the
second half of the nineties. However, it was not until 1999 that Hamilton and
Baulcombe (1999) unequivocally proved that plants containing a silenced
transgene indeed accumulated small (ds)RNA molecules whose sequence
was identical to the transgene. They observed the same kind of
approximately 25 bp sequence-specific small RNAs in PVX infected plants,
suggesting a role of these molecules in a sequence specific antiviral defense
mechanism. A further breakthrough pointing to the involvement of RNA
silencing in antiviral defense was the discovery of virus specific RNA
silencing suppressors (Anandalakshmi et al. 1998; Brigneti et al. 1998;
Voinnet et al. 1999). This will be discussed in detail in subsequent
paragraphs.

A next step to an increased general notion of RNA silencing was
achieved in animal research. In C. elegans sense and anti-sense transcripts
were already being used for quite some time to knock-down gene
expression. However the real break-through came when Fire and co-workers
(1998) discovered that injection of very low amounts of dsRNA into C.
elegans could induce what they called RNAi. Like in plants, this method of
RNA silencing was much more efficient than just using single-stranded
sense or anti-sense RNA. Building blocks of the gene silencing pathway
proved to have remarkable similarities in different organisms and hence
suggest an ancient role of RNA silencing in development, gene regulation,
pathogen resistance, and chromatin structure.

Mounting the plant antiviral defense

In plants, the control of virus replication is considered as one of the
primary roles of RNA silencing. Although expressing viral transgene RNAs
can precondition this response, the natural response is adaptive and requires
recognition of ‘foreign’ molecules for initiation. This recognition is
subsequently converted into ‘effector’, ‘memory’ and ‘warning’ signals to
alert the systemic parts of the plant. DSRNA molecules have been shown to
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be most potent initiators of RNA silencing (Smith et al. 2000). As most plant
viruses are RNA viruses that replicate via double stranded replication
intermediates, it is tempting to suggest that these molecules are a trigger for
RNA silencing. This is, however, put too simply. Most, if not all plant RNA
viruses may replicate via dsRNA. The chance that these RNAs appear as
naked RNA in the cell is very small since replication complexes are
protected by viral replication and/or capsid proteins. Viral replication often
takes place inside specialized replication structures and dsRNA can
immediately be unwound by viral and host RNA helicases (Ahlquist 2002).
Though we do not dismiss the possibility of detection of these structures by
RNA silencing, we think viral mRNAs, which might be recognized by the
plant as being ‘aberrant’ (e.g. non-capped or non-polyadenylated mRNAs),
are (also) an important target which can be converted into double stranded
RNA by plant RNA-dependent RNA polymerases (RdRps). This would
explain the generation of virus specific siRNAs in plants infected with
geminiviruses (single-stranded DNA viruses) (Vanitharani et al. 2003).

The Arabidopsis genome encodes four Dicer-like enzymes that have the
ability to process dsRNA into siRNA molecules (Schauer et al. 2002). In a
normal virus infection, plants contain a significant amount of siRNAs
originating from the virus (Hamilton and Baulcombe 1999). These siRNAs
can subsequently be used in two ways: either they are unwound and one
strand is incorporated into the RNA induced silencing complex (RISC) to
target and degrade RNAs homologous to the siRNA, or a plant RdRp uses
the siRNA as a primer on homologous mRNAs and synthesizes dSRNA that
then is processed by Dicer into secondary siRNAs (a phenomenon called
‘transitivity’) (Vaistij et al. 2002). This latter step leads to the amplification
of the intracellular silencing signal. In plants, RNA silencing generated
secondary siRNAs can originate from 5’ and 3’ parts of the targeted site in
the messenger, indicating that the transitivity is bidirectional. This is in
contrast to C. elegans where secondary siRNAs only originate from the 5’
side of the target mRNA in relation to the inducer molecule (Sijen et al.
2001). This may be related to the fact that both siRNA strands seem to be
stable in plants (Hamilton and Baulcombe 1999), while in C. elegans, only
the antisense strand is maintained. In mammals and insects, transitivity was
reported not to be present. Indeed no endogenous RdRp, which would be
required for this activity, has been identified (Schwarz et al. 2002). Next to
the predominant 21 nt species of siRNAs observed in all eukaryotes, the
plant silencing machinery has the unique ability to produce, a second size
class of siRNAs, of around 24 nt (Hamilton et al. 2002). The longer class of
siRNAs has been correlated with the long-distance spread of RNA silencing.
This ability allows the viral siRNAs produced by the plant silencing
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machinery to move to adjacent cells advancing the spread of the virus. RISC
is thought to be pre-programmed with these siRNAs allowing an immediate
recognition and elimination of incoming viruses. The shorter class of
siRNAs is thought to operate in local RNA silencing (Hamilton et al. 2002).
This size class has also been reported to be able to move from cell to cell,
however, spreading no further than up to 15 cells (Himber et al. 2003).

Of great interest and confirming the biological role of RNA silencing in
antiviral defense, was the discovery that nearly all plant viruses investigated
so far encode RNA silencing suppressors. The interference of plant viruses
with the RNA silencing machinery will be discussed in more detail in the
next paragraph.

Suppressor proteins: Viral counter measures against
RNA silencing

Even though an RNA-based sequence-specific defense against virus
infection may be efficient, there are still many viruses that successfully
infect plants. The discovery of viral RNA silencing suppressors gave a first
hint on how viruses could counteract the plant defense. An indication that
these counter measures were developed as an answer to RNA silencing is
their great diversity. None of the RNA silencing suppressors discovered so
far share any significant sequence homology with those from other viruses.
In addition, the RNA silencing antagonists encoded by different plant
viruses appear to suppress this virus defense pathway at different points.

It has long been known that certain proteins expressed by viruses played
an important role in their virulence (Pruss et al. 1997). It was observed that
co-infection of combinations of viruses could cause increased symptom
severity compared to each of the viruses alone. These mixed infections
indicated that at least one of the viruses possessed a character that could
support the replication and spreading of the other virus. Potyviruses were
reported early on to increase the virulence levels of another virus (see
Chapter by Palukaitis and MacFarlane). The actual underlying mechanism
started to become understood in studies of mixed infections of PVX with
different potyviruses. Mutational analysis of the Tobacco etch virus (TEV)
revealed that the helper component-proteinase (HC-Pro) was required for the
synergistic activity of TEV (Shi et al. 1997). A first indication that HC-Pro
could actually block a general plant antiviral pathway was found when
transgenic plants constitutively expressing HC-Pro were produced.
Heterologous viruses such as TMV and CMV showed enhanced
accumulation and pathogenicity in these plants (Pruss et al. 1997). In the
case of CMV, virulence could be linked to its 2b protein (Brigneti et al.
1998). These results were later confirmed by studies where the 2b gene of
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different CMV subgroups were replaced (Shi et al. 2002). Indication that
RNA silencing is indeed involved in virus resistance came with the reports
that HC-Pro can enhance virulence of heterologous viruses by directly
suppressing RNA silencing (Anandalakshmi et al. 1998; Brigneti et al. 1998;
Kasschau and Carrington 2001).

Assays used to identify suppressors of RNA silencing

Following the discovery of HC-Pro as a suppressor of RNA silencing
many other viruses were shown to express proteins capable of inhibiting this
antiviral mechanism (Table 1). The establishment of relatively simple and
reliable functional assays to detect suppressors of RNA silencing greatly
accelerated their discovery.

Currently, one of the most commonly used methods for the identification
of potential suppressors of RNA silencing is a transient assay using
Agrobacterium tumefaciens (Voinnet et al. 2000; Llave et al. 2000; Johansen
and Carrington 2001). In this assay, two Agrobacterium strains are used to
deliver a reporter gene (often the gene encoding the green fluorescent
protein, GFP) and a putative suppressor protein. The Agrobacterium culture
mix is infiltrated into a Nicotiana benthamiana leaf and reporter gene
expression is monitored. Typically, without a suppressor of RNA silencing,
the reporter gene becomes silenced after three to five days. However, if an
Agrobacterium strain carrying a strong suppressor of RNA silencing
between the T-DNA borders is mixed with the ones carrying the reporter
gene and co-infiltrated, the reporter gene expression will remain at its high
level or even increase during the six days. Using different reporter
constructs, such as genes arranged as inverted repeats, one has the possibility
to assess at which step of RNA silencing the suppressor protein acts (Takeda
et al. 2002).

Another method makes use of GFP or GUS (beta-glucoronidase) silenced
transgenic plants. Plants expressing a reporter gene are systemically
silenced by the infiltration of Agrobacterium expressing (a fragment of) the
RNA of that reporter gene, or plants are genetically silenced (e.g. using
inverted repeats). Subsequently, these plants are infected with different
viruses or virus constructs and the reporter gene expression is monitored.
Restoration of reporter gene expression indicates that the tested virus
encodes a suppressor of RNA silencing. PVX encodes a suppressor of RNA
silencing that cannot restore the reporter gene expression in this assay and
makes it a good vector to test other viral genes for their silencing
suppression capability (Brigneti et al. 1998). Additionally it has been
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Table 1. Suppressors of RNA silencing of different plant viruses that have been identified

so far. *Different results have been reported by different groups.

Genome Genus Virus Suppressor protein  Suppressed RNA Reference
silencing mechanism
DNA Begomovirus ACMV AC2 - Voinnet, et al. 1999,
Vanitharani, et al. 2004
AC4 local Vanitharani, et al. 2004
TGMV AL2 - Wang, et al. 2003
TYLCV- C2 local and systemic Dong, et al. 2003;
C Van Wezel. et al. 2003
Curtovirus BCTV L2 - Wang, et al. 2003
Carmovirus TCV CP (P38) local Thomas, et al. 2003;
() RNA Qu, et al. 2003
Closterovirus ~ BYV p21 local Reed, et al. 2003
CTV p20 local Lu, et al. 2004
p23 local and systemic Lu, et al. 2004
CP systemic Lu, et al. 2004
BYSV p22 local Reed, et al. 2003
Comovirus CPMV S coat protein local Voinnet, et al. 1999;
Canizares; et al. 2004;
Liu, et al. 2004
Cucumoviruss CMV 2b local* and systemic ~ Brigneti, et al. 1998;
Lucy et al. 2000
Furovirus PCV P15 local and systemic Dunoyer, et al. 2002
Hordeivirus BSMV Yb - Yelina, et al. 2002
Polerovirus BWYV PO local and not Pfeffer, et al. 2002
Potexvirus PVX P25 systemic Voinnet, et al. 2000
Potyvirus PVY HC-Pro local and systemic*  Brigneti, et al. 1998;
Anandalakshmi, et al.
Sobemovirus RYMV P1 - \1/?,?3“@1, et al. 1999
Tobamovirus  TMV 126-kDa protein - Voinnet, et al. 1999
;Ding, et al. 2004
ToMV 130-kDa protein local Kubota, et al. 2003
Tombusvirus TBSV P19 local and systemic Voinnet, et al. 1999;
(binds siRNAs) Lakatos, et al. 2004
P19 local and systemic Silhavy, et al. 2002
Tymovirus TYMV P69 local Chen, et al. 2004
(-) RNA  Tenuivirus RHBV NS3 local Bucher, et al. 2003
Tospovirus TSWV NSs local Bucher. et al. 2003;

Takeda, et al. 2002
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observed that if PVX expresses a heterologous suppressor of RNA silencing
it causes more severe symptoms compared to the empty vector (Pruss et al.
1997; Brigneti et al. 1998).

Finally, one can produce transgenic plants that constantly express a
suppressor of RNA silencing. A significant drawback with this method is
that (high) expression of suppressors of RNA silencing often leads to
developmental defects in the plants (Anandalakshmi et al. 2000).
Nevertheless, some successes have been reported (Kasschau et al. 2003;
Chapman et al. 2004; Dunoyer et al. 2004).

RNA silencing suppressor proteins

Even though many viral suppressors of RNA silencing have been
described so far (Table 1), extensive research was focused on a selection of
these proteins.

HC-Pro of potyviruses

The first and best described suppressor of RNA silencing is the potyviral
HC-Pro protein (Anandalakshmi et al. 1998). It was shown to suppress
RNA silencing in experiments where plants, in which a reporter gene was
silenced, were infected with PVX carrying HC-Pro. Upon systemic infection
by this chimeric virus, reversal of the silenced state of the reporter gene was
observed. Additionally, Anandalakshmi and co-workers (1998) showed that
crossing a GUS silenced plant line and a HC-Pro expressing plant line could
restore GUS expression. On the molecular level it was shown that HC-Pro
prevented the degradation of the reporter gene mRNA (Anandalakshmi et
al. 1998; Brigneti et al. 1998). Further analysis revealed that HC-Pro could
prevent the degradation of the reporter mRNA into siRNAs (Hamilton et al.
2002). This means that HC-Pro could inhibit, for instance, an RNase I1I-like
enzyme involved in the processing of dsRNA into the siRNAs or a
component of the RNA silencing effector complex RISC. Interestingly, HC-
Pro did not affect the silencing signal from moving through the plant, even
though all siRNAs were eliminated (Mallory et al. 2001). However, HC-Pro
was shown to efficiently prevent the plant from responding to the silencing
signal in grafting experiments. It is noteworthy that Hamilton and co-
workers (2002) reported that HC-Pro could interfere with the silencing
signal. These conflicting observations could be a result of different assays
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being used by the different groups (Agrobacterium infiltration versus
grafting). Additionally, there are conflicting reports on whether or not HC-
Pro affects the methylation of a silenced transgene locus in the plant genome
(Llave et al. 2000; Mallory et al. 2001).

A first indication on how HC-Pro actually suppresses RNA silencing was
shown by protein-protein interaction studies using the yeast two hybrid
assay. Anandalakshmi and co-workers (2000) identified a calmodulin related
protein rgs-CaM (regulator of gene silencing-calmodulin-like protein) that
directly interacts with HC-Pro. In addition, its expression is up-regulated by
the suppressor protein. It was found that rgs-CaM could act like an
endogenous suppressor of RNA silencing. Transgenic plants over-expressing
rgs-CaM showed phenotypic changes very similar to HCpro transgenic
plants such as tumor-like structures at the stem-root junction. From that, it
was concluded that HC-Pro suppresses silencing, at least in part, by
stimulating the expression of rgs-CaM.

Recently, HC-Pro has been shown to influence microRNA (miRNA)-
mediated gene regulation, explaining in part the developmental defects
observed in transgenic plants (Mallory et al. 2002; Kasschau et al. 2003).
This effect will be discussed further in a later section of the review.

A recent report on the structure of the HC-Pro protein confirmed earlier
reports that it can form dimers (Plisson et al. 2003). Additionally the
structure reveals three domains that correlate with three different functions
of that protein. Interestingly, the domain involved in RNA-binding correlates
with the domain required for silencing suppression (Kasschau and
Carrington 2001).

Taken together, the data indicates that HC-Pro suppresses RNA silencing
downstream of dsRNA and miRNA formation. However, it also acts
upstream of the siRNA production and possibly interferes with the systemic
silencing signal.
2b of cucumoviruses

While HC-Pro had a direct and strong effect on the maintenance of RNA
silencing, Cucumber mosaic virus (CMV) 2b was shown to affect the RNA
silencing pathway differently. 2b cannot suppress RNA silencing in tissues
where RNA silencing is already established. However, it was shown to be
able to prevent the initiation of RNA silencing in newly emerging tissue
(Beclin et al. 1998; Brigneti et al. 1998). This suggested that 2b might be
involved in inhibiting the systemic spreading of the silencing signal. Further
analysis revealed that CMV 2b carries a monopartite nuclear localization
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signal (NLS) that is required for the 2b silencing suppression activity (Lucy
et al. 2000). This was very surprising, since at that time components of RNA
silencing were thought to operate in the cytoplasm only. How 2b prevents
the silencing signal from spreading throughout the plant remains to be
investigated.

Guo and Ding (2002) showed that 2b interferes with the restoration of
transgene methylation, giving a first hint on the function of 2b in the
nucleus. It was also postulated that 2b was not able to prevent signal-
independent RNA silencing initiation of transgene and virus silencing.
Additional observations showed that CMV suppresses RNA silencing in
mixed infection experiments on transgenic plants expressing dsRNA
targeting PVY. The PVY derived dsRNA expressed in these plants renders
them immune to PVY infection. However, when PVY was co-inoculated
with CMV these plants showed a transient PVY accumulation (Mitter et al.
2003). Additionally, CMV caused a high increase of transgene mRNA levels
by preventing its degradation into siRNAs. From these investigations it can
be concluded that 2b inhibits the systemic propagation of a silencing signal
which would be sent out from the initially infected loci to the rest of the
plant and prevent further spreading of the virus.

Finally it is interesting to add that some experiments showed that 2b
could also reduce the inhibitory effect of salicylic acid (SA) on virus
accumulation (Ji and Ding 2001). Even though a recent finding reported that
a SA inducible RdRp (RDRPI in Arabidopsis) is involved in TMV
resistance, this RARp had no effect on CMV accumulation (Yu et al. 2003).
This indicates that different silencing pathways may be involved in the
antiviral defense depending on the infecting virus. Furthermore Yang et al.
(2004) recently showed that the high susceptibility of N. benthamiana to
viruses in general could at least in part be explained by the fact that its
RDRP1 homologue is mutated.

P19 of tombusviruses

One of the most immediate suppressors of RNA silencing is P19 of the
tombusviruses, such as Cymbidium ringspot virus (CymRSV). P19 was
found to suppress RNA silencing by binding siRNAs in their double
stranded form (Silhavy et al. 2002). P19 only very inefficiently binds single-
stranded siRNAs, long dsRNAs, or blunted 21 nucleotide (nt) dsRNAs.
However, a 2 nt overhang at the 3’ end is sufficient for P19 to bind 21 nt
RNA duplexes (Silhavy et al. 2002). The step of the RNA silencing pathway
upon which P19 has an effect on was indicated by biochemical experiments
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performed in Drosophila cell extracts. It was found that P19 activity
prevents siRNAs from incorporating into RNA silencing effectors such as
RISC (Lakatos et al. 2004). Furthermore, specific binding of siRNAs by
P19 efficiently blocks the development of systemic spreading of silencing.
This substantiates the previously suggested involvement of siRNAs in the
spreading of RNA silencing. Either P19 suppresses systemic silencing by
binding the siRNAs, preventing them from moving through the plant, or it
inhibits the activity of an siRNA-primed RdRp which is thought to be
involved in the formation of the systemic signal (Voinnet 2001).

The elucidation of the crystal structure of P19 binding a 21 nt siRNA
duplex finally provided information on the property of the physical
interaction between P19 and siRNAs. The structure of P19 elegantly shows
how dimers of this protein are capable of recognizing RNA duplexes with
the length of 21 nt and overhanging 3’ nucleotides that are typical for
siRNAs (Vargason et al. 2003). The finding that P19 specifically binds
siRNAs, the molecule conserved among all silencing-capable organisms,
makes it a very potent tool to be used in all kinds of organisms. Indeed P19
has been reported to be active in insect (Lakatos et al. 2004) and mammalian
cells (Dunoyer et al. 2004).

Like HC-Pro, P19 was shown to affect the processing and activity of
miRNAs, a feature that will be discussed in a later section of this review.

RNA silencing suppressors of negative strand viruses

The first suppressors of RNA silencing of negative stranded RNA viruses
to be found were NSg of Tomato spotted wilt virus (TSWV) and NS3 of Rice
hoja blanca virus (RHBV) (Takeda et al. 2002; Bucher et al. 2003). The
accumulation of the NSg protein had long since been shown to coincide with
symptom severity of the virus (Kormelink et al. 1991), but it was not until
2002 that NSg was proven to be an efficient suppressor of RNA silencing.
For its identification the transient expression system using Agrobacterium
and the viral infection GFP silenced plants were used. Although NSg
efficiently suppresses RNA silencing of sense transgenes by preventing the
production of siRNAs it is not able to suppress RNA silencing mediated by
dsRNA (Takeda et al. 2002). This indicates that NSs acts upstream of the
plant RdRp. While its activity appears to be similar to HC-Pro at the
molecular level, only further analysis will reveal how NSg exactly
suppresses RNA silencing and whether it has any effect on systemic
silencing or the miRNA pathway.
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The NS3 of the distantly related Tenuivirus RHBV also efficiently
suppresses RNA silencing but it is intriguing that even though it inhibits the
mRNA degradation, it does not prevent the accumulation of siRNAs (Bucher
et al. 2003). An interesting feature of negative stranded plant viruses is that
insects do not only transmit them, but they also replicate in their insect
vectors. This may suggest that NSg and NS3 suppress RNA silencing in both
hosts, possibly in a step of the pathway, which plants and insects have in
common.

Consistent with the idea that silencing suppressors can function in both
insect and plant cells, it has been shown for the insect-infecting positive-
sense RNA virus Flock house virus (FHV) that it encodes a suppressor of
RNA silencing that is active both in plants and in Drosophila cells (Li et al.
2002).

RNA silencing suppressors of DNA viruses

In addition to the silencing suppressors of RNA viruses described above,
DNA viruses have also been shown to encode suppressors of RNA silencing.
This is interesting considering the fact that these viruses replicate in the
nucleus and their genomes consist of DNA. Hence geminivirus-derived
dsRNA intermediates never occur during replication. It has, however, been
reported that geminiviral mRNAs in the plant are targeted by RNA silencing

in a plant RdRp (RDR6, previously named SGS2/SDE1) dependent manner
(Muangsan et al. 2004). In GFP-silenced plants the bipartite geminivirus

African cassava mosaic virus (ACMV) was shown to weakly suppress RNA
silencing and AC2 was identified to be its suppressor of RNA silencing
(Voinnet et al. 1999; Hamilton et al. 2002; Vanitharani et al. 2004). Further
investigation revealed that AC4 of ACMV was a strong suppressor of RNA
silencing (Vanitharani et al. 2004). However, for the East African cassava
mosaic Cameroon virus (EACMCV) the unrelated AC2 encodes a strong
suppressor of RNA silencing. Similar to the synergism observed for PVX
and PVY, mixed infections of ACMV and EACMCYV revealed enhanced
virulence. AC2 and AC4 were shown to be involved in this synergism. AC4
of ACMV could enhance EACMCV DNA accumulation and reciprocally
AC?2 increased the accumulation of ACMV DNA (Vanitharani et al. 2004).
Although RNA silencing was originally regarded as entirely cytoplasmic,
there is evidence that elements of the mechanism also have effects in the
nucleus ( Fig. 1). The fact that AC2 requires a DNA-binding domain and an
NLS for its activity as a suppressor of RNA silencing might fit this notion
(Dong et al. 2003). Also the AL2 and L2 proteins of the bipartite Tomato
golden mosaic virus and the monopartite Beet curly top virus, respectively,
were reported to act as suppressors of RNA silencing (Wang et al. 2003).
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The way these proteins exercise their function is unclear, although they have
been shown to increase susceptibility to virus infection by inactivating the
SNF1 and ADK kinases (Hao et al. 2003; Wang et al. 2003). Whether and
how these inactivated endogenous proteins are involved in RNA silencing is
not known.

Considering their range of activities and lack of sequence homology, it
appears that RNA silencing suppressors of the geminiviruses evolved
independently even within the genus. It remains to be discovered, whether
this is a mere reflection of the renowned plasticity of geminivirus genomes,
or an indication of a powerful selection pressure (even on DNA viruses) to
be able to counteract RNA silencing

The role of RNA silencing in antiviral defense in animals

Evidence that RNA silencing plays a role in antiviral defense in insect
cells came from experimental infections of FHV in insect cells (Li et al.
2002). Replication of the virus in Drosophila cells, similar to the situation
observed in plants, leads to the production of siRNAs originating from the
virus. This strongly indicates that RNA silencing in insect cells actively
targets the virus. Furthermore it was found that FHV encoded a suppressor
of RNA silencing (B2) which was not only functional in insects but also
plants. Recent reports show that the NS1 protein encoded by Influenza A
virus acts as a suppressor of RNA silencing in plants and insects (Bucher et
al. 2004; Delgadillo et al. 2004; Li et al. 2004). It was also shown that NS1
efficiently binds siRNAs and that the dsRNA binding domain that is
involved in the siRNA binding is required for the suppression of RNA
silencing (Bucher et al. 2004). Further work is required to show that NS1
suppresses RNA silencing in mammalian cells and that indeed RNA
silencing is an antiviral mechanism used to counter influenza.

Other functions of RNA silencing

As important as it is, the antiviral activity of RNA silencing is certainly is
not its only function in plants. By using components of the RNA silencing
machinery several other processes are supported. These processes play an
important role in plants and perhaps even more so in other multicellular
organisms. Among these processes are transposon silencing, transcriptional
gene silencing due to sequence specific DNA methylation, chromatin
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condensation and (developmental) gene regulation by miRNAs. Perhaps
more so than the other RNA silencing functions, the latter process, one of
the most recent sapling of the RNA silencing tree, has turned out to be of
major consequence for molecular biology as it influences gene expression in
an unforeseen way and scale.

Transcriptional gene silencing

One of the first indications that RNA is involved in transcriptional gene
silencing (TGS) in the nucleus was done by Wassenegger and co-workers
(1994). Upon viroid infection of plants transformed with T-DNAs
containing viroid cDNA sequences, the latter became methylated, while
other parts of the T-DNA insertion remained unaffected. They concluded
from this that the replicating viroid RNA had lead to specific methylation of
homologous sequences in the plant genome. This phenomenon was termed
RNA dependent DNA methylation (RdADM). Expression of dsRNA of
promoter sequences was shown to be a trigger for sequence-specific RADM
of these promoters and subsequent TGS (Mette et al. 2000). The fact that
the promoter-derived dsRNA was processed to siRNAs suggests a role for
the siRNAs in the sequence specific targeting of DNA methylation in the
nucleus. Endogenous repeat-associated small RNAs possess the ability to
trigger de novo methylation of cognate genomic DNA sequences and may
thereby contribute to heterochromatin formation (Xie et al. 2004). Recently
several components of the RADM pathway have been identified. While the
DNA methyltransferases (DMTase) DRM1 and DRM2 were reported to be
involved in the de novo RNA-directed methylation, the DMTase MET1 and
the putative histone deacetylase HDA6 maintain or enhance methylation.
Recruitment of HDAG6 then reinforces CG methylation and finally
heterochromatin is formed at the specific targeted loci (reviewed in Matzke
et al. 2004). Recent reports imply that AGO4 is also involved in long siRNA
directed DNA methylation and its maintenance (Zilberman et al. 2003).
DCL1, which is required for miRNA processing, was shown not to be
required for TGS (Finnegan et al. 2003). The fact that siRNA induced TGS
has also been found in human cell lines confirms the importance of RNA
silencing in gene regulation through TGS (Morris et al. 2004).
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Chromatin modeling

A second role of methylation of perhaps a greater magnitude than TGS
was recently discovered in Schizosaccharomyces pombe, where RNA
silencing was shown to play a role in chromatin structure, centromeric
cohesion and cell division. Mutational analyses showed that RNA silencing
compounds were required for the pericentromere organization in S. pombe
(Volpe et al. 2003). Three genes that encode key enzymes of the RNA
silencing machinery, Argonaute (ago1”), Dicer (dcr1”) and an RdRp (rdp1”),
were shown to be essential for this process. The RdRp is required for the
production of the dsRNA from transcripts originating from the
pericentromeric heterochromatin composed of complex repeats. These RNA
duplexes are rapidly processed by Dicer and incorporated into what was
termed the RNAi-induced transcriptional gene silencing (RITS) complex, a
complex with high biochemical similarity to RISC (Verdel et al. 2004).
Agol of S. pombe is a key component of these complexes and binds the
siRNA. RITS activity is exerted in the dividing cell leading to the
recruitment of the chromodomain protein Swi6, sequence specific
methylation of centromeric regions and ultimately to chromosome
condensation (Noma et al. 2004). Though discovered in yeast, these features
seem to be conserved among all eukaryotes including vertebrates (reviewed
by White and Allshire 2004 and Dawe 2003).

Transposon and endogenous repeat associated gene
silencing

Like viruses, transposons represent a nucleic acid-based threat to plants.
Movement of transposons to new insertion sites can cause major damage to
the plant genome. To fight against transposons, plants have evolved a
defense system based on RNA silencing. Indeed, it has been shown that
plants produce the longer type of siRNAs derived from transposons
(Hamilton et al. 2002; Llave et al. 2002; Xie et al. 2004). As discussed
carlier these siRNAs can then lead to sequence specific RADM and therefore
transcriptional silencing of the transposons. Since transposon-derived
siRNAs are present in plants, it must be concluded that transposon-derived
dsRNA is being produced. Indeed, Arabidopsis mutant studies revealed the
involvement of RDR2 and other RNA processing factors to be required for
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transposon silencing (reviewed in Bender 2004). Similarly, a great body of
work in C. elegans revealed that several factors involved in RNAi (mut-7 an
RNaseD homolog, mut-14 an RNA helicase and mut-16) are required for
transposon silencing (Sijen and Plasterk 2003).

Cloning and sequencing of endogenous naturally occurring siRNAs of 4.
thaliana showed that these originate not only from transposons or
retroelements, but also from highly repeated ribosomal DNAs (rDNAs: 58S,
18S and 25S) (Llave et al. 2002; Xie et al. 2004). Quite a number of
sequenced siRNAs were found to be homologous to expressed and predicted
genes. For the majority of these small RNAs it still remains to be
investigated whether they act as miRNAs, which will be discussed in the
next paragraph, or whether they are implicated in other biological processes
yet to be identified.

Development: miRNAs regulating timing and patterning

One of the recent major discoveries in developmental biology was the
finding that many higher organisms produce endogenous small RNAs that
are essential for the regulation of genes, of which many are involved in
development. The most notable of these are the miRNAs. miRNAs are
characterized by their phylogenetic conservation across species and their
involvement in basic biological processes of development, such as cell death
and patterning. Typically, miRNAs are encoded by the genome as more or
less imperfect inverted repeats as part of (much) larger processed transcripts,
which are actively transported to the cytoplasm (Meister and Tuschl 2004).
Depending on the degree of homology to the target mRNAs in the
cytoplasm, these miRNAs guide the RISC complex for the cleavage or
inhibition of translation of mRNAs homologous to the miRNA. Most
miRNAs in plants studied so far have a (near) perfect match with their target
mRNA in the open reading frame leading to mRNA cleavage (Rhoades et al.
2002). Translational inhibition by miRNA binding but not cleavage was so
far only observed in one case {APETALA2, (Aukerman and Sakai 2003)},
while this is the main mode of action for miRNAs in animals (Ambros
2004).

First hints on the involvement of miRNAs in development were observed
in C. elegans mutant screens. Worms carrying mutations in the genes
producing non-coding small temporal RNAs (stRNAs) /in-4 and let-7 (Lee
et al. 1993; Reinhart et al. 2000) were found to modulate developmental
timing. The miRNAs encoded by /in-4 or let-7 are incorporated into a
miRNA-ribonucleoprotein complex (miRNP) and inhibit the translation of
mRNAs containing partial complementarity with the miRNA in the 3° UTR.
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By this mechanism miRNAs derived from the /in-4 and let-7 transcripts
were shown to modulate the translation of their target genes /in-14, lin-28
and lin 41, hbl-1 respectively.

Many miRNAs have been cloned and sequenced in both plants and
animals and a great number of genes have in the meantime been identified as
being regulated by these miRNAs (an Arabidopsis small RNA database can
be found at: http://cgrb.orst.edu/smallRNA/db/). Using computational
methods, potential targets of these miRNAs were also indicated in plants
(Rhoades et al. 2002). It was found that many predicted miRNA targets are
transcription factors involved in development. One group of transcription
factors recently found to be regulated by miRNAs in an AGO1 dependent
manner are of the Class III HD-Zip gene family. This family directs the
polarity establishment in leaves and vasculature (Kidner and Martienssen
2004; Juarez et al. 2004). Interestingly, these authors propose the miRNAs to
be a mobile signal during the establishment of the polarity of developing
leaves.

Finally it should be noted that miRNAs are not only involved in
development since predicted miRNAs also target genes involved in abiotic
stress (Sunkar and Zhu 2004). The involvement of miRNAs in so many
different biological processes underlines its importance in biology (reviewed
in Ambros 2004 and Baulcombe 2004).

Plant viral RNA silencing suppressors interfere with miRNA action

As mentioned earlier, the expression of viral suppressors of RNA
silencing in transgenic plants was shown to lead to strong developmental
defects (Kasschau et al. 2003; Chapman et al. 2004; Dunoyer et al. 2004).
Further research revealed that these proteins interfere with the action of
miRNAs on the regulation of genes involved in plant development. For
instance transgenic plants stably expressing HC-Pro over-accumulate
miRNAs and show developmental defects (Mallory et al. 2002; Kasschau et
al. 2003). Not only does HC-Pro change the accumulation levels of
miRNAEs, it also prevents their activity. It has been shown that HC-Pro could
prevent the miRNA- guided cleavage of certain mRNAs and therefore cause
a higher accumulation of these mRNAs. It appears that HC-Pro might affect
the activity and the turnover of the miRNAs by interfering with one of the
factors involved in their biogenesis or their cellular localisation.
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Also P19 has been shown to interfere with the production of active
miRNAs. Since P19 is capable of binding siRNA duplexes it was suggested
that P19 could also bind the miRNA/miRNA* duplexes (miRNA* being the
partly anti-sense strand of the active miRNA), thereby preventing its
incorporation into RISC (Dunoyer et al. 2004).

Whether the inhibition of miRNA function by RNA silencing suppressors,
which leads to enhanced virulence, is a genuine role of these proteins in
virus infection or a mere side effect of their inhibition of siRNA-mediated
RNA silencing remains to be established.

The biochemistry of the RNA silencing machinery

Since the discovery of RNA silencing in animal model systems, the
dissection of the RNA silencing machinery has caught up considerable
speed. Though the RNA silencing mechanism in plants is the major focus of
this chapter, knowledge on the RNA silencing machinery in plants also
builds on information gathered from several animal model systems. Parts of
the conserved RNA silencing machinery have been studied in many
organisms ranging from plants to insects to mammals and back to
protozoans. A comprehensive model encompassing the many-shared features
is represented in Fig. 1.

The key action of RNA silencing involves a sequence-specific
cytoplasmic degradation of RNA molecules. It can be induced in a variety of
ways. For instance plant viral RNAs can be targeted after the transgenic
expression of over-abundant or dSRNA. The key intermediary element in the
RNA silencing pathway is dSRNA, which is recognised by a dsSRNA-specific
nuclease called Dicer, to yield small (21-23 nucleotides long) siRNAs. These
siRNAs subsequently serve as guides for cleavage of homologous RNA
molecules, mediated by RISC.

Dicer

In plants, several molecular processes can generate small RNAs.
Naturally occurring small RNAs can be: (1) miRNAs involved in gene
regulation; (2) endogenous siRNAs (also known as repeat associated
siRNAs); (3) transposon-derived, and (4) virus-derived siRNAs. DsRNAs
can also be produced artificially by the expression of constructs arranged as
inverted repeats which will result in the production of siRNAs processed
from long dsRNA precursors and destruction of mRNAs with a homologous
sequence (Smith et al. 2000). All siRNAs are products of cleavage of
dsRNA by members of an RNase IlI-like enzyme family, first discovered in
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Drosophila (Bernstein et al. 2001) and termed Dicer in animals or Dicer-like
(DCL) in plants. Dicers are multi-domain proteins that typically contain one
or more dsRNA binding domain(s), a DExH RNA helicase, a
PIWI/ARGONAUTE/ZWILLE (PAZ) domain and two neighbouring RNase
III-like domains. It has been reported that human Dicer works as an intra-
molecular dimer of its two RNase III domains (Zhang et al. 2004). The
products of the endonucleic cleavage by Dicer enzymes are RNA duplexes
that have 5 phosphates and 2 nt 3° overhangs, mostly around 21 nt in size. It
is interesting to note that while many animals only encode a single Dicer,
Drosophila encodes two (Lee et al. 2004), and Arabidopsis has evolved four
Dicer homologues (DCL1, DCL2, DCL3 and DCL4) (Schauer et al. 2002).
It would appear that the multiple roles Dicer plays in the different branches
of the RNA silencing in animals are divided over the different homologues
in plants.

In the case of Arabidopsis, the role of DCL4 is yet unknown, while
DCL3, in concert with RDR2, plays a role in the production of endogenous
siRNAs. As mentioned earlier, these endogenous siRNA are involved in the
initiation or maintenance of a heterochromatic state (Matzke et al. 2004),
DCL2 was found to be involved in the production of siRNAs derived from
viruses (Xie et al. 2004). The fact that viral siRNA accumulation was not
completely abolished in DCL2 mutant plants, but just delayed, suggests the
existence of another redundant DCL enzyme. In addition to DCL2, the
production of virus-derived siRNAs requires two RdRps (RDR1 and RDR6),
depending on which kind of virus infects the plant (Muangsan et al. 2004;
Xie et al. 2004). DCLI1, together with other factors, such as HEN1 and
HYL1 (a dsRNA binding protein), was shown to be responsible for the
generation of miRNAs (Vazquez et al. 2004; Xie et al. 2004). The
processing of the primary miRNA (pri-miRNA) to the miRNA duplex most
probably occurs in the nucleus, but is also guided by DCL1. Interestingly,
HENI1 is not only involved in miRNA biogenesis but also in transgene
silencing and natural virus resistance as was shown by a CMV based
sensitivity assay (Boutet et al. 2003).

Compared to plants, processing of miRNA precursors in animals is
different. The pri-miRNAs, synthesised by the RNA polymerase II, are first
processed by a nucleus-specific enzyme, Drosha, initially discovered in
Drosophila (Filippov et al. 2000), into precursor miRNAs (pre-miRNAs)
(Lee et al. 2003). These pre-miRNAs, imperfect hairpins of approximately
70 nt in length, are then exported to the cytoplasm and processed into
miRNAs by the cytoplasmic Dicer.



A3. RNA silencing: A natural resistance mechanism 65
RISC

Regardless of the way different Dicer enzymes produce siRNAs and
miRNAs and their final destination, single strands of siRNA or miRNA
duplexes are incorporated into RISC, the effector of RNA silencing. RISC
provides the different (catalytic) functions such as mRNA cleavage and
translational inhibition. RISC is a multi-protein complex of which several
components have been identified. Small RNA molecules provide sequence-
specificity to RISC. Like these small RNAs, ARGONAUTE (AGO) proteins
have been found to be part of RISC in all organisms studied and are essential
for its mRNA slicing activity. The term “Argonaute” refers to the squid-like
appearance of the leaves of Arabidopsis mutants lacking AGO1 gene
function (Bohmert et al. 1998). To date, 10 members of the Argonaute
family have been identified in plants. Two of them, AGO1 and AGO4, have
been studied extensively. AGO1 mutant plants have been found to develop
distinctive developmental defects. miRNAs accumulate normally in these
plants, but their target mRNAs are no longer cleaved. Interestingly, the
expression of AGO1 itself is regulated by a miRNA (miR168) indicating
that the AGO1 protein regulates its own expression in a negative feedback
loop (Vaucheret et al. 2004). AGO4 has a role in the production of the ‘long’
siRNAs of 24 bp. While it is not known yet whether AGO4 mutants are
affected in systemic RNA silencing, it was reported that AGO4 is involved
in long siRNA mediated chromatin modification (histone methylation and
non-CpG DNA methylation) (Zilberman et al. 2003).

In Drosophila, AGO2 is part of RISC and essential for siRNA-directed
RNA silencing. AGO?2 is not required for the miRNA biogenesis, but a role
for AGOI1 was indicated (Okamura et al. 2004). R2D2, a Dicer-2 associated
protein, was shown to play an important role in binding and strand
discrimination of siRNAs and miRNAs for incorporation of the proper RNA
strands into RISC (Liu et al. 2003). Though, R2D2 is not involved in the
endonucleic cleavage of dsRNA to siRNAs, it stabilizes the association of
Dicer-2 to the siRNA.

Generally, it can be concluded that most if not all AGO proteins are
involved in different parts of the RNA silencing and possibly define the
mode of action of the RISC in which they are incorporated (Baulcombe
2004).

Concluding remarks

Taking into account all the information discussed in this chapter it is
possible to conclude that RNA silencing has evolved as an efficient, general
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way of counteracting the deleterious influence of foreign nucleic acids.
However, it is very interesting that RNA silencing is not only involved in
this defensive process, but also in very basic biological processes such as
gene regulation and development. That is why this research has reached
great momentum. Certainly, more surprising discoveries will be revealed.
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1.1 Introduction

Plants are constantly challenged by a wide array of pathogens, including
viruses. For any specific plant species most viruses cannot surmount basal
defenses that include physical barriers like a waxy layer covering the plant
and post-transcriptional gene silencing (PTGS). However, in those instances
when a virus is able to infect a plant, host survival relies on quick
recognition of the invading virus and rapid signaling of a defense response.
One form of resistance termed gene-for-gene type of resistance relies on the
interaction of a plant R gene and a pathogen-encoded avirulence (4vr) gene.
If a plant has a specific R protein that can recognize a pathogen Avr product,
the plant will mount a defense response and thwart an infection. Therefore,
plant R proteins have a dual role. Not only must they recognize a pathogen
directly or indirectly, they must also initiate signaling that leads to a defense
response. One of the earliest defense responses is the hypersensitive response
(HR), a type of programmed cell death (PCD) that occurs at the pathogen’s
infection site. HR is correlated with the signaling of an R-gene-mediated
disease resistance response and containment of the pathogen at the infection
site (For details, see Chapter AS5). Following HR, a systemic acquired
resistance (SAR) response results in an enhanced resistance to further
infection by a variety of pathogens. In this chapter we will discuss the major
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advances in understanding how R proteins recognize different viruses and
the intricacies of the defense-signaling network that leads to HR and SAR.

1.2 R Genes and Recognition

Viral resistance genes

The disease resistance field has advanced quickly with the advent of
cloned R genes. The tobacco N gene that confers resistance to Tobacco
mosaic virus (TMV) was the first antiviral R gene cloned (Whitham et al.
1994). The cloning of N was a major breakthrough because it was one of the
first R protein containing domains with a nucleotide binding site (NBS) and
leucine-rich repeats (LRR). The NBS-LRR class represents the vast majority
of R genes that confer resistance to viruses and other pathogens (Martin et al.
2003). The N gene belongs to a subclass of NBS-LRR genes that contain a
Toll interleukin-1 receptor domain at the N-terminus (TIR-NBS-LRR). The
only other cloned antiviral R gene that belongs to this subclass is the potato
Y-1, which has 57% identity to the N gene (Vidal et al. 2002). Although the
Y-1 locus is known to confer resistance to Potato virus Y (PVY), it is yet
unclear if this confers complete resistance.

The remaining cloned antiviral R genes belong to the NBS-LRR class,
but contain a coiled-coiled domain at their N-terminus (CC-NBS-LRR).
Potato Rx/ and Rx2 are two unlinked genes but they are functionally
identical and confer extreme resistance to Potato virus X (PVX) without
inducing HR (Bendahmane et al. 1999; Bendahmane et al. 2000). Tomato
Sw-5 confers resistance to Tomato spotted wilt virus (TSWV) and belongs to
a seven-member gene family (Brommonschenkel et al. 2000). However, the
pathogens recognized by the other family members are currently unknown.
Tm-2 and Tm-2’ provide resistance to Tomato mosaic virus (ToMV)
(Lanfermeijer et al. 2003). Interestingly, the Tm-2 allele of Tm-27 is easily
overcome by resistant strains of ToMV even though there are only 38 amino
acid differences between the two alleles (Lanfermeijer et al. 2003).

The two antiviral R genes cloned from Arabidopsis include HRT from the
Dijon-17 ecotype and RCYI from the C24 ecotype. HRT and RCY! confer
resistance to Turnip crinkle virus (TCV) (Cooley et al. 2000) and the yellow
strain of Cucumber mosaic virus (CMV-Y) (Takahashi et al. 2002)
respectively. Interestingly, HRT and RCYI are allelic to RPP8 from the
Landsberg errecta ecotype that confers resistance to the fungus Peronospora
parasitica (McDowell et al. 1998; Cooley et al. 2000). RCY! is 92.1% and
91.3% homologous to HRT and RPP8 respectively (Takahashi et al. 2002).
This is the first example of three alleles of the same gene conferring
resistance to three different pathogens. This suggests that there must be
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conserved mechanisms for both recognition and signaling by NBS-LRR
genes.

The range of pathogens recognized by RPPS/HRT/RCYI family of R
genes suggests plants may have evolved allelic series that can recognize, and
therefore, confer resistance to a vast array of pathogens (Cooley et al. 2000).
Alternatively, R genes may have diversified by duplication followed by a
divergence of recognition. For example, Gpa2 in potato is adjacent to Rx/
but confers resistance to a nematode (van der Vossen et al. 2000).

Viral products recognized by R proteins
The diversity of recognition and the Tobamoviruses

R proteins recognize different types of virally encoded proteins.
Tobamoviruses like TMV and ToMV encode three proteins: replicases, a
movement protein (MP), and a coat protein (CP). R genes have evolved to
recognize all three of these viral proteins. Additionally, R proteins appear to
recognize viral proteins via protein-protein interactions rather than by
detecting their function.

The N protein recognizes the helicase domain of the TMV replicases. N
confers resistance to all tobamoviruses examined except the Ob strain of
TMV (Tobias et al. 1982). Analysis of the Ob strain showed that amino acid
changes in the helicase domain of the replicase proteins allowed it to
surmount N-mediated resistance (Padgett and Beachy, 1993; Padgett et al.
1997). Expression of the helicase domain in plants containing the N gene
induces resistance response proving that the helicase domain alone is
necessary and sufficient to elicit an N-mediated response (Erickson et al.
1999). Furthermore, the N protein might recognize TMV helicase via
protein-protein interactions because ATPase activity of the helicase domain
is not required for recognition (Erickson et al. 1999).

The allelic genes Tm-2 and Tm-2° recognize the MP of ToMV (Meshi et
al. 1989; Weber et al. 1993). Resistance breaking strains contain mutations in
the variable C-terminus of the MP that is dispensable for ToMV movement
or replication (Gafny et al. 1992). This suggests that Tm-2 alleles do not
recognize the function of the MP, but rather, the recognition probably occurs
via protein-protein interactions.

The tobacco N’ gene has not been cloned, but extensive studies have
shown that it recognizes the TMV CP (Saito et al. 1989). Domain swaps
between the TMV-L strain that induces HR and the TMV-OM strain that
does not induce HR has shown that the CP of TMV-L strain is necessary to
elicit a response in the presence of N’. Deletion analysis shows that the entire
CP except 13 amino acids at the C-terminus are needed for recognition by N’
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(Saito et al. 1989). It appears that proper formation of the tertiary structure of
assembled coat proteins is necessary for N’ to recognize TMV (Toedt et al.
1999).

Recognition of coat proteins

The CP is most common viral product recognized by cloned R proteins.
For example, antiviral R genes such as Rx/, Rx2, N’, HRT and RCY] all
recognize CP.

Mutations in the CP of resistance breaking strains of PVX were
responsible for their evasion of Rx/-mediated recognition. The protein, and
not the RNA of CP, is recognized by Rx1 because sequence differences that
did not change amino acids were unnecessary for PVX resistance breaking
strains to evade Rx1 detection (Kohm et al. 1993). To determine if the CP
alone is sufficient to elicit resistance by Rx1, recombinant TMV expressing
the PVX CP was expressed in protoplasts containing Rx/. TMV normally
can infect and replicate in protoplasts containing Rx/. However, TMV
expressing the PVX CP could not replicate in protoplasts containing Rx/
(Bendahmane et al. 1995). Therefore the PVX CP is sufficient to elicit an
RxI-mediated resistance response to PVX.

The R genes HRT and RCY! recognize the CP of TCV and CMV
respectively (Zhao et al. 2000; Takahashi et al. 2001). The HRT and RCY1
genes are highly homologous, but the CPs they recognize contain no
sequence homology. Domain swaps between CMV-Y that induces an RCYI-
mediated defense and CMV-B2 that cannot be detected by RCY1, suggest
that the CP is necessary for recognition (Takahashi et al. 2001). However, it
remains unknown if the CP alone is sufficient for recognition by RCY1, or if
other CMV proteins are required.

Recognition of proteases

The Ry gene has not been cloned, but it confers a durable, extreme
resistance to PVY. The nuclear inclusion a protease (NIaPro) from PVY can
elicit Ry-mediated resistance response. Although an intact protease site is
necessary for NlaPro to elicit a defense response, the protease activity of
NlaPro is not sufficient for the elicitation of Ry-mediated resistance (Mestre
et al. 2003). A mutant with close to wild-type protease activity is unable to
elicit a defense response, indicating that NlaPro is either recognized via a
protein-protein interaction or has another protease activity that cleaves a host
protein.
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1.3 The mode of recognition
The guard hypothesis

How do R proteins recognize specific Avr products from viruses? Direct
interaction between an elicitor from the virus and a corresponding antiviral R
protein has not been shown. However, in a few cases direct interactions
between R proteins and Avr ligands has been demonstrated for interactions
between plants and non-viral pathogens (Scofield et al. 1996; Tang et al.
1996; Jia et al. 2000; Deslandes et al. 2003). Since most cloned R proteins
fail to interact directly with cognate Avr proteins, alternative hypotheses
have been proposed. The most popular model is the “guard hypothesis”
(Dangl and Jones, 2001). The guard hypothesis states that R proteins act as
“guards” that monitor key host cellular factors called “guardees” that are
modified by a pathogen’s Avr product. R proteins recognize the pathogen by
perceiving a change in the status of the cellular factor. The guard hypothesis
may explain some non-viral host-pathogen interactions. For example, in the
interactions between avirulent strains of Pseudomonas syringae and
Arabidopsis thaliana, two different R gene products guard the cellular
protein RIN4. Rpm1 recognizes hyperphosphorylation of RIN4 caused by
AvrRpml1 or AvrB and then induces a resistance response (Mackey et al.
2002). Another bacterial R protein, RPS2, recognizes the rapid degradation
of RIN4 (Axtell and Staskawicz, 2003; Mackey et al. 2003). Likewise, RPS5
recognizes the proteolytic cleavage of PBS1 kinase by the bacterial protein,
AvrPphB (Shao et al. 2003).

There is currently one virus-plant interaction that supports the guard
hypothesis as the model for viral recognition. A yeast two-hybrid screen
conducted with the TCV CP yielded the TCV-interacting protein (TIP) from
Arabidopsis (Ren et al. 2000). The interaction between TIP and TCV-CP is
necessary for HRT-mediated resistance and therefore, HRT may be guarding
the host protein TIP. However, it has not been directly shown that HRT is
guarding TIP. An alternative hypothesis is HRT is guarding a protein that
binds to TIP or is regulated by TIP. TIP belongs to the NAC family and has
the ability to induce transcription in yeast. TIP-regulated transcription of
genes may change when TCV CP binds TIP, and HRT might indirectly
recognize that change in transcription.
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R protein-containing complexes

The guard hypothesis suggests that the host-pathogen interaction is more
likely an interaction between the Avr protein and a host recognition complex.
This complex must be able to recognize the pathogen and signal a defense
response. Complex levels and activation of signaling must be tightly
regulated and the recognition complex must be poised to perceive and
respond to pathogens. To understand the function of protein complexes
during disease resistance, we must determine the components of the
complex, how the complex forms, and how the complex is activated to signal
defense.

The Hsp90-Sgt1-Rarl complex

Recently, a few proteins that may belong to R protein-containing
signaling complexes have been discovered. The 90 kDa heat shock protein
(Hsp90) was the first protein discovered to interact directly with an antiviral
R protein. The LRR domain of N directly interacts with Hsp90 in a yeast
two-hybrid assay (Liu et al. 2004b). In addition, Hsp90
coimmunoprecipitates with the full length N protein in vivo (Liu et al.
2004b). Two independent research groups have shown that silencing of
Hsp90 compromises N-mediated resistance to TMV (Lu et al. 2003; Liu et al.
2004b). Hsp90 has also been shown to be necessary for the function of the R
genes Rpml, RPS2, and Pto that confer resistance to different strains Ps.
syringe and Rx1, which confers resistance to PVX (Hubert et al. 2003; Lu et
al. 2003; Takahashi et al. 2003).

The exact role of Hsp90 during disease resistance is unknown. Hsp90 is
a highly conserved eukaryotic ATP-dependent chaperone that facilitates
protein folding and activation of proteins (Picard, 2002). Therefore, it is
possible that Hsp90 has a non-specific role during protein folding of R
proteins and other components involved in R gene-mediated resistance
(Shirasu and Schulze-Lefert, 2003). The Rx1 protein levels decrease when
Hsp90 is silenced, and therefore Hsp90 may control the stability of Rx1 (Lu
et al. 2003). However, two pieces of evidence suggest that Hsp90 plays a
more direct role during disease resistance. Rare Hsp90 mutants in
Arabidopsis do not have severe morphological phenotypes, but do have an
attenuated Rpml-mediated resistance response (Hubert et al. 2003).
Additionally, Hsp90 directly interacts with the resistance protein N and other
components of disease resistance signaling.

Hsp90 interacts with two defense signaling components, Rarl and SGT1
(Takahashi et al. 2003; Liu et al. 2004b). Rarl was originally identified as a
gene required by multiple Mla resistance genes in barley (Shirasu et al.
1999). Silencing of Rarl in NN plants compromises N-mediated resistance to
TMV (Liu et al. 2002a). SGT1 interacts directly with RAR1 and Hsp90 and
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silencing of SGTI compromises Rx/-mediated resistance to PVX (Peart et al.
2002b) and N-mediated resistance to TMV (Liu et al. 2002b; Peart et al.
2002b). SGT1 also plays a second role downstream of recognition during
defensive signal transduction (see above). It is tempting to speculate that
Hsp90 is a chaperone that regulates the folding and formation of an R
protein-containing complex, and recruits SGT1 and Rarl as co-chaperones.
Thus, a possible role for the Hsp90-SGT1-Rarl complex might be to finely
adjust the abundance or activation status of R protein-containing complexes
(Hubert et al. 2003).

Intramolecular interactions of R proteins

Changes in the recognition complex may be initiated by changes in
intramolecular interactions of R protein domains. There is convincing
evidence that such interactions occur in R proteins that belong to the CC-
NBS-LRR subclass. The CC-NBS domain and the LRR domain of Rx1
physically interact with each other (Moffett et al. 2002). This interaction is
disrupted only in the presence of an Rx/-eliciting PVX CP but not in the
presence of a non-eliciting PVX CP. This suggests that recognition may
occur by the viral elicitor by directly or indirectly disrupting the
intramolecular domain interactions of R proteins. However, a more likely
model places the disruption of intramolecular interactions directly
downstream of recognition. The abrogation of domain interactions may alter
the components of the R protein complex by exposing or activating signaling
domains, such as the CC or NBS, which then recruit signaling components to
the complex. Alternatively, a signaling component that constitutively
belongs to the complex may be activated and released to initiate signaling
pathways.

Signal transduction

After a virus is recognized, the function of an R protein complex must
switch from recognition to signal transduction. Intramolecular interactions,
activation of the NBS domain, and changes in signaling components that
may associate with the CC or TIR domain and LRR domain have all been
implicated during early signaling. However, their precise roles during the
initiation of signal transduction remain elusive. On the contrary, researchers
have made major advances in identifying crucial small signaling molecules,
defense-related signaling pathways, and shared signaling components.
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Early signaling in the hypersensitive response

Reactive Oxygen Intermediates

The HR is a type of localized cell death that occurs at the infection site of
viruses and is correlated with, but not always required for, the restriction of
viruses (For a detailed discussion, see Chapter AS). HR is dependent on the
production of reactive oxygen intermediates (ROIs), mainly in the form of
superoxide anion (O;), hydrogen peroxide (H,0,), and the hydroxyl radical
(OH) (Grant and Loake, 2000). The formation of ROIs upon pathogen
infection has been identified during infection with bacteria, fungi, and
viruses.

The production of ROIs is biphasic. The first phase is a small burst that
happens within minutes of infection. This is induced by an infection with
both virulent and avirulent pathogens. For example, the induction of ROIs by
the TMV CP is independent of N (Allan et al. 2001). The second phase is
stronger, more persistent, and is correlated with disease resistance. Doke and
Ohashi (1988) were the first to determine that ROIs play an important role
during R gene-mediated resistance to viruses. They discovered an Oy
generating system that is activated during N-mediated response to TMV and
that occurs as a burst (Doke and Ohashi, 1988). Moreover, the generation of
0, was dependent on Ca*" and coupled to NADPH, which suggest O,” may
be produced by an NADPH oxidase.

O, is converted to H,O, spontaneously or actively by superoxide
dismutase (SOD) (Lamb and Dixon, 1997). Alternatively, H,O, can
accumulate when antioxidants such as ascorbate peroxidase, catalase, and
carbonic anhydrase are inhibited (Chen et al. 1993; Durner and Klessig,
1995; Slaymaker et al. 2002). A third source of H,O, may come from the
extracellular space, also known as the apoplast. Pathogen-induced H,O,
moves apoplastically and may be generated by cell wall-localized
peroxidases or from polyamine oxidases (Allan and Fluhr, 1997; Yoda et al.
2003). Polyamine oxidases convert polyamines to H,O, by oxidative
deamination (Yoda et al. 2003). During TMV-induced HR the polyamine,
spermine, is up-regulated 20-fold in the apoplast (Yamakawa et al. 1998).

H,0, is necessary for the regulation of HR. A 2- to 4-fold over-
expression of the catalase gene CTAI decreases the level of H,O,, which
subsequently results in larger TMV-induced HR lesions (Talarczyk and
Hennig, 2001). However, the targets of H,O, that induce signal transduction
are largely unknown. One possibility is H,O, may control Ca”" influx. H,0,
induces a dose-dependent increase in cytoplasmic Ca’" that plays an
important role during HR (Levine et al. 1994). Alternatively, H,O, may not
control HR by directly binding to protein effectors, but rather, may affect
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signaling pathways that are sensitive to changes in the cellular redox state.
H,0; induces the expression of glutathione-S-transferase and glutathione
peroxidase (Levine et al. 1994). These enzymes quickly change the cellular
redox state to a more reducing environment. Recently, changes in the cellular
redox state were shown to be crucial for mounting a defense response. A
reduced cellular environment causes the important signaling component,
NPR1, to become monomeric and move into the nucleus (Mou et al. 2003).
Once it is there, it binds to TGA transcription factors that induce the
expression of defense-related genes (Despres et al. 2003; Mou et al. 2003).

Nitric oxide

The production of nitric oxide (NO) is also biphasic, and occurs at
approximately the same time as the production of ROIs (Delledonne et al.
1998). It is thought that NO and ROIs cooperate to signal a HR (Delledonne
et al. 1998). NO, like H,0,, is an excellent candidate molecule for cell-to-
cell signaling. Even though NO is highly reactive with oxygen, it still has a
half-life of a few seconds and has the ability to diffuse across membranes
(Beligni et al. 2002; Neill et al. 2002).

In mammals, NO signals through a cyclic GMP (cGMP)-dependent
pathway. In tobacco, NO and ¢cGMP induce PAL and PR-1, which are early
and late markers of defense respectively (Durner et al. 1998). NO increases
the abundance cGMP, which may be formed by guanylate cyclase. The
increase in PAL expression can be inhibited by LY8358 and ODQ, two
inhibitors of mammalian guanylate cyclase. Downstream of cGMP, cyclic
ADP ribose (cADPR) functions during ca®’ regulation (Denninger and
Marletta, 1999). Addition of cGMP and cADPR to tobacco leaf discs causes
a synergistic increase in PAL and PR-1 expression. These data suggest that
NO signals partially through a cGMP signaling pathway (Durner et al. 1998).
Alternatively, NO may induce disease resistance response through
nitrosylation of redox-sensitive amino acids, such as cysteine or tyrosine, or
by reacting with transition metal centers (Stamler et al. 2001; Romero-
Puertas et al. 2004). However, the role of nitrosylation in plants is currently
unclear.

Salicylic acid and the hypersensitive response

In addition to ROIs and NO, SA has been implicated in HRs to both viral
and non-viral pathogens. SA is not sufficient for the induction of HR because
supplying it exogenously does not cause a HR. However, SA may be
necessary to regulate the timing and extent of the HR.
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During the HR, SA forms a gradient, with SA accumulating to high
levels at the center of the HR lesions, moderate levels at the lesion borders,
and low levels in healthy tissue (Enyedi et al. 1992). This accumulation of
SA during a TMV-induced HR in NN plants is biphasic (Mur et al. 1997).
There is a 10-fold increase in the pre-necrotic phase and a 50-fold increase in
the necrotic phase. Constitutive expression in transgenic plants of the
bacterial nahG gene, which encodes the SA-degrading enzyme, salicylate
hydroxylase, decreases accumulation of SA in plants. This results in the
attenuation of SA-mediated signaling. Thus, in transgenic NN genotype
tobacco plants harboring nahG constructs driven by CaMV 35S promoters,
TMYV induces larger sized HR lesions that may eventually lead to a spreading
necrosis phenotype (Gaffney et al. 1993; Mur et al. 1997). Interestingly,
transgenic NN-genotype tobacco plants containing a nahG sequence under
the tobacco PR-Ia promoter (which is itself SA-responsive) only lose the
second phase of SA accumulation. These plants have similar size lesions to
those on plants which do not contain the N transgene. A greater increase in
lesion size was seen in transgenic plants where the asparagus AoPRI promoter
was used to drive expression of salicylate hydroxylase (Mur et al. 1997).
This promoter is responsive to ROI, not SA, and is active during the pre-
necrotic phase of the HR. Therefore, it appears that SA accumulation during
the early, pre-necrotic phase of the HR is the most critical for controlling N-
mediated restriction of TMV spread (Mur et al. 1997).

SA also plays a direct role in resistance to TCV during the HRT-mediated
HR in Arabidopsis. In NahG-transgenic HRT-containing plants, resistance to
TCV was completely lost in all the plants tested (Kachroo et al. 2000). The
cell death associated with HR was undetectable by tryphan blue (Kachroo et
al. 2000). Therefore, unlike in the TMV-induced HR in tobacco, during the
TCV-induced HR in Arabidopsis both cell death and resistance require an
SA-dependent signaling pathway or pathways. This is one of many examples
of varying requirements and functions of signaling pathways during
resistance to different viruses and/or in different host species.

Varying roles of jasmonic acid and ethylene

Most viruses require SA-dependent signaling pathways. However, the
requirement of ethylene (ET) and jasmonic acid (JA) during R gene-
mediated resistance to viruses is more complex and variable. The crosstalk
between ET-, JA- and SA-dependent signaling pathways can have
synergistic or antagonistic effects on each other. ET and JA are secondary
signaling molecules that function in microbial defense, wounding, and insect
attack. During SAR, they induce the expression of specific genes that are not
induced by SA. JA induces the expression of thionin 2.1 (Thi2.1) and both
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JA and ET induce the expression of Plant Defensin 1.2 (PDF1.2) (Kunkel
and Brooks, 2002).

Ethylene signalling

Resistance to TMV requires an ET-dependent signaling pathway. The
Arabidopsis mutant, ctrl, undergoes a constitutive triple response to ethylene
and functions downstream of ethylene receptors (Kieber et al. 1993).
Silencing NbCTRI causes a constitutive ethylene response and results in a
rapid initiation of TMV-induced HR in NN-transgenic N. benthamiana
plants (Liu et al. 2004a). Analysis of ethylene-insensitive transgenic tobacco
(Tet") plants indicates ethylene is necessary for SAR and may be necessary
for creating or moving the mobile signal necessary for SAR; however, it is
unnecessary for sensing the mobile signal (Knoester et al. 1998).

In Arabidopsis RCYI-mediated resistance to CMV also requires ET
signaling pathways. Only 8% of the RCY/-containing ethylene insensitive
mutants, etr/-3 or ein2-1, were susceptible to CMV-Y infection (Takahashi
et al. 2004). When NahG depleted SA in RCY1 plants, 16% of the plants
were susceptible. RCY! plants with both NahG and etri-2, resulted in 57%
susceptibility to CMV-Y (Takahashi et al. 2004). This suggests SA and ET
may function synergistically. Furthermore, a third pathway or mechanism
must exist to explain why almost half of the plants remained resistant to
CMV-Y.

In contrast to N and RCYI, HRT-containing etri-I plants were
completely resistant to TCV, and therefore, the ET signaling pathway is not
required for resistance mediated by this gene (Kachroo et al. 2000).

Jasmonic acid signalling

Jasmonic acid signaling is required for N-mediated resistance to TMV.
Silencing of CORONATINE-INSENSITIVE]I (COIl) compromises N-
mediated resistance to TMV in NN-transgenic N. benthemiana (Liu et al.
2004a). Furthermore, the levels of JA and its metabolic precursor OPDA
(cis-12-oxophytodienoic acid) increase in NN tobacco plants infected with
TMYV (Dhondt et al. 2000).

In contrast, the coil-1 mutation in HRT Arabidopsis plants did not affect
resistance to TCV, suggesting JA is not required (Kachroo et al. 2000).
RCYI-mediated resistance does not require JA, but rather, JA and SA
signaling pathways mutually antagonize each other. JA signaling suppresses
the SA-induced expression of PR-I and PR-5 during RCYI-mediated
resistance to CMV-Y (Takahashi et al. 2002). Conversely, SA signaling
suppresses JA-induced expression of PDF1.2 and HEL, two known markers
for JA signaling (Takahashi et al. 2002). The varying requirements for ET,
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JA, and SA during RCYI- and HRT-mediated resistance are surprising
because these genes are highly similar. One explanation is the requirement
for different signaling pathways diverged as the specificity of RCY/ and
HRT evolved. Alternatively, all three pathways may be initiated to the same
degree by RCY! and HRT, but the effect of the downstream resistance
mechanisms on movement or replication of CMV-Y or TCV may vary.

Signals needed for induction of systemic acquired resistance

SAR confers long-lasting resistance to secondary infections of a wide
variety of pathogens, including viruses, bacteria, oomycetes, and fungi
(Durrant and Dong, 2004). JA and ET signaling pathways may be necessary
for SAR during defense to a variety of pathogens; however, their role during
virus-induced SAR is unclear. Many signaling pathways and components
have roles during both HR and SAR. For example, SA has varying
importance during HR, but has a well-established function during SAR. The
ability of SA to induce SAR to viruses was exhibited when exogenously
supplied SA in the form of aspirin (acetyl-SA) was shown to reduce the size
of HR lesions by 95% during an N-mediated defense response to TMV
(White, 1979). One of the hallmarks of SAR is the induction of a set of
pathogenesis-related (PR) proteins (Durrant and Dong, 2004). The PR
proteins with chitinase and [1,3-glucanase activities have anti-fungal and
anti-bacterial properties (Bowles, 1990), but the known PR proteins have not
been shown to have anti-viral activities.

SA signaling through the NPRI1-dependent pathway

The Arabidopsis mutants nprl (non-expressor of PR-1), niml
(noninducible immunity1l), and sail(salicylic acid-insensitivel) are allelic
mutations in the NPRI gene (Durrant and Dong, 2004). SA or avirulent
pathogens fail to induce SAR in npr/ mutants (Durrant and Dong, 2004). SA
induces the expression of PR proteins through an NPR/-dependent pathway
during both HR and SAR (Durrant and Dong, 2004). SA induces the nuclear
localization of NPRI1, where it binds to TGA transcription factors that
increase the expression of PR genes or other defense genes (Durrant and
Dong, 2004). The SA-binding protein 2 (SABP2) gene encodes a lipase
protein that may be the receptor for SA signaling through the NPRI-
dependent pathway, because SABP2-silenced tobacco plants have a similar
phenotype to the Arabidopsis mutant npr/ mutant. SABP2-silenced plants
had 41% larger HR lesions, failed to induce SAR, and had a reduced up-
regulation of PR-1 expression compared to the wild-type NN-genotype
tobacco plants (Kumar and Klessig, 2003). The lipase activity of SABP2 is
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activated by SA binding and the expression of SABP2 is induced in TMV-
infected NN plants (Kumar and Klessig, 2003).

R genes for viral recognition have varying requirements for NPRI.
NPRI1-dependent signaling is necessary for N-mediated resistance to TMV
because silencing of NPR1 in NN-transgenic N. benthamiana plants resulted
in a loss of N-mediated resistance to TMV (Liu et al. 2002a). Arabidopsis
plants with the HRT gene and with the npri-1 or npri-5 mutations had a
delayed HR and decreased levels of PR-1, but resistance to TCV is not
compromised (Kachroo et al. 2000). Since NahG plants that cannot
accumulate SA remained susceptible to TCV, SA must also signal through a
pathway that is independent of NPR1. Furthermore, resistance to turnip vein
clearing virus (TVCV) can be induced by SA in non-HR responding
Arabidopsis nprl mutants (Wong et al. 2002).

SA signaling through the SHAM sensitive pathway

An NPRI1-independent pathway was recently discovered to be
specifically required for resistance to viruses. Salicylhydroxamic acid
(SHAM) blocks SA-dependent resistance to TMV in tobacco (Chivasa et al.
1997). Remarkably, SHAM does not inhibit resistance to the bacterial
pathogen Erwinia carotovora, or the fungal pathogen Botrytis cinerea,
suggesting that the SHAM sensitive pathway is specific to defense against
viruses (Chivasa et al. 1997). The SHAM-sensitive pathway does not induce
PR proteins, and consequently, is independent of the NPRI-dependent
pathway.

SHAM is an inhibitor of alternative oxidase (AOX) as well as an
inhibitor of SA-induced resistance to TMV in tobacco (Chivasa et al. 1997).
This suggests increases in AOX should induce resistance to TMV. 40X
transcripts do increase when TMV elicits an N-mediated response (Chivasa
and Carr, 1998). The metabolic inhibitors antimycin A (AA) and potassium
cyanide (KCN) inhibit electron transfer in the cytochrome pathway, which
results in an increase in AOX transcript levels. This indirect induction of
AOX correlates with resistance to TMV (Chivasa and Carr, 1998). AA and
KCN induce TMV resistance, possibly through AOX, but do not cause an
increase in PR-1 (Chivasa and Carr, 1998; Murphy et al. 1999). Additionally,
KCN is able to restore the loss-of-resistance caused by a depletion of SA by
the SH-L transgene. SHAM, which has the opposite affect of KCN, prevents
KCN from restoring resistance (Chivasa and Carr, 1998). Therefore, KCN
and SHAM affect the same pathway, possibly through AOX. However, the
role of AOX is still unclear because KCN, AA, and SHAM are
pharmacological reagents that affect other proteins. Stable over-expression
or knockdown lines of AOX will clarify its function during defense (see
Chapter 15 by Handford and Carr).
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Signaling components and downstream effectors of the SHAM-sensitive
pathway are currently unknown. The SHAM-sensitive pathway is necessary
for resistance to TMV in tobacco, but it is unclear if it necessary for
resistance to other viruses or if it functions in other plant species (see
Chapter 6 by Handford and Carr). However, the discovery of the SHAM-
sensitive pathway is quite important because it is the first biologically
significant virus-specific pathway that defines a new mode of SA-dependent
signal transduction.

Spermine-induced signaling pathway

The possible role of polyamines (PAs) during disease resistance to
viruses is often overlooked. The most abundant PAs are putrescine (Put),
spermidine (Spd) and spermine (Spm) (Janne et al. 2004). They are poly-
cationic compounds with a flexible carbon backbone that have the ability to
associate with negatively charged compounds, such as nucleic acids, acidic
phospholipids, and proteins. In NN plants infected with TMV, Spm levels
increase by 20 fold suggesting that PAs may play a role in N-mediated
resistance to TMV (Yamakawa et al. 1998). This increase only occurs in the
intercellular spaces and was not detected in whole cellular leaf extracts. The
protein abundance levels of PR-1, PR-2, PR-3, and PR-5 increase in response
to Spm, SA, and TMV, suggesting Spm may be necessary for SAR.
Interestingly, exogenously supplied Spm enhances HR formation in a dose-
dependent manner and therefore enhances N-mediated resistance to TMV.

SA and Spm may function in separate pathways because SA is unable to
cause increases in Spm levels and Spm is unable to cause increases in SA
levels. Additionally, the tobacco peroxidase genes, tpoxC1 and tpoxN1, are
induced by Spm, but not by SA (Hiraga et al. 2000). Exogenously supplied
Spm causes an increase in expression of HINI, HIN9, and HIN18 and this is
unaffected in NahG-transgenic plants (Yamakawa et al. 1998). Similar
upregulation of HINI expression was observed in NN-genotype tobacco
plants infected with TMV. Spm or TMV specifically induces the increase in
HINT1 because other PAs, SA, ET, and JA fail to induce HINI expression.
Spm may be important for resistance to other viruses. In Arabidopsis, the
up-regulation of HINI(O during RCYI-mediated resistance to CMV-Y is
completely independent of SA (Zheng et al. 2004).



A4. Recognition and signal transduction associated with resistance ~ 87

Downstream signaling components

Early downstream signaling components

The CC and TIR domains of R genes are structurally different and may
signal through different signaling pathways. Many of the TIR-NBS-LRR
class of R proteins signal through an £DS/-dependent pathway and the CC-
NBS-LRR class of R proteins signal through the NDRI-dependent pathway
(Aarts et al. 1998). EDSI is necessary for the function of TIR-NBS-LRR
subclass antiviral R protein N (Liu et al. 2002a; Peart et al. 2002a) but not
for the CC-NBS-LRR subclass protein Rx1 (Peart et al. 2002a).

The Arabidopsis mutant ndril-1 has compromised resistance to both
bacteria and fungi, but its requirement during virus resistance has not been
investigated. RPPS, which belongs to the same family as RCY/ and HRT
does not require EDSI! or NDRI (McDowell et al. 2000). Therefore, a
pathway that is independent of EDS/ and NDRI must exist. RPPS§ has 98%
homology to HRT and 93% homology to RCY!/ in the CC domain,
suggesting that the two antiviral R genes products may signal through a third,
unknown signaling component. It is possible that HRT and RCY1 do not need
NDRI but may need one of its homologues. There are 45 NDRI/HINI-like
(NHL) genes in Arabidopsis (Zheng et al. 2004). Interestingly, NHLI0 is
highly up-regulated during an RCY I-mediated response to CMV-Y but not
during the susceptible response to CMV-B2. Mutants in £EDSI, NDRI, and
NHL10 will have to be analyzed further to determine if HRT or RCY! signal
through one or more of these signaling components.

MAPK cascades

Mitogen-activated protein kinase (MAPK) cascades play roles diverse in
plant processes that include cytokinesis, phytohormone signaling, wound
responses, osmotic stress, and pathogen resistance (reviewed in Zhang and
Klessig, 2001). A MAPK cascade proceeds via a hierarchy of protein kinases
in which a MAPK kinase kinase (MAPKKK) activates a MAPK kinase
(MAPKK)by phosphorylation, which in turn, activates a MAPK by
phosphorylation. During N-mediated resistance to TMV two MAPKs, SA-
induced protein kinase (SIPK) and wounding-induced protein kinase
(WIPK), are activated (Zhang and Klessig, 1998a; Zhang and Klessig,
1998b). Recently it was discovered that a naturally- occurring diterpene,
(11E, 13E)-lambda-11,13-diene-8a, 15-diol, known as WAF-1 may be the
upstream activator of WIPK and SIPK (Seo et al. 2003). Exogenously
supplied synthetic and natural WAF-1 activate WIPK and SIPK
independently of SA signaling (Seo et al. 2003). WAF-1 levels increase
rapidly upon TMV infection in NN plants, suggesting WAF-1 may be the
endogenous signal for WIPK and possibly SIPK during disease resistance
(Seo et al. 2003).
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The biological role of SIPK and WIPK function during viral resistance
was investigated by over-expression and silencing of SIPK and WIPK.
Silencing SIPK and WIPK by PVX-based virus-induced gene silencing
(VIGS) resulted in an attenuation of N-mediated resistance to TMV (Jin et al.
2003). Interestingly, even though both are necessary for defense, over-
expression of SIPK, but not WIPK, leads to HR-like cell death. Silencing of
WIPK leads to a loss of N-mediated resistance but has no effect on the HR.
Directly upstream of SIPK and WIPK is NtMEK2, a MAPKK (Yang et al.
2001; Jin et al. 2003). A constitutively active form of NtMEK2, NtMEKZDD,
causes an activation of SIPK and WIPK and leads to HR-like cell death
(Yang et al. 2001). Silencing NtMEK2 also causes an attenuation of N-
mediated resistance to TMV (Jin et al. 2003). The MAPKKK upstream of
NtMEK2 and the downstream target of SIPK or WIPK are currently
unknown.

A complete MAPK cascade involving The NPKI-MEKI-NTF6 has been
shown to be necessary for N-mediated resistance to TMV (Liu et al. 2004a).
Silencing of the MAPKKK, NPKI, by VIGS compromises the function of
the N gene (Jin et al. 2002). Silencing the downstream MAPKK,
MEKI/NQKI, and the MAPK, NTF6/NRKI, by VIGS cause a loss of N-
mediated resistance to TMV (Liu et al. 2004a).

Transcription factors

TGA, MYB, and WRKY families of transcription factors have been
implicated in disease resistance. Activation of TGA by NPR1 is necessary
for SA-dependent resistance to non-viral pathogens (Durrant and Dong, 2004).
The triple mutant of zga2-1, tga5-1, and tga6-1 was unable to induce the
expression of PR genes in response to an SA analog, 2,6 dichloroisonicotinic
acid (INA) (Zhang et al. 2003). However, single and double mutants were
still responsive to INA suggesting that 7TGA2, TGAS5, and TGA6 function
redundantly in signaling NPR1-dependent regulation of PR genes (Zhang et
al. 2003). Silencing of TGAla, TGA2.1, TGA2.2, and TGA6 by VIGS did not
compromise N-mediated resistance to TMV (Liu, Y., Schiff, M., and S.P.D-
K, unpublished results). However, silencing multiple TGA factors by mixed
infection resulted in a partial loss-of-resistance to TMV. Therefore, it is
likely that N-mediated resistance responses are NPRI-dependent and
function through TGA transcription factors. Further research must be
conducted to conclusively determine the role of TGA transcription factors
during viral resistance.
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MYBI expression is induced by SA and during the N-mediated response
to TMV in tobacco (Yang and Klessig, 1996). The transcription factor
MYBI has been shown to bind to the sequence GTTTGGT in the promoter
of PR-la. MYBI plays a biologically significant role during N-mediated
defense because silencing of NbMYBI attenuates N-mediated resistance to
TMYV in N-transgenic N. benthamiana using VIGS (Liu et al. 2004a).

WRKY transcription factors play a crucial role in regulating multiple
defense response genes (Eulgem et al. 2000). WRKY transcription factors
bind to the W-box ((T)TGAC(C/T)) sequence found in the promoters of
various genes including PR-I, PR-2, and PR-3 (Eulgem et al. 2000).
Overexpression of WRKY70 induces the constitutive expression of PR
proteins (Li et al. 2004). NtWRKY3 and NtWRKY4 are highly induced by SA
and during the N-mediated response to TMV (Chen and Chen, 2000), while
the level of WRKY1 transcript increases to a lesser degree and the level of
WRKY?2 transcript does not change (Yang et al. 1999). VIGS of WRKYI,
WRKY2, or WRKY3 in NN-transgenic N. benthamiana plants compromises
N-mediated resistance to TMV but has no effect on HR (Liu et al. 2004a).
This is the first biological evidence that WRKY factors are necessary for
viral resistance. However, the function of other members of this numerous
family in disease resistance remains to be investigated.

Expression of WRKY transcription factors are up-regulated after the
activation of SIPK and WIPK. Additionally, SIPK and WIPK induce W-box
binding activity of unidentified WRKYs in vivo (Kim and Zhang, 2004).
This suggests that WRKYs are downstream of the MEK2-SIPK/WIPK
cascade. WRKYs are not phosphorylated, and therefore, there must be
additional unknown components between SIPK/WIPK and WRKYs (Kim
and Zhang, 2004). Additionally, WRKYs may function by regulating NPR1
gene expression. The promoter of NPR/ has three W-box domains that SA-
induced WRKY transcription factors specifically bind to (Yu et al. 2001).
However, these specific WRKY's have not been identified.

Protein degradation in defensive signaling
Degradation by the 26S proteosome

SGT1 has a second function during disease resistance. In yeast, SGT1 is
a conserved component of the ubiquitin ligase SCF (SKP1, Cullin/F-box
proteins) complex (Kitagawa et al. 1999). SCF complexes recruit specific
proteins and catalyze covalent attachment of ubiquitin. Often, ubiquitinated
proteins are targeted for subsequent degradation via the 26S proteasome
(Deshaies, 1999). The SGT1-SCF complex may function by targeting
regulatory proteins for degradation via the 26S proteosome. For example,
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the ubiquitin ligase SCF EBFIEBE2 Girects the proteolysis of the EIN3
transcription factor that is both necessary and sufficient for the activity of the
ethylene signaling pathway (Guo and Ecker, 2003). The Screo! complex
regulates JA sensitive genes by controlling protein degradation of histone
deacetylases (Devoto et al. 2002). Interestingly, NbSGT1b interacts directly
with NbSKP1 of the SCF complex and silencing either of these genes in N.
benthamiana compromises N-mediated resistance to TMV (Liu et al. 2002b).

Recently it was shown that SCFeo! complex, like other plant SCF
complexes, is regulated by the COP9 signalosome (CSN) (Feng et al. 2003).
The CSN regulates the SCF complex activity by modulating cycles of
addition and removal of the ubiquitin-like protein NEDD8 to the SCF
subunit, Cullinl (Deshaies, 1999). Silencing the genes encoding the CSN
subunits, CSN3 and CSNS8, results in a loss of N-mediated resistance to TMV
(Liu et al. 2002b). Furthermore, SGT1 associates with the CSN, which
provides additional evidence that SGT1 is involved in SCF complex
regulation by the CSN (Azevedo et al. 2002; Liu et al. 2002b). In
conclusion, silencing of many different components of the ubiquitin-
proteosome degradation machinery has resulted in a loss of N-mediated
resistance to TMV. Since F-box proteins determine the substrate specificity
of SCF complexes, it will be important to determine which F-box proteins
are necessary for disease resistance and the identity of the F-box’s substrates
that are subsequently targeted for degradation.

Degradation by caspase-like proteins

The destruction of mammalian cells during PCD is often mediated by
caspases that specifically cleave substrates (Zhivotovsky, 2003). There are
no known homologues to mammalian caspases in plants but it appears that
proteins with caspase-1 or -3 activity play crucial role during the initiation of
a TMV-induced HR. Caspase-like protease activity is induced during HR
and caspase-1 and -3 inhibitors can prevent TMV-induced HR (del Pozo and
Lam, 1998; Chichkova et al. 2004). Both H,O, and NO induced cell death is
inhibited by the caspase-1 inhibitor Ac-YVAD-CMK, and therefore, ROI
and NO signaling may converge before caspase-1 signaling pathway (Clarke
et al. 2000).

Recently, a vacuolar protease (VPE) was shown to have caspase-1 like
activity and may trigger HR by aiding in vacuolar collapse (Hatsugai et al.
2004). Silencing of VPE suppresses the TMV-induced HR in NN plants and
increases the protein abundance level of TMV CP (Hatsugai et al. 2004).
Further experimentation will have to be conducted to determine if VPE
mutants or silencing of VPE causes loss of resistance to TMV. Interestingly,
silencing of VPE did not increase the protein abundance level of PR-1 and
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PR-2. This suggests that VPE belongs to a signaling pathway that regulates
HR and possibly N-mediated resistance to TMV, but is not necessary for the
induction of downstream PR proteins.

Concluding Remarks

In the past decade the inventory of components used during viral
recognition and signaling has grown dramatically. The next challenge is to
determine how these components form the machinery that drives recognition
and signal transduction during disease resistance. Many antiviral R genes
such as N, T m-22, RxI, Rx2, Sw-5, HRT, and RCYI have been cloned and
many of the corresponding viral products that these R genes recognize have
been discovered. This is an exciting time to study disease resistance
signaling to viruses because despite major advances the mechanism for
recognition and resistance to viruses is still unclear.

Disease resistance to any pathogen requires a dramatic reprogramming of
the cell. Small signaling molecules such as ROIs, SA, JA, ET, and
polyamines induce multiple signaling pathways. Many of these pathways
function in parallel to one another, while others crosstalk or converge.
Consequently, we are faced with a complex signal transduction network
whose dissection will require various experimental approaches. For example,
powerful genetic approaches have discovered upstream divergence points,
such as Rarl, EDS1, and NDR1, as well as downstream convergence points,
such as NPR1. Functional genomics have elucidated the interplay between
pathways and have implicated gene families, such as the WRKY family of
transcription factors. Reverse genetic approaches like VIGS (Burch-Smith et
al. 2004) have determined biological roles of JA, ET, and various transcription
factors during N-mediated resistance to TMV. Thus, as we trek forward, we
must carry along these robust, successful approaches and add new tools to
our repertoire, such as advanced proteomics and computational biology.
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Introduction

Viruses that cause economically important diseases spread systemically
in the plant. However, in several laboratory test or indicator plants, the virus
after multiplying in several hundred cells around the point of entry, does not
continue to spread and remains in a local infection. Several types of local
infections are known (Loebenstein et al. 1982): (a) self-limiting necrotic
local lesions such as Tobacco mosaic virus (TMV) in Datura strammonium,
where lesions reach their maximum size three days after inoculation; (b)
chlorotic local lesions, such as Potato virus Y (PVY) in Chenopodium
amaranticolor, where infected cells lose chlorophyll; (c) ring-like patterns or
ringspots that remain localized, such as Tetragonia expansa infected with
Tomato spotted wilt virus (TSWV); (d) starch lesions, such as TMV in
cucumber cotyledons, where no symptoms are observed on the intact leaf,
but when it is decolorized with ethanol and stained with iodine, lesions
become apparent; (e) microlesions (with a mean size of 1.1 x 10 mm?) ,
such as the U, of TMV on Pinto bean leaves; and (f) subliminal
symptomless infections not detectable as starch lesions., as in TMV-infected
cotton cotyledons, where virus content is 1/200,000 of that produced in a
systemic host (Cheo, 1970). The localized infection is an efficient
mechanism whereby plants resist viruses, though most viral resistance genes
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are not associated with the hypersensitive response (HR), but affect virus
multiplication or movement as a result of incompatible viral and host factors.
The local lesion infection is one of the most notable resistance responses and
has been used by breeders to obtain resistant cultivars of tobacco and sweet
peppers against TMV.

The zone around a TMV lesion on tobacco NN is also resistant to other
strains of TMV (tomato aucuba virus and Holmes’ ribgrass strain), Tobacco
necrosis virus (TNV) and Tomato ringspot virus (ToRSV), but not to Turnip
mosaic virus (TuMV). TNV also induced localized resistance to TMV (Ross,
1961). This type of induced resistance was called localized acquired
resistance (LAR). Apparently in the zone around the lesion virus replication
is inhibited.

In Nicotiana glutinosa local lesion cells infected with TMV the number
of virus particles per cell is about 10° (Milne, 1966) or two to four orders of
magnitude lower than in a comparable systemic infection, where the number
of particles per cell is estimated to be between 10° and 6 x 10’ (Harrison,
1955). TMV content (as measured by extractable infectivity) in protoplasts
of N. tabacum Samsun NN, where TMV induces local lesions, was about % -
1/10 of that in protoplasts of N. tabacum Samsun, where TMV spreads
systemically in the intact plant (Loebenstein et al. 1980. {That in isolated
protoplasts from these two cultivars TMV multiplies to the same extent
(Otsuki et al. 1972) was due to the presence of 2,4-dichlorophenoxyacetic
acid (2,4-D) in the protoplast incubation medium (Loebenstein et.al.1980).
2,4-D has been reported to suppress localization and to enhance virus
multiplication in local lesion intact hosts (Simons and Ross, 1965)}. These
data indicated that localization is at least partly due to reduced multiplication
in the cells of these hosts and not due barrier substances, implicated in early
research as possible factors preventing virus movement.

Generally TMV induces local lesions in tobacco containing the N gene
(NN). The N gene originally identified in N. glutinosa (Holmes, 1938) is a
single locus, dominant gene and a durable source of resistance against
tobamoviruses. The gene was transferred from N. glutinosa through the
amphidiploid N. digluta by repeated backcrossing (Holmes, 1954). The
genetic history was described by Dunigan et al. (1987). However, the tomato
mosaic virus-OB overcomes the N gene mediated hypersensitive response
(HR) (Tobias et al. 1982) and Padgett and Beachy (1993) showed that the
movement protein (see below) alone is not responsible for the resistance
breaking character of the OB strain.

The NN-associated resistance affects both cell-to-cell movement and
long distance movement of TMV compared to that in tobacco nn. However,
in tobacco NN plants kept at temperatures above 28°C this restriction
response is inactive and TMV spreads throughout the plant. Reducing the
temperature below 28°C again allows activation of the N gene, resulting in
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necrosis of all the tissues containing TMV and restricting further virus
movement. However, movement of a TMV-based vector expressing green
fluorescent protein (TMV-GFP) is restricted in tobacco NN, also when these
plants were incubated at 33°C, showing only limited movement. In contrast,
TMV-GFP moved efficiently in tobacco that contained the N gene and were
transgenic for RNA1 of Cucumber mosaic virus (CMV) (Canto and
Palukaitis, 2002). These findings indicated a novel temperature-independent
resistance to the movement of TMV-GFP, which operates via a pathway
independent of salicylic acid (Canto and Palukaitis, 2002).

The L gene in Tabasco and Capsicum chinense peppers confers
hypersensitivity to infection with TMV. Several alleles occur at a single
locus and are partially dominant (Boukema, 1980); and a single dominant
gene in beans controls local lesion formation by Southern bean mosaic virus
(Holmes, 1954).

Cauliflower mosaic virus induces necrotic local lesions in tobacco and
Datura, Tomato bushy stunt virus in tobacco, CMV in cowpea, Potato virus
X in potato cultivars carrying the Nx or Nb genes (Cockerham, 1955) and
Barley stripe mosaic virus in Chenopodium amaranticolor.

In Arabidopsis, Turnip crinkle virus (TCV) produces an HR 2 to 3 days
postinoculation in ecotype Dijon (Simon et al. 1992; Dempsey et al. 1993).
Other ecotypes of Arabidopsis tested did not give an HR but allow systemic
spread of the virus (Li and Simon, 1990). A dominant gene, HR7, which
confers an HR to TCV, has been identified and mapped in the Di-17 line of
Dijon (Dempsey etal. 1997).

Cytopathic changes

In the necrotic lesion the cytopathic cevents leading to collapse and
necrosis start with changes in the chloroplast, consisting of swelling and
distortion of the chlorophyll lamella and swelling of starch grains, about
eight hours after infection (Weintraub and Ragetli, 1964). This led to
increased electrolyte leakage, even before local lesions became visible
(Weststeijn, 1978), and, for example, the superoxidic radical
monohydroascorbate increased markedly when TMV lesions on Xanthi-nc-
tobacco leaves developed (Fodor et al. 2001). Incubation of NN tobacco
plants to 32° or higher inhibits the N gene-mediated HR. Transfer back to 20°
initiates the HR again. Using fluorescent-tagged TMV revealed membrane
damage, which preceded visible cell collapse by more than 3 h, and was
accompanied by a transient restriction of the xylem within infection sites on
N. edwardsonii. Following cell collapse and the rapid desiccation of tissue
undergoing the HR, isolated, infected cells were detected at the margin of
necrotic lesions. These virus-infected cells were able to reinitiate infection on



102 G. Loebenstein and F. Akad

transfer to 32°C, however, if maintained at 20°C they eventually died. The
results indicate that the tobacco mosaic virus-induced HR is a two-phase
process with an early stage culminating in rapid cell collapse and tissue
desiccation followed by a more extended period during which the remaining
infected cells are eliminated (Wright et al. 2000). This programmed cell
death (PCD) was accompanied by accumulation of PR1, a protein that is
induced during the HR (Linthorst, 1991). Okadaic acid (OA), an inhibitor of
type 1 and type 2A serine/threonine protein phosphatases, can block both N
gene-mediated HR and developmental PCD in plants (Dunigan and
Madlener 1995; Lacomme and Santa Cruz, 1999). It was suggested that the
TMV-mediated lethal HR in plants requires reversible-protein
phosphorylation in a signaling pathway that initiates the cell-death program;
however, after entering the execution phase of the program, the process
becomes irreversible (Lacomme and Santa Cruz, 1999). There are some
parallels between plant HR and animal PCD. One similarity between plant
and animal cell-death processes is the apparent role of protein
phosphatase(s), which is required for developmental and pathogen Cas-
triggered PCD in plants (Dunigan and Madlener 1995) and is also
implicated in animal PCD where protein phosphatase 2A activity is
specifically up-regulated by a cell-death-related protease (Morana et al.
1996). A key event in animal PCD is the release of cytochrome ¢ from
mitochondria into the cytosol, initiating the final degradation phase of the
cell-death program (Green and Reed, 1998). The ability of the GFP-TM
fusion protein to target mitochondria suggests that mitochondrial targeting is
also necessary for the plant response (Lacomme and Santa Cruz, 1999).
Caspase-like proteases, known to suppress PCD in animals, seem to
participate during HR The p* protein from baculovirus is a broad-range
caspase inhibitor, and infection of p*>~ expressing N tobacco plants with
TMV disrupted N-mediated, leading to systemic spreading of the virus (Pozo
and Lam, 2003).

The three-dimensional structure of CP is critical to induce the HR
response, either directly through specific structural motifs or indirectly via
alterations in CP assembly (Culver, 2002).

HR requires cell-to-cell contact and is not expressed in protoplasts.
Protoplasts from plants carrying the N gene do not respond to TMV
infection with cell death, though TMV multiplication in them is reduced
markedly (Loebenstein et al. 1980). Actinomycin D or chloramphenicol
when added up to 24 hr after inoculation (but not later) markedly increased
TMV replication in protoplasts of tobacco NN, while no increase was
observed in protoplasts of tobacco nn (Gera et al. 1983). This indicated that
HR and inhibition of virus replication associated with the N gene are two
different processes, and that this mechanism which presumably requires
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DNA-dependent RNA synthesis for its operation, produces a substance that
inhibits virus replication (see IVR below).

In leaves of Nicotiana edwardsonii, an interspecific hybrid derived from
a cross between N. glutinosa and N. clevelandii Cauliflower mosaic virus
strain W260 elicits a hypersensitive response (HR). N. glutinosa is resistant
to W260, but responds with local chlorotic lesions rather than necrotic
lesions. In contrast, N. clevelandii responds to W260 with systemic cell
death. It was shown that the resistance and cell death that comprise the HR
elicited by W260 could be uncoupled. The non-necrotic resistance response
of N. glutinosa could be converted to HR when these plants were crossed
with N. clevelandii. Also, cell death and resistance segregated independently
in the F2 population of a cross between N. edwardsonii and N. clevelandii.
Cole et al. (2001) concluded that the resistance of N. edwardsonii to W260
infection was conditioned by a gene derived from N. glutinosa, whereas a
gene derived from N. clevelandii conditioned cell death.

In chlorotic local lesions, induced by TuMV in C. guinoa, disintegration
of chloroplasts was not observed, although most palisade and spongy
mesophyll cells contained chlorotic chloroplasts forming large aggregates,
up to 20 chloroplasts, instead of being uniformly distributed along the cell
periphery (Kitajima and Costa, 1973).

In starch lesion hosts, such as TMV in cucumber cotyledons, swelling of
chloroplasts are first observed 2 to 2.5 days after inoculation. When viewed
5 days after inoculation these chloroplasts contain large starch grains, but
neither they nor the cells disintegrate or die. In the peripheral cells of a
starch lesion the number of TMV particles was about 1/10 compared with
those in the central part of the starch lesion, with no barriers or
ultrastructural changes at the border of the lesion (Cohen and Loebenstein,
1975). In early studies it was observed that when cucumber cotyledons were
treated with actinomycin D, chloramphenicol or UV irradiation one day after
inoculation with TMV virus concentration increased markedly, indicating
that during localization a substance is produced that reduces virus
multiplication (Loebenstein et al. 1969;1970; Sela et al. 1969).

Pathogenesis-related proteins (PR-proteins)

Necrotic lesion formation is associated with the induction of a number of
PR proteins (Van Loon and Van Kammen, 1970). Tobacco PR proteins
consist of at least five families, each of which contains both acidic and basic
isoforms (Van Loon et al. 1994). There are 14 families of PR protein (PR1-
14), PR-2 and PR-3 having B-1,3-glucanase and chitinase activities,
respectively (Kauffmann et al. 1987; Legrand et al. 1987). These proteins
have been studied extensively as they can be detected easily by gel-
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electrophoresis, but so far no evidence has been provided that they are active
in localizing the virus. They are mainly induced in virus infections that do
cause necrosis and may therefore be a host response to necrosis (or other
stresses). However, PR-proteins were also seen in non-necrotic systemic
infections by some viruses as CMV and PVY (Whitham et al. 2002). No
antiviral activity of any of the PR-proteins has so far been reported.

Compounds that induce resistance

Various compounds injected into the intercellular spaces of tobacco NN
or Datura stramonium induced resistance to TMV, resulting in fewer and
smaller lesions. Thus, yeast RNA (Gicherman and Loebenstein, 1968), Poly
I: Poly C (Stein and Loebenstein, 1970), heat-killed cells of Pseudomonas
syringae (Loebenstein and Lovrekovich, 1966), polyacrylic acid (Gianinazzi
and Kassanis, 1974), several synthetic polyanions (Stahmann and Gothoskar,
1958; Stein and Loebenstein, 1972), root extracts of Boerhaavia diffusa - a
glycoprotein, applied to the lower leaves (Verma et al. 1979; Verma and
Awasthi, 1980), mannan sulphates (Kovalenko et al. 1993), a protein from
Mirabilis jalapa (Kubo et al. 1990) and other plant extracts (reviewed by
Verma et al. 1998) were found to be active. Some of these compounds were
also inducers of interferon. Apparently, the mechanism that inhibits virus
replication in the local lesion area (and induced resistance) can be activated
by various inducing compounds.

Salicylic acid

During the hypersensitive response of N. tabacum plants, that possess the
N gene for resistance, to TMV, salicylic acid (SA) levels rise markedly
(Malamy et al. 1990). It was suggested that SA plays a role in localization of
the virus, as NN-genotype transgenic tobacco plants, which have been
transformed with a bacterial salicylate hydroxylase gene and, therefore,
cannot accumulate SA, do not limit virus spread. Although the cells of these
plants can still undergo HR-type cell death, the plants exhibit a spreading
necrosis after TMV inoculation (Mur et al. 1997; Darby et al. 2000),
showing that SA accumulation is required to localize TMV. Treatment of
susceptible tobacco with aspirin (acetyl-SA) or SA caused a significant
reduction in accumulation of TMV in susceptible tobacco cultivars that do
not respond hypersensitively to TMV (White et al. 1983; Chivasa et al.
1997). In leaf mesophyll cells of SA-treated plants replication of TMV is
greatly decreased, but not in initially inoculated epidermal cells. However,
SA induces resistance to movement between epidermal cells, though SA did
not inhibit TMV movement by decreasing the plasmodesmatal size exclusion
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limit (Murphy and Carr, 2002). SA stimulated formation of callose in N.
glutinosa infected with TMV, probably affecting the gating capacity of
plasmodesmata (Krasavina et al. 2002). Activation of SA-induced protein
kinase (SIPK) and wounding-induced protein kinase (WIPK) leads to HR-
like cell death (Zhang et al. 2000). WIPK is activated in NN tobacco infected
with TMV. Potato virus X (PVX)-virus-induced gene silencing attenuated
N gene mediated resistance (Liu et al. 2003). A WIPK-activating substance
was isolated from tobacco leaves and identified as a diterpene. When this
compound, natural or chemically synthesized, was applied at nanomolar
concentrations to leaves, SA-induced protein kinase was activated and
accumulation of transcripts of wound- and pathogen-inducible defense -
related genes was enhanced. Treatment of leaves with this diterpene
increased resistance to TMV infection (Seo et al. 2003), and in tobacco
leaves treated with sulfated fucan oligosaccharides SA accumulated and both
local and systemic resistance to TMV was strongly stimulated (Klarzynsky
et al. 2003). SA pretreatment primed TMV-infected Xanthi-nc leaves for
strong antioxidant induction (Kiraly et al. 2002).

In SA-treated tobacco plants activity of RNA-dependent RNA
polymerase (RdRP) increased (Xie et al. 2001). Biologically active SA
analogs capable of activating plant defense response also induced the RARP
activity, whereas biologically inactive analogs did not. A tobacco gene,
NtRDRP1, was isolated and found to be induced both by virus infection and
by treatment with SA, suggesting that inducible RdRP plays a role in plant
antiviral defense. Similarly, SA induced in Arabidopsis an RARP gene with a
role in antiviral defense (Yu et al. 2003).

Accumulation of PVX is inhibited at the site of inoculation in SA-treated
tobacco plants, but not Cucumber mosaic virus (CMV), though SA inhibited
CMV movement from the inoculated leaf to the rest of the plant (Naylor et
al. 1998). Apparently, SA is a component of the signal transduction pathway
for induction of resistance, both local and systemic acquired resistance
(SAR) (Dempsey et al. 1999; Murphy and Carr, 2002).

Some hypotheses that were raised explaining localization

Death of cells in a necrotic lesion may localize or inactivate the virus.
This explanation is not satisfactory even in a necrotic local lesion host and
even less so in a chlorotic or starch lesion host, as virus particles are found in
apparently viable cells outside the necrotic area (Milne, 1966). Furthermore,
studies with green fluorescent protein (GFP)-tagged TMV (TMV.GFP) have
shown that live cells around the necrotic area contain TMV for significant
periods of time after lesion formation (Wright et al. 2000; Murphy et al.
2001).
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Barrier substances that have been observed to surround local lesions
include inter alia callose deposition around TMV-induced lesions on Pinto
beans (Wu and Dimitman, 1970), calcium pectate in the middle lamella of
cells surrounding TMV lesions on N. glutinosa (Weintraub and Ragetli,
1961), lignin (Favali et al. 1974) and suberin (Faulkner and Kimmins, 1978)
(see also Loebenstein, 1972). However, callose depositions were also
observed in infections, which produced systemic necrosis, where the virus
does not remain localized, as with tobacco infected with TSWV and
Tobacco rattle virus (Shimomura and Dijkstra, 1975). On the other hand no
callose deposition was observed around TMV-induced starch lesions on
cucumber cotyledons, where the infection remains localized without necrosis
(Cohen and Loebenstein, 1975). It seems, therefore, that the observed barrier
substances are a response to necrotization and not necessarily responsible for
the localization.

Inactivation of the virus-coded “transport protein” required may also
help in the localization of the virus. For TMV, this factor has been identified
as a 30kDa non-structural protein (Leonard and Zaitlin, 1982). It was shown
that the 30kDa protein accumulated in plasmodesmata, an observation
consistent with a role in virus spread (Tommenius et al. 1987). It was also
shown that a non-structural protein (P3) of Alfalfa mosaic virus, considered
to be involved in cell-to-cell spread, is associated with the middle lamella of
cell walls (Stussi-Garaud et al. 1987). It was reported that the amount of the
30kDa protein in the cell wall fraction of TMV-infected Samsun NN tobacco
plants decreased sharply as soon as necrosis became visible, compared with
that in the systemic host Samsun nn. It was suggested that this might explain
why TMV infection becomes localized (Moser et al. 1998). In tobacco NN
plants the TMV movement protein alters the gating capacity of
plasmodesmata and therefore the efficiency of virus movement (Deom et al.
1991). However, the decrease of transport protein alone does not seem to
responsible for localization, especially as virus particles are found outside
the necrotic area (Milne, 1966), and as mentioned above in starch lesions
there is no necrotization. Also, the HR in Samsun NN tobacco can be
inhibited without affecting the localization of the virus (Takusari and
Takahashi, 1979). Furthermore, infection of cowpea by strains of cucumber
mosaic virus involves a local HR and a localization of infection (inhibition
of viral RNA synthesis - IR) (Kim and Palukaitis, 1997). Different
combinations of specific sequence alterations in the polymerase gene can
separate these responses. Kim and Palukaitis (1997) also showed that IR
affects viral RNA synthesis in isolated cells, without HR.

Further information on cell-to-cell movement of plant viruses will be
presented in chapter A13.
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The N’ gene

In N. glutinosa and N. tabacum cultivars that contain the N gene, TMV
does not spread but remains localized in a lesion of several hundred cells.
The N gene was originally transferred from N. glutinosa to N. tabacum via
an interspecific hybrid, N. digluta (Clausen and Goodspeed, 1925). Holmes
(1938) showed that resistance to TMV was controlled by a single dominant
gene - which he termed N. However, some other genes were also
introgressed into tobacco from N. glutinosa together with the N gene locus
(Holmes, 1938). The genetic and breeding history was described by Dunigan
et al. (1987). This gene was of major importance in infectivity assays, as the
number of necrotic lesions was in a certain proportion to the virus content
(Kleczkowsky, 1950). In the early 1990s, the N gene was the first plant
virus resistance gene to be isolated by transposon tagging, using the maize
activator transposon (Whitham et al. 1994; Dinesh-Kumar et al. 1995). The
N gene encodes a protein of 131.4 kDa, which has three domains: an N-
terminal domain similar to that of the cytoplasmic domain of the Drosophila
Toll protein and the interleukin-1 receptor (TIR) in mammals, a nucleotide-
binding (NBS) site and four imperfect leucine-rich regions (LRR). The N
gene thus belongs to the TIR-NBS-LRR class of R genes. The N gene
encodes two transcripts, Ng and Ny, via alternative splicing of the alternative
(AE) exon present in the intron III. The Ng transcript, predicted to encode the
full-length N protein containing the Toll-IL-1 homology region, nucleotide
binding site, and LRR, is more prevalent before and for 3 hr after TMV
infection. The N transcript, predicted to encode a truncated N protein (N")
lacking 13 of the 14 repeats of the LRR, with a deduced molecular weight of
75.3 kDa, is more prevalent 4-8 hr after TMV infection. The ratio of N to N
before and after TMV inoculation is critical to achieve complete resistance.
The N" protein is identical to the amino terminal portion of the N protein,
with an additional 36 amino acids at the C-terminus. Plants harboring a
cDNA-N5 transgene, capable of encoding an N protein but not an N" protein,
fail to exhibit complete resistance to TMV. Transgenic plants containing a
cDNA-Ns-bearing intron III (without introns I, II and IV) and containing 3’
N-genomic sequences, encoding both Ng and N transcripts, exhibit complete
resistance to TMV. These results suggest that both N transcripts and
presumably their encoded protein products are necessary to confer complete
resistance to TMV. However, deletion of the 70 bp alternative exon (AE)
with flanking splice acceptor-donor sites, resulted in delayed HR upon
infection with TMV and the virus continued to spread, resulting in systemic
HR (Dinesh-Kumar and Baker, 2000). The presence of TIR, NBS and LRR
domains are all necessary for proper N function (Dinesh-Kumar et al. 2000).
Most in frame deletion mutants in the N gene abolished resistance to TMV.
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Also, some amino acid substitutions within the TIR domain caused a
complete loss of the N function, and the plants developed systemic HR. It
was concluded that mutations that affect Drosophila Toll or human IL-IR
signaling also affect the N-mediated response to TMV (Dinesh-Kumar et al.
2000). The NBS domain of the N gene has amino acid homology with
regions of cell death genes (Van der Biezen and Jones, 1998; Arvind et al.
1999). The NBS domain is also found in elongation factors and G-Protein
families (Saraste et al. 1990). These serve as molecular switches in growth
and differentiation. Point mutation in some subdomains of NBS led to loss of
resistance. In some of them timing of HR appearance and size of lesions was
normal, but TMV spread systemically through the plant, causing death of the
plant within 5-7 days (Dinesh-Kumar et al. 2000). It was shown that
introgression of the N gene coincided with introgression of DNA-bearing
restriction enzyme fragments of N. glutinosa origin (Whitham et al. 1994).
The N protein (to the best of our knowledge) has so far not been purified and
its way of function has not been determined. It is possible that the N protein
may trigger an intracellular signal transduction cascade and induces a variety
of defense and signaling proteins, as for example the IVR protein (see
below). It may be that the N protein activates the HR but activation of
resistance requires another gene, similar to the HRT and RRT genes in
Turnip crinkle virus (TCV) resistant Arabidopsis (Kachroo et al. 2000) (see
below).

The N protein may also function as a receptor that interacts with the gene
product of TMV that elicits HR, perhaps by activating a transcription factor
that induces the expression of genes responsible for the HR (Whitham et al.
1994). 1t is suggested that the HR and inhibition of virus replication are two
separate processes. Thus in some cases, HR may be activated but fails to
restrict virus multiplication or movement resulting in systemic movement.

In addition to the N gene, other TIR-NBS-LRR genes, such as L6, RPP5
and RPS4 also encode two or more transcripts. The biological role of these
genes is presently unknown (Marathe et al. 2002).

The pathway by which signals from the N gene product are transmitted
is largely unknown. Yoda et al. (2002) identified seven tobacco genes that
are associated with HR upon TMV infection. Transcriptional induction of
one of these, which encodes a novel WRKY transcription factor, is
independent of SA. Its full-length cDNA of 1346 bp encoded a polypeptide
consisting of 258 amino acids. The deduced protein contained a single
WRKY domain, a Cys,His, zinc-finger motif and a leucine-zipper motif,
showing high similarity to WIZZ, a member of the family of WRKY
transcription factors in tobacco. This indicated the presence of salicylic acid-
independent pathways for HR signal transduction, in which a novel type of
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WRKY protein(s) may play a critical role for the activation of defense (Yoda
et al. 2002).

The N gene has been transferred to tomato, where it confers resistance to
TMV (Whitham et al. 1996).

The N protein, either by itself or in a protein complex, is hypothesized to
specifically recognize the 50 kDa C-terminal helicase domain of the TMV
replicase protein (Abbink et al. 1998; Padgett et al. 1997) and trigger a signal
transduction cascade leading to induction of HR and restriction of virus
spread.

In transgenic Nicotiana benthamiana, containing the tobacco N gene, it
was shown that the Rarl-, EDSI-, and NPRI/NIMI- like genes are required
for the N-mediated resistance (Liu et al. 2002a). The Rarl gene encodes a
protein with a zinc finger motif, which is required for the function of N. It
was shown that N. benthamiana Rarl (NbRarl) protein interacts with
NbSGTT1 a highly conserved component of an E3 ubiquitin ligase complex
involved in protein degradation. It also interacts with the COP9 signalosome,
a multiprotein complex involved in protein degradation via the ubiquitine-
proteasome pathway. Suppression of NbSGT1 and NbSKP1 (an SCF protein
complex component) in NN transgenic plants by virus-induced gene silencing
(VIGS) resulted in the loss of resistance to TMV. This indicates that
NbSGT1 and NbSKP1 are required for N function (Liu et al. 2002b). It is
interesting to note that genetic studies in barley suggested that Rarl
functions downstream of pathogen perception and upstream of H,O,
accumulation and host cell death (Shirasu et al. 1999).

Infection of resistant tobacco plants that carry the N resistance gene with
TMV leads to the activation of two tobacco mitogen-activated protein
kinases (MAPK), salicylic acid-induced protein kinase (SIPK) and
wounding-induced protein kinase (WIPK) (Zhang and Klessig, 1998). WIPK
gene transcription is regulated by phosphorylation and de-phosphorylation
events and may accelerate the HR cell death (Liu et al. 2003).

The N gene shows some structural similarities to a number of other plant
genes for disease resistance, as the RPS2 and RPM1 genes for resistance to
Pseudomonas syringae pathovars in Arabidopsis (Bent at al. 1994) and Prf
for resistance to P. syringae in tomato (Salmeron et al. 1994). There seems
therefore to be common structural elements in genes for resistance to
different types of pathogens as the NBS and LRR motifs.

A gene with a function similar to that of a resistance gene named NH has
been cloned from N. tabacum cv. Xanthi nn plants. The coding region of NH
is 5.028 base pairs (bp) long and has 82.6% nucleotide identity with the N
gene. In contrast to the N gene, the NH gene lacks intron 4 and does not
have sites for alternative splicing of intron 3. Analysis of its sequence
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revealed that NH belongs to the TIR/NSB/LRR gene class. It was suggested
that this gene, homologous to the N gene, plays a role in the HR response of
some Nicotiana species (Stange et al. 2004).

Other Host-Virus HR Responses

HR in potato to PVX is controlled by genes Nb and Nx, which have been
mapped to a gene cluster in the upper arm of chromosome V (De Jong et al.
1997), and to a region of chromosome IX (Tommiska et al. 1998),
respectively. The same region of chromosome IX contains the gene Sw-5 for
resistance to tomato spotted wilt tospovirus in tomato. The Nx-mediated
resistance us elicited by the PVX coat protein gene (Kavanagh et.al. 1992).
Most PV X strains induce HR on potato carrying the Rx gene, which depends
on the presence of a threonine residue at position 121 of the PVX coat
protein. Elicitation of lesions on Gomphrena globosa also required presence
of the threonine residue at position 121 of the coat protein (Goulden and
Baulcombe, 1993). However, the Rx gene confers resistance to PVX in
potato by arresting virus accumulation in the initially infected cell without an
HR response (Kohm et al. 1993). Rx shows similarities with NBS-LRR class
of R genes (Bendahmane et al. 1999). Also, many PVY strains induce
necrosis (HR) in potato while spreading systemically in the plant (Jones,
1990). Again it is evident that HR and inhibition of virus replication are two
separate processes.

The coding region of a potato gene termed Y-1 was found to be
structurally similar to the tobacco N gene. It is located at the distal end of
chromosome XI in potato Solanum tuberosa subsp. andigena. This gene also
belongs to the TIR-NBS-LRR class and has 57% identity at the amino acid
level as predicted by the sequence with that of the N gene The R gene rich
region of chromosome XI is syntenic in potato and tobacco (Vidal et al.
2002). It contains the N gene and genes homologous to N with unknown
functions in potato (Hamildinen et al. 1998). The coding region of the gene
is 6187-bp long. Leaves of transgenic potato plants expressing Y-1
developed necrotic lesions upon infection with PVY, but no resistance was
observed, and plants became systemically infected by PVY (Vidal et al.
2002).

The dominant gene HRT in TCV-resistant Arabidopsis is a member of the
class of resistance (R) genes that contain a leucine zipper, a nucleotide
binding site, and leucine-rich repeats. This gene therefore belongs to the LZ-
NBS- LRR class of genes. Inoculation of TCV onto resistant Arabidopsis
leads to a HR. Other ecotypes of Arabidopsis do not give an HR but allow
systemic spread of the virus (Li and Simon 1990). HRT was cloned and
conferred HR TCV in transgenic plants (Cooley et al. 2000). HRT shares
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extensive sequence similarity with members of the RPP§ gene family, which
confer resistance to the oomycete pathogen Peronospera parasitica.
Transgenic plants expressing HRT developed an HR but generally remained
susceptible to TCV because of a second gene, RRT, which regulates
resistance to TCV (Kachroo et al. 2000). However some of the transgenic
lines that were resistant did not develop a normal HR.

Some soybean lines resistant to Soybean mosaic virus with the resistant
gene Rsvl show an HR response to infection (Hill, 2003). This gene is
within a cluster with other resistance (R) genes against Pseudomonas
syringae, Phytophthora sojae, a root-knot nematode and against Peanut
mottle and Peanut stripe virus (mentioned in Penuela et al. 2002). Genes in
this cluster code for proteins belonging to the nucleotide binding site (NBS)
leucine-rich repeat (LRR) superfamily, with a coiled coil motif (nonTIR)
(Penuela et al. 2002). In addition Wang et al. (2003) screened a soybean
cDNA library and isolated resistance gene analogs with an NBS domain. A
cDNA of 2533 bp in length was obtained that coded for a polypeptide of 636
amino acids with TIR and NBS domain, which was similar to the N gene of
tobacco, with sequence identity of 28.1%. The expression of this gene could
be induced by exogenous salicylic acid.

The N’ gene

The N’ gene, originating from N. sylvestris, controls the HR induced by
many strains of TMV, except Ul and OM, which spread systemically and
produce mosaic symptoms in N’ containing plants. Mutants that induce
necrosis can easily be isolated from infections causing systemic mosaic
symptoms (Culver et al. 1991). This system is a nice one to demonstrate
cross protection. Alterations in the structure of the tobacco mosaic virus
(TMV) coat protein affect the elicitation of the N’ gene hypersensitive
response (HR) in N. sylvestris. Two specific amino acid substitutions within
the virus coat protein were responsible for host recognition and HR
elicitation (Culver and Dawson, 1989). Five amino acid substitutions were
identified to elicit HR (Culver et al. 1991). Substitutions eliciting HR were
within, or would predictably interfere with, interface regions between
adjacent subunits in ordered aggregation of the coat protein. Substitutions
that did not elicit the HR were either conservative or located outside the
interface region. Radical substitutions that predictably disrupted coat protein
tertiary structure prevented HR elicitation (Culver et al. 1994). Transgenic
plants expressing elicitor coat proteins developed necrotic patches that
eventually coalesced and collapsed entire leaves, demonstrating that
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expression of elicitor coat proteins independently of viral replication can
induce the HR in N. sylvestris (Culver and Dawson, 1991).

Inhibitor of virus replication (IVR)

Localization of TMV in tobacco, containing the N gene, is associated
with the presence of a protein with antiviral properties named ‘inhibitor of
virus replication” (IVR) (Loebenstein and Gera, 1981; Gera and Loebenstein,
1983; Gera et al. 1990). IVR was released into the medium of TMV-infected
protoplasts derived from N. tabacum cv. Samsun NN (Samsun NN) (in
which the infection is localized in the plant). When added to the medium up
tol8 h after inoculation, IVR inhibited virus replication in protoplasts
derived from both local lesions responding resistant Samsun NN and
systemically responding susceptible N. tabacum cv. Samsun plants (Samsun
nn).

IVR inhibited TMV in protoplasts and leaf disks, the effect being dose
responsive, reaching 70-80% with 10 units of IVR (Gera et al. 1986). IVR
also inhibited PVX, PVY and CMV in leaf disks from different hosts,
indicating that IVR is neither host nor virus specific. IVR inhibited TMV
replication in intact leaves when applied by spraying to tobacco and tomato
plants and CMV in cucumbers. [IVR was found to be sensitive to trypsin and
chymotrypsin, but not to Rnase. And its ability was abolished by incubation
at 60°C for 10 min (Gera and Loebenstein, 1983).

IVR was also obtained from the intercellular fluid of hypersensitive
tobacco leaves infected with TMV (Spiegel et al. 1989). Production of IVR
by infected protoplasts and by intact Samsun NN plants was suppressed
almost completely when exposed to 35°C, leading to accumulation of TMV
(Gera et al. 1993). Also treatment of Samsun NN protoplasts with
actinomycin D and chloramphenicol 5 or 24 h after their inoculation
decreased IVR in the incubation medium to close to zero, concomitant with a
marked increase of TMV in the protoplasts (Gera et al. 1983). No increase
was observed when TMV-infected protoplasts of Samsun (susceptible tp
systemic infection by TMV) were incubated in the presence of these
antimetabolites. A ca. 23kDa protein band was always associated with
samples of crude protoplast IVR, tissue-IVR and IVR purified from induced-
resistant tissue; this protein was absent in samples of uninfected plant tissue
and protoplasts derived from them. Purification of the 23 kDa protein from
SDS-polyacrylamide gels yielded a molecule with antiviral properties in
biological tests (Gera et al. 1990). Antibodies against the IVR protein
neutralized its antiviral activity and enabled immunodetection of the 23 kDA
protein (Gera and Loebenstein, 1989; Gera et al. 1990).
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Sequence analysis of clone NC330 indicated that the C-terminus of the
deduced protein is highly acidic, rich in aspartic acid and glutamic acid,
hydrophobic and with a helical structure (Akad et al. 1999). NC330 Protein
(accession CAA08776) motif analysis in silico showed the presence of six
sites typical for protein kinase one site for N-glycosylation, two N-
merystylation sites and leucine rich repeats (LRR), but it is mainly a
tetratricopeptide repeat (TPR) protein. These motifs are known to be
involved in protein-protein interactions (Akad et al. in preparation). It is
worthwhile to note that TPR motifs are present in many proteins including
inducible interferons (Zhang and Gui, 2004; Der et al 1998)).

A direct involvement of TPR motif in plant resistance to pathogens was
recently descried with RAR1 interactor protein. The RARI is an early
convergence point in a signaling pathway engaged by multiple R genes
(Azevedo et al. 2002). It was proposed that two TPR proteins RAR1 and
SGT1 function with HSP90 in chaperoning roles that are essential for
disease resistance (Takahashi et al. 2003; Hubert et al 2003).

When NC330 was compared with other proteins in the GenBank marked
identities were observed with two putative proteins from Arabidopsis
(accessions NP_850309 and A84813). Both proteins had 78% identity with
the NC330 protein, indicating that NC330 is a well-preserved protein. The
NC330 transcript homolog was found in several Expressed Sequence Tags
(EST) from plants, mainly plants at different development stages or stressed
plant tissue. This indicates that NC330 is essential for development (as SPY
and OGT genes) and in resistance responses (as RARI1, SGT1 and HRT
genes).

Transformation of N. tabacum cv. Samsun nn, in which TMV spreads
systemically, with NC330, encoding an IVR-like protein, resulted in a
number of transgenic plants expressing variable resistance to TMV and the
fungal pathogen Botrytis cinerea (Akad et al. in preparation).

1VR-like compounds associated with other resistance responses

The interspecific hybrid of N. glutinosa X N. debneyi is highly resistant to
TMV (Ahl and Gianinazzi, 1982). Following inoculation, only a small
number of tiny lesions develop from which only an extremely low level of
infectivity can be recovered. A specific band corresponding to a 23kDa
protein was consistently observed In PAGE of crude hybrid IVR, both from
TMV-inoculated and uninoculated hybrid plants. This band reacted
specifically in immonoblots with IVR antiserum and crude extracts obtained
from inoculated or uninoculated leaves of the hybrid gave positive reactions
with IVR antiserum in agar-gel diffusion tests. The precipitation lines fused
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without spur formation with the precipitation lines obtained between
protoplast IVR and the antiserum. Based on these criteria IVR from the
hybrid was indistinguishable from IVR obtained from Samsun NN
(Loebenstein et al. 1990).

An IVR-like protein (about 23kDa) is constitutively produced in a
resistant pepper cultivar, but not in a susceptible one. This constitutive
production of the IVR-like protein in this host may be responsible for its
high resistance to TMV (Gera et al. 1994).

A substance(s), which inhibits virus replication (IGI) was released by
protoplasts obtained from green island leaf tissue of tobacco, cv. Xanthi-nc,
infected with CMV. It was also obtained directly from green island tissue.
IGI inhibited both CMV and TMV replication in protoplasts and leaf tissue
disks, with the degree of inhibition being dependent upon concentration
applied. The IGI was partially purified to yield two active fractions with
molecular weights of about 26 kDa and 57 kDa. IGI appeared to be quite
similar to IVR since both posses similar serological determinants. Fractions
with similar activity were also obtained from green island leaf tissue of
tobacco cv. Samsun, infected with CMV. However, these fractions differed
serologically from both the IVR and IGI obtained from Xanthi-nc (Gera and
Loebenstein, 1988).

Other compounds associated with the local lesion response - AVF

Another putative antiviral factor (AVF) from TMV infected N. glutinosa
was reported (Sela and Applebaum, 1962), using hydrated calcium
phosphate (HCP) to remove TMV from the extract. AVF was characterized
as a glycoprotein (Mozes et al. 1978) and was purified by DEAE-cellulose
chromatography, and finally by affinity chromatography on a column of
concavalin A bound to Sepharose (summarized in Sela, 1981). However,
purification resulted in several fractions exhibiting antiviral activity and very
little protein. Further purification by immunoaffinity on a column of
immobilized monoclonal antibodies to human p-interferon yielded 2
glycoproteins (gps) in pure state (Edelbaum et al. 1990). Computer analysis
of partial sequences from them revealed no significant homology to human
B-interferon, to each other or any other recorded sequences. However, in a
later publication the these two gps to be a basic vacuolar form of beta-1,
3-glucanase while the second is closely related to both the acidic and basic
forms of pathogenesis-related protein 5 (Edelbaum et al. 1991). It might be
mentioned that so far no antiviral properties have been reported for any of
the Pr proteins. This discrepancy may be due to differences in testing. While
the Pr proteins were tested mainly as inhibitors of replication, either on virus
infected protoplasts or on leaf tissue infected for several hours, AFV was
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tested mainly as an inhibitor of infection by mixing the AVF preparation
with the virus (Sela, 1981). This, therefore, raises the question if AVF is not
one of the many plant extracts that inhibit infection, and not an inhibitor of
virus replication as expected for a compound associated with resistance and
virus localization.

Concluding thoughts

Major advances in understanding the mechanism of localization and
induced resistance have been made since reviewing this subject 30 years ago
(Loebenstein, 1972). At that time it became evident that necrotization and
ultrastructural changes around the lesion were not the major cause for
restricting the virus within the lesion. These predictions that necrotization
and localization are two separate processes got support from additional
experimental data, as with PVX in Rx potato and TCV in resistant
Arabidopsis. Since then efforts were made to link Pr proteins as the main
factor in the localization of the virus, but so far no evidence has been
provided that they are active in localizing the virus. They are not induced in
virus infections that do not cause necrosis and may therefore be a host
response to necrosis (or other stresses). No antiviral activity of any of the
PR-proteins has so far been reported.

A major achievement was in the early 1990s, when the N gene was
isolated by transposon tagging (Whitham et al. 1994; Dinesh-Kumar et al.
1995) and its transcription strategy determined. The N gene encodes a
protein of 131.4 kDa, which has three domains: an N-terminal domain
similar to that of the Drosophila Toll protein and the interleukin-1 receptor
(TIR) in mammals, a nucleotide-binding site (NBS) and four imperfect
leucine-rich regions (LRR). The N gene thus belongs to the TIR-NBS-LRR
class of R genes. Presence of the TIR-NBS-LRR domains in the predicted N
protein suggests that it functions in a signal transduction pathway for
induction of a cascade and induces a variety of defense and signaling
proteins and salicylic acid. It may be that the N protein activates the HR but
activation of resistance may require another gene, similar to the HRT and
RRT genes in Turnip crinkle virus resistant Arabidopsis (Kachroo et al.
2000).

The N protein nay also function as a receptor that interacts with the gene
product of TMV that elicits HR, perhaps by activating a transcription factor
that induces the expression of genes responsible for the HR (Whitham et al.
1994). It is suggested that the HR and inhibition of virus replication are two
separate processes. Thus in some cases, HR may be activated but fails to
restrict virus multiplication or movement resulting in systemic movement.
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The N protein by itself apparently does not inhibit virus replication by
itself but induces a cascade of events. We speculate that IVR or an IVR-like
protein is produced at the end of the cascade. This protein(s) could be the
main factor responsible for inhibiting virus replication resulting in localizing
the infection and subsequently in systemic induced resistance (SAR). The
IVR protein not only inhibited TMV, but also PVX, PVY and CMV in leaf
disks floated on an IVR solution, and may perhaps be a broad-spectrum
interferon-like inhibitor.

As to the mode of action of IVR, a speculative possibility is that it binds
small RNAs (small interfering RNA or micro RNA), which are involved in
transcript turnover, cleavage and translational control (Hutvagner and
Zamore, 2002), or part of the RNA-induced silencing complex (RISC) and
degrade viral RNA. Recently, it was shown that in several plants small RNA
binding proteins were found in the phloem, which bound selectively 25-
nucleotide single-stranded RNA species (Yoo et al. 2004). These proteins
were in the range of 20.5- 27kD, while IVR was about 23kD.  These
proteins could mediate the cell-to-cell trafficking of the siRNA’s.

Plants transformed with NC330, encoding an IVR-like protein, resulted
in a number of transgenic plants expressing variable resistance to TMV and
the fungal pathogen Botrytis cinerea (Akad et al. in preparation). It will be
interesting to see if transformation of different plants with sequences
encoding IVR-like proteins will induce resistance to different viruses and
perhaps to other pathogens. It might be that resistance of plants to viruses
and fungi is associated with siRNA, which recently became known as a
more general gene silencing agent, and may be associated with resistance in
a variety of organisms.
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Setting the scene

During the co-evolution of plants and their pathogens, the pathogens
developed a wide variety of strategies to infect and exploit their hosts. In
response to this pressure, plants countered by deploying a range of defense
mechanisms. Some of these are conceptually simple, for example defenses
based on physical barriers such as the cell wall or cuticle, or resistance
engendered by pre-existing antimicrobial compounds (Osbourn 1996).
However, certain resistance mechanisms, most particularly those that are
inducible, are complex in nature and have proved to be more difficult to
understand, particularly with respect to resistance to viruses.

Inducible resistance mechanisms can be triggered by exposure to
pathogenic and non-pathogenic organisms, as well as by certain abiotic
stimuli and chemicals. Some of these resistance responses are only local in
extent, for example, the synthesis of phytoalexins (weak, broad spectrum
antibiotics that affect non-viral pathogens: Ku¢, 1995; Hammerschmidt,
1999), or by localized programmed cell death that occurs close to the sites of
pathogen penetration (see accompanying Chapter by Loebenstein and Akad).
The nomenclature used to describe inducible systemic resistance phenomena
can be confusing and is not used in a uniform way throughout the literature.
However, most authors refer to systemic resistance induced by a pathogen as
“systemic acquired resistance” (SAR) and we shall use this terminology
throughout this review. For more information on the history and
terminology of induced resistance directed against non-viral pathogens the
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reader is directed to a special issue of the European Journal of Plant
Pathology edited by Hammerschmidt et al. (2001).

In general, SAR confers protection against a broad spectrum of
pathogens, even though the initial induction of resistance may depend on a
highly specific plant-pathogen interaction. Thus, early studies showed SAR
induced by one virus was effective against unrelated viruses (Ross, 1966) or
even that SAR induced by a fungus could inhibit infection by a virus
(Bergstrom et al. 1982). In recent years, it has become clear that there is yet
another systemic antiviral resistance phenomenon in plants: RNA silencing.
In contrast to SAR, RNA silencing is highly specific with respect both to its
induction and activity. RNA silencing is an homology-based RNA
degradation mechanism that probably occurs in all eucaryotes, including
plants (Moissiard and Voinnet, 2004). One of the functions of RNA
silencing is as a defense mechanism against viruses (Waterhouse et al. 1999,
2001; Moissiard and Voinnet, 2004). For further discussion of various
aspects of this concept the reader is referred to the accompanying Chapters
by Bucher and Prins, Gal-On, Palukaitis and MacFarlane, and by Moore and
MacDiarmid.

In this chapter, our aim is to review current knowledge of induced
resistance mechanisms against viruses. Viruses pose a distinct challenge to
the plant. Unlike the cellular pathogens (fungi, oomycetes, and bacteria) all
viruses are non-cellular obligate intracellular parasites that must replicate in
intimate association with specific components of the host cell (Hull, 2002).
As a consequence, most of the inducible defenses discovered so far,
particularly if they are extracellular or targeted against pathogen cell
structure or function, have no impact on the virus life cycle. In addition to
reviewing our rather scant knowledge of antiviral factors and mechanisms
there will also be a discussion of the signal transduction networks that
regulate resistance induction and how these might coordinate resistance
against diverse pathogens. Additionally, we will address one of the most
challenging areas in the study of plant virus resistance, namely, how the
“classical” resistance phenomena of SAR may be coordinated with, or
overlap with, RNA silencing.

Triggering broad-spectrum induced resistance

Pathogen-induced resistance: The hypersensitive response and SAR

Resistance to a pathogen is often accompanied by a response known as
the hypersensitive response (HR): the rapid, localized death of cells at the
infection site. The HR can occur in resistant plants in response to viruses, as
well as bacteria, fungi or nematodes (Goodman and Novacky, 1994;
Kombrink and Schmelzer, 2001). In the best understood systems, the
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occurrence of the HR depends upon the possession by the plant and invader
of corresponding resistance (R) and avirulence (4vr) genes respectively, also
known as a ‘gene-for-gene’ interaction (Flor, 1971). According to the
modern conceptualization of the gene-for-gene interaction, which is based
on recent progress in the isolation and functional analysis of R and Avr
genes, R gene products are believed (or in some cases known) to act as
receptor molecules that directly or indirectly detect specific elicitors, which
are the direct or indirect products of the pathogen’s Avr gene (Bergelson et
al. 2001; Dangl and Jones, 2001). For specific examples and further
examples relevant to virus-plant interactions see accompanying Chapters in
this volume by Bruening, Caplan and Dinesh-Kumar, Kachroo, Pfitzner and
by Schoelz.

In gene-for-gene interactions involving viruses, viral gene products
identified as elicitors capable of triggering the HR include replication
proteins (Padgett et al. 1997; Abbink et al. 1998; Erickson et al. 1999), viral
capsid proteins (Culver and Dawson, 1989; Culver et al. 1994; Bendahmane
et al. 1995), and viral movement proteins (Weber and Pfitzner, 1998). Plant
R genes conferring hypersensitivity to a number of pathogens have been
identified and isolated in sufficient numbers to allow their classification into
several distinct families (Jones, 2000; Dangl and Jones, 2001). Relatively
few virus-specific gene-for gene type R genes have been isolated so far.
These include the N resistance gene from Nicotiana, that confers
hypersensitivity to Tobacco mosaic virus (TMV) and almost all other
tobamoviruses (Dinesh-Kumar et al. 1995), the HRT gene from Arabidopsis,
which is required for the HR exhibited by plants of the Dijon ecotype
infected with Turnip crinkle virus Genus Carmovirus (TCV) (Cooley et al.
2000; Kachroo et al. 2000), the potato Rx gene for resistance to Potato virus
X (PVX) (Bendahmane et al. 1997), and the Tm-2 and Tm-2’ genes for
resistance to Tomato mosaic virus (Gerhardts and Pfitzner, 2003 cited in the
accompanying chapter by Pfitzner; Lanfermeijer et al. 2003). Further details
of the structure and function of R and their products (R proteins) are
presented in the accompanying chapters by Bruening, Caplan and Dinesh-
Kumar, Kachroo, and Pfitzner.

Plant cell death and resistance

The HR is a correlative feature of many, but not all, resistance
interactions controlled by R genes (reviewed in this volume by Loebenstein
and Akad). Conceivably, the cell death reaction seen in the HR may inhibit
replication of certain pathogens or deprive them of nutrients. However,
investigators now consider this to be a simplistic view and that a more
important role for the HR is in the generation of signals that cause local and
systemic changes in the plant. Perhaps this is why a local HR is often
associated with the onset of systemic resistance (Pennell and Lamb, 1997,
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Birch et al. 2000). Of course, cell death as necrosis can also occur in
pathogen-infected susceptible plants, but this form of cell death is distinctly
different from the HR (see below).

It is generally thought that the HR is a form of programmed cell death
(PCD). PCD is defined as cell death resulting from a complex set of
genetically controlled physiological and morphological processes. These
result in the selective destruction of cells that can be expended (Pennell and
Lamb, 1997; Birch et al. 2000). It differs from necrosis, which is caused by
microbial toxins or injury, and is not regulated and limited by the plant
(Pennell and Lamb, 1997; Birch et al. 2000). It has been suggested that the
HR is comparable to the form of animal PCD known as apoptosis. Features
shared by the HR and apoptosis include the activation of complex signaling
networks, changes in ion fluxes, the generation of reactive oxygen species,
and changes in protein phosphorylation (reviewed and discussed in detail by
Birch et al. 2000; Heath, 2000; Gilchrist, 1998; Pennell and Lamb, 1997).
Some experimental results are consistent with the idea that the HR may be
similar to apoptosis. For example, a number of groups have reported
cysteine protease activity during the HR which may be indicative of caspase-
type activity (reviewed by Birch et al. 2000; Lam and del Pozo, 2000).
Furthermore, Bax, an animal PCD effector protein, induced plant cell death
when expressed from a viral vector (Lacomme and Santa Cruz, 1999).
Nevertheless, there is no evidence that plant genomes encode either caspases
or Bax-type proteins. Instead, the reports of PCD-related cysteine protease
activity in plants or the effects of animal PCD effectors on plant cell death
may be explained by the possibility that in plants entirely novel gene
products may have evolved to fulfill the roles of PCD effectors. Most
notably, a plant vacuolar processing enzyme (VPE) has a caspase-1 like
protease activity and is required for the NV gene-mediated HR to TMV. Thus,
this form of PCD in plants appears to be mediated by VPE and possibly
other elements within the cell vacuole (Hatsugai et al. 2004).

Perhaps the nature of plant PCD is a less important puzzle to solve than
whether or not host cell death is needed for resistance to viruses to occur
during the HR. On one hand, there is often a correlative association between
host cell death in the HR and resistance, and recent evidence indicates that
certain natural products produced during the HR (e.g. scopoletin: Chong et
al. 2002) may have antiviral activity. However, there is no direct evidence
showing that cell death is an absolute requirement for the limitation of virus
multiplication, at least during the period immediately following the
appearance of the HR. This point is exemplified by the results of three
studies that investigated the interaction of NN genotype Nicotiana plants
with TMV. In the first of these examples, Weststeijn (1981) exploited the
temperature-sensitive nature of the HR and TMV localization in tobacco
containing the N resistance gene to show that increased temperature could be
used to facilitate the escape of virus from lesions for up to 12 days after HR



A6. Induced Resistance Mechanisms 129

appearance. More recently, Santa Cruz and colleagues (Wright et al. 2000)
used genetically engineered TMV expressing the green fluorescent protein
(TMV.GFP) to confirm that virus remained in living cells at the periphery of
the HR lesion for several days following the appearance of the HR in NN
genotype Nicotiana edwardsonii. Similar evidence for this has also been
obtained using TMV.GFP infection of NN genotype tobacco (Murphy et al.
2001). In the third example, growing NN genotype tobacco plants in a low
oxygen atmosphere inhinbited cell death but TMV remained localized in
these plants (Mittler et al. 1996).

Studies in other systems indicate at the genetic level that cell death
and resistance can be entirely separate phenomena. For example, an
examination of the factors controlling the induction of the HR in cowpea by
Cucumber mosaic virus (CMV) showed that specific and distinct amino
acids within the viral RNA polymerase sequence were responsible for the
induction of virus localization and the elicitation of cell death (Kim and
Palukaitis, 1997). Furthermore, cell death and resistance induction triggered
by Cauliflower mosaic virus (CaMV) in Nicotiana species are controlled by
separate host genes (Cole et al. 2001). Taken with the results of the N
gene/TMV system, these findings strongly suggest that cell death alone is
not responsible for virus localization during or after the HR.

SAR and Salicylic acid

The induction of a HR during a resistance response often results in the
induction of SAR. Probably the best known example of this effect in plant-
virus interactions is the response of tobacco plants possessing the N
resistance gene. Ross (1961a, b) showed that inoculation of these plants
with TMV resulted in an enhanced degree of resistance to a second
inoculation with the virus. This was manifested as the formation of smaller
and fewer necrotic lesions not only in tissue close to the primary lesion
(Ross, 1961a) but also on un-inoculated parts of the plant (Ross, 1961b).
Subsequent work showed that SAR induced by one pathogen could confer
resistance to unrelated pathogens (Ross 1966; Bergstrom et al. 1982; Naylor
et al. 1998). We now know that the HR and SAR are coordinated and
controlled by a complex signal transduction network.

Salicylic acid (SA) plays a central role in the signal transduction pathway
that results in SAR. Indeed, SA has repeatedly been shown to accumulate to
high levels in both primary inoculated tissues as well as in distal tissue
displaying SAR (Malamy et al. 1990; Métraux et al. 1990, and also reviewed
by Dempsey et al. 1999). In fact, the signaling pathways leading to SAR are
dependent on endogenous accumulation of SA. If SA accumulation is
inhibited by engineering plants to express the salicylate-degrading enzyme
SA hydroxylase (nahG-transgenic plants: Gaffney et al. 1993; Delaney et al.
1994; Mur et al. 1997), or by mutation of SA biosynthetic genes (Nawrath
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and Métraux, 1999), plants are not able to express SAR and are more
susceptible to virulent and avirulent pathogens. Due, in part, to conflicting
results obtained from grafting experiments with different nahG-transgenic
tobacco lines (Vernooij et al. 1994; Darby et al. 2000) it is not at all clear
whether SA is the translocated signal responsible for establishing SAR
throughout the plant. Thus, the nature of the mobile SAR-inducing signal
remains to be established, although recent work with the Arabidopsis dir-1-1
mutant suggests that a lipid-derived molecule may be the signal (Maldonado
et al. 2002).

Inducible gene products associated with the HR and SAR induction

Following on from the work of Ross (1961a, b) several groups attempted
to find evidence of changes in host gene expression specifically associated
with the HR or SAR induction. Loebenstein and co-workers identified a
protein that appeared after a TMV-induced HR. This was released by
protoplasts and was present in the intercellular fluid of intact leaves,
indicating that it is extracellular. They called this protein inhibitor of virus
replication (IVR) since it could inhibit production of several viruses in leaf
discs (Loebenstein and Gera, 1981; Spiegel et al. 1989). A cDNA clone
encoding IVR was recently isolated by this group (Akad et al. 1999). With
this clone now available, it should soon be possible to determine definitively
whether IVR has a role in LAR or SAR against viruses (see Loebenstein and
Akad in this volume).

However, the most intensively studied inducible gene products associated
with the HR and SAR are the pathogenesis-related (PR) proteins. These
proteins were discovered independently at around the same time (c. 1969) by
van Loon and Gianinazzi, together with their respective colleagues. Both
groups found that ‘novel’, host-encoded proteins accumulated in the leaves
of NN genotype tobacco plants inoculated with TMV and in leaves
expressing SAR (Gianinazzi et al. 1970; van Loon and van Kammen, 1970).
Subsequent study in many laboratories has shown that PR proteins are highly
diverse and it has been helpful to classify them into a number of families
(van Loon and van Strien, 1999). Some PR proteins are induced by SA,
while others are regulated by other factors such as ethylene or jasmonic acid,
or combinations of factors (Schenk et al. 2000).

Several of the PR proteins have been shown to have direct antimicrobial
activity. For example, those with chitinase or -1,3-glucanase activity can
cause the breakdown of fungal cell walls (Mauch et al. 1988; Rauscher et al.
1999; Schlumbaum et al. 1986). Some PR proteins, including the most-
studied PR protein, PR1, are known to have antimicrobial properties but
their mode of action remains unknown (Alexander et al. 1993; Niderman et
al. 1995). So far, none of the PR proteins examined to date have been shown
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to have antiviral activity. Paradoxically, over-expression of extracellular -
1,3-glucanase PR proteins (PR2 family; van Loon and van Strien, 1999) can
promote viral movement due to the increased breakdown of callose around
the plasmodesmata (Bucher et al. 2001). Nevertheless, because PR proteins
accumulate so abundantly, they are routinely used as a general marker for
the induction of SAR (Ward et al. 1991; Kessmann et al. 1994).

In Arabidopsis the NPR1 protein plays a key role downstream of SA in
the induction of many PR genes and in the establishment of SAR against
fungal and bacterial pathogens (Cao et al. 1994; Glazebrook et al. 1996;
Delaney et al. 1995; Shah et al. 1997). NPRI1 is a 65 kDa protein, containing
ankyrin repeats (Cao et al. 1997; Ryals et al. 1997). In non-induced plants
NPRI1 exists in the cytoplasm as a covalent linked oligomer held together by
disulfide bridges. SA induces dissociation and the released NPR1 monomers
relocate to the nucleus where they interact directly with members of the
TGA/OBF family of transcription factors (Zhou et al. 2000; Després et al.
2003; Mou et al. 2003). Two NPRI-interacting transcription factors are
known to bind a crucial element within the PR-1 promoter (Zhou et al.
2000), which had previously been shown to be required for SA-induced PR1
synthesis (Lebel et al. 1998). However, as will be discussed later, SA-
induced resistance to viruses does not require PR-protein expression, nor is it
dependent on the activity of NPR1.

Chemically-induced resistance

Many different classes of chemicals can induce some form of resistance
(Ku¢, 2001). However, in searches for agronomically useful molecules that
could mimic the action of SA to induce resistance against viruses and other
pathogens, two chemicals have been studied in greatest detail: acibenzolar-
S-methyl (‘Bion’ or ‘Actigard’) and INA (2,6-dichloroisonicotinic acid)
(Friedrich et al. 1996; Lawton et al. 1996; Gorlach et al. 1996). Of these,
Bion has been deployed commercially in several countries as a plant
protectant or growth-promoting chemical (Oostendorp et al. 2001). Other
chemicals, which are the subject of intense investigation are BABA (B-
aminobutyric acid) and Oryzemate (Probenazole). BABA protects against a
wide range of pathogens, including viruses. However, it has not been
resolved whether or not it acts via a stimulation of the SA pathway (Jakab et
al. 2001). In contrast, probenazole-induced resistance has been shown to
require SA and NPR1 activity (Yoshioka et al. 2001). None of these
chemicals show direct antimicrobial activity in vitro, but activate resistance
to the same range of pathogens as biotic inducers of SAR (Oostendorp et al.
2001; Jakab et al. 2001).

Of course, SA itself or aspirin (acetylsalicylic acid), triggers resistance
when applied onto TMV-resistant or susceptible tobacco leaves (White,
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1979; White et al. 1983). It was this early work that prompted investigation
of SA levels in pathogen-infected plants (Malamy et al., 1990; Métraux et al.
1990) and laid the groundwork for many subsequent studies of signal
transduction in SAR induction. Even in otherwise susceptible plants
resistance is characterized by a delay in the onset of disease symptoms and
by a decreased yield of virus (Chivasa et al. 1997; Naylor et al. 1998; White
et al. 1983) and such effects may, in the longer-term, be of practical use. For
further discussion regarding the utilization of resistance-inducing chemicals
(and beneficial resistance-inducing microbes) to protect plant against virus
infection in the field, the reader is referred to the accompanying Chapter by
Murphy.

SAR and SA-induced resistance to viruses

Extensive reprogramming of both primary and secondary plant
metabolism and gene expression levels is initiated during a resistance
response (Hammond-Kosack and Jones, 1996; Kombrink and Schmelzer,
2001; Dixon, 2001). Some of the host protein changes are directly involved
in resistance responses, for example production of phytoalexins or
biosynthesis of SA (reviewed by Dixon et al. 2002). However, many
biochemical and physiological changes in resistant and susceptible plants
may only be secondary to the defense response and it is difficult with our
present knowledge to distinguish between these roles (see accompanying
Chapter by Handford and Carr). In this section we will concentrate on
signaling pathways and resistance mechanisms that are known (or thought)
to be involved in virus resistance.

Vulnerabilities of plant viruses to induced resistance mechanisms

Since they are dependent on host factors for their replication and
movement through the plant (Hull, 2002), the potential targets for plant
defense mechanisms are for the most part unique to viruses and distinct from
those that could be useful in defense against bacteria and fungi.

Although some plant viruses utilize negative-sense single-stranded or
double-stranded RNA, most plant viruses possess genomes consisting of
positive-sense (i.e. mRNA sense) single-stranded (ss) RNA. These viruses
replicate and in some cases synthesize ‘sub-genomic’ mRNA in the
cytoplasm of host cells using an RNA-dependent RNA polymerase (RdRp)
complex consisting of proteins encoded by the virus plus factors seconded
from the host cell (Buck, 1996; Hull, 2002). There are fewer groups of DNA
viruses that infect plants, although some of the diseases they cause can be
serious (Hull, 2002). The two best-studied groups of plant DNA viruses are
the geminiviruses and the caulimoviruses. Geminiviruses possess circular,
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single-stranded DNA genomes and replicate in the host nucleus using a host
DNA polymerase (Hanley-Bowdoin et al. 1999; Hull, 2002). The
caulimoviruses are double-stranded DNA pararetroviruses; that is, they
encode a reverse transcriptase that allows them to replicate via an RNA
intermediate (Hohn and Futterer, 1997; Hull, 2002).

Viruses such as TMV can enter a plant cell through small wounds caused
by abrasion but many other types of virus are introduced into the plant by
other organisms acting as vectors. Inside the cell, the virus uncoats,
replicates and begins the process of local, cell-to-cell, movement. Most
viruses produce one or more movement proteins that mediate transfer of
viral RNA (or in some cases entire virus particles) between neighboring cells
via the plasmodesmata (Carrington, 1999; Heinlein, 2002). Eventually, the
virus reaches the host’s vascular system and can begin moving systemically.
Although the process by which viruses enter the vasculature is poorly
understood, it is known that most viruses move in the phloem tissue, the
elements of which are responsible for translocation of carbohydrates and
other metabolites around the plant (Leisner and Turgeon, 1993; Nelson and
van Bel, 1998). Viruses are translocated preferentially towards young leaves,
where they unload from the veins and begin to invade the surrounding tissue
(Oparka and Santa Cruz, 2000).

Thus, any of the stages in the viral infection process (entry, replication,
intercellular movement and systemic movement) could in principle, be the
targets of induced resistance mechanisms.

Resistance against viruses in SA-treated and SAR-expressing plants

There is now substantial evidence that some of the antiviral mechanisms
triggered by SA and induced in SAR-expressing plants are regulated by
redox-mediated signaling in the mitochondria. This branch of the defensive
signal transduction pathway is in part regulated by the alternative oxidase
(AOX), as indicated by experiments in which 4ox gene expression has been
perturbed in transgenic plants or in plants infected with a viral vector
expressing high levels of wild-type or mutant 4ox sequences (Gilliland et al.
2003; Murphy et al. 2004). The ‘virus-specific’ signaling pathway can be
activated selectively, that is, independently of PR gene induction, by non-
lethal concentrations of cyanide and antimycin A and, at least in tobacco, its
induction can be inhibited to some extent by an inhibitor of AOX,
salicylhydroxamic acid (SHAM) (Chivasa et al. 1997; Chivasa and Carr,
1998; Gilliland et al. 2003; Mayers et al. 2005). There is also genetic
evidence supporting the existence of a virus-specific pathway or pathways.
In A. thaliana, SA-induced resistance to Turnip vein clearing virus Genus
Tobamovirus(TVCV) is regulated independently of NPR1 (Wong et al.
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2002), as is resistance to TCV mediated by the HRT resistance gene
(Kachroo et al. 2000).

The biochemical details of this signaling mechanism and the potential
role of AOX activity will not be dealt with here in depth since the topic has
been reviewed extensively and recently elsewhere (Singh et al. 2004;
Gilliland et al. 2005 and in the accompanying chapter by Handford and
Carr).

Despite the progress made in understanding some of the signaling
involved in SA-induced resistance to viruses, we have not yet identified the
host gene products responsible for limiting virus spread. In contrast, a
number of the components responsible for limiting the spread of fungal and
bacterial pathogens have been identified, which include the PR proteins.
However, none of the currently identified PR proteins have been implicated
in virus resistance. Transgenic tobacco plants constitutively expressing one
or more PR proteins were still susceptible to TMV (Cutt et al. 1989;
Linthorst et al. 1989) but showed enhanced resistance against oomycete and
fungal pathogens (Alexander et al. 1993).

Recently, an SA-regulated host-encoded RdRp (NtRdRp1) was identified
in tobacco and shown to have antiviral properties (Xie et al. 2001).
However, it was found that antisense suppression of the gene did not abolish
SA-induced resistance to viruses, indicating that it is not essential for
induced resistance to viruses, although it could still contribute to resistance,
most likely through a mechanism based on RNA silencing (See below).

SA can interfere with virus replication

SA treatment can inhibit the accumulation of certain positive sense
ssRNA viruses and at least one DNA virus, CaMV, in directly inoculated
tissues and/or protoplasts from tobacco and Arabidopsis and cowpea
(Chivasa et al. 1997; Hooft van Huijsduijnen et al. 1986; Naylor et al. 1998;
Murphy and Carr, 2002; Wong et al. 2002; Gilliland et al. 2005). An early
study in cowpea protoplasts demonstrated that SA treatment could interfere
with Alfalfa mosaic virus (AIMV) replication (Hooft van Huijsduijnen et al.
1986). In TMV-susceptible tobacco leaf tissue, SA caused a dramatic
reduction of TMV RNA accumulation (Chivasa et al. 1997). More
specifically, it was also found that for this virus the ratio of genomic RNA to
coat protein mRNA and the ratio of plus- to minus- sense RNAs were
affected by SA, suggesting that SA induces interference with the activity of
the TMV RdRp complex (Chivasa et al. 1997; Naylor et al. 1998). Similar
effects of SA on TMV RNA accumulation were observed in mesophyll
protoplasts generated from SA-treated tobacco plants demonstrating that in
this case, SA-induced resistance is operating at the single cell level (Murphy
and Carr, 2002). This shows inhibition of replication, rather than cell-to-cell
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movement is the principal effect. However, inhibition of virus movement
also plays a role in SA-induced resistance to TMV in intact leaf tissue (See
below).

SA can inhibit virus long-distance movement

In tobacco and Arabidopsis CMV can evade SA-induced interference
with replication (Naylor et al. 1998; Ji and Ding, 2001; Mayers et al. 2005).
However, SA-treated tobacco plants show a marked delay in CMV symptom
development. It was found that although CMV could replicate in directly
inoculated SA-treated tobacco leaves, its entry into the phloem cells was
delayed (Naylor et al. 1998). Similar results were also observed with AIMV
(Naylor, 1999). Presumably, SA affects one or more cell types within the
vascular bundle in a way that prevents or slows down phloem loading. CMV
inoculated onto N-gene tobacco expressing SAR due to prior exposure to
TMV was also restricted in long-distance movement (Naylor et al. 1998). In
tobacco a mutant of CMV that is unable to express the 2b resistance
suppressor protein (CMVA2b) appears to be subject to SA-induced
interference with CMV replication (Ji and Ding, 2001) and this is discussed
later.

SA has cell-specific effects

Whilst work with CMV revealed that SA could target long-distance
movement of viruses, further investigation using viruses expressing GFP
revealed the fact that SA can have different effects on the same virus in
different cell types (Murphy and Carr, 2002). Treatment of susceptible
tobacco with SA restricted TMV expressing GFP (TMV.GFP) to single
epidermal cell infection sites. The replication of TMV.GFP in single
epidermal cells appeared similar in control as well as SA-treated plants, as
judged by GFP fluorescence levels, indicating that SA was inhibiting cell-to-
cell movement. Recovery of cell-to-cell movement was achieved to some
extent when TMV movement protein (MP) was supplied in trans in tobacco
plants constitutively expressing TMV-MP (Murphy and Carr, 2002).
However, even in TMV-MP transgenic plants that had been treated with SA,
TMV.GFP was restricted to the epidermal cell layer and did not appear to
move into the mesophyll cell layer beneath. This data demonstrated that SA
can inhibit cell-to-cell movement of TMV.GFP in the epidermis, but
interferes with TMV.GFP replication in the mesophyll cell (Murphy and
Carr, 2002).
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SA- and cyanide-induced resistance to viruses: Relevance to plants
expressing R-gene mediated resistance and SAR

SA-induced resistance to viruses can occur in plants in the absence of any
R/Avr gene interaction or HR-associated cell death. However, SA-induced
resistance to viruses in plants lacking an R gene is usually expressed only as
a delay in the onset of virus spread and disease induction. Nevertheless,
investigations of virus spread in SA-treated susceptible plants may shed light
on what is happening in resistant plants. For example, TMV.GFP is limited
to single—cell infection sites in SA-treated susceptible tobacco (Murphy and
Carr, 2002) and this may explain why fewer and/or smaller visible necrotic
lesions appear on SAR-expressing, N-gene tobacco plants after inoculation
with TMV. This finding may be significant since the HR mediated by the V-
gene, unlike many other pathogen-induced cell death phenomena, cannot
occur at the single cell level. For example, TMV does not cause necrosis of
TMV-infected protoplasts from N-gene tobacco (Otsuki et al. 1972) and a
movement-deficient TMV.GFP construct that could only infect single
epidermal cells did not elicit cell death in an N-gene containing host (Wright
et al. 2000).

It has also been demonstrated that the virus-specific signaling pathway is
essential for N gene-mediated resistance against TMV (Chivasa and Carr,
1998). When N gene-containing tobacco was transformed with the bacterial
nahG gene, it was found that these transgenic plants could no longer restrict
the spread of TMV or TMV-induced necrosis (Bi et al. 1995; Ryals et al.
1995; Mur et al. 1997). Thus it was proposed that SA is required for virus
localization early on in the HR (Mur et al. 1997). It was then found that
cyanide treatment restored N gene-mediated resistance to TMV in plants
expressing SA hydroxylase (Chivasa and Carr, 1998). Thus, the virus
specific defense pathway is required for N gene-mediated TMV localization
as well as for the subsequent establishment of acquired resistance.

However, other, yet unknown, virus-restricting mechanisms must also be
coming into play during the HR, at least in the case of N gene-triggered
restriction of the spread of TMV. In N. benthamiana plants transgenic for
the NV resistance gene it was found that virus-induced silencing of an NPR1-
like gene compromised localization of TMV (Liu et al. 2002). Since the
virus-specific signaling pathway that we have investigated is not dependent
on NPR1 (Wong et al. 2002), this suggests that other signaling pathways are
also at work during the HR.

Non-SA-dependent chemically-induced resistance to viruses

So far, only a small number of host gene products have been identified
that appear to have any direct role in the inhibiting viral infection. Examples
already mentioned in this review include IVR and RdRpl. Ueki and
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Citovsky (2002) have added to this short list by identifying the protein
mediating an inducible resistance phenomenon that inhibits systemic
movement of tobamoviruses in tobacco. In recent years, most studies of
inducible resistance to viruses have concentrated on either RNA silencing or
on resistance mechanisms regulated by SA. In contrast, Citovsky and co-
workers have focused on an inducible resistance phenomenon that is quite
distinctive in that it apparently antagonizes the establishment of systemic
RNA silencing (Ueki and Citovsky, 2001). Furthermore, it is not reliant on
salicylic acid-mediated signaling (Citovsky et al. 1998). This resistance to
viruses is induced by treatment of plants with non-toxic concentrations of
ions of the heavy metal cadmium (Ghoshroy et al. 1998). The protein that
Ueki and Citovsky (2002) identified, CdiGRP, is a glycine-rich protein that
promotes the accumulation of callose in the vascular tissue. This callose
build up might restrict the unloading of viruses out of the phloem and
inhibits systemic virus movement (see accompanying chapter by Ueki and
Citovsky).

A possible role for RNA silencing in SA-induced resistance

In the earlier section on resistance against viruses in SA-treated and
SAR-expressing plants we proposed that an additional, AOX-independent
mechanism may result from increased induction of the gene(s) encoding the
RdRP1-type of host RNA-dependent RNA polymerase. RdRPs play
important roles in certain pathways leading to the induction of RNA
silencing (also known variously as RNA interference, post-transcriptional
gene silencing etc.). RNA silencing is a targeted RNA degradation process,
affecting all highly homologous sequences in which foreign, over-expressed
or aberrant RNA molecules are targeted for destruction in a sequence-
specific manner (Ahlquist, 2002; Baulcombe, 2001; Moissiard and Voinnet,
2004). Cellular RdRPs are encoded by gene families and the various family
members appear to play roles in different forms of RNA silencing. Thus, the
SA-inducible class, RARP1, does not seem to be absolutely required either
for SA-induced resistance or for virus-induced gene silencing in tobacco or
Arabidopsis (Xie et al. 2001; Yu et al. 2003). However, RdRP1 is an
important factor in limiting the extent to which some RNA viruses can
accumulate within host tissue. For example, it contributes to a pre-existing
or ‘basal’ resistance to TMV infection in tobacco. But in N. benthamiana, in
which the NhRARPI gene encodes a non-functional enzyme, this basal
resistance to TMV is lacking and the virus accumulates to higher titers than
in other Nicotiana hosts (Yang et al. 2004). What makes RdRP1 a potential
antimycin A-independent contributor to SA-induced resistance is the fact
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that, although it is induced by SA, it is not induced by antimycin A
(Gilliland et al. 2003; Singh et al. 2004). Currently, our group is attempting
to determine whether various elements of the RNA silencing mechanism, for
example those features inhibited by the CMV 2b protein and other viral
counter defense proteins (Li and Ding, 2001), or RARP1-type factors really
do contribute to SA-induced resistance.
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Host Gene-mediated Virus Resistance Mechanisms
and Signaling in Arabidopsis

Pradeep Kachroo
Department of Plant Pathology, University of Kentucky, Lexington, KY 40546

Introduction

Plants resist viral infections either via an active mechanism, involving the
participation of resistance (R) genes and subsequent signal transduction
pathways, or in a passive manner, which entails the absence of essential host
factors required for replication or movement of the virus. An active
resistance response involves strain-specific recognition of a virus-encoded
elicitor, through direct or indirect interaction with the corresponding R gene
product. This in turn activates downstream signaling, which leads to
prevention of viral spread and confers resistance against the pathogen. An R
gene-mediated recognition of virus often turns on defense responses such as
the accumulation of salicylic acid (SA), the expression of pathogenesis-
related (PR) genes, and the development of a hypersensitive response (HR)
on the inoculated leaves. The HR is defined by necrotic lesion formation at
the site of infection and is thought to help prevent multiplication and
movement by confining the virus to the region immediately surrounding the
necrotic lesions.

In comparison to signaling mechanisms required for resistance to
bacterial, oomycete and fungal pathogens, the genetic basis of virus-host
interactions is poorly understood. One of the likely reasons for the slow
advance could be the lack of sufficient incompatible host-viral systems
where resistance is induced upon recognition between host- and pathogen-
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encoded products. Although Arabidopsis can serve as a host to a number of
viral pathogens (Lee et al. 1994; Lartey et. al. 1998; Yoshii et al. 1998;
Martin et al. 1999; Dardick et al. 2000; Chisholm et al. 2000; Whitham et al.
2000; Yamanaka et al. 2000; Kachroo et al. 2000; Dzianott and Bujarski,
2004), most of these interactions are not known to have incompatible
outcomes. Much of the recent advances in molecular signaling underlying
incompatible host-virus interactions have come from studies on the
Arabidopsis-Turnip crinkle virus (TCV) and Arabidopsis-Cucumber mosaic
virus-Y(CMV-Y) systems (Simon et al. 1992; Dempsey et al. 1993;
Takahashi et al. 1994; Dempsey et al. 1997; Kachroo et al. 2000; Takahashi
et al. 2002; Chandra-Shekara et al. 2004). A comparison of defense
pathways required for resistance to TCV and CMV has, for the first time,
allowed deciphering of the signaling requirements essential for resistance to
viral pathogens and their relationship to resistance pathways against other,
non-viral pathogens.

Defense signaling against TCV and CMV

Resistance to TCV and CMYV in Arabidopsis is conferred by the R-genes
HRT and RCYI, respectively, both of which encode a coiled-coil (CC),
nucleotide-binding site (NBS) and leucine-rich repeat (LRR) class of R
protein (Cooley et al. 2000; Takahashi et al. 2002). Interestingly, HRT and
RCYI are allelic to one another and the proteins encoded by these genes
show ~91% similarity at the amino acid level. The HRT/RCY1 genes are also
allelic to RPPS, which confers resistance to the oomycete pathogen,
Peronospora parasitica biotype Emco5 (McDowell et al. 1998; McDowell
et al. 2000). Even though HRT, RCY1 and RPP8 share a high level of
homology and structural identity, the downstream signaling pathways
triggered by these R proteins appear to be unique to each of the
pathosystems involved. This is further evident upon comparing the TCV and
CMV coat proteins, which are the cognate avirulence (Avr) factors for HRT
and RCY 1, respectively (Zhao et al. 2000; Takahashi et al. 2001), and which
do not show any similarities at the amino acid level. This indicates either
that HRT and RCY1 recognize completely different ligands, or that
interaction between these R proteins and the Avr factors may be indirect or
involve other accessory factors. The latter is likely to be the case, since HRT
interacts with the TCV coat protein in planta, but not in the yeast two-hybrid
system (Cooley et al. 2000; Ren et al. 2000; Wu, H.J. and Klessig D.F.,
unpublished results). HRT-mediated resistance has also been shown to
require an additional interaction between the TCV coat protein and a protein
belonging to the NAC family of transcription activators (Ren et al. 2000).
These observations, and the recent studies conducted with various R and Avr
proteins, suggest that interaction between most of these proteins does not
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occur directly and requires other accessory proteins/factors (Luderer and
Joosten, 2001).

The HRT-mediated resistance to TCV is associated with elicitation of
necrotic lesions on the inoculated leaf (Fig. 1A), induction of several defense
genes, including PR-/ and GSTI, accumulation of SA and SA-glucoside
(SAG), and induction of the phytoalexin camelexin (Dempsey et al. 1997;
Kachroo et al. 2000; Chandra-Shekara et al. 2004). Plants lacking HRT do
not show HR, exhibit only basal level expression of PR-/ and GSTI, and
accumulate low levels of SA/SAG and camelexin. In addition, plants lacking

Col-0 Dijon-17

Figure 1. Morphological phenotypes of TCV-infected Col-0 and Dijon-17 plants. (A) TCV-
inoculated leaves at four days post infection. The small specks seen on the inoculated
leaves of Col-0 plants are damaged tissue or dried inoculation buffer. The TCV
inoculated resistant plant, Dijon-17, show development of discrete lesion known as
hypersensitve response (marked by an arrow). (B) The morphological phenotypes of the
TCV-inoculated plants at three-weeks post infection. The susceptible plants show severe
crinkling of their leaves, remain stunted and show dropping bolts. By comparison, the
resistant plants develop normally. (See also, Colorplates, p. xxiv)
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HRT allow systemic spread of the virus, which causes crinkling and
drooping of the bolt and results in eventual death of the plant (Fig. 1B;
Dempsey et al. 1997, Kachroo et al. 2000). Similar to HRT7-mediated
signaling, the RCY/-mediated resistance to CMV is also associated with cell
death on the inoculated leaf and upregulation of the defense gene PR-I
(Takahashi et al. 2001; Takahashi et al. 2004).

Hypersensitive response against TCV and CMV

R gene-mediated resistance is often associated with rapid and localized
cell death at the site of infection, the HR (Fig. 1A). By comparison, a
susceptible response is characterized by spreading chlorosis and necrosis at
the infection site. Although the HR is one of the primary manifestations of
the resistance response, it remains unclear if the HR is a prerequisite for
gene-for-gene-mediated disease resistance. For example, the HR does not
develop in potato during Rx-mediated resistance against Potato virus X
(Ko6hm et al. 1993), or in Arabidopsis plants overexpressing the R gene HRT,
and yet these plants are resistant to their respective viral pathogens (Cooley
et al. 2000; Chandra-Shekara et al. 2004). Of profound importance is the
finding that, HR and resistance can be uncoupled in the Arabidopsis-TCV
pathosystem. Analysis of F2 plants segregating for HRT showed that only
25% of HR-forming plants are resistant to TCV (Kachroo et al. 2000;
Chandra-Shekar et al. 2004). This indicates that the HR by itself is
insufficient to prevent or delay the spread of the virus into uninoculated
tissues. Further support for this contention comes from the observation that
both HR-forming as well as non-forming susceptible plants show similar
levels of virus in the systemically infected tissue.

Transgenic expression of HRT in a susceptible background results in
induction of HR and PR-1 gene expression upon TCV inoculation (Cooley et
al. 2000). Intriguingly, both HR and the subsequent PR-/ gene expression
were observed only when the transgenic plants expressed low levels of HRT
and were abolished in lines showing elevated expression (Cooley et al. 2000;
Chandra-Shekara et al. 2004). This indicates that a high level of HRT
transcript somehow suppresses HR. Perhaps increased levels of HRT
initiates a rapid signaling response, which restricts the pathogen to the
primary infected cell. This in turn would prevent the spread of the viral
pathogen into neighboring cells and thereby minimize accumulation of viral
coat protein, which acts as an Avr factor and is required to initiate HR.
Unlike HRT, transgenic expression of RCY1 in a susceptible background was
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unable to produce HR to CMV (Takahashi et al. 2002). In view of the results
obtained with HRT overexpressing plants, it is likely that HR to CMV may
be suppressed by increased expression of the transgene RCY/. Alternatively,
RCYI may require an additional factor for generation of HR, and this factor
may only be present in the resistant background. Nevertheless, both HRT
and RCYI are absolutely required for resistance. This suggests that, in the
case of TCV resistance, HRT either directly contributes towards the
resistance phenotype or the HR conferred by HRT is somehow involved in
restricting viral movement in a resistant background.

The HR to TCV remains unaffected by mutations that ablate signaling
mediated by the defense-related hormone SA or R-gene signaling pathways
(Kachroo et al. 2000; Chandra-Shekara et al. 2004). Similarly, the levels of
PR-1 gene induced during HR to TCV also remain unaltered by mutations
that affect SA levels or signaling pathways triggered by canonical R-genes.
In contrast, the HR to CMV and PR-1 gene expression triggered by RCY1 is
compromised by the eds5 mutation in the SA pathway and by transgene
expression of salicylate hydroxylase (nahG), which blocks accumulation of
SA (Takahashi et al. 2004). These observations support the idea that,
although the HR to CMV requires SA, the HR to TCV is either independent
of SA, or requires very low levels. Thus, HRs to different viral pathogens are
unique events specific to the interactions between the corresponding R and
Avr proteins.

HRT- and RCYI1-mediated downstream signaling

In addition to its role in HR formation, HRT is also required for resistance
to TCV. However, HRT alone is insufficient to confer resistance to TCV, as
~75% of HR forming F2 plants derived from a cross between resistant and
susceptible ecotypes succumb to the viral disease. Since the resistance
phenotype segregates in a recessive manner, it was suggested that a recessive
locus, designated as rrt, regulates resistance to TCV. This possibility was
further supported by characterization of Columbia (Col-0) plants containing
the HRT transgene; over 90% of transgenic plants showed HR but remained
susceptible to TCV (Cooley et al. 2000). Strikingly, transgenic expression
of RCY1 transgene in a susceptible ecotype is only able to complement the
resistance phenotype in 50% of the plants (Takahashi et al. 2002). The
inability of HRT and RCYI to complement resistance phenotypes in a
susceptible background suggests that other cellular factors play an important
role in the functioning of these R genes. These observations also suggest that
functioning of R genes may be regulated in several different ways, and that
the R genes alone may not be sufficient to confer specific or broad-spectrum
resistance.

One of the prominent differences between the HR7- and RCY/-mediated
resistance pathways is that while the HRT-TCV pathway has absolute
dependence on SA (Fig. 2; Kachroo et al. 2000; Chandra-Shekara et al.
2004), the RCYI-triggered resistance to CMV is only partially dependent on
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SA (Takahashi et al. 2002; Takahashi et al. 2004). SA is known to be
required for resistance against several bacterial and oomycete pathogens, and
Arabidopsis mutants that are impaired in SA perception or accumulation
show enhanced susceptibility towards these pathogens (Jirage et al. 1999;
Falk et al. 1999; Wildermuth et al. 2001; Nawrath et al. 2002). For example,
mutations in eds/ and pad4 have been shown to compromise SA synthesis
and cause increased susceptibility to bacterial and oomycete pathogens. In
addition, these mutations block the pathogen-activated expression of EDSS,
which encodes another component of the SA-signaling pathway. A mutation
in eds5 also prevents accumulation of SA, resulting in enhanced
susceptibility to bacterial and oomycete pathogens (Nawrath and Métraux,
1999; Nawrath et al. 2002). Similarly, the SID2-encoded isochorismate
synthase is required for SA biosynthesis, PR-/ induction, and local and
systemic acquired resistance (SAR) responses in Arabidopsis (Wildermuth et
al. 2001). Inoculation of TCV on the resistant ecotype Dijon-17 induces
~10- and 40-fold increases in SA and SAG levels, respectively. By
comparison, levels of SA and SAG in susceptible Columbia plants reach
levels that are 2- and ~40-fold lower, respectively. HRT-mediated resistance
is compromised in mutant or transgenic backgrounds that cause a reduction
in induced SA levels after TCV inoculation. These include mutations in
edsl, eds5, pad4 and sid2 genes and transgenic expression of nahG. By
comparison, HRT-mediated resistance to TCV is independent of NDRI,
RARI and SGTI1b genes, which are known to play important roles in the R-
protein-mediated resistance response (Aarts et al. 1998; Austin et al. 2002;
Azevedo et al. 2002; Liu et al. 2002; Muskett et al. 2002; Tor et al. 2002).
Resistance to CMV has so far been tested in the RCY! eds5 and RCYI nahG
backgrounds, in which it is partially compromised. This indicates that,
besides the SA-stimulated pathway, other pathways are also likely to
contribute towards RCY/-conferred resistance (Fig. 2).

Unlike most CC-NBS-LRR R genes, HRT requires EDSI for its
downstream signaling. This finding is unexpected, since R genes with a CC-
NBS-LRR structure, such as HRT, usually require NDR] to signal resistance
responses, while R genes with a Toll-interleukinl-like region (TIR)-NBS-
LRR structure utilize EDSI (Aarts et al. 1998; Dangl and Jones, 2001).
Interestingly, RPP8, which is allelic to HRT, is independent of both NDRI
and EDSI (McDowell et al. 2000). It is not yet clear if EDS1 plays a
signaling role in HRT7-mediated resistance or merely participates in
regulating SA levels, which appears to be critical for a resistance phenotype
(Chandra-Shekara et al. 2004). The HRT-mediated resistance is also
dependent on PAD4. In addition to regulating SA levels, PAD4 also
regulates the SA-induced expression of HRT. Thus both EDS1 and PAD4
may have regulatory roles other than governing SA levels. It is also possible
that EDS1 and PAD4 may be engaged in different roles in the inoculated
versus the systemic tissues. This is important because susceptibility to viral
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pathogens is highly dependent on their ability to move into systemic tissues.
While further characterization of HRT-mediated signaling pathways will be
required to elucidate the exact roles of EDS1 and PAD4, a requirement of
EDS1/PAD4 for resistance to TCV suggests that resistance signaling against
viral pathogens utilizes components that are also required for defense against
non-viral pathogens. This is an important finding since, for the first time,
overlap is established between signaling mechanisms employed during
resistance to viral as well as non-viral pathogens.

\
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Resistance HR/PR-1 HR/ Resistance

Figure 2. Models for induction of HR and resistance to TCV (A) and CMV (B). TCV- and
CMV-induced defense signaling are initiated upon direct or indirect interaction between
the resistance proteins HRT and RCY1, respectively, and the corresponding viral
avirulence factor, the coat protein (CP). Upon recognition of TCV, an HRT-mediated
response leads to the accumulation of SA, which is dependent on the EDSI, PAD4, EDS5
and SID?2 genes. In contrast, the HR and PR-I gene expression are independent of these
genes. RRT appears to suppress HRT-mediated resistance but not the increase in SA
induced by TCV infection and, therefore, is likely to function downstream or independent
of the SA pathway.
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By comparison to the HRT-TCV interaction, the RCY1-CMYV interaction
is partially dependent on SA and ethylene (indicated by dashed lines). RCY1-
conferred HR and PR-1 expression are partially compromised by the eds5
mutation. The SA- and ethylene-dependent pathways exhibit synergism, and
a RCYI plant defective in both of these pathways shows increased sus-
ceptibility to CMV.

The EDS1- and PAD4-encoded predicted proteins show homology to
triacylglycerol lipases/ esterases. This raises the possibility that lipid/ fatty
acid signaling may be involved in resistance to viral pathogens. This
possibility is further supported by the recent analysis of the ssi2 (suppressor
of SA insensitivity) mutant, which is defective in a stearoyl-ACP desaturase
(a delta-9 desaturase) and consequently produces reduced amounts of oleic
acid (Kachroo et al. 2001). The ssi2 plants are partially resistant to CMV
(Sekine et al. 2004). Interestingly, a mutation in the yeast delta-9 desaturase
was recently shown to impair the replication of Brome mosaic virus (BMV)
(Lee et al. 2001). The BMV replication requires unsaturated fatty acids, and
viral RNA replication is much more sensitive than yeast growth to reduced
unsaturated fatty acid levels (Lee et al. 2001). These results suggest that the
increased resistance of ssi2 to CMV is likely due to the reduced levels of
oleic acid, which have also been implicated in regulating defense responses
against other pathogens (Kachroo et al. 2003a; Kachroo et al. 2003b;
Kachroo et al. 2004). However, ssi2 plants are susceptible to TCV, which
implies that low levels of unsaturated fatty acids may only confer enhanced
resistance against certain groups of viruses.

Role of SA in resistance against viral pathogens

Resistance to TCV is restored in both SA-deficient HRT plants expressing
the nahG transgene, as well as in HRT plants containing the eds/, eds5 or
sid2 mutations, by exogenous application of SA or the SA analog,
benzo(1,2,3)thiadiazole-7-carbothioic acid (BTH). However, exogenous
application of SA is unable to confer enhanced resistance in genetic
backgrounds lacking HRT. SA application upregulates the HRT transcript
levels by several folds, suggesting that an increase in the R-gene levels was
responsible for genotype specific SA-mediated enhanced resistance to TCV.
Analysis of two different sets of HRT transgenic lines generated in the
susceptible Col-0 background, as well as of mobilization of HRT in a mutant
background containing high levels of endogenous SA, further confirmed a
positive correlation between the levels of HRT and SA-mediated enhanced
resistance (Chandra-Shekara et al. 2004). While transgenic lines expressing
high levels of HRT did not allow any systemic spread of TCV, lines with
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basal level expression of HRT developed disease symptoms and died three
weeks post-infection. High levels of endogenous SA also increased the
expression of HRT and overcame a requirement for 7z, which regulates
resistance to TCV. These observations indicate a direct correlation between
high HRT levels and the resistance response to TCV, and suggest that high
levels of R gene are required for a stable resistance response. Thus, one of
the mechanisms by which SA can confer enhanced resistance to viral
pathogens is via the upregulation of R genes. Interestingly, the SA-mediated
increase in the HRT transcript is dependent on PAD4; SA-treated HRT pad4
plants showed basal levels of HRT transcript and only a marginal
enhancement in resistance upon SA treatment. SA has been shown to
upregulate expression of both £DSI and PAD4 and thus participates in a
signal-amplification loop involving these genes (Falk et al. 1999; Jirage et
al. 1999). The above observations indicate that the SA-PAD4 signal-
amplification loop can also condition resistance by upregulating expression
of R genes. In this regard, it would be valuable to know if PAD4 mediates
the upregulation of HRT directly, or via some other unknown intermediate
component(s).

In addition to a direct or indirect effect on R gene expression, SA is also
known to trigger resistance to viruses by affecting their replication, cell-to-
cell movement, and long distance movement (Wong et al. 2002; Singh et al.
2004). SA was shown to affect the accumulation of Tobacco mosaic virus
(TMV) coat protein and inhibit viral RNA-dependent RNA polymerase
(RdRp) activity (Chivasa et al. 1997; Naylor et al. 1998). However, unlike in
the HRT-TCV system, these effects are independent of the function of a
specific R gene. SA has also been shown to induce expression of tobacco
and Arabidopsis RdRp genes, which play an important role in RNA
silencing and limit the spread and accumulation of RNA viruses (Xie et al.
2001; Yu et al. 2003). Further, SA has been proposed to enhance viral
resistance by inhibiting the respiratory transport chain, leading to an increase
in mitochondrial reactive oxygen species (Chivasa and Carr, 1998; Gilliland
et al. 2003; Singh et al. 2004). However, it is still not clear how RNA
silencing mediated by the host RdRp’s and inhibition of mitochondrial
respiratory transport ties into the defense gene signaling triggered by R
genes.

Role of jasmonic acid- and ethylene-dependent pathways in resistance
against viral pathogens

In addition to SA, jasmonic acid (JA) and ethylene are two other
important signal molecules in plant defense against pathogens (Kunkel and
Brooks, 2002). Both the HRT-TCV and RCY1-CMV systems have been
assessed for dependence on JA and ethylene-regulated defense pathways.
While HRT-mediated HR and resistance are independent of both (Kachroo
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et al. 2000), RCYI-mediated HR and resistance is partially dependent on
ethylene but independent JA (Takahashi et al. 2002). Interestingly, a defect
in both SA and ethylene signaling pathways increased the percentage of
CMV susceptible plants, suggesting that SA and ethylene-mediated
signaling work synergistically. Since removal of both SA and ethylene did
not result in complete susceptibility to CMYV, other additional signaling
pathways/components are likely to be involved in RCY/-mediated
resistance. One other intriguing aspect of RCY/-mediated pathway is that
resistance is restored in the eds5 background by impairing the JA pathway;
RCYI edsl coil plants are resistant to CMV. This implies that interaction
between SA and JA pathways also modulates RCY/-conferred resistance to
CMYV (Takahashi et al. 2004).

Role of NPRI in resistance against viral pathogens

NPRI (Non-expressor of PR-1), which encodes a positive regulator of
SAR is one of the key components of the pathway leading to PR-/ gene
expression and this pathway is required for resistance to several bacterial
and oomycete pathogens (Cao et al. 1997; Ryals et al. 1997). However, thus
far there is no evidence for the involvement of NPR/ in viral resistance. The
resistance conferred by HRT and RCY1 are both independent of NPRI as are
the SA-induced resistances to Turnip vein clearing virus (TVCV) and
RTMI-mediated resistance to Tobacco etch virus (TEV) (Mahajan et al.
1998; Wong et al. 2002). In addition, work from several laboratories
suggests that signaling pathways leading to the induction of PR-/ gene
expression are not required for resistance to viral pathogens (Chivasa et al.
1997; Kachroo et al. 2000; Wong et al. 2002; Chandra-Shekara et al. 2004).
These results argue that NPRI does not play as important a role in resistance
signaling against viruses, as it does against other pathogens. However, it
should be noted that recent studies conducted with N gene-mediated
resistance to TMV indicated a dependence on an NPR/-like gene (Liu et al.
2002). This suggests that other members of the NPRI1-family may be
required for defense against viruses, and their role in resistance signaling
against viruses cannot be ruled out at this stage.

Passive resistance to viral pathogens

Since a virus relies on host factors for its multiplication and movement, a
loss-of-function mutation in any of these factors should prevent viral
multiplication or spread and result in passive resistance towards the virus.
Several host components have been identified which are required for
multiplication and/or movement of various viral pathogens. These include
CUMI and CUM?2 (cucumovirus multiplication) genes, which encode
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translation initiation factors (Yoshii et al. 2004), TOMI and TOM?2
(tobamovirus multiplication) genes, which encode transmembrane proteins
(Yamanaka et al. 2000; Tsujimoto et al. 2003) and RTM?2 (restricted TEV
movement 2), which encodes a protein with homology to heat-shock
proteins (Whitham et al. 2000). Although characterization of components of
passive resistance has allowed the acquisition of substantial information
about host factors required for viral replication and movement, it has not yet
provided a definitive link between active and passive resistance pathways.

It should be borne in mind that in at least one Arabidopsis ecotype,
Shahdara, susceptibility and rapid cell-to-cell movement of TMV correlates
with the induction of PR-/ and PR-5 genes (Dardick et al. 2000). Ecotypes
that support slow movement of TMV did not display induction of PR-/ and
PR-5 genes, suggesting an inverse relationship between mechanisms leading
to passive and active resistance to viral pathogens (Dardick et al. 2000).
Unlike the Arabidopsis-TMV interaction, resistance conferred by the
Arabidopsis cauliflower mosaic virus resistance gene 1 (CARI) against
Cauliflower mosaic virus (CaMV) does appear to be associated with the
activation of host defense responses (Leisner et al. 1993; Callaway et al.
1996). Based on the patterns of accumulation of the wild-type virus and the
movement-incompetent CaMV mutant, it was proposed that CAR!I confers
resistance by interfering or failing to support, movement of CaMV. The
CAR I-containing ecotype Enkheim-2 (En-2) does not show any visible signs
of a HR upon CaMV inoculation but does reveal high-level expression of PR
genes and accumulation of camalexin. Although it is somewhat intriguing
that both PR proteins and camalexin accumulate very late in CaMV
inoculated En-2 plants (14 days post-inoculation), the finding that mutants
upregulated in SAR show enhanced resistance to CaMV indicates that both
SA and/or PR proteins may play a role in resistance. A mutation in npr! did
not enhance susceptibility to CaMV but, since its effect on resistance to
CaMV was not tested in mutants upregulated in SAR it is unclear if PR gene
expression and/ or levels of SA are critical for CAR/-mediated resistance to
CaMV.

Plants tolerant to viral infections show mild or no symptoms even
though they accumulate high levels of pathogen. Recent studies conducted
with the nepovirus Tobacco ringspot virus (TRSV), and a bromovirus,
Spring beauty latent virus (SBLV), have identified genetic loci in
Arabidospis, which are responsible for conferring tolerance against these
viruses (Lee et al. 1996; Fujisaki et al. 2004). Interestingly, tolerance to
SBLV was conferred on a sensitive line by removal of SA (achieved by
nahG expression), suggesting that SA is involved in the development of
necrotic symptoms (Fujisaki et al. 2004). Similarly, removal of both SA and
ethylene in tomato were shown to lead to tolerance to bacterial pathogens
(Lund et al. 1998), indicating that tolerance may involve interaction(s)
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between multiple signaling pathways (O’Donnell et al. 2003). Isolation and
characterization of genes contributing towards tolerance to viral pathogens
will help to determine mechanisms contributing to symptom development
and basal resistance.

RTM1I1-mediated resistance to TEV

Resistance of Arabidopsis to TEV, which is mediated by the dominant
gene, RTM1, results from the blockage of long-distance movement of the
virus. The RTM1-mediated resistance to TEV does not involve a HR or the
induction of marker genes associated with SAR, and remains unaffected by
the transgenic expression of nahG. RTMI-mediated resistance is also
independent of mutations in NPRI, EDSI, PAD4 and NDRI, which are
critical components of SAR and R-gene-mediated resistance against various
pathogens (Mahajan et al. 1998). These observations suggest that RTM1-
mediated resistance may either be downstream of the various SAR/ R-gene-
associated functions or that it functions independently. In addition to RTM1,
another dominant locus, RTM2 is also involved in restricting the long-
distance movement of TEV. Both RTM1 and RTM2 are specific to TEV and
do not function as generalized defense controls against long-distance
movement. This suggests that the long-distance movement of viruses may be
controlled in several different ways. As described above, RTM?2 encodes a
multi-domain protein containing an N-terminal region with high similarity to
that of plant small heat-shock proteins (HSP) (Whitham et al. 2000).
Although the RTM2 small HSP-like domain is evolutionarily distinct from
plant small HSP’s, the recent discovery that HSP’s can act as molecular
chaperones in R-gene signaling pathways (Takahashi et al. 2003; Hubert et
al. 2003; Liu et al. 2004) prompts speculation about possible links between
RTM-mediated resistance to movement and active resistance conferred by R
genes. The RTMI1 gene encodes a lectin-like protein, and has been suggested
to restrict TEV long-distance movement either by physical blockage of viral
entry into vascular tissues, or by inhibition of a factor required for long-
distance movement. Elucidation of mechanisms underlying RTM1-mediated
resistance will help establish if this resistance mechanism is unique to TEV
or overlaps with other virus-Arabidopsis signaling pathways. Recently,
Arabidopsis was shown to be a host for another potyvirus Turnip mosaic
virus (Martin et al. 1999) and future studies using this pathogen will also
help to establish if RTM1-mediated resistance acts against potyviruses in
general or is specific to TEV.
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Transcriptome changes during viral infection

The viral infection process can cause alterations in the expression of
many of the host genes which, in turn, can influence replication of the virus
and/or development of disease. Whole genome analysis of expression
profiles is, therefore, very useful in identifying genes that are likely to play
roles during compatible or incompatible responses. Comparative analysis of
9000 expressed sequenced tags in CMV inoculated resistant (C24) and
susceptible (Col-0) ecotypes showed a change in expression of 909 and 303
genes, respectively (Ishihara et al. 2004). Intriguingly, a greater number of
genes were induced during early (6 and 12 hours post-inoculation) stages of
infection in Col-0 as against the C24 ecotype, with the reverse being true for
later time points (24 and 48 hours post-inoculation). This could be because
the virus is able to affect more cells during a compatible response as
compared to the incompatible response and thus triggers a more pronounced
change in the transcription profile. Induction of fewer genes during an
incompatible response should not be interpreted as a passive state, and may
very well be suggestive of post-translational changes. Subsequent stages of
an incompatible response would result in bolstering the various components
of active defense signaling, which directly or indirectly alter the expression
of many more genes. Although many of the transcriptome changes during an
incompatible interaction may be inconsequential to the actual resistance
response, such analyses are still useful in obtaining a global view of how
these direct and indirect events relay their information. In this regard, it will
be very useful to obtain a transcriptome profile of the Arabidopsis-TCV
infection and determine how it compares with the Arabidopsis-CMV
transcriptome.

Transcriptome analysis of other compatible interactions involving
Arabidopsis and TMV, Oil seed rape virus, TVCV and Potato virus X have
identified a smaller number of genes (68-114) which show altered
expression during the infection process (Golem and Culver, 2003; Whitham
et al. 2003). Microarray analysis of inoculated and systemic tissues shows a
significant overlap in expression profiles and suggests that systemic spread
of the virus is not associated with induction of additional genes (Golem and
Culver, 2003). Many of the genes showing altered expression during viral
infections were stress-related, and included genes such as thioredoxin,
glutathione-S-transferase and B-glucanases (Golem and Culver, 2003;
Whitham et al. 2003). These genes were induced during both incompatible
and compatible responses, although their expression levels were more
elevated during the incompatible response.
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Conclusions

The past few years have witnessed a substantial growth in our
understanding of the interaction between plants and viruses. In addition to
various phytohormones, such as SA and ethylene, increased viral turnover
mediated by RdRp’s and increased levels of reactive oxygen species in the
mitochondria have been implicated in resistance against viral pathogens. It
has also become clear that R-gene-mediated resistance to viruses requires
components of basal defense that are also essential for resistance to many
bacterial, fungal and oomycete pathogens. Further analyses of various
resistance mechanisms, as well as understanding their coordination and
potential links to one another, will be required to gain a mechanistic know-
how of the interactions between plants and viral pathogens.
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Chapter A8

Viral Counter-Defense Molecules

Peter Palukaitis and Stuart MacFarlane
Scottish Crop Research Institute, Invergowrie, Dundee, DD2 5DA UK

Introduction

The concepts of an RNA surveillance defense operating against plant
viruses and plant viruses expressing counter-defense molecules came to a
confluence in late 1998, with the publication of three seminal papers
(Anandalakshmi et al. 1998; Brigneti et al. 1998; Kasschau and Carrington,
1998). These studies demonstrated that specific viral-encoded proteins,
shown to enhance pathogenicity when expressed from viral vectors, could
suppress the silencing of a reporter transgene. A fourth paper also published
in 1998, demonstrated that infection by Cucumber mosaic virus (CMV)
could suppress the silencing of reporter transgenes, but did not delimit a
specific viral-encoded protein (Béclin et al. 1998). These studies all led to
the idea that some viruses are able to counter an inherent defense mechanism
in plants based on targeting the viral RNA sequence. Subsequent work has
identified many such potential counter-defense molecules in different
viruses. These are referred to as silencing suppressors, since it is in such
assays that a role for all these proteins in suppressing an RNA surveillance
system has been demonstrated. The connection between a role for these
proteins in suppressing the silencing of a transgene and inhibition of plant
defense mechanisms preventing natural virus infection has only limited
direct experimental support. Here we will describe the work that led to the
concept of plant viruses expressing counter-defense proteins and the
experimental evidence that silencing suppressors are involved in countering
some plant defense measures.
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Synergy and counter-defense

The concept of viruses expressing counter-defense proteins arose from
work on viral synergism (Pruss et al. 1997). Viral synergy is the observation
that double infection by some combinations of viruses induces a worse
disease than infection by either virus alone. The observations on synergistic
interactions between viruses go back to the 1920’s (Vanterpool, 1926;
Blood, 1928; Smith, 1928). Numerous examples of synergistic interactions
between viruses have since been identified, but only in some cases has there
been assessment of the alteration in virus levels as a result of the interaction
(Table 1). Many, but not all of these involve double infections where one
virus is a potyvirus. In all but one of these situations, the potyvirus did not
increase in accumulation, but the co-infecting virus did (Table 1). In the
case of sweet potato plants infected with the crinivirus Sweet potato

Table 1. Effects of synergy between viruses

Virus 1 Virus 2 Effect on Viruses References

TMV PVY* Increase in TMV Conover and Fulton, 1953;
PVX PVY* Increase in PVX Rochow and Ross, 1955
T™MV TRSV Increase in TMV Garces-Orejuela and Pound, 1957
™V CMV Cyclical incr. in both Garces-Orejuela and Pound, 1957
PVX T™MV Increase in PVX Thomson, 1961

™V BMV Increase in TMV Hamilton and Nichols, 1977
BPMV SMV* Increase in BPMV Calvert and Ghabrial, 1983
CMV ZYMV* Increase in CMV Poolpol and Inouye, 1986
MCMV MDV* Increase in MCMV Goldberg and Brakke, 1987
PLRV PVY* Increase in PLRV Barker, 1987

MCMV wWSMV' Incr. in both viruses Scheets, 1988

CMV TuMV* Increase in CMV Sano and Kojima, 1989
CPMV SMV* Increase in CPMV Anjos et al. 1992

CABYV ZYMV* Increase in CABYV Bourdin and Lecoq, 1994
CMV BICMV* Increase in CMV Anderson et al. 1996

CMV PVY* Increase in CMV Palukaitis and Kaplan, 1997
SPFMV* SPCSV Increase in SPFMV Karyeija et al. 2000

CMV WMV* Increase in CMV Wang et al. 2002

TVCV CaMV Increase in TVCV Hii et al. 2002

PepGMV PHV Increase in PepGMV Mendez-Lozano et al. 2003

Abbreviations: BPMV, Bean pod mottle virus; BICMV, Blackeye cowpea mosaic virus; BMV, Brome
mosaic virus; CaMV, Cauliflower mosaic virus; CPMV, Cowpea mosaic virus; CMV, Cucumber mosaic
virus; CABYV, Cucurbit aphid-borne yellows virus; MCMV, Maize chlorotic mottle virus; MDV, Maize
dwarf virus; PepGMV, Pepper golden mosaic virus; PHV, Pepper huasteco virus; PLRV, Potato leafroll
virus; PVX, Potato virus X; PVY, Potato virus Y; SMV, Soybean mosaic virus; SPCSV, Sweet potato
chlorotic stunt virus; SPFMV, Sweet potato feathery mottle virus; TMV, Tobacco mosaic virus;

TRSV, Tobacco ringspot virus; TuMV, Turnip mosaic virus; TVCV, Turnip vein-clearing virus;

WMV, Watermelon mosaic virus; WSMV, Wheat streak mosaic virus; ZYMV, Zucchini yellow mosaic
virus.

* Potyviruses.

f Rymovirus in the family Potyviridae.



A8. Viral Counter-Defense Molecules 167

chlorotic stunt virus (SPCSV) and the potyvirus Sweet potato feathery mottle
virus (SPFMV), synergy was accompanied by an increase in the level of
accumulation of SPFMV, but not of SPCSV (Kareija et al. 2000).

The classical work on the nature of synergistic interactions between
viruses was published by Ross and colleagues between 1950 and 1974.
These experiments focussed on synergy between Potato virus X (PVX) and
Potato virus Y (PVY), and showed that PVX levels but not PVY levels
increased during the synergy. Moreover, co-infection of PVX and PVY led
to a greater increase in PVX levels than when PVX or PVY was inoculated
some time before the other virus (Rochow and Ross, 1955; Goodman and
Ross, 1974a). However, the data also suggested that for a strong synergistic
interaction the cells needed to be actively accumulating PVY when PVX
was introduced (Damirdagh and Ross, 1967; Goodman and Ross, 1974a).
The increase in disease paralleled the increase in PVX levels, which
depended on the growth stage of the inoculated plant, the type of tissue
examined and the temperature (Rochow and Ross, 1955). Interestingly,
even at this early stage, it was hypothesized that “infection by PVX normally
induces reactions that act to limit PVX synthesis but is unable to do so in a
cell in which PVY is actively multiplying” (Damirdagh and Ross, 1967),
although the nature of the substance limiting infection of PVX was not
understood.  Subsequent work showed that the enhancement of PVX
accumulation occurred in doubly infected cells (Goodman and Ross, 1974b).
This also was established for synergy between CMV and the potyvirus
Zucchini yellow mosaic virus (ZYMV) (Poolpol and Inouye, 1986).

The interactions between PVX and PVY involved in synergy were
reinvestigated by Vance (1991), who used techniques not available in the
earlier studies to confirm and extend the conclusions of Goodman and Ross
(1974a,b) and Goodman (1973); viz., that the level of both PVX capsid
protein and viral RNA increased during co-infection with PVY, but the level
of PVY did not increase. However, Vance also established that there was a
larger proportional increase in the level of accumulation of (-) PVX RNA vs.
that of (+) PVX RNA in these doubly infected plants. These changes in
either (+) or (-) did not always occur in synergistic interactions resulting in
enhanced pathogenicity and may depend on the host as well as the
combination of viruses used (Wang et al. 2002; Gonzalez-Jara et al. 2004).

Subsequently, Vance and colleagues showed that other potyviruses could
mediate the synergy of PVX. Moreover, transgenic tobacco plants
expressing the P1/HC-Pro/(partial or complete) P3 sequences of Tobacco
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vein mottling virus (TVMV) and Tobacco virus etch (TEV) were able to
support a synergistic interaction with PVX, while transgenic plants
expressing other sequences of TVMV did not support enhanced disease or
increased PVX RNA accumulation (Vance et al. 1995). Further work from
this group showed that transgenic tobacco expressing the P1/HC-
Pro/(partial) P3 of TEV could also mediate the synergy with CMV and
Tobacco mosaic virus (TMV). In addition, a PVX vector expressing the
HC-Pro protein of TEV was able to mediate both the pathological synergy
shown by co-infection of TEV with PXV and an increase in the level of
accumulation of PVX (+) and (-) RNA, while expression of P1/HC-Pro
enhanced PVX RNA accumulation more than expression of HC-Pro alone
(Pruss et al. 1997).

These authors presented a model by which the P1/HC-Pro might function
in synergism by interfering with a general host defense mechanism that acts
to limit the extent of virus accumulation. They suggested that this defense
mechanism could be the same one that had been proposed to be involved in
transgene RNA-mediated resistance to viruses referred to by various names:
homology-dependent resistance, post-transcriptional gene silencing and
more recently RNA silencing or RNA interference (RNAi) (see Chapters 9
and 13). The subsequent studies demonstrated that viral-encoded proteins
involved in synergistic interactions could inhibit the RNA silencing of
reporter transgenes (Anandalakshmi et al. 1998; Brigneti et al. 1998;
Kasschau and Carrington, 1998). As more data became available on the
mechanism of RNA silencing of viral and non-viral transgenes as well as
native plant genes, a better understanding was developed as to the nature of
the host defense system with which these counter-defense molecules
interacted.

Defense and counter-defense

The RNA surveillance system now called RNA silencing by plant
biologists (described in detail in Chapters 8 and 13) is based on the
recognition and targeting of RNAs containing regions that are double-
stranded (dsRNA). These dsRNAs are selected for digestion by a ds-specific
RNase called Dicer (Bernstein et al. 2001; Cerutti, 2003; Denli and Hannon,
2003). The fragments of digested dsRNAs, consisting of 21-25 bp and
referred to as small interfering RNAs (siRNAs) are incorporated into a
RNA-induced silencing complex (RISC) which promotes their interaction
with complementary sequences on other ssSRNA molecules and targets the
cleavage of these ssRNAs (Hammond et al. 2000; Zamore et al. 2000
(Martinez and Tuschl, 2004; Schwarz et al. 2004). This RNA surveillance
system also degrades putative aberrant RNAs produced by some transgenes,
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as well as a few host mRNAs encoding proteins involved in either the
synthesis of pigments (Metzlaff et al. 1997; Senda et al. 2004) or seed
storage protein (Kusaba et al. 2003), which are transcribed from inverted-
repeat structures. It is also believed that this system removes expressed
retrotransposons (Flavell, 1994; Wu-Scharf et al. 2000; Hamilton et al.
2002). In addition, this system also targets viruses.

Because ssRNA viruses usually form dsRNA intermediates during
replication, the action of a plant RNA-dependent RNA polymerase (RdRp)
is not always necessary in the RNA silencing pathway against plant viruses
(Dalmay et al. 2000; Mourrain et al. 2000; Voinnet et al. 2000). The
Arabidopsis SDE1/SGS2 protein is an RdRp required for transgene-
mediated silencing. Mutant plants lacking this protein are no more
susceptible than wild type Arabidopsis to TMV, Tobacco rattle virus (TRV),
or the potyviruses Turnip mosaic virus (TuMV) or TVMV. However, these
plants are more susceptible to CMV. Arabidopsis has six genes encoding
RdRps including SDEI1. Another of these genes, AtRIRPI, a homologue of
the tobacco gene NtRdRpl, was shown to be induced by both salicylic acid
and virus infection (Xie et al. 2001; Yu et al. 2003). Plants either mutated in
this gene or silenced for expression of this gene were more susceptible to
TMV, PVX and TRV. Nicotiana benthamiana plants are particularly
susceptible to virus infection. It was shown recently that this susceptibility
might result from a naturally occurring insertion mutation in a salicylic acid-
inducible RdRp gene (NbRARpIm) (Yang et al. 2004). Transformation of N.
benthamiana with a RdRp gene from Medicago truncatula produced plants
with increased resistance to the tobamoviruses TMV and Sunn hemp mosaic
virus, as well as the potyvirus TVMV, but with unaltered susceptibility to
CMV and PVX.

In order to evade the RNA silencing system, viruses have evolved
various counter-defense strategies. In general, these strategies probably
involve the inhibition of one or more steps in the RNA silencing mechanism,
although in most cases, it is not clear exactly what step is either neutralized
or partially inhibited. Most often the silencing suppressors themselves have
been so designated by whether they could inhibit RNA silencing of reporter
transgenes using a variety of assays that are unrelated to the natural role of
the suppressors in virus infection.

Assays for counter-defense molecules

To determine whether a given virus expressed such counter-defense
molecules, plants silenced for the expression of a reporter transgene were
infected by that virus and the plants were assessed for the suppression of
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RNA silencing of the reporter transgene (Béclin et al. 1998; Brigneti et al.
1998; Voinnet et al. 1999). To further delimit which virus-encoded
protein(s) function as counter-defense molecules, several other types of
assays have been developed. A given suppressor protein may function in
one or in some combination of these assays.

A second assay makes use of transgenic plants containing a reporter
transgene whose expression is blocked by endogenous silencing. These
plants are infected with a PVX vector expressing the protein(s) of interest to
determine whether the infection results in silencing suppression and
consequent expression of the reporter gene (Anandalakshmi et al. 1998;
Brigneti et al. 1998). Not all viral-encoded proteins that induced synergy
(i.e., enhanced the pathogenicity of PVX) were able to suppress silencing in
this assay. Thus, the PVY HC-Pro and the CMV 2b proteins were able to
suppress silencing, while the PVY NIb protein was not able to do so, even
though the NIb protein also produced a synergistic reaction when expressed
from PVX in N. benthamiana (Brigneti et al. 1998). This assay also showed
that HC-Pro was able to suppress the silencing of a green fluorescent protein
(GFP) reporter gene in the tissue infected by PXV expressing the HC-Pro,
but not in uninfected tissues. By contrast, in this assay, the CMV 2b protein
was not able to suppress silencing of the GFP transgene in the inoculated
tissues, but was able to do so in upper leaves that had not emerged at the
time of infection. This led to the proposal that different viruses encoded
different suppressor molecules that affected different aspects of RNA
silencing. Finally, the assay showed that PVX itself did not suppress the
silencing of the transgene, which led to the inaccurate conclusion that PVX
did not encode a suppressor and somehow evaded the RNA surveillance
system by some unknown means. This was incorrect, but is important
because it showed that not all viruses encode silencing suppressors that can
be assessed by this assay.

A third assay, which was used by two laboratories to demonstrate that the
potyvirus HC-Pro was a silencing suppressor, involves making transgenic
plants that express the test protein (Anandalakshmi et al. 1998; Kasschau
and Carrington, 1998). In these examples, the transgenic plants expressing
HC-Pro were crossed with transgenic plants that were silenced for
expression of the B-glucuronidase (GUS) gene. In the presence of the
silencing suppressor, the GUS gene was not silencing. This has been used
less frequently as an assay for a potential silencing suppressor, since the
generation of transgenic plants is quite time consuming. Nevertheless, it has
been used to demonstrate silencing suppression activity for several proteins
that did not show such activities by other assays. More detailed study of the
mechanism of action of HC-Pro and CMV 2b involved grafting experiments
in which the rootstock, scion and in some instances a third, spacer section
were derived from different combinations of transgenic plants expressing the
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suppressor and reporter, either silenced or active (Mallory et al. 2001; Guo
and Ding, 2002). This sophisticated and elegant approach has uncovered
subtle differences in the action of these suppressors in perception of,
movement of and response to the mobile signal that is responsible for
systemic silencing.

A fourth system was developed to speed up the testing of putative
suppressor proteins and (in part) to obviate the concern that a given
suppressor may function at an early stage of RNA silencing and thus not
function when using plants that had been pre-silenced prior to expression of
the suppressor. In this assay, the suppressor and a reporter gene (encoding
GFP in most assays) are present in two different Agrobacterium
tumerifaciens cultures, which are mixed and co-infiltrated into a leaf of a
transgenic plant expressing the same reporter gene (GFP).  The
agroinfiltrated reporter gene is expressed transiently and induces silencing of
the transgene, as well as its own expression from the introduced T-DNA.
However, if the co-introduced gene, which also is expressed transiently,
encodes a suppressor protein, then this protein might prevent the onset of
RNA silencing in the agro-inoculated area. This is sometimes called the
agro-patch test. This assay can be used to examine suppression of silencing
in both local, i.e., infiltrated tissue, and in systemic, i.e., upper, un-infiltrated
leaves. For example, using this assay it was demonstrated that PVX does
indeed encode a suppressor, and that this suppressor, the p25 movement
protein, acts at a very early stage to prevent the establishment of RNA
silencing in systemic tissue (Voinnet et al. 2000).

A variation of the agro-patch test that does not require the use of
transgenic plants is to mix three Agrobacterium cultures: one expressing the
reporter gene; one expressing dsRNA corresponding to the reporter gene
(with an intron present between the two arms corresponding to the reporter
gene, forming a hairpin in the expressed RNA); and one expressing the
putative suppressor (Johansen and Carrington, 2001). The expressed dsSRNA
activates the RNA silencing mechanism preventing the transient expression
of the reporter gene, unless the putative suppressor protein inhibits the
initiation or maintenance of the silencing.

A similar system but using cells of Drosophila melanogaster instead of
plant leaves recently has been described (Reavy et al. 2004). Here
Drosophila cells growing in tissue culture are simultaneously transfected
with three components. One is a plasmid encoding the B-galactosidase
(lacZ) gene, the second is dSRNA homologous to part of the /acZ gene and
the third is a plasmid encoding the putative silencing suppressor gene. In the
absence of suppression activity transcripts from the lacZ gene are targeted
by the dsRNA and degraded. In the presence of an active suppressor, the
lacZ transcripts accumulate, producing p-galactosidase protein, which is
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detected in a colorimetric assay. The PVY HC-Pro, TRV 16K and
Groundnut rosette virus ORF3 (M. Taliansky, personal communication)
proteins were able to suppress silencing in this system whereas the CMV 2b
protein was not.

In their natural context, expressed as part of the viral genome, many
silencing suppressor proteins have been shown to be required for virus
multiplication, local and/or systemic spread, and symptom production. Very
often heterologous expression of these proteins from a different virus,
typically PVX, results in an increase in symptom severity. In related studies,
as an indirect assay for “suppressor” function, complementation of a
suspected suppressor protein by a known suppressor has been demonstrated.
For example, deletion of the 16K gene from TRV prevented systemic
movement of the virus, which could be regained by replacement with a
known suppressor (CMV 2b) as well as with the Soilborne wheat mosaic
virus 19K gene and the Barley stripe mosaic virus (BSMV) yb gene (Liu et
al. 2002). Subsequent studies confirmed that both the TRV 16K and BSMV
vb proteins are silencing suppressors (Yelina et al. 2002; Reavy et al, 2004).
The BSMV yb protein could itself be complemented by HC-Pro, and
suppressed homology-mediated cross-protection (i.e., interference produced
by silencing) between TMV and PVX each carrying GFP sequences. In a
different study, substitution of the HC-Pro gene of Wheat streak mosaic
virus (WSMV) with that of other tritimoviruses [various WSMYV isolates and
Oat necrotic mottle virus (ONMV)], as well rymoviruses (Agropyron mosaic
virus and Hordeum mosaic virus) and potyviruses (TEV, TuMV), allowed
the modified WSMV to remain infectious on wheat, but only HC-Pro from
WSMV/ONMV allowed infection also on oat and maize (Stenger and
French, 2004). This showed that the silencing suppressor HC-Pro is a
determinant of host range in some instances although the potyviruses TEV
and TuMV are not themselves able to infect wheat.

Regulation of silencing suppressors

Details of the regulation of the expression of the various suppressors are
not generally known although their synthesis is likely to be tightly controlled
by, for example, relative position within the virus genome, promoter strength
and codon usage. In many cases it has been found that (uncontrolled)
expression of these proteins in N. benthamiana using PVX greatly enhances
the symptoms of infection caused by this virus (Brigneti et al. 1998; Voinnet
et al. 1999). Similarly, moving the gene for the TRV 16K suppressor from
its normal position in RNAT1 and expressing it from a duplicated coat protein
subgenomic RNA promoter located in RNA2 increased the severity of
symptoms caused by this virus (Liu et al. 2002). The PO suppressor that is
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encoded by the poleroviruses Potato leafiroll virus and Beet western yellows
virus is expressed at very low levels during normal virus infection, in part,
because the 5’ sequence of the PO gene is translated with low efficiency
(Pfeffer et al. 2002). Attempts to increase PO synthesis by modification of
the translation initiation sequence context were unsuccessful due to the rapid
appearance of second-site mutations that dampened down PO expression.

Several studies have examined the replacement of the suppressor gene
from one virus with the homologous gene from a related virus, producing a
variety of outcomes. For example, replacement of the HC-Pro gene of
TVMV with that of ZYMV produced a viable chimera giving attenuated
symptoms (Atreya and Pirone, 1993). Chimeras produced by swapping the
HC-Pro genes between several other viruses from the family Potyviridae
resulted in a range of symptom alterations both attenuated and more severe
(Stenger and French, 2004). Similarly, replacing the yb gene of BSMV with
that of the related hordeivirus Poa semilatent virus greatly increased
symptom severity (Yelina et al. 2002), as also did the replacement of the
CMYV 2b gene with that of the related Tomato aspermy virus (Li et al. 1999).

An alternative route to regulation of suppressor activity occurs with the
carmovirus Turnip crinkle virus (TCV). The suppressor for this virus is the
coat protein (CP), and in particular a 25 amino acid region at the N-terminus
of the CP (Qu et al. 2003; Thomas et al. 2003). However, this part of the CP
is sequestered within the assembled virus particle and only free CP
monomers have strong silencing suppression activity. Reducing the amount
of virus particle formation, either by mutating the CP or adding a satellite
RNA (satC) to the infection, raises the level of free CP, enhances silencing
suppression and leads to an increase in symptom severity (Zhang and Simon,
2003).

Silencing suppressor molecules and their proposed
targets

Using the various assays described above a variety of plant virus
silencing suppressor molecules has been identified (Table 2). Many of these
proteins previously had been associated with other viral-encoded functions,
especially virus movement. Based on the accumulation of various
intermediates in RNA silencing and the particular tissues of infected plants
in which silencing occurs, the stages at which various silencing suppressors
probably function have been delimited. However, the precise mechanism by
which each of these suppressors interferes with silencing has not been
determined for most of them. Also, as has been mentioned before, mutating
the viral genes that encode these suppressor proteins most often results in
multiple observable effects since these proteins are multifunctional.
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Table 2. Silencing suppressors of plant viruses

Virus Suppressor Biological function(s) References

TEV,PVY HC-Pro Systemic movement, transmission by Anandalaksmi et al. 1998; Brigneti et
aphids, genome amplification al. 1998; Kasschau and Carrington,

1998

CMV, TAV 2b Systemic and cell-to-cell movement, Brigneti et al. 1998; Li et al. 1999
pathogenicity

ACMV, AC2, AL2, C2 | Pathogenicity, activation of virus gene Voinnet et al. 1999; Hamilton et al.

TGMV, expression 2002, van Wezel et al. 2002; Selth et al.

TYLCV 2004

RYMV P1 Pathogenicity, systemic movement, Voinnet et al. 1999; Hamilton et al.
virus accumulation 2002

TBSV, p19 Pathogencity, cell-to-cell and systemic Voinnet et al. 1999; Qiu et al. 2002;

CymRSV movement Havelda et al. 2003

PVX p25 Cell-to-cell movement, egress from Voinnet et al. 2000
veins in systemic leaves, RNA helicase

BSMV, PSLV b Seed transmission, genome Yelinda et al. 2002
amplification, systemic movement

BWYV, PO Symptom production, virus Pfeffer et al. 2002

CABYV; accumulation

PLRV

PCV pls Genome amplification Dunoyer et al. 2002

TSWV NS, Symptom production, virus movement Takeda et al. 2002; Bucher et al. 2003

BYV, BYSV, p21, p20, RNA accumulation, capsid formation Reed et al. 2003, Lu et al. 2004

CTV p23, CP

RHBV NS3 Unknown Bucher et al. 2003

TCV CP Capsid formation, virus movement Qu et al. 2003; Thomas et al. 2003

ToMV, TMV 126 kDa RNA-dependent RNA polymerase, Kubota et al. 2003; Ding, X.S. et al.
virus movement 2004

CPMV CP-S Capsid formation Liu et al. 2004

TRV 16 kDa Seed transmission, RNA accumulation Reavy et al. 2004

TYMV po9 Virus movement, symptom severity Chen et al. 2004

Abbreviations: ACMV, African cassava mosaic virus; BSMV, Barley

stripe mosaic virus; BWYV, Beet western yellows virus; BYSV, Beet yellow
stunt virus; BYV, Beet yellows virus; CTV, Citrus tristeza virus; CPMV,
Cowpea mosaic virus; CMV, Cucumber mosaic virus; CABYV, Cucurbit
aphid-borne yellows virus; CymRSV, Cymbidium ringspot virus; PCV,
Peanut clump virus; PSLV, Poa semilatent virus; PLRV, Potato leafroll
virus; PVX. Potato virus X; PVY, Potato virus Y; RHBV, Rice hoja blanca
virus; RYMV, Rice yellow mottle virus; TEV, Tobacco etch virus; TMV,
Tobacco mosaic virus; TRV, Tobacco rattle virus; TRSV, Tobacco ringspot
virus; TAV, Tomato aspermy virus; TBSV, Tomato bushy stunt virus,
ToMV, Tomato mosaic virus; TSWV, Tomato spotted wilt virus; TYLCV,
Tomato yellow leaf curl virus; TCV, Turnip crinkle virus; TYMV, Turnip
yellow mosaic virus.
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Although it is clear that the role of the HC-Pro protein in aphid
transmission of potyviruses is separate from its role in suppression, it is
possible that, for example, the seed transmission function of the TRV 16K
and BSMV vb proteins might involve silencing suppression. Similarly the
known roles of many suppressors in virus multiplication and movement
might be related specifically to silencing suppression, although this has not
been proven conclusively for any suppressor. It is also the case that a virus
might encode more than one suppressor protein. For example, the
closterovirus Citrus tristeza virus (CTV) encodes three suppressors (Lu et al.
2004). Two of them, p20 and p23, function in the agro-patch assay and
also when crossed into a transgenic plant carrying a silenced reporter.
However, only p20 and the third suppressor, CP, inhibited systemic
movement of the silencing signal in grafted plants. Presumably these three
suppressors act in different but overlapping ways to promote CTV infection.

In only one example has a mechanism of suppressor action been
determined. For the silencing suppressor protein of Cymbidium ringspot
virus (CymRSV) is it clear that a dimer of the CymRSV p19 protein actually
binds to the siRNAs and apparently prevents them from interacting with
target RNA molecules via the RISC (Silhavy et al. 2002; Lakatos et al.
2004). The crystal structure of pl19 complexed with an siRNA duplex has
been determined revealing a mechanism by which pl9 interacts
preferentially with 20-22ntsiRNAs (Vargason et al. 2003; Ye et al. 2003).

Plant protein-silencing suppressor interactions

One approach to determine how suppressor proteins function is to
identify plant proteins with which suppressor proteins interact using the
yeast two-hybrid system. Although this strategy has not yet identified
known silencing pathway components as targets of viral suppressors, several
interesting examples of the alteration of plant gene function by viral
suppressor proteins have been discovered.

The TEV HC-Pro was found to interact with a calmodulin domain-
containing protein called rgsCaM (Anandalakshmi et al. 2000). Over-
expression of this protein also led to suppression of silencing, suggesting
that it might be an endogenous suppressor and that the calcium signaling
pathway might play a role in silencing. Several other proteins bind to HC-
Pro in yeast, although the significance of this is not known (Guo et al. 2003).

The tombusvirus p19 protein binds siRNAs in vitro and in vivo and is
suggested not to require interaction with host proteins for its silencing
suppression activity (Lakatos et al. 2004). Nevertheless, p19 interacts with
members of the ALY family of RNA-binding proteins, which in animals are
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involved in export of RNAs from the nucleus (Park et al. 2004; Uhrig et al.
2004). In plants, expression of p19 leads to re-localization of two of the four
ALY proteins from the nucleus to the cytoplasm. Whether this influences
RNA silencing or is important for any of the other known roles of p19 is not
yet understood.

The CP of TCV suppresses local silencing in the agro-patch assay and
prevents the accumulation of siRNAs (Qu et al. 2003; Thomas et al. 2003).
A 25 amino acid region at the N-terminus of the protein that is sequestered
inside assembled virus capsids was shown to be important for suppression
activity, as well as for interaction with the TIP transcription factor (Ren et al.
2000). Furthermore, the CP:TIP interaction is required for a hypersensitive
resistance response in Arabidopsis. Recent results show that single amino
acid mutations in the N-terminal regions can separate the TIP-binding and
suppression activities of the CP, suggesting that TIP may not be involved in
the silencing pathway (Choi et al. 2004).

Geminiviruses, which are comprised of single-stranded DNA rather than
RNA (in contrast to all the other viruses discussed previously in this review)
also encode a silencing suppressor protein (Voinnet et al. 1999). The
suppressor protein of African cassava mosaic virus is the AC2 protein,
which is a transcriptional activator protein involved in CP expression. The
homologous protein from Tomato golden mosaic virus is called the AL2
protein, and the homologue from Tomato yellow leaf curl virus is called the
C2 protein (Dong et al. 2003). Transgenic plants expressing AL2 or the
positional homologue L2 from Beet curly top virus are more susceptible to
these viruses and to TMV, an unrelated RNA virus (Sunter et al. 2001).
AL2 and L2 interact in plants with SNF1 kinase, which controls the activity
of a range of metabolic pathway transcriptional activators and repressors in
response to nutritional and environmental stress (Hao et al. 2003).
Overexpression of SNFI1 causes enhanced resistance to geminivirus
infection, and the AL2 and L2 proteins bind SNF1 to inhibit its kinase
activity in vitro and in vivo (in yeast).

Silencing suppressors and plant development

Current work in the area of RNA silencing has revealed a mechanism by
which some plant virus-induced disease symptoms can arise. It has been
shown that plants contain a wide variety of small RNA species that before
the discovery of siRNAs were mostly unknown. One class are called micro-
RNAs (miRNAs), which are a similar size to siRNAs (21-25nt) but are
formed by processing of a stem-loop-containing pre-miRNA in the nucleus
(Carrington and Ambros, 2003; Palatnik et al. 2003; Bonnet et al. 2004). In
plants, separate but related Dicer enzymes carry out cleavage of siRNA and
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miRNA precursors. Initially, based upon studies in animals, it was
suggested that siRNAs are perfectly complementary to their targets and lead
to target cleavage, whereas, miRNAs base-pair less perfectly with their
targets and lead to translation repression of the target mRNA. This is not
necessarily the case in plants where miRNAs can induce cleavage of their
targets. miRNAs often target mRNAs encoding proteins such as
transcription factors that are involved in the regulation of  plant
development. Several studies have shown that transgenic plants, which
express viral suppressor proteins, have alterations in the pattern of miRNA
accumulation, which corresponds with severe disruption of plant growth and
development, mimicking some of the symptoms of virus infection (Mallory
et al. 2002; Chapman et al. 2004; Chen et al. 2004; Dunoyer et al. 2004).
Significantly, perturbation of miRNAs also has been demonstrated in virus-
infected plants (Kasschau et al. 2003), showing that this phenomenon does
occur in the natural situation.

Animal virus counter-defense proteins

Intense genetic and biochemical analysis of the silencing pathway in
plants and other, higher organisms made it clear that, although there are
some differences between organisms, in general these systems share many
components in common (Xie et al. 2004; Tang et al. 2003; Ding, S-W et al.
2004). This led to experiments to determine whether viral suppressors could
function in more than one silencing system. The first study demonstrated
that the B2 protein from the nodavirus Flock house virus (FHV) could
suppress silencing in plants in the agro-patch assay (Li et al. 2002). In
nature nodaviruses infect vertebrate and invertebrate hosts and silencing of
the gene for AGO2 (which is a component of RISC) in Drosophila cells
resulted in increased levels of replicating FHV. These results suggested that
silencing operates as an anti-viral defense in Drosophila, and therefore
possibly also in other animals. In a converse approach, several plant virus
suppressor proteins were shown to function in Drosophila cells (Reavy et al.
2004). By co-injecting live mosquitoes with a GFP-tagged togavirus and
dsRNA specific for the Ago2 gene, it was shown recently that RNA
silencing is a natural antiviral defense in these organisms (Keene et al.
2004).

In animal cells viral dsRNA triggers two pathways, both of which also
respond to interferons (reviewed in Stark et al. 1998). In one pathway,
dsRNA activates PKR, a dsRNA-dependent protein kinase. PKR becomes
autophosphorylated, and then functions by phosphorylating and inactivating
the translation initiation factor elF2 leading to shutdown of host mRNA
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translation as well as to the initiation of apoptosis. The second pathway
stimulates 2’-5’A synthetase to activate RNase L, which degrades single-
strand RNA. Initial expectations were that the treatment of animal cells with
siRNAs would activate these systems leading to cell death rather than
stimulating RNA silencing. Recent studies suggest that animal viruses can
be targeted in a sequence-specific manner via siRNAs (Karlas et al. 2004;
Yoon et al. 2004). However, another study found that siRNAs could
stimulate an interferon response mediated by PKR, which may compromise
the sequence-specificity of these treatments (Sledz et al. 2003).
Nevertheless, the existence in animals of an siRNA-mediated antiviral RNA
silencing system was supported by the finding that the influenza virus NS1
protein could suppress RNA silencing in Drosophila cells and plants, and
could bind siRNAs in vitro (Bucher et al. 2004; Delgadillo et al. 2004; Li et
al. 2004). Similarly, the E3L protein from vaccinia virus, a double-stranded
DNA containing virus, also suppressed silencing in Drosophila cells.
Interestingly, both influenza virus NS1 and vaccinia virus E3L were already
known from other studies to inhibit the innate antiviral response that is
mediated by interferon. Whether RNA silencing in animals is part of or
separate from this response is not known.

A cellular protein known as P58 is recruited by some animal viruses to
bind with and inhibit PKR, thus reducing the capacity of the cell to resist the
virus. Recently it was found that part of the helicase proteins that are
involved in replication of the plant viruses TMV and TEV interact with a
plant homologue of P58"™ (Bilgin et al. 2003). Knock-down of expression of
the N. benthamiana P58"% gene by PVX-mediated virus-induced gene
silencing or knock-out of transcription in T-DNA tagged Arabidopsis
resulted in plants that underwent a lethal hypersensitive reaction in response
to virus infection. This suggests that a functioning P58 protein is required
to inhibit a putative plant PKR activity sufficiently to allow virus infection
without inducing overwhelming cell death.
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Introduction

Dark green islands (DGIs) have been an enigma since they were first
documented before the nature of viruses was known (reviewed in Allard,
1914). In 1898 Beijerinck identified the casual agent of tobacco mosaic
disease as a contagious solution a “contagium vivum fluidum” and described
dark green blotches on the upper leaves of infected plants (Goldstein, 1926).
When a mosaic virus infects a plant, these discrete regions of dark green
tissue occur only on leaves that are systemically infected when immature.
Leaves that are fully developed at the time of infection do not develop DGIs.
A variety of tools and plant-virus models have been used in the years since
Beijerinck’s report to compare the dark green tissue with the surrounding
yellow tissue. These experiments and observations have been aimed at
determining the nature and causes of DGIs.
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There are many basic questions prompted by the appearance of DGIs.
Does an active process within the plant establish a DGI? Why can only a
part of the leaf develop into a DGI? How do DGIs spread and what limits
their spread to prevent them encompassing the entire leaf? What
physiological changes in the plant lead to chlorotic or DGI tissue? What
aspect of a mosaic virus means that the host plant can form a DGI? Is there a
benefit to the virus by forming DGIs in plants? Are DGIs a characteristic of
a long established and balanced relationship between a pathogen and host?

This review attempts to summarise the investigations into DGIs and
describe the current knowledge of DGIs. Despite recent research and the
molecular tools available today many of these questions remain unanswered,
providing a rich area of research and discovery for plant virologists.

Composition of dark green islands

DGIs are distinct areas of dark green contrasting against the yellow
chlorotic virus-infected tissue. They can be very small or cover a large
proportion of the leaf. DGIs appear on the upper side of the leaf and some
but not all are visible when viewed from the underside of the leaf. DGIs may
form raised ‘blisters’ of green tissue on the otherwise chlorotic leaf. The
DGIs can encompass one or many cell layers (Matthews, 1991), originating
from different cell lineages, and may spread in any direction throughout the
leaf.

Goldstein (1926) carried out the first detailed cytological study “of
tobacco mosaic [virus] with the hope of adding to our knowledge of the
effects of the casual agent, whatever it is, on the structure and function of the
diseased cells”. These studies were undertaken on Nicotiana tabacum grown
from the then current commercial variety Connecticut Seed Leaf. These
plants were highly susceptible to the Tobamovirus Tobacco mosaic virus
(TMV) and produced very uniform plant growth and virus symptom
development. She found that DGIs were cytologically similar to uninfected
healthy leaves, whereas the yellow-green tissue was altered and less
differentiated with noticeable chloroplast and developmental abnormalities
(Goldstein, 1926).

Histology of DGIs compared to chlorotic tissue

In detailed cytological studies, Goldstein (1926) noted correlations
between the symptom patterning, the leaf formation at the time of
inoculation, the position of leaf with reference to the inoculated leaf, the
position of the leaf on the plant, and the time the disease became evident in
the leaf. She observed that deep green areas appear first in leaves that
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develop immediately after the initial virus symptoms appear, and in those
leaves that grow subsequently. Such dark green areas were noted to contain
normal plastids and all stages of histogenic development, according to the
size and age of the leaf. Dark green areas, like healthy tissue, had six or
seven layers of cells, one or two layers of elongated palisade cells, well-
distributed plastids and large intercellular spaces between the elongated
mesophyll cells. These observations were in contrast to cells within the
surrounding yellow tissue that presented altered histological development
according to leaf age at time of infection. The yellow diseased leaf parts
were reduced in cross-sectional diameter when compared to both healthy and
the dark green areas (Fig. 1). Such differences in leaf thickness may lead to
blisters of raised DGIs in many mosaic infections. Yellow areas had palisade
cells that often failed to elongate completely, with few plastids, large
swollen nuclei and few intracellular spaces, and these leaf areas never
possessed more than six cell layers. Thus, “the time at which infection has
taken place in a leaf of a diseased plant can be ascertained by a study of its
anatomical structure” (Goldstein, 1926). The chlorophyll content and thus
intensity of colour in yellow tissue is greatly decreased. In this tissue
chloroplasts often clump together in a manner foreign to healthy cell
structures (Goldstein, 1926). In the mildest form of clumping individual
chloroplasts may be arranged in rows in contact with each other. In more
severely infected tissue chloroplasts are grouped in irregular clumps in
which the outlines of the individual chloroplasts are barely discernible. Thus,
the histology within DGIs and uninfected tissue are indistinguishable while
the histology within yellow tissue surrounding the DGIs is distinct.
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Fig. 1. Cross-section of a Tobacco mosaic virus-infected leaf comparing dark green islands
(DGls) and yellow tissue. Two of the original figures from Bessie Goldstein’s (1926) paper
showing the differences in overall cell shape, chloroplast distribution, and laminal
thickness that she observed in cross-sections of induced DGIs (left) or the surrounding
yellow tissue (right) in TMV-infected Nicotiana tabacum.
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Symptoms of virus infection in yellow tissue

The chlorosis that can be observed in a virus-infected plant is due to a
variety of physiological changes, some of which derive directly from the
deleterious effects the presence of the virus has upon the plant. Others are a
result of the various steps that the plant takes to counteract the viral attack
(Maule et al. 2002). The common yellowing or chlorosis of leaves in virus
infection is typically associated with a loss of photosynthetic capacity
(Bedbrook and Matthews, 1972; Bedbrook and Matthews, 1973; Hodgson et
al. 1989; Clover et al. 1999; Herbers et al. 2000), altered starch
accumulation (Ushiyama and Matthews, 1970; Shalitin and Wolf, 2000), an
increase in respiration and a change in carbohydrate partitioning with
significant elevation in the proportion of sucrose in source leaves (Herbers et
al. 2000; Shalitin and Wolf, 2000). These yellow areas of infected tissue also
have a relatively high virus titre. Interestingly, both TMV RNA and coat
protein (CP) are capable of entering chloroplasts where the CP has a direct
affect on photosynthetic capacity (Schoelz and Zaitlin, 1989; Banerjee and
Zaitlin, 1992).

DGIs contain few viral particles

Using a variety of methods, several groups have demonstrated that DGIs
contain less infectious virus than the surrounding yellow tissue. Some early
work was performed using fine enamel insect pins (number 00) to transmit
TMV by puncturing leaves containing virus and then repeating the puncture
into healthy leaves (Holmes, 1928). With such sharp pins this technique
required no handling of the plants and since new pins were used for each
experiment, this technique led to little cross contamination. The dose lifted
on the pins was uniform and the inoculations were sufficiently rapid to
process 500 inoculations per hour with reproducible results. Using this
technique, Holmes generated a dilution chart that correlated concentration of
virus to number of test plants infected. Green and yellow areas of mottled
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leaves were then tested for virus titre. By reference to the dilution chart
Holmes calculated that green tissue contained no more than 1/28 (4%) the
virus concentration of yellow tissue.

Solberg and Bald (1962) used local lesion bioassays of TMV on N.
glutinosa and virus particle counts from electron micrographs to demonstrate
that dark green areas of leaves consistently showed no or little virus (0 -7 %
of that found in adjacent yellow areas). In an alternative approach, **P-
labeled plants (2 mCi per plant) showing full mosaic symptoms were
sampled in yellow or dark green tissues using cork borers to ensure that
equal amounts of tissue were obtained. Analysis of the amount of radiolabel
incorporated into the viral RNA revealed that DGIs had a virus content 3.6
% of that found in chlorotic tissue samples (Reid and Matthews, 1966).
Using local lesion hosts to assess infection load, virus titre from virus
preparations in analytical ultracentrifuges, and also serological precipitation
end points, Atkinson and Matthews (1970) calculated that dark green tissue
contained between 0-9 % of the amount of virus found in yellow tissue. In V.
tabacum cv Xanthi-nc infected with the Cucumovirus Cucumber mosaic
virus (CMV), passaging to a local lesion host showed that DGIs contained
less than 5 % of infectivity found in yellow tissue (Loebenstein et al. 1977).
Furthermore, no antigen could be detected from CMV-induced DGIs and
only 2-7 % of protoplast derived from DGIs showed the presence of antigen.
These tests all revealed an inverse relationship between the intensity of
green pigmentation and the virus content of a leaf.

An inhibitor of virus replication (IGI) was purified by zinc acetate
precipitation from both DGI tissue from leaves or from the medium of DGI-
derived protoplasts (Gera and Loebenstein, 1988). When purified and added
exogenously the IGI activity inhibited replication of both CMV and TMV in
either protoplasts or in leaf discs. The inhibitory activity reduced replication
to less than 15% of untreated controls as determined by local lesion assays.
The IGI activity was found to comprise of two inhibitory components of 26
kDa and 57 kDa that were susceptible to inactivation by proteases, however
these presumed proteins have not been further identified.

Molecular tools have also been used to study virus content of DGIs
(Moore et al. 2001; Moore, 2003). Northern analysis confirmed that the level
of viral RNA was lower in DGIs than in the surrounding yellow tissue. This
work was performed with DGIs induced by TMV or CMV in N. tabacum
and by the Potyvirus Potato virus A (PVA: isolate Tamarillo mosaic virus,
TamMV) in both N. benthamiana and Cyphomandra betacea (tamarillo)
(Fig. 2).
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Fig. 2. Northern analysis of DGI and surrounding yellow tissue infected with TMV,
Cucumber mosaic virus, or Tamarillo mosaic virus reveals less virus content in
DGIs. Total RNA was extracted from yellow or DGI tissue of N. tabacum infected with
TMV (A), or CMV (B), or from N. benthamiana infected with TamMV (C) and run on a
formaldehyde-agarose electrophoresis gel before transfer to nylon. Each RNA blot was
probed with a virus-specific DNA probe corresponding to the 30 kDa gene of TMV (A),
the CP gene of CMV (B), or the CP gene of TamMV (C). For each virus infection the
DGI had less virus content than the surrounding yellow tissue. Figure from Moore
(2002).

In a large survey of 93 DGIs induced by TamMV in N. benthamiana, the
ratio of viral RNA in DGIs to that in yellow tissue was assessed. This was
done by excision of the target tissue, followed by RNA extraction, northern
analysis using virus-specific probes, and phophorimager quantitation (Moore
et al. 2001). This revealed a difference of at least a hundred-fold in virus
RNA accumulation between yellow tissue in most (55 %) of the DGIs.
Another 33% of DGIs contained between 1-10% of the viral RNA content
present in surrounding tissue. The remaining 12% of DGIs accumulated 10-
50% the viral RNA content of adjacent yellow tissue. In no samples
analyzed did the accumulation of virus RNA in DGIs reach levels equivalent
to those found in adjacent yellow tissue. This technique may overestimate
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the virus RNA content of very small DGIs as it required excision of the
DGIs from the surrounding yellow tissue and might conceivably include
infected yellow tissue in the DGI sample as the margins of the islands are
often abrupt but jagged through the leaf section.

Transition at the edge of DGIs

The transition between dark green tissue and yellow tissue occurs at a
distinct interface that is visible with the naked eye on the leaf surface. At the
cellular level, Iwanowski first showed a sharp histological differentiation of
as few as two or three rows of cells between yellow and green areas using
light microscopy (Iwanowski, 1903). Atkinson and Matthews (1970)
analyzed electron micrographs of large sections cut across these stable sharp
junctions between yellow tissue and green islands and observed that dark
green tissues had no crystalline arrays of TMV rods. Even individual TMV
rods were rarely observed in DGIs. The few rods observed formed a gradient
of concentration, decreasing with distance from the yellow cells over a zone
of 1-6 cells wide. However, no difference was observed in the frequency of
plasmodesmata suggesting normal connections between green and yellow
neighboring cells.

The distribution of TamMV within the cells of a leaf section was
determined by blotting tissue from the cut edge across a DGI onto nylon
membrane followed by northern or western analysis (Moore et al. 2001).
This technique detected the TamMV RNA and coat protein (CP)
respectively, and matched the DGI boundary that was observed with the
naked eye. Both TamMV RNA and protein were detected primarily in
yellow infected areas rather than in adjacent dark green tissue (Fig. 3).

Patterns of DGIs in leaves

DGIs can be of varying size and position on systemically infected leaves.
Atkinson and Matthews (1970) followed closely the pattern of yellow
infected areas and DGIs formed in tobacco plants (N. tabacum L. ‘White
Burley’) inoculated with TMV. They noted that “for most leaves, the islands
of dark green tissue persist for the life of the leaf, or at least until yellowing
due to senescence obscures them.” Dark green areas of tissue were noted to
increase in size during the development of the leaf while retaining their
initial shape. During senescence, the borders of some DGIs were impinged
with yellow green indicating breakdown of resistance to the virus and some
showed areas of yellow, local lesion-like spots from an early age. However
once most DGIs were formed they remained stable through out the life of the
leaf unless exposed to extremes of temperature (Johnson, 1922). DGIs (or
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their equivalent) have not been observed on root or stem tissue, but this may
be due to a lack of a conveniently visible indicator such as chlorophyll.

The patterns of mosaic formation in systemically infected leaves are one
of the most common features of virus diseases and are extremely variable.
Factors such as virus strain, leaf age, season of the year, and time of
infection can influence the amount of dark green tissue that develops. This
unpredictable occurrence of DGIs has made them difficult subjects to study.
Ferguson and Matthews (1993) described an interaction between the
European strain of the Tymovirus Turnip yellow mosaic virus (TYMV) and
Chinese cabbage (Brassica pekinsis, Rupr ‘Wong Bok’). Under glasshouse
conditions (21 °C + 3 °C with supplementary lighting during winter) this
virus-plant interaction gave a commonly occurring sequence of patterns of
dark green and infected tissue in successive expanded leaves 4 weeks post-
inoculation. This patterning appeared to be related to active cell division at
the time when the virus entered the leaf. With this plant-virus interaction
about 80 % of the fifth leaves of small seedlings developed a large border of
dark green tissue with a central infected zone. This pattern of DGI
formation is predictable and consistent and therefore provides a potential
model system for future investigations into the processes that initiate and
delimit DGIs.

Resistance of DGIs to superinfection

Cells within DGIs are not only relatively free of viral RNA and proteins
but also demonstrate resistance to superinfection by the original and closely
related viruses but remain susceptible to infection by unrelated viruses
(summarized in Matthews, 1991).

Through successive passaging of the Potexvirus Potato virus X (PVX)
through tobacco plants over a long period of time, strains of the virus that
exhibit distinct symptoms can be generated. Using such a pair of viruses
(which exhibited either severe or mild symptoms) Salaman (1933)
investigated the effects of double-inoculation either concomitantly or
successively. He demonstrated that initial inoculation with a mild form of
PVX could provide, in symptomatic tissue, protection to successive infection
or superinfection with the severe strain. Salaman (1933) concluded that once
a virus had established a symbiotic relationship with a plant, then the plant
was not able to enter a relationship with another virus of the same type.
Using a similar system but with PVY Salaman then described how DGIs
induced by the mild strain of PVY were resistant to superinfection by both
the mild strain and the severe strains.

The agent providing the protection in the DGIs was unclear to Salaman
(1933) as neither the mild or severe strain could infect the virus-resistant
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islands in the first instance. The lack of an initial infection in DGIs led him
to comment that, “How such green areas, surrounded by a solid mass of
heavily infected cells, retain their freedom from virus, is a problem distinct
from that of the corresponding areas in the X-infected plant”.

Many subsequent examples have demonstrated the resistance of DGIs to
superinfection. Tobacco plants reinoculated with the same strain of TMV
gave no increase in the virus concentration in DGIs (Fulton, 1951). N.
tabacum cv Xanthi-nc infected with CMV form DGIs that when
challenged with either of several strains of CMV remain resistant to
superinfection (Loebenstein et al 1977). However, this resistance to
superinfection was overcome by challenge with the unrelated TMV. The
DGIs in B. pekinsis infected with TYMV developed no further infection or
symptoms when challenged with TYMV (Ferguson and Matthews, 1993).
These and other examples with various plant and virus combinations
reinforce those results from Salaman (1933) and earlier work by Thung
(reviewed in Fulton, 1951).

True DGIs versus pseudo-DGIs

Atkinson and Matthews (1970) drew a distinction between true DGIs and
what they termed “pseudo dark green tissue”. Pseudo dark green tissue is
typified by early breakdown of resistance. They noted that pseudo-DGIs
have a propensity to form in leaves 5 and 6 above the TMV-inoculated N.
tabacum leaf between 12-17 days post inoculation (dpi). Breakdown of
DGIs in areas described as pseudo dark green tissue was shown to be due to
virus replication rather than virus movement into the dark green area
(Atkinson and Matthews, 1970). These experiments were performed on
excised tissue disks from yellow or pseudo green areas that were maintained
on *’P-labeled orthophosphate and then harvested 1, 2 or 3 days later.
Incorporation of **P into TMV was measured after sucrose density gradient
analysis relative to the amounts of **P taken up by each disk of tissue. These
experiments demonstrated a rapid incorporation of radiolabel into TMV over
2-3 days in pseudo islands compared to yellow tissue. By contrast, true dark
green islands were shown to be resistant to mechanical inoculation whereby
post-inoculation virus replication was assessed again by **P incorporation
and sucrose density gradient analysis. Understanding the molecular
differences between pseudo and true DGIs will provide insight into the
mechanisms that form and maintain them.
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Formation of dark green islands

It is not clear what the causal agent for DGIs is, or what defines the final
size of a DGI. As described earlier, the microscopy studies of Goldstein
(1926) addressed how DGI formation correlates with the histology of the
leaf at time of infection. Atkinson and Matthews (1970) used synchronized
infections of TMV and leaf analysis or symptom development. TMV was
inoculated onto the fifth true leaf of N. fabacum followed by a regime of leaf
measuring, excision and maintenance under conditions that would support
virus replication. Virus titre was then assessed by inoculation on to a local
lesion host (N. glutinosa). This data was compared to symptom development
on synchronously inoculated matched plants on which leaves were measured
but not excised. Tobacco leaves of 0.9-1.2 cm or less upon infection most
reliably yielded DGIs 12 days or more after inoculation.

With this reliable system in place, the increase in the number of cells in a
leaf between age of infection and mature size was compared to the number
of cells in a DGI. These data were used to assess the possibility that DGIs
arise from a single cell. Most DGIs in a leaf that had been infected for 17
days were between 0.3-8.0 mm” and during this time the total leaf cell count
had undergone seven rounds of cell doubling. A single cell doubling seven
times would result in 128 cells with the area of only 0.05 mm’. Based on this
calculation a DGI is unlikely to arise through replication of a single cell.
Moreover, the probability that DGIs may arise by chance from adjacent cells
is less than the observed incidence of DGIs greater than 0.05 mm® Thus,
DGIs must arise by some active process (Atkinson and Matthews, 1970).
One possibility is that strains of extremely mild strains of TMV cause DGIs.
This was eliminated as those few infectious units isolated from DGIs did not
result in dark green symptoms following local lesion purification. Atkinson
and Matthews concluded that some “dark green agent” must spread from
cell to cell to delimit DGIs at, or near, the time of infection by virus. They
also concluded that the nature of the agent must be strain specific as Fulton
(1951) had demonstrated that DGIs were resistant to superinfection by
similar but not distinct strains of TMV.

In N. benthamiana, DGIs are appreciably round in shape, which supports
the concept of cell-to-cell spread of a DGI silencing signal from a single
point of initiation. In contrast to the situation in N. benthamiana, DGIs in
other plants are frequently rectangular and bordered by veins; this pattern
suggests that there is some impedance of DGI spread. It is not surprising that
plants vary in their manifestation of DGIs if a diffusible signal is involved,
as there is known to be variation in the parameters for cell-to-cell trafficking
in different plants (Lee et al. 2002).
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Post-transcriptional gene silencing maintains DGIs

As reviewed, DGIs have some common characteristics:

1. DGIs appear healthy and have been shown to contain
little or no viral RNA and protein.

2. DGIs demonstrate resistance to superinfection by the
original and closely related viruses, but are
susceptible to infection by unrelated viruses.

3. The development of DGIs is related to the
developmental stage at which a leaf is invaded by
virus.

4. DGIs contain more cells than can be accounted for if
a DGI was the product of a single cell’s division. A
‘diffusible factor’ was postulated to be responsible
for the formation and maintenance of the islands
(Atkinson and Matthews, 1970).

5. This unknown ‘diffusible factor’ appeared to be
induced by, and dependent upon, viral infection
(Atkinson and Matthews, 1970).

This set of characteristics is reminiscent of a family of phenomena that
includes cross protection, recovery, and a specific form of pathogen-derived
resistance based on post-transcriptional RNA silencing (PTGS- also known
as RNAI in animals, or quelling in fungi: reviewed in Ding et al. 2004).
These phenomena are mediated through the sequence-specific recognition
and degradation of target RNA.

PTGS can be induced by the introduction of transgenes that result in the
production of double-stranded (dsRNA) in cells. This has been facilitated
through the use of transgenic plant technologies. One such example is
transgenic plants containing portions of the viral genome sequences either to
express proteins or to only express the RNA transcript. When inoculated
with the virus of the same sequence it was noted that some transgenic plants
exhibit a recovery phenotype in virus-infected N. benthamiana plants
transgenic for the CP (or only the CP RNA) of the cognate virus (Lindbo and
Dougherty, 1992; Eagles, 1994). This “recovery” is characterised by the
development of virus-free, healthy tissue in the youngest leaves of a
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“systemically infected” and otherwise symptomatic transgenic plant. The
recovered region of the leaf appears to correspond to that portion of the leaf
that is still a metabolic “sink”. The first recovered leaf is often bizonal but
subsequent leaves are typically completely symptom-free as well as virus-
free. In addition, the virus-free tissues are resistant to superinfection by the
same or closely related viruses.

Recovery can also occur naturally in infections of non-transgenic plants
(including N. benthamiana) with some RNA viruses, especially in infections
by members of the nepovirus group (Ratcliff et al. 1997). As in DGIs,
recovered tissue is relatively free of viral RNA and proteins and is resistant
to superinfection by the same or closely related viruses, but is susceptible to
infection by other viruses. Like DGIs, the boundary between infected and
recovered cells in leaves is abrupt and crosses all cell layers in the leaf (Fig.
3). Plants that display the recovery phenotype also often produce DGIs in
leaves before recovery sets in (Eagles, 1994) or contain DGIs amidst the
non-recovered tissue of a partially recovered leaf. With these similarities in
mind, and the growing evidence that recovery is a result of PTGS, Moore
and co-workers (2001) hypothesized that like recovered tissues, DGIs are
maintained by a PTGS mechanism.

B

yellow
' g4— DGI
¥ DGi= *
yellow Chiorotic tissue = y

Midvein = V

Fig. 3. Tissue prints of TamMV-infected leaves containing DGIs shows viral protein and
RNA exclusively in yellow tissue. Both viral protein and RNA are present in the yellow,
chlorotic tissue surrounding DGIs and are not detected or are present at low levels within
DGl tissue. (A) Detection of TamMV CP in a Cyphomandra betacea (tamarillo) leaf with
anti-PVA (TamMYV) antibody results in a purple color whereas those regions not positive
for the presence of CP remained green (chlorophyll). The single visible DGI is indicated
with a dotted line, the yellow surrounding tissue was chlorotic in the sampled leaf and
corresponds to the purple hue. (B) Detection of TamMV CP RNA in a section of
TamMV-infected N. benthamiana leaf cut traverse to three DGIs and the mid-vein. The
probe detects the TamMV CP RNA,which is part of the full-length TamMV RNA
genome (black = positive for TaMV CP RNA). Figure from Moore (2002). (See also
Colorplates, p. xvii)
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Moore et al. (2001) used three viruses to examine the mechanism of DGI
maintenance. Firstly they used the Potyvirus TamMV, to generate DGIs on
N. benthamiana. Secondly, as a unrelated virus they used an infectious
transcript of the Potexvirus White clover mosaic virus (WCIMV) that is
asymptomatic on N. benthamiana and can infect DGIs induced by TamMV.
Finally, to deliver only part of the TaMV genome they built an infectious
chimeric virus, WTam, comprised of WCIMV and additional sequences for
the replication but not for the translation of the TamMV CP RNA. They then
determined whether WTam could infect DGIs that had been induced by
TamMV. By testing the ability of these viruses to replicate on either wild
type or transgenic N. benthamiana that expressed the RNA of the TamMV
CP gene from a transgene, Moore and her co-researchers were able to
distinguish between PTGS or some other form of active resistance against
the chimeric virus. They found that WTam RNA was present at a very low
level or absent from TamMV-induced DGIs. They also discovered that the
transcript of the TamMV CP expressed from the transgene in plants was also
absent from DGIs. This transcript could be discriminated from the CP RNA
derived from WTam by a unique 3’ untranslated region. This experimental
system demonstrated that an RNA sequence-specific mechanism could target
the potexvirus only if it contained the sequences of the potyvirus, which had
initially induced the DGIs. It was also demonstrated that only a part of the
DGI-forming virus, the CP gene, was sufficient to render the chimeric virus
susceptible to degradation within DGI tissue. This established that in DGIs
viral RNA is actively degraded on the basis of RNA sequence.

In an investigation of the function of the yB protein of the Hordeivirus
Barley stripe mosaic virus (BSMV) Yelina and co-workers (2002) used a
chimera termed ByP. In this construct the wild type yB gene of BSMV is
substituted by the yB of the Hordeivirus Poa semilatent virus. Compared
with wild-type BSMV, the chimeric BYP virus gave earlier and more severe
symptoms, including large DGIs, on systemically-infected N. benthamiana
leaves 12-40 days post-inoculation. In contrast to plants infected with
BSMYV, the plants infected with the chimeric BYP virus fully recovered from
infection, showing no symptoms on young leaves. RNA isolated from DGIs
and surrounding yellow tissue was analyzed for small RNAs that might
indicate active and sequence-specific RNA degradation occurring via the
PTGS pathway. Such small RNAs between 22-25 nucleotides (nt) in length
were present at 16-fold higher concentration in DGIs compared to adjacent
chlorotic tissue, and were also present in younger recovered leaves. These
results provide further support that DGIs, like recovered tissue, are actively
maintained by PTGS (Moore et al. 2001) and reveal the characteristic small
RNAs, termed short interfering RNAs (siRNAs), that provide sequence
specificity to this RNA degradation mechanism. Interestingly, small dsSRNAs
of viral origin were detected in TYMV-infected tissue that also produces
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DGls (Bedbrook et al.. 1974). These RNAs were not investigated further due
to the paucity of molecular tools available at the time.

Further extending the work with BSMV, the chimeric ByP virus was
inoculated onto transgenic N. benthamiana expressing the HC-Pro protein
from the Potyvirus PVA (Yelina et al. 2002). HC-Pro is a potyvirus-encoded
protein that is known to suppress the maintenance of PTGS, although its
mechanism of action is unclear (Mallory et al., 2001; Hamilton et al. 2002;
reviewed in Roth et al. 2004). The N. benthamiana expressing HC-Pro gave
either no, or smaller and fewer DGIs. In addition, the HC-Pro plants did not
recover from virus infection and no or few small RNAs were observed (Fig.
3). This work demonstrates that when the PTGS activity is suppressed DGIs
do not occur and likewise that recovery does not proceed.

Consistent with this idea, it was found that in transgenic N. tabacum
plants that were silenced for a plant-encoded RNA-dependent RNA
polymerase (RdRp), NtRdRPI, systemic TMV symptoms did not include
DGIs (Xie et al. 2001). This suggests a role of the plant-encoded RdRp in
the virus defense mechanism that results in DGI formation.

Together these experiments demonstrate that DGIs are maintained by
PTGS. Although there exist strong similarities between DGIs and recovered
tissue there are also clear differences in the size, timing and spread of DGIs
and recovered tissues. Thus, DGIs are small and seemingly randomly located
within individual leaves, whereas recovered tissue develops from the base of
a leaf and progresses further along the lamina in each leaf that developes
subsequently.

Theoretical frameworks

DGIs are formed during the processes of leaf development, virus
infection, and plant defense against virus infection. Each of these processes
is complex, changes over time, interacts with the other processes, and is
understood to some greater or lesser extent. For ease of analysis, we propose
that the process of DGI formation is divided into five theoretical stages:
initiation; spread; delimitation; amplification, and maintenance.

There is compelling evidence that PTGS is involved in the maintenance
of DGIs (Moore et al. 2001; Yelina et al. 2002; Xie et al. 2001). The
remaining four stages are less well understood but we propose that initiation,
spread, delimitation and amplification institute the PTGS mechanism in the
cells that will form DGIs. The larger size-range of siRNA (24-26 nt) is likely
to be involved in long distance, systemic signal translocation in the phloem,
whereas short siRNAs (21-23 nt) are more likely to be intrinsic to the local
cell-to-cell spread of the DGI signal (Mallory et al. 2001, 2003; Vance and
Vaucheret, 2001; Hamilton et al. 2002; Klahre et al. 2002; Mlotshwa et al.
2002; Himber et al. 2003).
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Initiation of DGIs

There is evidence for a signal that initiates PTGS, which moves
systemically through the phloem of plants. A potential candidate for the
signal that initiates a DGI near the shoot apex is the longer size-class of
siRNAs that have been shown to be long-distance silencing signals
(Hamilton et al. 2002, Himber et al. 2003). It is likely that these siRNA
signals translocate in association with phloem-specific RNA binding
proteins such as PSRP1 identified in pumpkin by Yoo et al. (2004).
Evidence for this includes the finding that in grafting experiments siRNAs
derived from transgenic rootstocks capable of conferring silencing to a wild
type scion have been identified in the phloem of those scions (Yoo et al.
2004). Similarly, siRNAs directed against sequences along the entire length
of the virus genome were also detected in the phloem of virus-infected plants
(Yoo et al. 2004). However, DGIs develop after systemic infection of the
DGI-forming virus has already taken place. Both the DGI-forming virus and
a cognate PTGS signal move throughout the plant during infection and likely
reach the shoot apex in a similar timeframe. Therefore, it is difficult to
determine which of these is the DGI-initiating signal near the shoot apex.

Within plants that are systemically infected with a mosaic-inducing virus
DGIs appear in leaves that are still undergoing active cell division.
However, the precise importance of leaf development and/or cell cycle in the
formation of DGIs is unclear. The development of DGIs in these tissues may
be associated with the fact that the young tissues are sinks for
photoassimilates and by default receive phloem-translocating PTGS signals
and virus from distant, virus-infected cells. However, older leaves also
receive these and do not form DGIs. Young dividing cells seem to possess a
necessary factor for the DGI-initiation process. This may be the ability to
produce, perceive, and respond to a unique DGl-initiating, secondary signal.
If we assume that in DGIs the initiating event occurs stochastically in single
leaf cells during cell division one possibility is that the breakdown and
reformation of the nuclear membrane could provide a window of opportunity
for RNA sequences to enter the nucleus and trigger the production of the
silencing signal there (Moore 2003). The 2b inhibitor of PTGS initiation,
encoded by CMV, localises to the nucleus and loses its effectiveness if the
nuclear targeting sequence is deactivated (Lucy et al., 2000). Thus, although
the degradation event occurs in the cytoplasm, the initiation of PTGS may
well be nuclear-based.

The initiation of DGIs in dividing leaf cells may also involve a
component of pre-existing PTGS signalling from the infection process
occurring lower in the plant. A systemic PTGS signal appears to be
generated in the initial stages of virus infection and to spread throughout the
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plant via the phloem (reviewed in Fagard and Vaucheret, 2000). DGIs may
be initiated in dividing cells in which that signal arrives before the infecting
virus.

A constant threat to genetic integrity is the movement of transposons.
Since PTGS acts to inhibit transposon movement and also virus infection,
the initiation of DGIs that are resistant to virus infection may reflect an
essential mechanism that is established to maintain genetic integrity of
dividing cells. A “red alert” status during cell replication may switch on an
extra level of protection against dSRNA resulting in silencing signals derived
through cell-cycle-specific expression of silencing-pathway genes (Foster et
al. 2002).

Different DICER-related proteins are believed to generate functionally
different siRNAs (Xie et al. 2004) and the expression of these, and thereby
the generation of a DGI-spreading signal, may be specific to a particular cell
replication stage. Specific ARGONAUTE (AGO) nucleases that “slice” the
target RNA (Liu et al. 2004; Song et al. 2004) may also be differentially
expressed (reviewed in Bowman, 2004) resulting in unique PTGS activities.
Other processes involved in the reception (e.g. entry of the DGI-signal) or
response to the silencing signal (e.g. spread or amplification of the DGI-
signal (Xie et al. 2004) may also be upregulated in dividing cells. Candidates
for upregulation also include the inducible NtRDRP]I that is required for
DGI formation (Xie et al. 2001) or other RdRp genes encoded by plants.
DGI initiation could thus potentially coincide with heightened protection of
the cell against foreign nucleic acids.

Local spread of a DGI signal: the “dark green agent”

A diffusible signal, the “dark green agent”, has been proposed to be
involved in the spread of a DGIs across cell layers (Atkinson and Matthews,
1970). Although this signal has not been conclusively identified to date,
several of its qualities are known. It is sequence specific, and induces DGI
formation locally as opposed to systemically. The signal is susceptible to
some suppressors of silencing and not others as illustrated by the
experiments of Yelina and co-workers (2002). The production of or the
response to, the diffusible signal is dependent on the cell cycle: cells
dividing at the time of infection are competent to form DGIs, whereas
mature cells are not.

The most likely signals for the spread of PTGS between cells that form
DGIs are the short siRNA species. Such short siRNA species have been
shown to move from cell to cell from experiments on the systemic delivery
of silencing by virus induced gene silencing, by phloem delivered dsRNA
(Himber et al. 2003), or from a local silencing source delivered by
Agrobacterium-mediated transient expression. The short siRNAs appear to
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consistently spread for a distance of 10-to-15 cells and induce silencing
against RNAs containing homologous sequences. Short siRNAs may be
generated upon virus entry of the cell and/or in response to phloem-delivered
long siRNAs and initiate PTGS. The short siRNA species has not been
identified in DGIs to date but the very tiny quantities likely to be present
may require considerable effort to detect in cells during the DGI initiation
phase . Those siRNAs that have been identified in developed DGIs were of
the longer size class (Yelina et al. 2002) that appear to be characteristic of
systemic transmission of the silencing signal (Hamilton et al., 2002 and
Himber et al. 2003).

Delimitation of DGIs

The inability of DGIs to spread and encompass an entire leaf or to send a
successful systemic silencing signal to new leaves is intriguing. What
delimits the extent of the spread and thus determines the final size of a DGI?
Five mechanisms of DGI delimitation may occur: spread of a limited supply
of a silencing signal; the capacity of cells to respond to signal reducing with
the age of the cell; limited distance of cell-to-cell movement without co-
ordinate signal amplification; cell multiplication; and a race between
silenced and virus infected cells. Not all of these mechanisms are exclusive;
some may act in concert with others.

The number of cells to which the local DGI-forming signal is distributed
before it reaches a critical dilution end-point may limit the size of the DGI.
The size of the DGI would then depend on the amount of the signal available
from the originating cell, assuming that amplification in neighbouring cells
does not occur during DGI-delimitation.

The size of a DGI may also be determined by the responsiveness of
neighbouring cells to the local signal, perhaps the ability of the cell to
perceive a signal or the ability to regenerate the signal. Perhaps amplification
of the signal occurs in specific circumstances, (e.g. requiring an RdRp or
other components of the PTGS machinery to generate further short siRNAs).
It is thus intriguing to consider the influence of cell replication in the
determination of DGI size.

Limited cell-to-cell movement of silencing signals from the originating
cell could limit DGIs to a particular size in each particular plant-virus
system. For instance, if the short siRNAs are the local signal, and this signal
can spread without amplification to 10-15 cells in a single direction (Himber
et al. 2003) then the total number of cells containing the signal from a single
originating cell would be approximately 706 cells (IT 15% this assumes equal
spread in all directions). After seven cell division cycles, as calculated by
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Atkinson and Matthews (1970), this would account for 90,432 cells, and
using the approximate calculation for Nicotiana species that 128 cells are
within 0.05mm? of leaf tissue then this would account for a DGI of 35mm’.
The observed norm of DGI size in a leaf that had been infected for 17 days
and undergone seven rounds of replication was between 0.3-8.0 mm’
(Atkinson and Matthews, 1970). Thus, the short siRNA signal could
theoretically (and with the current assumptions) account for DGIs of
substantial size. This is a high approximation as Nicotiana leaf tissue is
generally not more that seven cells thick.

Cell division may contribute to the numerical increase of cells that have
established PTGS against the DGI-inducing virus, though it seems that
cellular multiplication is not sufficient to account for the size of DGIs
(Atkinson and Matthews, 1970). Areas of a leaf that are not undergoing
significant cell division may establish a DGI-state in individual cells but not
contain sufficient cells or amplification capacity to establish a visible DGI.
Mature leaf cells are capable of mounting the PTGS mechanism as
demonstrated by transient expression experiments and are capable of cell-to-
cell movement of a silencing signal (Ryabov et al. 2004 and Himber et al.
2003).

The size of a DGI may also be restricted to cells within the leaf which the
silencing signal reaches ahead of the virus or prior to the translation of
sufficient virus-encoded suppressor of silencing proteins. Thus, DGIs would
always neighbour infected cells. Such infected cells would have established
virus protein expression including suppressor of silencing activities, thereby
inhibiting spread of the silencing signal and establishment of an additional
silenced cell. Such a competition model could act in concert with other
models to further restrict the size of DGIs.

Amplification of PTGS in DGIs

Two phases of amplification are considered. The first is during the spread
and delimitation stages of DGI formation. The second is during the
maintenance of DGIs. During DGI initiation, spread, and delimitation it is
difficult to reconcile the spread of such a dilute signal across an entire DGI
without some form of amplification. Since the virus sequence is not present
in the plant genome it would seem apparent that the signal is amplified from
the challenging virus genome or parts thereof. By contrast, if each DGI were
initiated from a single siRNA alone, then one would predict resistance of
each DGI to be targeted against a specific subset of the virus genome. In the
single study using the chimeric virus WTam, Moore et al. (2001)
demonstrated that DGIs induced by TamMV commonly confer resistance to
superinfection with a chimeric potexvirus carrying only the TamMV CP. If
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each DGI was initiated by a single siRNA species, and calculating the CP as
one-tenth the genome of a potyvirus one would predict the same proportion
of DGIs would be resistance to WTam. Since resistance to WTam is
common, it seems unlikely that the resistance of each DGI is targeted to a
distinct sub-sequence of the original infecting virus, but rather that each DGI
is resistant to the entire DGI-inducing virus. If correct (and it requires
testing) then this poses the following question. How does a systemic
silencing signal of only ~25 nt generate resistance against all sequences in
the virus? Intriguingly, DGIs are not larger when formed in the presence of
a transgene transcript of homologous sequence to the DGl-initiating virus
(Moore et al. 2001 and unpublished data).

There seems to be no dilution effect where less resistant cells exist on the
perimeter of the DGI and most resistant DGIs at the centre. This suggests
that there may not simply be a dilution end point but rather implies an
additional amplification step to provide potent resistance throughout the
established DGI. Likewise, once PTGS has been established in DGIs it is
extremely potent and stable, often lasting up to the lifetime of the leaf. This
defence mechanism provides strong protection against superinfection of
related viruses, even to those related viruses that encode suppressors of
silencing. How does the DGI maintain such an active, long-lasting, and
potent defence? Are the siRNAs amplified once DGIs have been
established? Perhaps amplification does indeed occur and uses systemically
infecting, DGI-inducing virus transcript as template for amplification
resulting in the siRNAs that have been identified in DGIs (Yelina et al.
2002). Alternatively, a suite of siRNAs against the DGI-forming virus may
selectively enter the DGI cells. Either of these possibilities could account for
the presence the potent defence mechanism mounted against homologous
viruses throughout these seemingly healthy tissues.

Maintenance of DGIs

Experiments performed by Moore et al. (2001) and Yelina et al. (2002)
have demonstrated that DGIs once formed are maintained by PTGS. In both
these studies the silencing occurring in DGIs degrades RNA of the same
sequence as the DGl-initiating virus. This PTGS mechanism generates
siRNAs, hallmarks of the PTGS mechanism (Yelina et al. 2002). DGI
formation by BSMV is inhibited by HC-Pro (Yelina et al. 2002), a
potyvirus-encoded suppressor of silencing that affects PTGS maintenance
(Llave et al. 2000) and perhaps other stages of PTGS (reviewed in Roth et al.
2004). In a separate study, TMV inoculated onto N. benthamiana
compromised for inducible RdRp activity did not produce the characteristic
TMV-induced DGIs (Xie et al. 2001). RdRp activity has previously been
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implicated in PTGS (Schiebel et al. 1998). Together this evidence strongly
supports the concept that DGIs are maintained by PTGS.

Future perspective

Mosaic disease, including the presence of DGIs, is one of the most
common symptoms in virus-infected plants (Hull, 2002). However, within
an infected plant and with some notable exceptions (such as the Chinese
cabbage interaction with TYMV) DGI formation is a relatively infrequent
event and results in a seemingly stochastic random distribution of islands of
dark tissue within the context of systemically infected leaves. Thus, the
events that are required for DGIs formation: initiation; spread; delimitation;
amplification; and maintenance, must seldom sufficiently exist together in
order to form DGIs.

Particular tools will be of use to further investigate the formation of
DGlIs: predictable interactions that form DGIs such as the interaction
between Chinese cabbage and TYMV; plants that carry mutations for genes
involved in the initiation, spread, delimitation, amplification or maintenance
of PTGS; suppressors of PTGS that can interfere with these processes in
predictable ways, viruses that are altered in their ability to form DGIs, and
molecular analysis of the PTGS signals, especially the ability to clone and
sequence small RNAs (Llave et al., 2002). Together these will aid the fine
dissection of the processes that ultimately manifest as DGIs.

Increasing our understanding of the cellular machinery involved in PTGS
and the mechanisms of action of the suppressors of silencing in plants (Roth
et al. 2004) may reveal plausible mechanisms for the proposed five stages of
DGI formation. Once these basic stages are elucidated, other questions
remain to tantalise us. Are DGIs a plant victory in battle or do they perform
some function that assists the virus in its long-term war strategy? Could it be
that plants with DGIs are more attractive to feeding insects and thus provide
increased spread of the infecting virus? Do DGIs permit the infected plant to
survive longer and therefore provide more opportunity for virus
transmission? Historically the study of viruses has revealed much about the
processes of the cells that they infect. The study of the phenomenon of DGIs
has been no exception and may yet prove to be a model system with both the
control and the experimental regions within the same leaf and environment.
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Introduction

Without the equivalent of a copper or fungicide spray, virtually all
realistic control measures for plant virus diseases in the field fall into two
categories (Fraser, 1990), (i) preventing the virus and the plant from coming
in contact in a manner that can initiate an infection (Chapter 14), and
(i1) biologically based interference with virus replication, spread or symptom
induction. The intimate interaction of virus and cell is demanding on any
potential anti-viral and, thus far, none are inexpensive. “Curing” a plant
virus disease usually is economical only for propagation stock, accomplished
by long term plant culture at elevated temperature (“thermotherapy”),
chemotherapy or plant micropropagation. Preventing virus-plant contact may
involve clean stock programs and/or at least minimal applications of
pesticides to control virus vectors (Jones, 2004). Biologically based
interference is considered in Chapters 1, 6 and 13 and here.

Table 1. Virus abbreviations

ACMV African cassava mosaic virus PLRYV Potato leafroll virus

AIMV Alfalfa mosaic virus PSbMYV Pea soilborne mosaic virus
BCMNV Bean common mosaic necrosis

PVA Potato virus A

virus

BCMYV Bean common mosaic virus PVM Potato virus M
BCPMV Blackeye cowpea mosaic virus ~ PVX Potato virus X
BCTV Beet curly top virus PVY Potato virus Y
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BaMMV Barley mild mosaic virus
BeYMYV Bean yellow mosaic virus
BGMYV Bean golden mosaic virus
BSMV Barley stripe mosaic virus

BYMV Barley yellow mosaic virus

CABNYV Cowpea aphid borne mosaic
virus

CaMV Cauliflower mosaic virus
CCMYV Cowpea chlorotic mottle virus
CelMV Celery mosaic virus

CIYVV Clover yellow vein virus
CMV Cucumber mosaic virus

CPMV Cowpea mosaic virus
CPSMV Cowpea severe mosaic virus
CTV Citrus tristeza virus

LIYV Lettuce infectious yellows
LMV Lettuce mosaic virus

G. Bruening

PWYV Passionfruit woodiness virus
RCVMV Red clover vein mosaic virus
RTSV Rice tungro spherical virus
RYMV Rice yellow mottle virus
SCMoV Subterranean clover mottle
Virus

SCPMV Southern cowpea mosaic virus

SHMV Sunn-hemp mosaic virus
SMV Soybean mosaic virus
SqQMV Squash mosaic virus
SugMV Sugarcane mosaic virus
TCV Turnip crinkle virus

TEV Tobacco etch virus

TMV Tobacco mosaic virus
TRSV Tobacco ringspot virus
TSWYV Tomato spotted wilt
TuMV Turnip mosaic virus

MBYMV M 11 i
virus V Mungbean yellow mosaic TYLCV Tomato yellow leaf curl virus

MNSV Melon necrotic spot virus WMV Watermelon mosaic virus

PeMV Pepper mottle virus ZYMVN Zucchini yellow mosaic virus

PStV Peanut stripe virus

The most common approach to controlling virus replication or spread or
symptom induction is the deployment of resistance (R) genes. Deployment
of R genes requires no special equipment and is readily accomplished
because the seed or other propagation material is itself the package for
delivering the control measure. Thus, R genes, when available, usually
present the most laborsaving, economical and environmentally sound
approach to control of virus diseases. One or more R genes often provide the
only effective method for managing a virus-induced disease. The availability
of genes conferring resistance to specific viruses has been markedly
enhanced by the development of transgene approaches in which sequences
or mutated sequences derived from the virus genome (pathogen-derived
resistance) or elsewhere are expressed in the plant. However, the topic of
this review, in conformance with the thrust of this book, is naturally
occurring plant R genes effective in controlling virus infection. R.S.S. Fraser
(e.g. Fraser, 1992, 1998a, b, 2000) and others (Carrington and Whitham,
1998; Hammond-Kosack and Jones, 1997; Harrison, 2002; Hull, 2002a;
Kelly, 1997; Khetarpal et al. 1998; Martin et al. 2003; Murphy et al. 2001;
Parker and Coleman, 1997; Pennazio et al. 1999; Solomon-Blackburn and
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Barker, 2001; Strange, 1998; Takken and Joosten, 2000) have chronicled
the discovery and characteristics of genes conferring resistance to plant viruses
and models for their action.

Resistance and Tolerance

“Resistance” and “tolerance” occasionally are used as synonyms.
However, it is more usual to relate resistance to reductions in virus titre and
tolerance to amelioration of symptom development. To recognize a
‘reduction’ or ‘amelioration’ requires a reference state of susceptibility. A
typical and economically relevant reference state of susceptibility is a
symptom inducing, systemic infection. Tolerance as used here refers to
systems in which virus-induced symptoms are greatly reduced in intensity or
are absent, but the virus titre is unreduced or only slightly reduced relative to
the reference infection. Examples of virus-host systems exhibiting genotypic
tolerance are: BYDV and Yd2-bearing barley (Ranieri et al. 1993), BCPMV
and cowpea (Anderson et al. 1996), BCTV and Arabidopsis (Park et al.
2002), PRSV and cucumber (Wai and Grumet, 1995), TRSV and
Arabidopsis (Lee et al. 1996), and TYLCV and Lycopersicon
pimpinellifolium (Fargette et al. 1996). The tomato 7m-/ gene confers
tolerance to TMV at 33°C but resistance at 20°C (Fraser and Loughlin,
1982).

Operationally, the effect of a R gene is to reduce the titre of the virus, i.e.,
the accumulation of viable virions or other efficiently propagated form,
below the accumulation observed for a reference state of susceptibility,
ideally comparing nearly isogenic resistant and susceptible lines. Excluded
from this short review are variation due to genetic inhomogeneity or
stochastic processes, since uniform results are obtained in many systems
when homogeneous stocks of host plant and virus and appropriate inoculum
concentrations are employed. Also ignored here are a generalized resistance
against viruses (Akad et al. 1999), the influence of developmental state on
resistance (Leisner et al. 1993; Ullah and Grumet, 2002), and the role of
gene silencing in resistance (Chapters 3, 8 and 12). Non-host (non-
genotypic) resistance, in which all lines of a plant species or higher
taxonomic order resist a given virus, is considered only tangentially.

Degree and locale of resistance

Each of the following five resistance state descriptions, modified from
(Dawson and Hilf, 1992), is considered relative to a successful systemic
infection. Descriptions four and fife correspond to extreme resistance. The
descriptions are listed order of expected decrease in virus titre and spread.
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Systemic infection with reduced virus titre

Infections fitting the description of systemic infection with reduced virus
titre most commonly are observed after graft inoculation of virus. For the
system TYLCV and tomato (Lycopersicon esculentum), graft-inoculation of
TYLCV to cultivars Tyking and Fiona resulted in reduced severity of
symptoms and in TYLCV titres that were 5% to 10% of the titres achieved
in graft-inoculated reference cultivar Moneymaker. A line of L. chilense,
which is compatible with L. esculentum in wide crosses, supported
development of a TYLCYV titre only 1% of that found for Moneymaker. The
distribution of TYLCYV antigen was very similar in the resistant lines and in
Moneymaker, e.g., with similar partitioning between internal and external
phloem (Fargette et al. 1996; Friedmann et al. 1998). The accumulation of
virus in the systemically infected plant may be reduced and uneven,
compared to susceptible reference plants, due to apparent differential
susceptibility of specific tissues or organs. When plants from a line of
Solanum phurega were exposed to PLRV-bearing aphids, PLRV was
detected in leaves but at greater titres in the petioles and stems (Franco-Lara
and Barker, 1999).

Restricted inter-organ movement of the virus

These phenomena result in lack of systemic infection and often in
reduced titre in the infected organ(s). Reference cowpea (Vigna unguiculata)
lines developed necrotic etching on unifoliate leaves inoculated with CCMV
and a chlorotic mottle on systemically infected, trifoliate leaves. Resistant
cowpea line P1186465 developed no symptoms and CCMV was not detected
in the trifoliate leaves. CCMYV steadily increased in the inoculated unifoliate
leaves but at a rate less than 10% of the rate that CCMV achieved in
inoculated leaves of a reference line (Wyatt and Kuhn, 1979). Among the
other examples of virus restriction to inoculated leaves are:

CaMV in Arabidopsis (Tang and Leisner, 1997)

CMYV and pepper (Caranta et al. 2002)

CMV and Cucumis figarei (Kobori et al. 2000)

CMYV and several potato lines (Celebi et al. 1998)

LMYV and Arabidopsis (Revers et al. 2003)

PVA strain M and Nicandra physaloides (Rajamaki and Valkonen,

2004)
PVY and common bean (Kyle and Provvidenti, 1987)
TEV and Arabidopsis (Chisholm et al. 2001)
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PeMV on the Avelar line of pepper showed, compared to infections of
other reference pepper lines, reduced accumulation in inoculated leaves and
spread limited to stem just below and above the leaf attachment site, with no
infection of uninoculated leaves (Murphy and Kyle, 1995). In other systems,
genotypic virus restriction from other plant organs has been noted (Franco-
Lara and Barker, 1999; Johansen et al. 1994).

Impaired virus spread in the inoculated organ

These phenomena are often associated with the appearance of local
lesions. The N gene of tobacco, conferring resistance to most strains of
TMV, provides the most extensively studied example of impaired
accumulation and spread by local lesion formation. The local lesions are
necrotic, the result of a hypersensitive reaction (HR) due to programmed cell
death (PCD) (del Pozo and Lam, 2003). TMV is not constrained to the
necrotic area but accumulates also in a region of 1-2 mm outside the necrotic
area, but not beyond (Weststeijn, 1981; Wright et al. 2000). N gene
resistance and other genotypic resistance associated with necrotic lesions are
intimately associated with PCD, and PCD may be necessary for robust
resistance. However, PCD and HR, though possibly observed, are not
essential to inhibiting virus accumulation and spread (Bendahmane et al.
1999; Kim and Palukaitis, 1997; Mittler et al. 1996). For some systems,
impaired spread is not associated with necrosis or even with symptom
appearance, ¢.g., Gibb et al. (1989); Gunduz et al. (2004); Njeru et al. (1995).

Infection limited to the inoculated cells

In several instances of non-host resistance, inoculated cells accumulate
virus, but the infections are limited to the inoculated cells (Bak et al. 1998;
Mise et al. 1993; Sulzinski et al. 1994; Sulzinski and Zaitlin, 1982; Wang et
al. 1999). For genotypic resistance in which no virus increase was detected
in the inoculated leaf but protoplasts derived from the resistant plant
supported virus increase after in vitro inoculation (see section on virus
infection of protoplasts, below), limitation of the virus to the individual
inoculated leaf cell often is postulated but only rarely has been verified by
cytological examination (Kobori et al. 2000; Nishiguchi and Motoyoshi,
1987).

Operational immunity: no accumulation of virions detected

Extreme resistance will result from infection that is limited to the
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inoculated cell and from inoculations that are not productive, even in cells
receiving the virus inoculum. Negative results from the most sensitive
methods of virus detection, polymerase chain reaction (PCR) and reverse-
transcription-PCR, suggest operational immunity (Parrella et al. 2004).
However, detection of residual inoculum may obscure interpretation of
results unless quantitative PCR is applied to samples taken at various times
after inoculation to distinguish an increase in virion concentration
(suggestive of infection limited to the inoculated cells) from the (likely
declining with time) concentration of residual inoculum (Balaji et al. 2003).
A quantitative PCR time course also has limitations. Although inoculation of
Southern cowpea mosaic virus (SCPMV, Sobemovirus) to its non-host
common bean results in synthesis of SCPMV genomic RNA and capsid
protein, new virions are not formed and bean must be considered to be
operationally immune to SCPMV (Hacker and Fowler, 2000). Recombinant
viruses expressing green fluorescent protein (GFP) provide a tool for direct
assessment of virus replication in inoculated cells. Sato et al. (2003) detected
recombinant CIYVV expressing GFP in single cells shortly after CIYVV
inoculation of susceptible common bean plants but failed to observe
fluorescent cells after inoculation of resistant bean line Jolanda.

Relevant infection phenomena

For mechanically transmissible viruses, screening of lines for resistance
usually employs rub inoculation of leaves. Other modes of inoculation and
co-inoculation may reveal general information on resistance mechanisms.

Virus infections of protoplasts

The susceptibility, or reduced susceptibility, of protoplasts from R gene-
bearing plants, relative to protoplasts from susceptible lines, often is
considered to be revealing of the possible mode of action of the gene in the
intact plant. The host range of a virus typically is broader in the protoplasts
of plants than it is in the corresponding intact plants and often includes
protoplasts from non-hosts (Bak et al. 1998; Dawson and Hilf, 1992).
Viruses subject to genotypic resistance evidenced by local lesion formation,
other localized symptoms or no obvious symptoms may infect leaf
protoplasts from the same line in vitro and achieve an increase in titre
comparable to what is seen in protoplasts from nearly isogenic, susceptible
lines (Arroyo et al. 1996; Barker and Harrison, 1984; Nasu et al. 1996;
Ndjiondjop et al. 2001; Njeru et al. 1995).

Protoplasts must be regarded as seriously injured and likely de-
differentiated cells which differ greatly in physiology from the
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corresponding cell in the intact leaf. Protoplasts may fail to express one or
more components of a resistance mechanism that restricts virus replication in
the intact leaf cell. Protoplasts from a plant line exhibiting extreme
resistance and protoplasts from a corresponding susceptible line, both
inoculated in vitro, may support virus accumulation to similar titres. The
common interpretation is that the resistance is based on restricted cell-to-cell
movement of the virus. However, this conclusion is not justified in the
absence of other information, such as cytological evidence of single-cell
infections (Kobori et al. 2000; Nishiguchi and Motoyoshi, 1987). Even
where there is substantial accumulation of virus, in the inoculated cells only,
it is difficult to disentangle slowed replication and inhibited cell-to-cell
spread. Slowed replication alone may give the plant defence time to be
activated, greatly slowing virus spread. The interpretation is more
straightforward when protoplasts from a resistant line fail to support virus
increase (no detected accumulation of virions) after in vitro inoculation
under conditions resulting in virus accumulation in protoplasts from a
corresponding susceptible line. Examples are CMV and cucumber (Coutts
and Wood, 1977), MNSV and melon (Diaz et al. 2004), PSbMV and pea
(Keller et al. 1998), PeMV or TEV and Capsicum chinense (Murphy et al.
1998), PVX and potato (Bendahmane et al. 1995), PVY and potato (Barker
and Harrison, 1984), TEV and pepper (Deom et al. 1997), and TMV L and
homozygous 7Tm-1/Tm-1 gene tomato (Motoyoshi and Oshima, 1979).

Of the cited works, the last provides the earliest report of a satisfying
approach: a quadratic check for resistant and susceptible plant line versus
wild-type and virulent virus, with the same outcome: resistance observed for
both the intact plant and in vitro-inoculated protoplasts but only for the wild-
type TMV-L-Tm-I-tomato pair. Tm-1 is regarded as incompletely dominant
gene and may be, for example, a dominant negative allele of a gene whose
product is required for TMV-L replication (Ishikawa and Okada, 2004;
Ohmori et al. 1996).

The SCPMV-common bean system (Fuentes and Hamilton, 1993; Hacker
and Fowler, 2000) presents an unusual relationship between non-host
resistance and protoplast insusceptibility because both virus RNA and coat
protein accumulate in the in vitro-inoculated protoplasts but no virions form.

Graft inoculation

Graft inoculation often is the most reproducible method for inoculating
vector-transmitted viruses that do not infect by rub inoculation. For viruses
in general, graft inoculation is considered to be a severe test to which all but
extreme resistance usually succumbs. In some instances of graft inoculation,
virions can be detected in targeted, resistant tissue but disappear after
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separation from the grafted source of the virus (Hassan and Thomas, 1988),
indicating that even when graft inoculation brought virions continuously into
the target tissue, new infection was not initiated. Examples of systems
showing extreme resistance to virus that is not overcome by graft inoculation
to systemically virus-infected stock are CMV and several lines of rough-
seeded lupin (Jones and Latham, 1997), PVA and Solanum tuberosum subsp.
andigena (Hamalainen et al. 2000), PLRV and an accession of Solanum
chacoense (Brown and Thomas, 1993), PVM and Solanum gourlayi
(Dziewonska and Ostrowska, 1978), and PVY and Ry gene potato (Barker,
1996). Resistance to graft inoculation provides presumptive evidence that
cells in the intact plant are not susceptible to the virus or what susceptible
cells are present are not accessible to the virus. In other systems, graft
inoculation overcomes extreme resistance (Abad et al. 2000) or restrictions
to infection (Njeru et al. 1995) that were observed for rub-inoculated virus.

Concurrent protection

Ponz and Bruening (1986) proposed the term “concurrent protection” to
describe a reduction in challenging virus infection frequency and/or titre due
to co-inoculation (but not sequential inoculation) with a protecting virus that
is subject to extreme resistance in the host plant (Hull, 2002b). Extreme
resistance to CPMYV is reflected by resistance to graft inoculation and no
development of symptoms and no virion accumulation after inoculation with
CPMV at a concentration 10,000-fold greater than a concentration that
uniformly infected susceptible seedlings. Co-inoculation, but not sequential
inoculation, of CPMV as protecting virus and another comovirus, CPSMV,
as the challenging virus, resulted in diminution of CPSMV-induced local
lesions and reduced CPSMV virion accumulation. CPMV-mediated
concurrent protection also was observed against two other challenging
viruses, SBMV and CLRV, which are not comoviruses, showing that
concurrent protection is not correlated with the degree of relatedness
between the protecting and challenging viruses. Extreme resistance to
CPMV and CPMV-mediated concurrent protection were co-inherited as a
dominant locus (Bruening et al. 2000).

Comoviruses have two genomic RNAs. The RNA1-encapsidating CPMV
virion alone mediated concurrent protection, suggesting that cell-to-cell
movement, a function encoded by RNA2, is unnecessary for concurrent
protection in the CPMV system and that concurrent protection is a
phenomenon of the inoculated cell. However, simply co-inoculating a virus
that is confined to the inoculated cell, TMV (Sulzinski and Zaitlin, 1982),
with a challenging virus, CPSMV, did not result in protection against the
challenging virus (Bruening et al. 2000). These results are consistent with a
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mechanism for concurrent protection in which the inoculated plant cell
recognizes the presence of the protecting virus, e.g., a protein encoded on
RNA1 of CPMYV, and initiates a defense mechanism that is effective against
both the protecting virus and the co-inoculated challenging virus. The
requirement for co-inoculation, rather than sequential inoculation, in
achieving protection is consistent with a phenomenon that is limited to the
inoculated cell. Rapid healing occurs after cells are wounded (Shackel et al.
1991), which would prevent sequentially inoculated viruses from reaching
the same cell.

Concurrent protection also has been demonstrated for inoculated
protoplasts. The amino acid change Q-979-E in the 126K replicase protein of
TMV-L is one of the two changes responsible for conversion of TMV-L to
the virulence mutant TMV-Ltal. TMV-Ltal overcomes the tomato
resistance gene 7m-/. According to one interpretation, this mutation may
alter the interaction of the 126K or 183K protein of TMV-L with a resistance
gene product capable of inactivating the wild type replicase (Hamamoto et
al. 1997). Alternatively, the Q-979-E mutation may prevent recognition of
the replicase protein in 7m-/-bearing tomato cells. Evidence for the latter
possibility is provided by experiments of Yamafuji et al. (1991) in which
TMV-Ltal was co-inoculated to protoplasts with a TMV-derived RNA
replicon expressing the 126K/183K sequence of TMV-L. A substantial
decrease in TMV-Ltal genomic RNA accumulation (i.e., concurrent
protection) was observed compared to the result for protoplasts inoculated
with TMV-Ltal alone, although no accumulation of the RNA replicon was
detected.

Rx is a potato gene conferring extreme resistance against PVX. Rx-
bearing potato does not become infected when grafted to PVX-infected,
PVX-susceptible potato (Bendahmane et al. 1999). Protoplasts from Rx-
bearing potato line Cara accumulated only trace amounts of PVX RNAs,
demonstrating that the extreme resistance of the intact plant is exhibited to a
significant extent in protoplasts. Kohm et al. (1993) showed that co-
inoculation of protoplasts from Rx potato with PVX and CMV, or PVX and
a PVX strain (PVX-KH?2) that overcomes Rx, resulted in a drastic decrease
in CMV or PVX-KH2 accumulation compared to the results obtained from
inoculating protoplasts with CMV or PVX-KH2 alone. Although Kohm et
al. (1993) did not compare co-inoculation with sequential inoculation of the
protecting and challenging viruses, the PVX-Rx system appears to show
concurrent protection.

Amplification of virus infection by co-infection

Some double inoculations of viruses result in the enhancement of an
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otherwise highly limited virus infection. Several phloem-limited members of
the Geminiviridae and Luteoviridae increase substantially above the control
level in hosts infected by a taxonomically distinct virus (Atabekov and
Taliansky, 1990; Barker, 1989). Gene silencing (Chapter 3) has been
implicated in phloem limitation (Barker et al. 2001), which suggests an anti-
silencing role for the systemically infecting helper virus. A systemically
infecting virus also can facilitate the increase of another virus in the second
virus’ non-host. Dodds and Hamilton (1972) observed accumulation of TMV
to the level of several g per kg of tissue in upper leaves of the TMV non-host
barley when the barley had been inoculated with TMV and BSMV. The
TMYV yields were comparable those achieved in some authentic TMV hosts.
More than 20 examples have been documented of virus infection of a non-
host that was infected by a specific, taxonomically distinct, systemically
moving helper virus (Atabekov and Taliansky, 1990; Ryang et al. 2004;
Takeshita and Takanami, 2000), including helper viruses with movement
proteins of different general classes (Waigmann et al. 2004). When the cell-
to-cell movement protein of the helped virus was deleted or inactivated, the
enhancement of accumulation and/or spread nevertheless was observed,
whereas an intact movement protein gene of the helper virus was required
(Malyshenko et al. 1989; Ryang et al. 2004; Taliansky et al. 1982a;
Taliansky et al. 1982b). Replacing in cis or in trans the endogenous virus
cell-to-cell movement protein gene (Dejong and Ahlquist, 1992; Rao et al.
1998; Solovyev et al. 1996; Tamai et al. 2003) or gene conferring long
distance movement (Ryabov et al. 1999; Spitsin et al. 1999) with a
corresponding protein from a taxonomically distinct virus has in several
instances created a movement competent virus, and even virus capable of
invading a non-host (Huppert et al. 2002).

Given the above findings, examples of genotypic resistance being
overcome by co-infection with a taxonomically distinct virus are expected:
CMYV helped by ZYMYV in zucchini squash (Choi et al. 2002), PeMV helped
in pepper by CMV (Guerini and Murphy, 1999; Murphy and Kyle, 1995),
PeMV helped by TMV-P in pepper (Pieczarka and Zitter, 1981), PVY(0)
helped by TMV in Solanum brevidens (Valkonen, 1992), and TMV helped
by PVX in Tm-2 tomato but not in Tm-1 tomato (Taliansky et al. 1982a).
The taxonomic disparity between the helper virus and the assisted
challenging virus in the examples of alleviated non-host and genotypic
resistance cited above suggests that the helper virus does not contribute to
the replication of the helped virus. Indeed, CMV, which overcomes a
genotypic resistance of pepper to PeMV, did not stimulate PeMV
accumulation in co-inoculated PeMV-resistant pepper protoplasts (Guerini
and Murphy, 1999). Therefore, when resistance is overcome by co-infection,
it is reasonable to suggest that the restriction imposed by that resistance does



Al0. Resistance to Infection 221

not function per se against replication of the challenging virus but acts at
some other level.

General genetics of resistance

A resistance derived from Nicotiana glutinosa, encoded by the N gene
locus, which has been transferred into many tobacco species and lines. This
system provided the first demonstration of inherited resistance to a plant
virus (Holmes, 1938). The N gene is inherited as a simple, dominant
character. However, many examples of resistance to specific viruses are
polygenic, requiring additional effort in cultivar breeding compared to
resistance controlled by a single locus. Unraveling the biochemical
contributions of individual gene products to any multigenic virus resistance
remains to be accomplished, though progress is being made (Chisholm et al.
2001). Therefore, the focus here is on monogenic resistance in which a
single genetic locus is sufficient to confer resistance.

Many examples of monogenic inheritance are considered to be
unambiguously dominant or recessive or incompletely dominant. For
example, accessions of Solanum chacoense accumulated PLRYV to a titre that
could be detected by enzyme-linked immunosorbent assay (ELISA) after
being exposed to viruliferous aphids or grafting to systemically infected
PLRYV stock. Crosses of homozygous resistant to homozygous susceptible
lines gave F1 progeny that, after inoculation with PLRV, were symptom free
and ELISA negative. Crosses of F1 progeny to a homozygous susceptible
line gave progeny segregating 1:1 for resistance and susceptibility. The
Solanum chacoense-derived resistance to PLRV is thus considered to be an
example of extreme resistance inherited as a simple dominant character
(Brown and Thomas, 1993).

The G1 strain of SMV was inoculated to a resistant soybean accession
and to progeny from its crosses with susceptible lines. The resistant
phenotype was local lesions on inoculated unifoliate leaves but without
symptoms elsewhere. The susceptible phenotype was characterized by vein
clearing on trifoliate leaves within 7 days of inoculation, developing into a
systemic mosaic. F1 progeny developed symptoms distinct from those seen
for either of the parents: no symptoms until at least 14 days after inoculation,
with transitory chlorotic islands on the trifoliate leaves. F2 progeny
segregated 1:2:1, for resistant:late developing symptoms:susceptibility,
consistent with incomplete dominance of resistance (Gunduz et al. 2004).

After inoculation of rice cultivar Gigante with RYMYV, no virions or
virus RNA accumulated to a detected level. A cross of Gigante to
susceptible rice cultivar IR64 resulted in all F1 progeny being susceptible to
RYMV. Segregation in the F2 and F3 lines was consistent with resistance to
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RYMYV being under the control of a single recessive locus (Ndjiondjop et al.
2001).

Other examples of inherited resistance are conditional or ambiguous,
unlike the ‘clean’ and consistent phenotypes described above. The
distinctions between dominant, incompletely dominant and recessive traits
may be murky. Collmer et al. (2000) demonstrated that the / gene of
common bean, for resistance to BCMV, confers a dominant extreme
resistance at 23°C. That is, both //I and F1 /i genotypes did not support
accumulation of BCMV in inoculated unifoliate or uninoculated trifoliate
leaves. At 34°C, plants of //I lines continued to prevent accumulation of
BCMYV in the inoculated unifoliate leaves, but BCMV was detected in the
uninoculated trifoliate leaves. F1 bean plants supported BSMV increase in
both unifoliate and trifoliate leaves at 34°C, but to a lower titre than was
achieved in BCMV susceptible lines. That is, the BCMV-common bean /
gene system exhibits dominant resistance at 23°C but incomplete dominance
at 34°C. The soybean Rsv4 gene for resistance to SMV was dominant when
homozygotes and heterozygotes were challenged with SMV strain G7 but
incompletely dominant when challenged with SMV strain G1 (Gunduz et al.
2004).

Recessive and incompletely dominant resistance may be difficult to
distinguish. A transgene derived from the coat protein gene of SqMV
provided a strong resistance to SqQMV, which is reflected in a failure of
SgMV to move out of infected cotyledons or leaves. Surprisingly, the
inheritance of this trait was found to be recessive (Provvidenti and Tricoli,
2002). A transgene has no susceptible allele in the usual sense, and the
active agent in the resistance mechanism presumably is either SQMV coat
protein interfering with long distance spread of the virus or silencing of
SqgMV genomic sequences initiated by SQMV coat protein messenger RNA
sequences. Therefore, transgenic resistance to SqQMV is expected to be
dominant or incompletely dominant, not recessive. Progeny tests were
performed by inoculating each seedling twice with a 1:15 dilution of extract
from a SQMV infected leaf, first to the expanded cotyledon and later to the
first leaf. SQMV is a high titre virus, so the described inoculation procedure
must be considered intensive. A possibility, which is consistent with the
association of the NPTII antibiotic resistance marker with susceptible and
resistant phenotypes and recovery from symptoms of approximately half of
the population [Table 2 of Provvidenti and Tricoli, (2002)], is that the coat
protein gene-derived transgenic resistance to SQMV actually is incompletely
dominant rather than recessive. However, the strong inoculum of SqMV
may have caused incomplete dominance to be scored as susceptibility,
resulting a segregation consistent with a recessive trait.

Kheterpal et al. (1998) assembled tables reporting 139 examples of
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monogenic resistance to plant viruses. The list is composed of 81 dominant
genes, 15 incompletely dominant genes, and 43 recessive genes. Tables 2
and 3 extend the (Khetarpal et al. 1998) tables with more recent examples.
Table 2 combines monogenic dominant and monogenic incompletely
dominant genes because of the uncertainties indicated above. Table 3
identifies references describing recessive resistance.

Recessive resistance

Diaz-Pendon et al. (2004) review crop plant recessive resistance to
viruses in relationship to model plant loss-of-susceptibility mutants and non-
host resistance. They examine the generally accepted broad mechanistic
explanations of recessive resistance. Firstly, recessive resistance is due to
loss or modification of a host factor that participates in virus replication,
RNA translation, movement or pathogenicity (Whitham and Wang, 2004).
Secondly, and so far not demonstrated for a virus, a dominant factor
suppresses resistance. Recessive resistance based on loss of a host factor is
supported by genetic fine mapping results showing an extensive deletion
associated with various alleles of the tobacco va gene, which confers
resistance to PVY (Noguchi et al. 1999). Co-inoculation of wildtype PVY
and a PVY variant that overcomes va-mediated resistance resulted in an
infection that generated the PVY variant only (Nicolas et al. 1997). That is,
wild-type PVY did not initiate concurrent protection against the PVY
variant. If concurrent protection had been observed, a mechanism dependent
on recognition of the invading wild-type virus would have been suspected.

Recessive resistance, based on modification of a host factor, has been
confirmed by the molecular cloning of genes for resistance to specific
potyviruses and groups of potyviruses. These recessive resistance genes are
alleles of elF4E, a eukaryotic translation initiation factor and RNA-binding
protein. The observed examples of eI[F4E-mediated recessive resistance vary
from an asymptomatic systemic infection to a more an extreme type in
which virus was not detected in inoculated protoplasts (Keller et al. 1998) or
epidermal cells of the intact leaf (Sato et al. 2003). These results have been
connected (reviewed by (Gao et al. 2004)) to known functions of e[F4E and
to documented interactions between eIFAE and the virus VPg (protein
covalently linked 5’ to the genomic RNA) or VPg precursor.

Recessive resistance to Melon necrotic spot virus (MNSV,
Tombusviridae) conferred by the melon gene nsv has unusual characteristics
(Diaz et al. 2004). MNSV strain 264 overcomes nsv resistance. Host range
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Table 2. Monogenic, dominant or incompletely dominant resistance™*
Virus Host References
AIMV Lycopersicon hirsutum (Parrella et al. 2004)
ACMV Manihot esculenta (Akano et al. 2002)
BaMMV Hordeum vulgare (Ruge et al. 2003)
BCMNV Phaseolus vulgaris (Provvidenti, 2001)
BCMV Phaseolus vulgaris (Collmer et al. 2000) °
CTV Poncirus trifoliate g)a izge?ta?l'zzo%%l); Mestre et al. 1997;
CABNV Vigna unguiculata (Bashir et al. 2002)
CPSMV Vigna unguiculata (Ouedraogo et al. 2002) °
CMV Arabidopsis thaliana (Takahashi et al. 2002)
Cucurbita pepo (Brown et al. 2003)
Lupinus luteus (Jones and Latham, 1997)
LIYV Cucumis melo (McCreight, 2000)
LMV Arabidopsis thaliana (Revers et al. 2003)
MNSV Cucumis melo (Mallor Gimenez et al. 2003)
PStV Glycine max (Choi et al. 1989)°
PeMV Capsicum chinense (Grube et al. 2000)
RCVMV Trifolium pratense (Khan et al. 1978)
SugMV Zea mays (Melchinger et al. 1998)
TEV Arabidopsis thaliana (Chisholm et al. 2001)
TYLCV L. pimpinellifolium (Kasrawi, 1989)

TCV Arabidopsis thaliana (Cooley et al. 2000)

* Extending the sets of 81 dominant and 15 incompletely dominant virus resistance loci
compiled by (Khetarpal et al. 1998); ° incompletely dominant; ¢ additional references for
dominant and incompletely dominant R genes listed by (Khetarpal et al. 1998): BCMV
(Miklas et al. 2000), BNYVV (Amiri et al. 2003), CMV (Nasu et al. 1996; Stamova and
Chetelat, 2000), PRSV (Wai and Grumet, 1995), PWV (Provvidenti, 2000), PLRV,
(Barker et al. 1994), PVS (Marczewski et al. 2002), PVX (Marano et al. 2002), PVY
(Boiteux et al. 1996), SBMV (Lee and Anderson, 1998), SMV (Gunduz et al. 2004;
Hayes et al. 2004), SugMV (Quint et al. 2003), TSWV (Gordillo et al. 2003; Jahn et al.
2000; Spassova et al. 2001), TuMV (Hughes et al. 2003; Jenner et al. 2003)

analysis for recombinants between MNSV-264 and wild-type MNSV
allowed MNSV-264 virulence to be traced to the 3’-untranslated region of
the MNSV genomic RNA, suggesting that the viral RNA, rather than a
virus-encoded protein, is the virulence factor acting in this system. MNSV-

264 infects not only nsv-melon but also Nicotiana benthamiana and Gomphrena
globosa, two non- hosts for wild-type MNSV.
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The largest class of resistance genes

Given the intimate integration of virus functions into the infected cell, it
is logical to postulate that the product of a plant R gene could act directly on
the product of a virus gene to interfere with virus replication or cell-to-cell
movement. However, this hypothesis is not consistent with the known
similarities among various R genes effective against non-viral pathogens,
nematodes and sucking insects, suggesting that plants have evolved general
mechanisms to accomplish resistance. Members of the largest class of R
genes do not act against the pathogen directly but instead mediate
recognition of an elicitor molecule (avirulence factor) of the pathogen or
pest, consistent with gene-for-gene interactions (Flor, 1971). Recognition
results in a cascade of events that culminate in resistance that is effective
against the target pathogen (Martin et al. 2003). Often, protection against
some other pathogens is achieved as well. If recognition is so critical to
resistance gene action, a question arises: why is it that a pathogen should
retain its avirulence gene in a form that has the effect of reducing the host
range of the pathogen? Several avirulence factors have been demonstrated to
be virulence factors that make the pathogen more effective on host plants
that lack the cognate R gene (Goulden et al. 1993; Kjemtrup et al. 2000).

Based on advances in molecular cloning technologies, including map-
based cloning and transposon tagging, about 35 plant R genes that are
associated with gene-for-gene interactions have been isolated and
sequenced. R gene isolation usually is confirmed by complementation, e.g.,
by transformation of a susceptible plant line to resistance. Deduced R gene
amino acid sequences revealed two common motifs: a nucleotide binding
site (NBS) motif with a characteristic internal hydrophobic domain and, to
the carboxyl side of the NBS, a leucine-rich repeat (LRR) motif (Belkhadir
et al. 2004; Hammond-Kosack and Jones, 1997; Martin et al. 2003).
NBS-LRR resistance genes are further subdivided into TIR and non-TIR
subclasses. TIR R genes possess a domain with homology to the Drosophila
Toll and mammalian interleukin-1 receptors (Hulbert et al. 2001). LRR
sequences apparently have evolved to bind to specific proteins (Jones and
Jones, 1997). Many NBS-LRR genes have encoded proteins that are
predicted to reside entirely in the cytoplasm (Martin et al. 2003) and
therefore potentially to be in contact with products of virus infection. Genes
containing NBS and LRR motifs, and possibly other motifs characteristic of
R genes, are referred to as R gene homologues (RGHs). The RGHs constitute
a large, diverse and apparently rapidly evolving family of plant genes
frequently occurring in clusters and clusters of clusters (Cannon et al. 2002;
Grube et al. 2000; Quint et al. 2003). An indicator of NBS-LRR gene
diversity and evolution is the 88% identical amino acid sequences of the
potato Rx1 and Gpa2 genes, conferring resistance to PVX and the potato
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cyst nematode, respectively (Bakker et al. 2003). Similarly, three allelic
Arabidopsis genes, each acting through a different signalling cascade, confer
resistance to an oomycete fungus, TCV and CMV (Takahashi et al. 2002).
There are about 150 members of the RGH family in Arabidopsis thaliana
(Meyers et al. 1999), about 160 in the model legume Medicago truncatula
(D. R. Cook, personal communication) and over 500 members in rice
(Koczyk and Chelkowski, 2003).

Table 3. Monogenic, recessive resistance to specific viruses”

Virus Host References

BGMV Phaseolus vulgaris (Urrea et al. 1996; Velez et al. 1998)

CelMV Apium graveolens (D’Antonio et al. 2001 ; Ruiz et al. 2001)

CABMV Vigna unguiculata (Bashir et al. 2002)

LMV Arabidopsis thaliana (Revers et al. 2003)

MNSV Cucumis melo (Mallor Gimenez et al. 2003)

PRSV Cucurbita moschata (Brown et al. 2003)

PVA Solanum tuberosum (Hamalainen et al. 2000)

PVY Capsicum Annuum (Arroyo et al. 1996; Ruffel et al. 2002)

RYMoV Oryza sativa (Albar et al. 2003; Ndjiondjop et al. 2001)
O. glaberrima

WMV Cucumis sativus (Wai and Grument, 1995)

* extending the set of 43 recessive virus resistance loci compiled by (Khetarpal et al.
1998); ® additional references for recessive R genes listed by (Khetarpal et al. 1998):
BaMMYV (Le Gouis et al. 2004; Okada et al. 2003), BYMV (Okada et al. 2003), BeYMV
(Kasimor et al. 1997), MBYMYV (Sirohi et al. 2002), PSbMV (Frew et al. 2002; Kasimor
et al. 1997; Keller et al. 1998), PVY (Boiteux et al. 1996), RTSV (Habibuddin et al.
1997), TEV (Deom et al. 1997), ZYMV (Kabelka and Grumet, 1997)

Cloned NBS-LRR genes conferring resistance against viruses are listed
in Table 4, with the corresponding virus elicitors. Rx2 cloning was
accomplished by a functional screen and without recourse to map-based
cloning or transposon tagging. An Agrobacterium-mediated transient
expression system presented members of a potato cDNA library in leaves of
plants expressing the PVX coat protein elicitor, revealing a necrotic reaction
for library members encoding a candidate Rx2 gene (Bendahmane et al.
2000).

Following the identification of the TMV 126K replicase protein as the
elicitor for the tomato gene Tm-1, a variety of virus proteins have been
identified as elicitors/avirulence factors for other R genes (e.g., (Malcuit et
al. 1999)). An avirulence factor has been mapped to a segment of a virus
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genomic RNA that is not expected to be translated into protein, implicating
the RNA segment per se as a possible elicitor (Szittya and Burgyan, 2001).
Although many RGHs have been characterized, the cascade of reactions that
follows R gene-mediated recognition remain unclear even for the most
intensely investigated systems (Chapter 4 and (Belkhadir et al. 2004)).

Two of three genes identified as contributing to preventing TEV long
distance movement in Arabidopsis leaf, RTM1 and RTM?2, were cloned by a
map-based approach, and their identities were confirmed by transgenic
complementation. RTM1 and RTM?2 are not NBS-LRR genes (Chisholm et
al. 2001). RTMI1 has lectin-related amino acid sequences, and RMT2 has
sequences related to heat shock proteins. The distribution of RTM1 and
RTM2 proteins were deduced from the distribution of GUS reporter
expressed from transgenic fusion constructions. RTMI1 appears to be
targeted to sieve elements, whereas the RTM2 fusion accumulated in sieve
elements and companion cells, consistent with the role of these proteins in
preventing long distance movement.

Durability and yield penalties

In practical terms, tolerance or resistance is genuinely durable if it
provides agronomically significant protection against the adverse effects of
the pathogen for the commercial life of the cultivar. Durability is a critical
consideration in plant breeding because of the high cost of creating a new
cultivar. It is generally recognized that genes conferring resistance to plant
viruses are more durable, on the average, than genes conferring resistance to
other plant pathogens (Garcia-Arenal and McDonald, 2003; Harrison, 2002;
Khetarpal et al. 1998). Durability is favoured if the R gene is effective
against the full range of variants of the virus occurring in the area of
cultivation (Garcia-Arenal and McDonald, 2003) and when virulent strains
are at a competitive disadvantage in the absence of the cognate resistance
gene(s). Greater durability also is likely when existing virus strains must
accumulate multiple mutations in order to overcome resistance, particularly
if less than the full set of mutations that is needed for virulence results in
reduced fitness relative to the wild-type virus population (Goulden et al.
1993; Harrison, 2002; Lecoq et al. 2004). Durability is correlated with
examples of resistance that are maintained when protoplasts are inoculated
in vitro with the virus (Adams et al. 1986, Barker and Harrison, 1984;
Murphy et al. 1998). Polygenic, quantitative resistance and recessive
resistance are regarded as likely to be more durable than monogenic
resistance (Fraser, 1992; Harrison, 2002; Lindhout, 2002), and some
observers consider tolerance to be typically more durable than resistance
(Salomon, 1999; Singh et al. 1993). Applying DNA marker-assisted
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selection to pyramid several R genes offers opportunities for achieving
durability with possibly less effort than would be required to breed for
polygenic, quantitative resistance.

The agronomic value of a R gene is depreciated if incorporation of the
gene results in a yield penalty or some other adverse effect. For a R gene
introduced by a conventional genetic cross, particularly from a wild relative
of the crop species, the adverse effect may result from gene or genes carried
with the R gene by linkage drag rather than to any function of the R gene
itself (Brown, 2002; Sharp et al. 2002).

Table 4. Cloned NBS-LRR genes conferring resistance to viruses
Resistance

Target Virus elicitor References
gene
Tobacco N ™V 126K protein (Marathe et al. 2002)
Potato Rx/ PVX Coat protein (Bendahmane et al. 1999)
Potato Rx2 PVX Coat protein (Bendahmane et al. 2000)
Glyeoprotein (Brommonschenkel et al.
Tomato Sw-5 TSWV Vi 2000; Hoffmann et al. 2001;
Spassova et al. 2001)
P Movement (Lanferrneijer et al. 2004;
Tomato Tim-2 ™V protein Weber and Pfitzner, 1998)
Arabidopsis TCV ;:1’?1?:1 g re(:ltzln (Cooley et al. 2000; Kachroo
HRT . et al. 2000; Ren et al. 2000)
region
Arabidopsis . .
RCYI CMV Coat protein (Takahashi et al. 2002)
Conclusions

The plant R gene, when available, usually presents the most labour-
saving, economical and environmentally sound approach to the control of a
plant virus or other pathogen and its disease. Depending on the virus, the
R gene, and environmental conditions, resistance demonstrates itself in
various degrees of reduced virus titre and/or restricted invasion of the plant
relative to the reference point of a systemic, and usually damaging, infection.
Several relatively easily observed characteristics of the interaction between
the virus and the R gene bearing plant can provide insight into the resistance
mechanism. Resistance that is exhibited by protoplasts from the resistant line
may be taken to reflect a mechanism that acts at the replication phase and is
likely to be durable. Resistance that is not overcome by graft inoculation is
taken as an indicator of insusceptibility and/or inaccessibility of potential
host cells. Co-inoculation of the plant with a virus that is subject to the R
gene and another virus that is not may result in increased accumulation of
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the subject virus, suggesting R gene interference with movement of the
subject virus when it is inoculated alone. A co-inoculation that results in
decreased accumulation of the non-subject virus (concurrent protection)
suggests a R gene mechanism that, once activated by the subject virus, is
effective against other viruses. Resistance inherited as a simple recessive
character has been associated with production of a variant form of a host
protein required by the virus, or with a loss of such a protein. Dominant
resistance is correlated with R genes of the large NBS-LRR class and gene-
for-gene interactions. Several R genes effective against specific viruses have
been isolated and sequenced, revealing resistance mechanisms that depend
on recognition of the invading virus and a subsequent cascade of events
resulting in establishment of defence. Other cloned R genes are effective
because their product(s) interfere with virus movement.
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Introduction

The development of sustainable, environmentally-benign methods of
crop protection is an important priority in agricultural research. A variety of
insects attack crops, causing damage and reducing yields and crop quality.
Insects cause crop loss directly through feeding on leaves, flowers, fruit or
seed. A subset of insects damages crops indirectly, through transmission of
plant viruses, resulting in reduced yield and crop quality. Breeding for
disease resistance has been an important strategy for protection of crops
against fungal, bacterial or viral diseases; however, resistances have not yet
been identified or transferred for many major diseases. Although integrated
pest management (IPM) strategies have been implemented with noted
success, insect control has more often relied on the use of pesticides, leading
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to the evolution of pesticide-resistant insects and to increasing health and
environmental concerns. The development of pest resistant plants is an
attractive alternative strategy for the control of insects and the direct damage
they cause. For a target pest that is also the vector of a plant pathogenic virus,
the question arises as to whether an effective insect resistance could also
serve as a component in an integrated control strategy for insect vectored
viruses.

Use of insect control to reduce losses due to viral disease is not a new
concept. There are several instances in which crops are sprayed with
pesticides for protection from vectors and the viruses they transmit.
Similarly, systemic insecticides such as Imidocloprid are applied to the root
zone with irrigation water to reduce vector populations. While effective in
controlling insect populations, both methods have met with varying degrees
of success in reducing viral infection (Perring et al. 1999). Another method
used for vector control is the application of insecticide to non-crop plants that
harbor virus and/or vectors, to reduce vector populations before they have an
opportunity to transmit viruses to nearby crops. In California, insecticide
sprays targeting weeds have been used since the mid-20" century to control
Beet curly top virus (BCTV; Genus Curtovirus). The insecticide applications
are directed at the overwintering breeding hosts (annual and perennial weeds)
of the beet leathopper (Circulifer tennellus) to decrease the spring
populations of the vector (Cook, 1943). Growers pay over $1.25 million
annually for spraying 80,000-200,000 acres of uncultivated land on the west
side of the San Joaquin Valley with insecticide (Clark, 1995). Although it is
somewhat difficult to measure the efficacy of the insecticide treatments, this
control measure is thought to work well in certain years and locations, and be
inadequate in others (Cook, 1943; Morrison, 1969). The use of insect
resistant plants for reduction of losses due to viral disease would be a logical
extension of these existing strategies. This chapter examines the biological
features of the interactions among virus, vector and host that would
determine the potential success of using insect resistance as a component of
an integrated control strategy for insect transmitted viruses.

Goals of insect control vs. control of viral diseases

A review of the practical concerns for crop protection is necessary before
considering how the interactions of virus, vector, and host plant could impact the
efficacy of crop protection strategies. There are fundamental similarities and
differences between protecting crops against economic loss caused by the direct
attack of pests vs. that caused by viral disease. In either case, the concern is to
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minimize the economic loss, not to achieve the absence of the pests or the virus
in the field, although absence of the pest/virus could engender the least damage.
The differences between losses based on direct pest damage vs. viral disease are
based on the probable thresholds for economic losses in these two cases. It is
possible to sustain some direct pest damage yet suffer little economic loss,
provided that the damage does not seriously impact the yield or quality of the
crop. For example, foliar pests such as leafminer can cause foliar damage in
tomato, but economic damage could be minimal if the leafminer populations are
low enough to avoid significant defoliation. Greater economic loss would result
if the pest damaged the harvested portion of the plant, resulting in lower
acceptable threshold levels for such pests. There is a greater opportunity for
limiting direct damage after initial infestation with insects than indirect damage
due to viral infection. If insect pest levels rise above acceptable thresholds
during a growing season, it is possible to reduce pest levels by deployment of
control strategies to prevent or limit economic loss. In contrast, a plant can
become infected by a virus after it is visited by as few as one viruliferous vector.
If the plant is not resistant to the virus, the virus spreads throughout the plant,
causing damage ranging from minimal to complete economic loss. In addition,
the presence of infected plants in a field increases the risk of infection and
damage to other plants at that location, since the infected plants provide a local
source of virus. Therefore, the tolerance for the presence of some level of the
insect could be much higher if the goal is control of direct damage caused by the
pest rather than the reduction of infection by a viral pathogen vectored by the
insect.

Viruses transmitted by insect vectors and the nature of virus transmission

Most insect transmitted viruses are vectored by insects with piercing-
sucking mouthparts such as aphids, whiteflies, leathoppers, or thrips. We
will chiefly focus on these four major vectors, although some plant viruses
are also transmitted by beetles, mites or other types of chewing insects. One
characteristic common to insects with piercing-sucking mouthparts is the use
of stylets (hollow tube-like structures that can puncture cell walls) for feeding
(Pollard, 1977; Backus, 1985; Hunter and Ullman, 1992). Vector transmitted
viruses have a specific association with the vector insect that is required for
efficient transmission. Some types of viruses associate with the stylet itself,
while others associate with other areas of the insect digestive tract, including
the foregut, midgut and hindgut. Others allow the virus to pass into the
hemocoel (body cavity) where it circulates in the hemolymph (the equivalent
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of blood in the insect) and can pass to other parts of the insect body (for
reviews see Gray and Banerjee, 1999; Ng and Perry, 2004).

The specific relationship between vector and virus that determines
transmission is a complex relationship involving not only the virus and vector,
but also host plant and environmental influences. In addition, the nature of
virus acquisition and association with the vector, other actions including
landing and probing the food source, as well as feeding patterns may
influence efficiency of virus transmission. Acquisition period refers to the
time necessary for a vector to obtain virus from an infected plant during
feeding. Transmission period refers to the length of time following
acquisition during which a vector remains capable of transmitting the virus to
a new host. Viruses transmitted by biological vectors are classified as
nonpersistent, semipersistent, or persistent based on the nature of the
transmission event. Nonpersistent viruses are acquired rapidly by vectors as
the insects probe different plants with their stylets while seeking suitable
food sources (known as test probing), or during the feeding process itself.
Nonpersistent viruses remain associated with insect mouthparts, and can be
transmitted for only a few minutes to a few hours (Gray and Banerjee, 1999;
Pirone and Perry, 2002). In stark contrast, persistent viruses, once acquired
by the vector, are usually retained for the life of the insect. Acquisition and
transmission periods are much longer for persistent viruses, ranging from a
few hours to several days, and often involve lengthy latent periods during
which the virus cannot be transmitted. Between these two extremes are the
semipersistent viruses. These viruses are also acquired quickly by vectors,
but unlike nonpersistent viruses, semipersistent viruses are generally retained
by the vector for periods of days to a few weeks.

Nonpersistent and semipersistent viruses have been shown to be
specifically associated with the epicuticular lining of insect mouthparts,
specifically the stylet or foregut. This lining is shed when the insect molts,
and any virus associated with it is lost at that time (Ammar et al. 1994; Gray
and Banerjee, 1999; Martin et al. 1997; Wang et al. 1996a). Nonpersistent
and semipersistent viruses, which associate with insect mouthparts and do not
cross membranes within the vector, are known collectively as noncirculative
viruses.

Persistent viruses require virus particles to be fully ingested by the insect
and transported to the insect hemocoel and ultimately into the salivary glands
from which they can be transmitted to new plants during feeding (Gray and
Banerjee, 1999). This type of transmission is referred to as circulative,
because the virus must circulate through the body of the insect. Circulative
transmission requires movement across cell membranes within the vector.
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There are two types of circulative viruses; those that simply move through
the body of an insect, and those that actually replicate inside the insect.
Those that do not replicate in the insect vector are known as circulative
nonpropagative. Those that replicate in the vector are known as circulative
propagative viruses.

Some viruses are transmitted by chewing insects, such as beetles and
eriophyid mites. Beetle-transmitted viruses are generally believed to be
transmitted through regurgitant. Virus is acquired during insect feeding, and
is transmitted to new plants through regurgitant produced by viruliferous
beetles. Some beetle-transmitted viruses, like persistent circulative viruses
transmitted by piercing-sucking insects, can be transmitted for very long
periods of time. In some, but clearly not all cases, virus becomes circulative
in the hemolymph of the vector. Southern bean mosaic virus (SBMV; genus
Sobemovirus) is not circulative in the Mexican bean beetle, but is circulative
in two other beetle species (Wang et al. 1992). Other viruses, such as Bean
pod mottle virus (BPMV; genus Comovirus) have long transmission periods,
however, BPMV is not detected in the hemolymph of the bean leaf beetle
vector (Wang et al. 1992). This suggests that circulation of virus may not be
critical for beetle transmission, at least for some beetle transmitted viruses.

Mite transmitted viruses include Wheat streak mosaic virus and
numerous other viruses in the genera Rymovirus and Tritimovirus (family
Potyviridae). While mechanisms of mite transmission are not well known,
indications are that these viruses, like aphid transmitted potyviruses, can in
some cases be acquired with very short feeding periods of a few hours
(Thresh, 1971).

Dynamics of vector feeding and effect on transmission

The mechanics of virus transmission differ dramatically between
circulative and noncirculative viruses, and within these, between
nonpersistent and semipersistent (all noncirculative), and between persistent
viruses (circulative-propagative and circulative-nonpropagative).
Nonpersistent viruses are associated with the stylets of the vector and are
retained for only a few hours. These stylet-borne viruses are acquired rapidly
by their vectors, predominantly aphids, and are readily lost during feeding or
probing. Interestingly, nonpersistent viruses are transmitted most efficiently
when acquisition feeding periods are short. Transmission efficiency
decreases with prolonged acquisition feeding, suggesting that bound virus
may be easily dislodged during extended feeding, and cannot be reacquired
immediately (Gray and Banerjee, 1999). Many insect vectors conduct test
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probes on different tissues to identify desirable feeding sites. Test probing is
likely the predominant means by which most nonpersistent viruses are
transmitted. Although a number of differing theories exist on how
transmission of nonpersistent viruses occurs, the process is clearly a specific
relationship involving interactions between one or more virus proteins and
proteins or other factors associated with the cuticular lining of the stylets
(Pirone and Blanc, 1996). Some of the best-known examples of the
nonpersistent viruses are the members of the Potyviridae, including Potato
virus Y, Tobacco etch virus, Turnip mosaic virus and others.

Semipersistent viruses are generally associated with the insect foregut,
rather than stylets. These viruses are usually retained for periods ranging
from a few hours to several days (Perring et al. 1999). Efficiency of
transmission increases with longer acquisition feeding periods. This suggests
that unlike nonpersistent viruses, semipersistent viruses can continue to
accumulate until all binding sites become saturated (Gray and Banerjee,
1999). Examples of semipersistent viruses are found in the Caulimoviridae,
Closteroviridae and other virus families.

Transmission of persistent circulative viruses and circulative propagative
viruses involves movement of virus across cell membranes within the
digestive tract of the insect. Following ingestion, virus is actively taken up by
epithelial cells of the midgut or hindgut of the insect, and is translocated
across the gut membrane to the hemocoel. The virus moves through the
hemocoel, and sometimes other tissues, ultimately reaching the salivary
glands from which it is secreted with saliva and transmitted to new plants
through probing or feeding (Gray and Banerjee, 1999). Circulative
nonpropagative viruses are found in the Luteoviridae and Geminiviridae.
During whitefly feeding these viruses are ingested by the vector and become
circulative in the hemocoel of the whitefly vector prior to transmission. Once
acquired, circulative nonpropagative viruses can be transmitted for extended
periods ranging from weeks to the life of the insect (Gray and Banerjee,
1999).

Circulative propagative viruses are similar in many respects to circulative
nonpropagative viruses, but differ in that propagative viruses can replicate
inside the vector. Circulative propagative viruses are found in a number of
families, but can be represented by Tomato spotted wilt virus (TSWV; genus
Tospovirus). TSWV is transmitted by both larval and adult thrips of
numerous Frankliniella and Thrips species (Nagata and Peters, 2001),
although plant-to-plant spread occurs by adult transmission. Acquisition of
sufficient quantities of virus for transmission was as short as 5 minutes, with
maximum efficiency by 21 hours, although the mean was 1 hour (Wijkamp et
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al., 1996; Nagata and Peters, 2001). Similarly, inoculation access periods of
5 minutes resulted in 6% transmission to Petunia hybrida, and 17% to
Datura stramonium (Nagata and Peters, 2001). Consequently, any method
that would be effective in controlling transmission of TSWV or other
circulative propagative viruses would need to essentially prevent feeding
altogether.

Under what circumstances could vector control effectively reduce
virus transmission?

It is clear that insect-transmitted viruses are extremely variable with
regard to the many factors associated with transmission. Clearly many could
not be controlled effectively by efforts at reducing vector feeding or vector
numbers. This may not be universally true, however, and numerous
examples exist to support this possibility. It is true that the best form of
resistance is against the virus itself, since this will not only prevent damage
to the crop exhibiting the resistance, but will also reduce the pool of available
virus, thus reducing spread to additional crops. In many cases, however,
resistance to virus infection is not available, or is not easily incorporated into
commercial varieties. This can result from interspecific sexual barriers
between the crop species and the wild relative that is the source of the
resistance, the multigenic nature of the resistance trait, or association of the
resistance trait or gene(s) with deleterious effects. Chemical control of
vectors, while reducing populations, is becoming less desirable through
efforts to use more environmentally friendly production methods. While
virus control based on reducing vector population or feeding may not be a
universal solution to all virus problems, it may be a valuable and effective
tool for many. Review of the application, to date, of strategies to control the
damage caused by plant viruses through genetic control of vectors has
indicated a steady increase in interest for this type of control, ranging from as
few as eight cases in 1976 (Kennedy, 1976) to over 20 in 1987 (Jones, 1987,
1998).

The factors that will determine efficacy of vector control for control of
plant viruses are many and varied. Of paramount importance is the mode of
transmission. Nonpersistent viruses are unlikely to be controlled through any
type of vector management that allows significant levels of probing or
feeding on the tissue. Additionally, controls that will ultimately kill the
insect over a period of time will also be ineffective, as nonpersistent viruses
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can be transmitted quickly by test probing in a matter of seconds (Perring et
al., 1999).

Control of persistent circulative viruses through methods that reduce or
prevent vector feeding may offer more potential, however, effectiveness will
also be influenced by the nature of transmission. Circulative viruses, once
acquired, move throughout the body of the insect. Consequently, ingestion
will lead to uptake, and sequential ingestion will likely lead to more and
more virus accumulation in the vector. The begomovirus, Tomato yellow leaf
curl virus (TYLCV; family Geminiviridae) is transmitted by the silverleaf
whitefly, Bemisia tabaci biotype B. The virus can be acquired by individual
whiteflies with acquisition access periods and inoculation access periods as
short as 5 minutes each (Atzmon et al. 1998; Czosnek et al. 2001), although
efficiency of virus acquisition improves with longer feeding periods.
Czosnek et al. (2001) also demonstrated that all individual whiteflies were
able to transmit with inoculation access periods of 30 minutes. TYLCV can
be acquired and transmitted with very short feeding periods on susceptible
host plants, yet can be retained by the vector for long periods. Similar
results are found with other members of the Geminiviridae as well (Duffus,
1987). Since the virus only needs to be ingested, it is simply a matter of
sufficient virus being acquired for some of it to progress through the insect
and reach the salivary glands in an infectious state.

One of the more promising virus genera for which vector based control
may be effective is the genus Crinivirus (family Closteroviridae). These
semipersistent viruses require longer feeding periods for efficient virus
acquisition and transmission than many other plant viruses (Wisler and
Duffus, 2001). In addition, efficient transmission of criniviruses usually
requires several whiteflies feeding for extended periods. For example, Beet
pseudo yellows virus (BPYV) can be transmitted with 10 percent efficiency
by individual viruliferous greenhouse  whiteflies  (7rialeurodes
vaporariorum), and Cucurbit yellow stunting disorder virus (CYSDV) can be
transmitted with 3 percent efficiency by individual silverleaf whiteflies (B.
tabaci, biotype B also known as B. argentifolii). These viruses can both be
transmitted with approximately 85% percent efficiency when 40 and 60
vector whiteflies are used in single plant transmissions of BPYV and
CYSDV, respectively. Consequently, limiting the amount of feeding by
whitefly vectors can in some instances dramatically reduce the rate of plant
infection by these criniviruses, although it is not known how universal this is
among semipersistent viruses in general.

Studies by Wisler and Duffus (2001) compared numerous factors
associated with vector acquisition and transmission among eight crinivirus
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species and four vector species in two whitefly genera. Results were widely
variable. Most criniviruses were transmitted by a single genus or in some
cases a single species of whitefly (Wisler and Duffus, 2001). Lettuce
infectious yellows virus is transmitted with high efficiency by the sweet
potato whitefly (Bemisia tabaci biotype A), but with very low efficiency by
the silverleaf whitefly. One crinivirus, Tomato chlorosis virus (ToCV), is the
only known virus to be transmitted by 4 different species of whitefly in two
different genera (Wisler et al. 1998). Interestingly, there were clear
differences in ToCV transmission efficiency between each of the vector
species. B. tabaci biotype B transmitted ToCV most efficiently, followed by
T. abutilonea, B. tabaci biotype A, and T. vaporariorum in order of
decreasing efficiency (Wisler and Duffus, 2001). This variability in
transmission characteristics among virus species must be considered when
evaluating the potential of vector-based reduction of virus infection.

Criniviruses can be vectored by whiteflies in both Bemisia and
Trialeurodes genera (Wisler et al. 1998; Wintermantel, 2004). The specific
relationship between virus and vector differs for each virus-vector
combination with respect to acquisition period, transmission period and virus
retention time in the vector. While ToCV was only retained by B. tabaci
biotype B for 24 hours, Cucurbit yellow stunting disorder virus was retained
for up to 9 days in the same vector (Wisler and Duffus, 2001). Most
criniviruses also have extensive latent periods in their hosts ranging from
three to five weeks after transmission before disease symptoms become
apparent on plants. It is clear from comparisons even within the genus
Crinivirus that a number of semipersistent viruses exhibit vastly different
traits with regard to insect transmission. In spite of this, semipersistent
viruses overall are probably better suited for vector-mediated control than
many other types of viruses, simply by the nature of transmission.

Insect resistance mechanisms in plants

Host/insect interactions for plant protection were originally classified as
being due to antibiosis, non-preference, or tolerance (Painter, 1958; Beck, 1965),
although the term “antixenosis” was suggested as a more accurate term than non-
preference (Kogan and Ortman, 1978). Under antibiosis a resistant plant exerts
an adverse effect on the growth and survival of the insect. Antibiosis can be due
to physical characteristics of the plant or due to secondary metabolites such as
toxins. Under antixenosis (non-preference), a plant exerts influences on insect
behavior, deterring the insect from using the plant as a host (Painter, 1958; Beck,
1965), hence the use of the term “deterrence” in some references. ‘“Tolerance”
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indicates that the pest is neither deterred from the host plant nor adversely
affected by the host plant, but the damage resulting from the pest infestation is
reduced compared to that suffered by susceptible varieties of the crop (Painter,
1958; Beck, 1965; Reese et al., 1994). These systems of insect resistance may
not be mutually exclusive. It is possible that a resistance mechanism could have
aspects of both antibiosis and deterrence.

Breeding for insect resistance has a long history, although insect resistance
has been used less than disease resistance in most crops. The wheat variety
“Underhill” was reported to have Hessian fly resistance in 1782.  Despite
resistance breakdown over the years in a number of Hessian fly resistance
sources, many wheat varieties have been bred to include this trait (Panda and
Khush, 1995; Everson and Gallun, 1980). Another historical example is grape
phylloxera (Daktulosphaira vitifoliae), a North American aphid that was
inadvertently transferred to France ca. 1860. Grape phylloxera feeds on
grape roots, resulting in decreased productivity and vine death. Wild North
American grape possessed natural resistance to the pest. This resistance was
transferred to develop phylloxera resistant rootstocks that saved the French
wine industry. Rootstocks with similar resistance are still in use (Granett et
al., 2001).

There are too many examples of pest resistances and mechanisms to cover in
this chapter but some examples can be cited to illustrate the differences in
mechanisms and their potential utility. Some systems of natural insect resistance
are based upon physical structures or characteristics. A resistance to potato
leathopper (Empoasca fabae) in bean (Phaseolus vulgaris) is due to a high
density of hooked nonglandular trichomes. These trichomes act as physical
barriers, entrapping nymphs as their hooks became imbedded in the nymphs’
bodies (Pillemer and Tingey, 1976, 1978). The waxy surface of plants has
also been implicated in reducing insect infestation. “Glossy” mutants,
lacking the normal waxy layer or “bloom” of non-mutant plants, have been
found in a number of crop species. Sadasivan and Thayumanavan (2003) list
instances in Brassica, raspberry, castor, sorghum, wheat, sugarcane, and
onion in which the glossy plants are more susceptible to a variety of insect
pests than the normal waxy plants. This could be due to adverse effects of
the waxy layer on the ability of insects to adhere, move, or feed on the plant.
Differences in wax layer may also affect the choice of the plant as for feeding
or oviposition. Consequently such waxy surfaces may confer either
antibiosis or antixenosis depending on their mode of action against different
pests.

A number of insect resistance systems are based upon secondary metabolites
that are toxic or otherwise detrimental or noxious to pests. Secondary
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metabolites are a very diverse array of compounds that are produced by plants
but which are not considered essential for basic metabolic function or processes.
There are too many secondary metabolites to describe in any detail here (see
Hadacek, 2002; Singer et al. 2003; Sadasivan and Thayumanavan, 2003), but a
few well-known examples are 2-tridecanone, cucurbitacins, and glycoalkaloids.

The 2-tridecanone, a methyl ketone, is a secondary metabolite in
glandular trichomes that is the basis of insect resistance in Lycopersicon
hirsutum var. glabratum (Williams et al. 1980; Fery and Kennedy, 1987). 2-
tridecanone has been implicated in the resistance of L. hirsutum to tobacco
hornworm (Manduca sexta), spider mite species (Tetranychus spp.),
Colorado potato beetle (Leptinotarsa decemlineata), tomato pinworm
(Keiferia lycopersicella) and beet armyworm (Spodoptera exigua) (Kennedy,
1976; Gongalves et al. 1998; Farrar and Kennedy, 1991; Lin et al. 1987;
Maluf et al. 1997). This compound is quite toxic, and also acts as an
oviposition and/or feeding deterrent.

Some compounds provide resistance to one pest, but increase the damage
caused by another pest. An example of this is found with the cucurbitacins.
These tetracyclic triterpenoids confer resistance to spider mites in cucumbers
through feeding deterrence (antixenosis). However, cucurbitacins are also
feeding stimulants for cucumber beetles, thereby increasing damage caused
by the latter pest (DaCosta and Jones, 1971). Problems also arise if the
control compound is detrimental to humans. Foliar glycoalkaloids of potato
are associated with Colorado potato beetle resistance due to the toxicity of
the glycoalkaloids toward the pest (antibiosis). However, glycoalkaloids are
also toxic to humans, and high foliar glycoalkaloid levels can be correlated
with high glycoalkaloid levels in tubers. Consequently, this means of
resistance must be used with care (Tingey, 1984).

An increasing number of crops are protected against various pests through
expression of foreign genes in plants. Such plants are referred to here as
genetically modified organisms (GMOs). A group of delta-endotoxins, known
as Bt, derived from Bacillus thuringiensis, are used to protect an
increasing number of crop plants from insect pests. This method has
been so widely used in important crops that Bt GMO crops are the
second most utilized GMO crops (James, 2003). GMO crops with a
transgene other than Bt delta-endotoxins are also being tested for efficacy
against target insects (reviewed in Ferry et al., 2004). The compounds
included in this work include: biotin-binding proteins (Burgess et al., 2002,
Kramer et al., 2000); chitinases (Wang et al., 1996a); spider venom peptides
(Penaforte et al., 2000), enzyme inhibitors and lectins (Ceci et al., 2003,
Rahbe et al., 2003); toxins from bacterial symbionts of entomopathogenic
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nematodes (Kramer et al., 2001); enhancins from insects (Cao et al., 2002);
and even plant hormones (Smigocki and Neal, 1998). Many of these
transgenic pest resistance mechanisms are based on a toxin or other
compound(s) that are detrimental to pest health and survival. For example,
an insect feeds on a Bt GMO plant until it ingests sufficient toxin to be
killed. Therefore, many of these GMO systems for insect resistance may
be classified as examples of antibiosis.

Several of the natural and GMO systems of antibiosis for insect
resistance control insect pests and their direct damage quite well. If the
target pest were also a virus vector, would the resulting insect resistance also
be expected to reduce crop loss due to insect transmitted viruses? In these
resistance systems, insect feeding on the plant is usually required for
acquisition of the toxin or to trigger either natural genes or transgenes
involved in a response to herbivore activity. If this feeding is as long as or
longer than the transmission period for a particular virus, the system would
probably allow sufficient time and opportunity for virus transfer before
the resistance mechanism against the insect effectively eliminated it as a
vector. Therefore, the likelihood that this type of a pest resistance would
significantly affect viral disease transmission is minimal. Similarly, natural
pest resistance that is based upon antibiosis can reduce pest population
growth and pest use of plants, thereby reducing crop loss caused directly by
pests. However, in most of these virus-host systems the interaction of the
insect with the host plant would be of sufficient length such that virus
transmission would not likely be reduced by antibiosis.

Would resistance based upon antixenosis be any more likely to affect
virus transmission or reduce economic loss due to insect vectored viruses
than antibiosis? Insect resistance based on antixenosis could be of benefit if
the deterrence were sufficiently strong and rapid that insect feeding was
prevented or delayed enough to reduce or slow transmission rate, infection
and symptom development. The first case of this may be the antixenosis
found in some Solanaceous species due to the production of acylsugars.

Acylsugar mediated pest resistance and its possible effects on insect
vectored viruses

One system of pest resistance that is largely due to deterrence is the
resistance in various species in the Solanaceae that is based upon the
production of acylsugars. Acylsugars are secondary metabolites that are
produced by and exuded from type IV glandular trichomes. The wild tomato
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L. pennellii has high densities of type IV trichomes on all aboveground green
tissues of the plant (Lemke and Mutschler, 1984) and acylsugars comprise ca.
90% of the exudates of these trichomes (Burke et al. 1987; Fobes et al. 1985).
Structurally, these acylsugars include 2, 3, 4-tri-O-acylglucoses, 3°, 3, 4-tri-
O-acylsucroses and 3’, 3, 4, 6-tetra-O-acylsucroses, with a range of odd and
even short- to medium-chain length fatty acid constituents (Burke et al., 1987;
Fobes et al., 1985; Shapiro et al., 1994). The fatty acid constituents are
present in different combinations and proportions on acylsugars across an
array of L. penmnmellii accessions (Shapiro et al., 1994). These acylsugars
mediate the resistance of L. pennellii to many pests of tomato including:
fruitworm (Helicoverpa, formerly Heliothis zea); tomato pinworm (Keiferia
lycopersicella); beet armyworm (Spodoptera exigua); silverleaf whitefly (B.
tabaci biotype B); leafminer (Liriomyza spp); potato aphid (Macrosiphum
euphorbiae), and green peach aphid (Myzus persicae) (Goffreda et al., 1988;
Rodriguez et al., 1993; Liedl et al., 1995; Hawthorne et al., 1992; Juvick et
al.,, 1994.) Acylsugars also mediate pest resistance in other genera in the
Solanaceae, including Nicotiana, Solanum, Petunia, Datura, as well as other
Lycopersicon species (Gibson, 1976¢; Gibson and Valencia, 1978; King et al.,
1987, 1990; Severson et al., 1985; Holley et al., 1987; Neal et al., 1989, 1990;
Kennedy et al., 1992; Cutler et al., 1986; Buta et al., 1993).

Experiments using acylsugars purified from L. pennellii LA716
demonstrated that acylsugar-mediated resistance is largely due to deterrence
of the affected pests. Appropriate application of the pure acylsugars reduces
feeding of aphids Myzus persicae and Macrosiphum euphorbiae (Rodriguez
et al., 1993; Goffreda et al., 1988, 1989), and sharply reduces oviposition and
feeding of leafminer Liriomyza trifolii (Hawthorne et al., 1992) and whitefly
Bemisia tabaci (Liedl et al., 1995). In a study using pure acylsugars, neonate
fruitworm (Helicoverpa zea) and beet armyworm (Spodoptera exigua) larvae,
the resistance to these pests was expressed as reduction of larval feeding,
which led to a decline in larval development and survival when alternative
food supplies were not available (Juvik et al., 1994). This deterrence is very
strong. In a potato aphid study that used electronic feeding monitoring
(EFM), 35% of aphids placed on L. pennellii plants failed to probe over a 45
minute period, and the remaining pests showed a delay of over 20 minutes in
the time to first probe, as well as highly significant reductions in the number
of probes, and percentage of time spent probing over the test period.
Similarly, 22% of aphids placed on the interspecific hybrid L. esculentum x L.
pennellii failed to probe over a 45 minute period, and the remaining pests
showed a delay of over 13 minutes in the time to first probe, as well as highly
significant reductions in the number of probes and percentage of time spent
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probing over the test period (Goffreda et al., 1988). A subsequent EFM study
on green peach aphid produced essentially the same results. That is, highly
significant reductions in percentage of insects that probed, significant delays
in the time to first probe, as well as highly significant reductions in the
number of probes and the percentage of time spent probing on the plants that
produced acylsugars (Rodriguez et al., 1993). Considering the dynamics of
insect-vectored virus transmission, this strong alteration in aphid behavior
could have significant impact on the likelihood and efficacy of virus
transmission by this vector.

Testing insects with pure acylsugars revealed several unique advantages
of acylsugar-mediated pest control. First, the system mediates strong
resistance to a broad spectrum of both chewing and sucking insects. In
comparison, transgenic insect resistant plants have utilized the Bt toxin for
control of chewing pests, and such toxins are generally not active against
phloem-feeders (Gasser and Fraley, 1989; Gill et al., 1992; Meeusen and
Warren, 1989). Second, the unusual mode of action associated with
acylsugar-mediated resistance has advantageous consequences. Antibiosis-
based systems producing toxins such as Bt impose strong selection pressure,
that can favor the generation of resistant pest biotypes. Thus, it may be
possible for an extremely strong deterrence-based mechanism to impose
substantial pressure toward generation of resistant biotypes, as well. Pests
known to be sensitive to acylsugars, however, are not limited to feeding on
tomato. Indeed most of these pests have a wide range of acceptable host
species. Consequently, the deterred insects are likely to find alternative hosts,
thus reducing the selection of resistant pest biotypes. Another disadvantage
of toxin-based antibiosis systems of resistance is the problem of tritrophic
relationships, in which the presence of the toxin in the insect pest is
detrimental to a beneficial predator of the pest (Kennedy, 2003), although
this is rather unlikely in the case of Bt-mediated protection since the delta-
endotoxin is specific to a relatively narrow range of insect species. A
deterrence system, such as the acylsugar system, will not result in toxic pests,
and so should not have this affect, although the reduction of pest populations
in a field would probably also result in reduced levels of predator populations
that can be supported in that location. Acylsugars do not affect bee visitation,
since the acylsugars are not present on the petals or anthers within the
flowers.

The goal for the development of acylsugar-producing tomato lines has
been insect control, and data to date indicate that this goal should be
attainable once the lines are brought to fully acceptable horticultural type.
Field tests showed that the two acylsugar-accumulating breeding lines,



A 11. Reducing Virus Associated Crop Loss 255

produced by transfer of the trait from L. pennellii to tomato after five
backcrosses to tomato, substantially reduced B. tabaci eggs and nymphs
(Mutschler et al. in prep). Considering that the acylsugar-mediated deterrence
discourages insects from feeding on these plants, might acylsugars also
provide protection against some insect transmitted viruses? This must be
tested directly against different vector/virus combinations under a variety of
typical field conditions and environments. As discussed above, crinivirus
transmission may be reduced and development of disease symptoms delayed
by external treatments that limit whitefly feeding periods on hosts to very
short time periods, making this an attractive virus/vector/host combination to
test. Preliminary tests indicated that tomato hybrids producing acylsugars
significantly reduced the rate of Tomato infectious chlorosis virus symptom
development on the plants over a season with heavy whitefly pressure.
Plants that did not produce acylsugars developed virus symptoms up to a
month earlier than those that produced acylsugars. In fact, many acylsugar-
expressing lines never became infected, while most non-acylsugar expressing
plants did. This illustrates the potential for this type of vector-based
resistance in controlling semipersistent viruses affecting tomato
(Wintermantel and Mutschler, unpublished data). The results of one season,
with one virus/vector combination is encouraging but does not indicate the
efficacy of the resistance across virus/pest combinations, with different levels
of pest pressure, or in different environments. The recent production of new
acylsugar tomato lines will facilitate the trials needed to assess the potential
of acylsugar-mediated resistance for control of both insect vectors and the
viruses they transmit, and how antixenosis can be used as part of an
integrated strategy for the control of losses due to viral diseases.

Conclusions

Insect resistance has considerable value for control of pests and the direct
damage they cause to crops. Although there is no practical example currently
in use of indirect control of viral disease through plant resistance to insect
vectors, we believe that there is real potential for such control with some
combinations of virus/vector/crop/resistance mechanisms. The virus/vector
combinations most likely to be controlled for a specific crop would be those
that involve semipersistent viruses and/or viruses that require relatively long
feeding periods for efficient virus acquisition and transmission. The most
effective host plant resistance systems could be those that are rapid acting,
perhaps constitutive, and thus have the potential for preventing or delaying
vector feeding, rather than killing the vector after feeding. Use of pest
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resistance to decrease losses due to viral diseases is unlikely to be the sole
control utilized, but could be a valuable component of an integrated control
strategy when coupled with other measures to decrease the exposure of the
crop to viruliferous vectors. The combination of vector resistance with genetic
resistance to viruses would be complementary, and perhaps help reduce the
speed or likelihood of selecting virus strains that overcome sources of virus
resistance. Cooperative work is needed to complete development and
utilization of some of the more promising of these pest resistance systems.
Efforts should focus on using this vector control material in coordinated field
trials to determine its value against direct losses caused by insects, and on
losses due to insect vectored viruses. These studies could determine the
utility of vector control strategies, the conditions for their effective use, and
the best means to deploy such resistances within a coordinated strategy of
integrated pest management.
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Chapter A12

Cross-Protection

A. Gal-On and Y. M. Shiboleth
Dept. of Virology, Agricultural Research Organization, Bet Dagan, Israel

Introduction

Description of the phenomenon and its history

Cross-protection is a natural phenomenon whereby tolerance or
resistance of a plant to one virus strain is induced by systemic infection with
a second. Eighty years have passed since the phenomenon was first
demonstrated by McKinney (1929), who observed that in tobacco plants
systemically infected with a “light green strain” of Tobacco mosaic virus
(TMV: Genus Tobamovirus), the appearance of yellow symptoms after re-
inoculation with a TMV “yellow mosaic strain” was repressed. In contrast, a
“mild dark green” strain did not repress these yellow symptoms upon
challenge. Later Salaman (1933) demonstrated that an avirulent strain of
Potato virus X (PVX: Genus Potexvirus) provided protection against
superinfection with a virulent strain of PVX in potato. Webb et al. (1952)
showed that cross protection against the phloem-limited virus, Potato
leafroll virus (PLRV: Genus Polerovirus) could be achieved by infection
with the aphid vector and not only by sap inoculation. The first
demonstrations of virus-disease control by mild strains were done with
Citrus tristeza virus (CTV: Genus Closterovirus) (Grant and Costa, 1951),
and Cacao swollen shoot disease (Posnette and Todd, 1955). For many years
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serological and cross-protection tests were used as routine methods to
determine strain interrelationships in plant viruses (Latorre and Flores,
1985). Apparently, cross-protection seemed to be a general phenomenon
with viruses for which distinct strains could be found (Fulton, 1986;
Sherwood, 1987; Fraser, 1998). Various terms were used to describe this
phenomenon, including “acquired immunity”, ‘“antagonism”, ‘“cross
immunization”, “induced immunity”, “interference”, ‘“preimmunity”
“protection inoculation”. The term “cross-protection” (Matthews, 1949)
seemed most appropriate, since it described an aspect of the phenomenon
concerned with disease control in crops (Fulton, 1986; Lecoq, 1998).

In this review we propose a model for cross protection in which the terms
from the 1940s — “pre-immunity” and “induced resistance” — seem to be best
to address the mechanism of the phenomenon. Thus, the first inoculative
virus, usually a mild strain, is the “protector” against the “challenge” virus,
but may also be the “inducer” that initiates resistance based on the gene-
silencing mechanism. We view this chapter as an opportunity to present the
accumulated data on a silencing mechanism that incorporates a new RNA-
based model that was first proposed by Ratcliff et al. (1999). We feel that a
model based on a combination of RNA silencing and coat-protein-mediated
resistance can explain the cross-protection phenomenon in a relatively
complete manner for RNA and DNA viruses, as well as for viroids.

Cross-protection mechanisms

Over the years, ever since the first demonstration by McKinney (1929),
several models have been proposed to explain cross-protection. Recently,
because of an explosion of new data on plant-virus interactions and gene-
silencing mechanisms new ideas have been proposed. Cross-protection is
complicated by the fact that each plant-virus interaction is multifaceted, and
that different viruses can have a number of patterns of interaction within an
infected plant. However, with the introduction of virus-resistant transgenic
plants it was possible to develop a model to examine the mechanism of
cross-protection. Transgenic plants can be seen as a simplified model of
cross-protection, with the protector being reduced to one or more genes (or
defined sequences) that are constitutively expressed in the plant (Beachy et
al. 1990; Lomonossoff, 1995). In parallel with this, since the mid-1980s data
on viral genome organization and viral sequences have expanded markedly.
This has allowed additional studies to be conducted with viral vectors
(Culver, 1996) and Agrobacterium-infiltration mediated transient expression
(Ratcliff et al. 1999). These methods produce transient over-expression of a
foreign sequence, in contrast to the permanent (stable) expression of a gene
in a transgenic plant (Lomonossoff, 1995). Though these serve as important
tools for the elucidation of virus-resistance mechanisms in plants, it should
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be kept in mind that these model systems do not take into account all of the
factors involved in a plant-virus interaction. For example, although gene
shutoff in transgenic plants by DNA and histone methylation is related to
gene-silencing and is guided by short interfering RNAs (siRNAs), it is
probably irrelevant to cross protection between RNA viruses. In the present
review we will focus on the mechanism of cross-protection, by comparison
with, and extrapolation from, the analogous systems mentioned above.

Previously suggested mechanisms of cross-protection

Two major virus-resistance mechanisms have been described with regard
to both transgenic plants and cross-protection: Coat-protein (CP)-mediated
resistance and RNA-mediated resistance.

Coat-protein-mediated resistance

CP-mediated resistance has been shown to be involved in cross-
protection between strains of TMV (Sherwood and Fulton, 1982) and
Cucumber mosaic virus (CMV: Genus Cucumovirus) (Dodds et al. 1985).
Transgenic plants expressing CP may show features in common with cross-
protected plants (Beachy et al. 1990; Lomonossoff, 1995; Beachy, 1999).
CP-mediated resistance in transgenic plants depends on the expression level
of the transgene CP, and a higher level of transgene expression elicits better
protection. In general, CP-mediated resistance is broken by a high level of
challenge virus (Powell et al. 1990). CP-mediated resistance and cross-
protection are both less sequence/strain specific than RNA-mediated
resistance, and can protect against a broader diversity of virus strains
(Lomonossoff, 1995). CP-mediated resistance does not usually confer
immunity, and the resistance can be overcome in different circumstances
(Beachy, 1999).

The most commonly proposed model for CP-mediated resistance is based
on prevention of the uncoating of the challenge virus as it enters the plant
cell, which interferes with the translation and replication processes (Culver,
1996; Lu et al. 1998). In an experiment in which resistance to TMV is
provided by the virus vector PVX expressing TMV-CP, mutant “TMV CPs
that were incapable of helical aggregation or unable to bind viral RNA did
not delay the accumulation of TMV” (Culver, 1996; Lu et al. 1998). The
action of such a mechanism in conferring transgenic plant resistance can be
proven by negative conjecture, whereby out-of-frame TMV CP (Powell et al.
1990) or non-assemblable TMV CP (Bendahmane et al. 1997) do not confer
resistance. CP is detectable by immunological methods in resistant plants,



264 Gal-On and Y. M. Shiboleth

which indicates that it is not targeted by siRNA. By using an inducible
promoter for expression of TMV CP, (Koo et al. 2004) provided direct
evidence that expression of the CP is a requirement for resistance.

However, this is not the only potential mechanism of cross-protection
since CP-defective viruses and viroids can confer cross-protection (Niblett et
al. 1978; Gerber and Sarkar, 1989). Also, in many cases virus symptoms on
leaves are not uniform, and the appearance of “dark green islands” (see
chapter A 9) and mosaics is very common. It was well established that the
virus titer was either low or undetectable. These islands were protected
against closely related viruses (Fulton, 1951; Atkinson and Matthews, 1970;
Loebenstein et al. 1977). As CP subunits do not move from cell to cell, it is
clear that this protection cannot be attributed to a CP-mediated mechanism.
Therefore, CP-mediated resistance probably participates in cross-protection
in many cases, but is restricted to virus-infected cells.

Resistance mediated by RNA hybridization

An RNA-mediated resistance mechanism for cross-protection was first
proposed by (Palukaitis and Zaitlin, 1984). In their model the protector virus
produces excess progeny positive-sense RNA, which hybridizes to the first
minus-strand RNA of the challenge virus, thereby blocking further
replication and translation of the incoming virus. This model, too, is
restricted to protection of virus-infected cells, and has never been directly
tested. In retrospect, a model that incorporates RNA silencing can be seen as
a logical extension of the above model.

Cross-protection by RNA silencing

Ratcliff et al. (1999) demonstrated that in plants co-infected with two
viruses, one virus can overwhelm the other through RNA-mediated cross-
protection if both viruses share a nucleotide sequence. Thus, when the
unrelated viruses PVX and TMV, which can normally co-infect the plant,
were modified to express the same GFP reporter gene, only PVX-GFP was
found in systemically infected leaves (Ratcliff et al. 1999). Nucleotide
homology-derived cross-protection seems to be the best explanation for
these results.

RNA silencing is a general term for an ancient host defense mechanism
that is targeted against invasive viruses, viroids or mobile RNA-transposable
elements, and leads to sequence-specific RNA degradation. In plants this
general mechanism is known as post-transcriptional gene silencing (PTGS).
The PTGS process is initially triggered by long dsRNA such as the
commonly found replicative intermediate form of RNA-genome viruses and
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viroids. Structured regions of single stranded RNA such as stem loops can
also induce PTGS. This enables potent induction of RNA silencing early in
replication. PTGS can also be induced against DNA viruses, as they too
make dsRNA by transcribing overlapping genes with opposite polarities, as
predicted in the case of ssDNA Geminivirus (Chellappan et al. 2004).This
may explain the early observation that post-transcriptional gene silencing
underlies the recovery of Kholrabi infected with the dsSDNA virus CaMV,
first made by (Covey et al. 1997).

RNA-silencing mechanism

The RNA-silencing mechanism is being rapidly unraveled and new
elements in this system are constantly being discovered. Currently, we know
that dsRNA is initially cleaved by a ribonuclease III (RNAse III)-like
enzyme family termed DICER. This cleavage produces 21-25 nt double-
stranded minihelix molecules with distinctive 5’ phosphate and 3’ overhangs
of two nucleotides termed siRNAs (Xie et al. 2004). The siRNA minihelixes
are unwound and the resulting single-strand molecules are individually,
incorporated into a multi-component nuclease-silencing complex called
RNA-induced silencing complex (RISC).

RISC is the effector complex, which contains an ARGONAUTE (AGO)
nuclease, also known as “Slicer” (Vaucheret et al. 2004). Arabidopsis, for
example, contains 10 distinct AGO-like proteins that could possibly
assemble to form RISCs that have differing or redundant functions
(Bowman, 2004). Within the activated RISC (RISC*), the incorporated
strand of the siRNA can act as a guide to bring the complex into contact with
complementary target RNAs, thereby causing their cleavage and subsequent
degradation (or translation inhibition in some cases). The degradation of
mRNA or pathogen RNA occurs only when there is perfect or near-perfect
base pairing with the siRNA. RISC* can potentially degrade any incoming
single-stranded viral RNA. The non-encapsidated minus strand of the virus
is degraded in the same fashion. Plants contain several populations of small
RNAs that result from cleavage by (in the case of Arabidopsis) the dicer-like
(DCL) enzymes DCL1, DCL2 and DCL3. DCLI1 cleaves microRNA
(miRNA) precursors to ~21 nt miRNAs, DCL3 cleaves transposons and
other endogenous dsRNAs into ~24 nts siRNAs, and presumably, both
DCL2 and DCL3 cleave viral RNA to ~21 and ~24 nts siRNA (here
designated vsiRNA), respectively (Xie et al. 2004). In dcll, dcl2 and dcl3
mutants both CMV and Turnip mosaic virus (TuMV) titers, symptoms and
vsiRNA levels were unchanged from those in the parent plant, which
indicates that various dicer functions can be redundant (Xie et al. 2004).
However, in dcl2 plants infected with Turnip crinkle virus (TCV) viral
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symptoms were more severe and siRNA level accumulation was delayed
(Xie et al. 2004).

As a result of co-evolution plant viruses possess a counter-defense
mechanism against the plant’s RNA-mediated defense system. Thus, they
have acquired genes that encode suppressors of RNA silencing and which
are important for combating the host plant defenses (Roth et al. 2004). Plant
viral suppressors of RNA silencing have been identified in various virus
families, of both RNA and DNA genomes. Known suppressors from
different virus families share no obvious similarities at either the nucleic
acid or the protein level, reflecting differences at the mechanistic level as
well. Viral suppressors such as the HC-Pro of potyviruses (Anandalakshmi
et al. 1998), may indirectly interfere with some dicer activities, such as
duplex unwinding (Chapman et al. 2004) or altering the composition of
accumulated small RNAs (Mallory et al. 2002), thereby suppressing the
activation of RISC. Others, such as the P19, P25 and 2b proteins of the
tombusvirus, potexvirus and cucumovirus genera, respectively, may block
systemic silencing. P19 is a unique suppressor that binds double-stranded
siRNAs directly, thereby blocking their function (Lakatos et al. 2004).

The mobile silencing signal

RNA silencing is non-cell-autonomous, and a silencing signal may move
directly from the induced cell to neighbouring cells or through the vascular
system (Himber et al. 2003). Both signal and virus may be transported
actively from cell to cell via plasmodesmata and through the vascular
system, and both include an amplification process (Fig. 1). Amplification
allows the plant to be prepared with sufficient pre-activated RISC against
virus invasion in cells distant from virus infected tissue. The short-range
signal is limited to 10-15 cells because the signal is serially diluted in the
absence of template-virus (Himber et al. 2003). The initial cell-to-cell signal
is probably a primary single-stranded viral fragment (vsiRNA) produced by
DCL2 or DCL3 from replicative-form viral dsSRNA in RNA viruses or an
overlapping bidirectional transcript in the ssDNA geminiviruses. This may
be followed by a reiterative wave of secondary siRNAs that are produced
when the primary vsiRNA primes a dsSRNA elongation reaction, using virus
RNA as a template (Fig. 1, in “primed cell”). In Arabidopsis this
amplification process utilizes an RdRp such as SDE1 (SGS2/RDR6) and the
helicase SDE3.
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Both short-range and long-range silencing through the phloem may be
dependent on single-stranded RNA molecules trafficked by proteins such as
the phloem small RNA binding protein 1 (PSRP1) of Cucurbita maxima
(Yoo et al. 2004). Yoo et al. (2004) showed that the phloem naturally
contains ~21nt and ~25nt class small RNAs, and no dsRNA. PSRP, though
expressed only in phloem-associated cells of C. maxima, was shown to
traffic small ssSRNA also through plasmodesmata of non-phloem tissue when
it was co-injected into N. benthamiana leaves. In phloem from C. maxima
infected with Cucumber yellows virus (CYV: Genus Closterovirus) 57% of
all small RNAs were of viral origin, principally belonging to the ~21nt class
and comprising both strands. Thus, for long-range movement, vsiRNA
enters the vascular system (Yoo et al. 2004) and probably primes secondary
amplification by means of an endogenous RdRp in the sink tissue.

Endogenous RdRp may be required for defense against certain viruses
(Mourrain et al. 2000). A striking example of this requirement was shown in
N. benthamiana, which naturally lacks a functional salicylic acid-inducible
RdRp (Yang et al. 2004) and is hypersusceptible to many viruses.
Complementation of transgenic N. benthamiana with a functional RdRpl
from Medicago trunculata led to improved resistance to TMV and to several
other tobamoviruses but not to CMV or PVX (Yang et al. 2004). However,
cross-protection does not have a compelling requirement for host RdRp or a
systemic signal, because the protector virus could theoretically move from
cell to cell and in the phloem, and re-induce each group of infected cells.
Recently it has been demonstrated that the RdRp SDE1 associated with
PTGS in Arabidopsis was not essential for cross-protection between crucifer
tobamoviruses (Kurihara and Watanabe, 2003). Consequently, the plant and
the virus wage a classic struggle between host and parasite. If the virus
enters distant cells before the signal, or impedes the transported signal in
some way, infection can be established. However, if the mobile silencing
signal reaches the distant cell first, the virus will enter, only to find itself
targeted by pre-activated RISC, and the infection will fail to become
systemic. The outcome can be affected by the physiological status of the
plant and by environmental conditions.
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Several lines of evidence support a model whereby adjacent cells are
protected by a silencing mechanism. In the case of the “green islands”, and
in the “recovery” phenomenon whereby young leaves of an infected plant
show fewer symptoms than older leaves, or even no symptoms, it has been
demonstrated that the viral RNA level is either low or undetectable
(Atkinson and Matthews, 1970). It was demonstrated in N. benthamiana
infected with Tamarillo mosaic virus (Genus Potyvirus) that the resulting
“green islands” are a recovery-related phenomenon caused by PTGS (Moore
et al. 2001). It has been shown that the recovery phenomenon caused by
various virus families is associated with RNA-mediated cross-protection
against secondary infection (Ratcliff et al. 1999). Recovery was also found
in cassava infected with a ssDNA geminivirus. In this case, symptom
remission was correlated with the accumulation of vsiRNA, because of the
processing of dsRNA from overlapping bi-directional transcription
(Chellappan et al. 2004). On the other hand, recovery from CaMV, while
associated with PTGS (Covey et al. 1997), is not known to include bi-
directional transcription.

Green islands, mosaics and recovery may all be manifestations of the
competition between the mobile signal RNA and the viral RNA that encodes
the suppressor protein (see chapter A 9). These phenomena relate to cross-
protection, since it is the outcome of this competition, which determines
which of these processes becomes established, that will decide the fate of the
invading virus in each cell. It is clear that the protecting virus, too, does not
establish itself in all cells of the plant, but the green islands or recovered
organs (termed “primed cell” in Fig. 1) are nonetheless resistant to the
challenge virus. It is proposed that in the green islands a viral-sequence-
derived memory RNA molecule, probably already in its effector form of
activated RISC, lies in wait for an intruding ssRNA viral target (Fig. 1,
right). vsiRNA has been shown to accumulate in plants infected with
members of at least five genera of viruses: TuMV (Genus Potyvirus), TCV
(Genus Carmovirus) and CMV (Genus Cucumovirus) (Xie et al. 2004);
CYV (Genus Closterovirus) (Yoo et al. 2004); Cymbidium ringspot virus
(CyRSV: Genus Tombusvirus) (Szittya et al. 2003), and Tomato mosaic
virus (ToMV: Genus Tobamovirus) (Kubota et al. 2003). This indicates that
the silencing process is initiated in at least some of the cells of the plant
despite the presence of viral suppressors. Nevertheless, silencing and viral
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replication may also occur concurrently and reach a state of equilibrium
inside each infected cell.

Feedback inhibition could be attained, for example, in the following
scenario: virus levels rise 2 more dsRNA, +strand RNA and suppressor are
made—> more secondary amplification on viral template > Dicer makes
more primary and secondary vsiRNA - more RISC is activated = viral
RNA is cleaved > less virus can be replicated and translated to make
suppressor > virus levels fall = less template for plant RdRp and less
primary and secondary target dsRNAs for Dicer > less new RISC is
activated—=> and so on. This type of equilibrium is probably necessary for
RNA-mediated cross-protection to take place when an already infected cell
is challenged. Indirect evidence that plant anti-viral mechanisms may still be
active in infected cells lies in the finding that in such cells virus titres reach
lower levels than their full potential, and are thus at equilibrium. Proof that
the silencing mechanism is involved in restriction of viral accumulation at
least in some viruses is that the Arabidopsis mutants sdel and sde3 (mutants
in the RdRp and helicase genes responsible for the generation of secondary
vsiRNA) are highly sensitive to CMV and accumulate a fivefold excess of
viral RNA (Mourrain et al. 2000; Beclin et al. 2002).

Virus synergism may be another example of loss of equilibrium. For
example, in cucurbits CMV RNA levels can be synergistically boosted at the
cellular (protoplast) level by superinfection with Zucchini yellow mosaic
virus (ZYMV: Genus Potyvirus) (Wang et al. 2002; Wang et al. 2004) This
suggests that RISC might be a possible limiting step for CMV proliferation,
since potyviral HC-Pro may interfere with RISC activation. A classic
example of synergy is PVY and PVX co-infection of tobacco protoplasts, in
which PVX levels rise dramatically whereas PVY levels remain unchanged
(Vance, 1991). Conversely, Sweet potato feathery mottle virus (Genus
Potyvirus) levels increase markedly in the presence of the phloem-limited
Sweet potato chlorotic stunt virus Genus Crinivirus whose levels and
localization remain unchanged (Karyeija et al. 2000). It has been shown that
temperature can drastically modulate the amount of vsiRNA found in
CyRSV in N. benthamiana protoplasts (Szittya et al. 2003). Thus, the
greatest amount of vsiRNA was correlated with the highest temperature,
whereas CyRSV levels peaked at a more moderate temperature. These
findings would fit a model in which equilibrium is reached in each cell, as
opposed to total shutdown of defence mechanisms by viral suppressors.
Thus, equilibrium between suppressed and activated RISC (Potyvirus
infection) or between inactivated and active signal (Cucumovirus infection)
or sequestered vs free minihelix dsRNA (Tombusvirus infection) could be
maintained in the cell.
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Challenge-virus entry

There are three scenarios that can be envisaged to explain cross-
protection against challenge-virus entry.
a. The challenge virus enters a cell that is infected with the protector virus.
Here it is possible that all cross-protection mechanisms may be able to
function: over-expressed CP may prevent uncoating of the challenge virus
(Beachy et al. 1990); uncoated RNA may be degraded by RISC* (Fig. 1),
and the minus RNA strand of the protector virus may hybridize to the
challenge virus RNA. The dsRNA hybrids produced by this third mechanism
might now be susceptible to degradation by Dicer. It is not clear which of
each of these different processes contribute to defense in this case.
b. The challenge virus enters primed cells that contain vsiRNA but are not
infected with the protector virus, as in “green islands” (Fig. 1). In such a
situation we assume that the RISC* targets the challenge viral RNA and
degrades it since other models do not explain cross protection in this type of
phenomena.
c. The challenge virus infects primed cells remote from protector-virus
infected cells, as in the “recovery phenomenon”. In such a case, the vsiRNA
is amplified by the endogenous RdRp, having travelled through the vascular
system, and will be able to activate RISC and degrade the challenge-virus
RNA.

In conclusion, the protector (i.e. the first virus to enter the plant) induces
a certain level of the vsiRNA in various cells and tissues, including those
that the protector virus has not invaded. The challenge virus (i.e., the second
virus to enter the plant) enters a few cells and is now exposed to plant cells,
which already produce or host RISC*, or both RISC* and protector virus.

Features of the silencing model to explain cross protection
a. Strain specificity

Classical cross-protection can be obtained only between closely related
strains of the same virus. For example, it was demonstrated that the mild
ZYMV-WK strain was effective in protecting against serologically related
strains but not against divergent strains of ZYMV (Wang et al. 1991;
Desbiez and Lecoq, 1997). This was also observed in Papaya ringspot virus
(PRSV: Genus Potyvirus), (Chatchawankanphanich et al. 2000) and Barley
yellow dwarf virus (Genus Luteovirus) (Wen et al. 1991). Serological
divergence between strains represents amino acid sequence differences at the
N’-terminus of the CP. In potyviruses much of the N’ is unconserved as
opposed to the CP core. These in turn reflect divergence also at the
nucleotide level, and coincide with silent mutations in conserved domains.
As trans-encapsidation can occur between serologically unrelated viruses of
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the same family (Bourdin and Lecoq, 1991), it seems that strain specificity
must be effected at the RNA level.

According to the silencing model (Fig. 1), a plant infected with the
protector virus activates RISC* at the cellular level. Since RISC* can
efficiently degrade the challenge-virus RNA only when the siRNA
complementation is nearly perfect this may explain why ZYMV-WK was
not efficient in controlling all the ZYMYV isolates (Lecoq and Raccah, 2001).

b. Interval between inoculations

The interval between inoculations of the protector and the challenge
virus is important. This interval is often the one required for the full
establishment of protector virus in the plant, usually between 1-2 weeks.
Shorter intervals can be observed at the cellular level: less than eight hours
in protoplasts protected with the Bromovirus Brome mosaic virus against the
Bromovirus Cowpea chlorotic mottle virus (Watts and Dawson, 1980).The
two viruses are distinct viruses that share a high homology in RNA2. It has
been shown in the laboratory that an interval of 48 hrs is sufficient to
achieve cross-protection between ZYMV mutants that differ in only five
nucleotides located in the CP N-terminus (Desbiez et al. 1997). In a field
test, 14 days were required between the mild ZYMV-WK and the severe
ZYMYV (Walkey et al. 1992). The differences between these intervals could
be due to physiological differences caused by field conditions, or they could
be because the homology between the mild (WK) and the severe ZYMV was
lower than that between the highly similar ZYMV mutants. We speculate
that the interval could depend on the time necessary for accumulation of
RISC* and that a higher titre of the protective virus might be required when
homology between the strains is lower. The same phenomenon was
demonstrated between two non-coding TMV satellite strains, where
inoculation within three days of either type prior to the other, resulted in a
mixed infection. The first-inoculated strain predominated as a function of
time until at three days when cross-protection was fully established (Kurath
and Dodds, 1994).

Co-inoculation of two Plum pox virus (PPV: Genus Potyvirus) clones
expressing GFP and DsRed results in distinct patches of cells infected with
only one of the viruses (Dietrich and Maiss, 2003). Similar results were
obtained with attenuated ZYMV-AG expressing these same reporters, but
with a twist (Gal-On; unpublished results): the GFP-expressing virus
(ZYMV AG-GFP) was more viable and accumulated to higher levels in the
plant. Each construct completely protected against the other when
challenged by mechanical inoculation after two weeks, but in bombardment
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with both of these constructs, each on a separate cotyledon, ZYMV AG-GFP
dominated, and infected many more areas than ZYMV AG-DsRed.

¢. Challenge titer

A higher inculum concentration of the challenge virus can break the
protection in some cases (Cassells and Herrick, 1977). Presumably, if the
level of challenge viral RNA penetrating the cells exceeds the molar ratio of
available RISC* then resistance might be broken.

d. Late breakage of protection and co-existence

Breakage of resistance can occur after initial establishment of cross-
protection. In several of the cross-protection breakdown phenomena the
challenge virus becomes dominant. Greater viability of the challenge strain
(possibly due to faster movement or replication) could permit it to dominate,
so that the symptoms could become those of the challenge virus. This can
happen in a certain percentage of plants in the field such as with PRSV in
papaya where breakdown occurred in 25% of protected trees after 6 months
(Gonsalves and Garnsey, 1989). If the sequence match between the RISC*
and the challenge virus is not optimal then not all of the challenge virus
RNA will be degraded and the “escaped” virus will start to replicate in
parallel to the protector virus.

Viral symptoms and cross-protection

Practical cross-protection requires mild or attenuated virus strains. Virus
symptoms may develop as a consequence of the direct or indirect action of
viral proteins. Many (but not all) viral symptoms have been associated with
viral suppressors of gene silencing (Brigneti et al. 1998; Kasschau et al.
2003; Roth et al. 2004). Viral symptoms can mimic developmental
abnormalities. Many of the viruses that cause such symptoms have
suppressors that are known pathogenicity factors (Chapman et al. 2004), and
different suppressors can cause remarkably similar symptoms (Dunoyer et
al. 2004), similar also to DICER-LIKE-1 (dc/l) mutants of Arabidopsis
which affects development through biogenesis of miRNA (Kasschau et al.
2003). Many, but not all, elements of the siRNA and miRNA biosynthetic
and effector system are shared. It has recently become clear that many
developmental events are negatively regulated by miRNAs through
posttranscriptional regulation of target mRNAs, of which many are
transcription factors (Dugas and Bartel, 2004). Some of these viral
suppressors of siRNA may cause symptoms by interfering with the shared
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stages of the miRNA synthetic or effector processes as a “bystander” effect,
preventing proper downstream mRNA target cleavage. Transgenic
Arabidopsis expressing tombusviral P19, potyviral P1-HC-Pro and Peanut
clump virus (PCV: Genus Furovirus) P15 all had such symptoms and all
suppressed silencing upon crossing with a chalcone synthase silenced line
(Dunoyer et al. 2004). Three different routes may lead to this same
outcome:

a. Plants that express PCV P15 do not have altered levels of miRNA.

b. Plants that express tombusviral P19 have altered levels of miRNA. P19
probably directly binds and sequesters both the minihelix formed from the
siRNA duplex and that formed from the miRNA/miRNA* couple cleaved by
DCL-1 (Ye et al. 2003; Dunoyer et al. 2004) and might cause the loss of
their 3° overhangs. miRNA* is the opposite strand by-product of miRNA
production.

c. Plants that express potyvirus P1-HC-Pro have altered levels of miRNA
and especially accumulate miRNA* whose levels are normally nearly
undetectable (Chapman et al. 2004). P1-HC-Pro does not bind dsRNA itself
(Urcuqui-Inchima et al. 2000) but is known to bind plant proteins such as
rgs-Cam that have suppressor activities of their own (Anandalakshmi et al.
2000). This aberrancy in miRNA* might be an effect of indirect duplex
stabilisation causing inhibition of target cleavage (or translational
repression).

Selection of mild strains for cross-protection

Natural selection

Natural selection of mild strains of plant viruses may arise through
evolution, as a result of the actions of direct and indirect forces. Direct
selective forces against aggressive strains include reduction of the host pool.
The cross-protection mechanism may be an indirect force through which
plants develop resistance to aggressive virus infection. Thus, a plant
population that allows the systemic infection by and transmission of a mild
strain might have an advantage when a new aggressive form appears. Indeed
most vegetatively cultivated plants contain viruses that do not cause severe
disease or significantly affect reproduction. The extensive cultivation,
breeding and transport of crop plants during the recent centuries have
interrupted the plant-virus equilibrium, causing cultivars to become more
susceptible (as is common with annual crops) and creating opportunities for
new virus-plant combinations. Attempts to isolate mild strains from non-
cultivar plant species were unsatisfactory for cross protection applications,
since they significantly affected the yield. Consequently, the need for control
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of epidemic viral diseases brought scientists to search for alternative ways to
obtain mild strains (Lecoq and Raccah, 2001).

Artificial selection

Three methods have been used for selection of mild strains.

a. Selection from naturally occurring strains. This method is based on
surveying mild symptoms in the field, and subculturing the isolated putative
mild virus. Such a method is more often applied to viruses of orchard crops
such as Cocoa swollen shoot virus (Genus Badnavirus) in cocoa (Gonsalves
and Garnsey, 1989), CTV from citrus (Costa and Muller, 1980), and Arabis
mosaic virus (Genus Nepovirus) from grapevine (Huss et al. 1989).

b. Selection from a mixed population. This method is based on
inoculation of an isolated virus population on host plants, which react to
virus infection with a local-lesion phenotype. Each local lesion represents
one or several particles from the mixed population, and is amplified by
several passages on local lesion hosts prior to inoculation on a systemic host.
The ZYMV-WK mild strain was isolated in such a manner (Lecoq et al.
1991).

c. Selection of mild mutants induced under artificial conditions. It has
been shown that growing plants infected by viruses at high or low
temperatures could induce the formation of mild strains of TMV in tomato
and of Soybean mosaic virus (Genus Potyvirus) in soybean (Oshima, 1975;
Kosaka and Fukunishi, 1993). In addition, exposure of a virus preparation to
mutagenic nitrous acid was successfully used to generate mild strains of
ToMV and PRSV (Rast, 1972; Yeh and Gonsalves, 1984). The artificial
treatments were followed by single-local-lesion selection to generate the
mild strain.

The potential of genetic engineering for producing mild strains

In contrast to the empirical methods for mild strain selection, the ability
to generate an infectious clone of many agriculturally important viruses and
accumulated data on molecular determinants of virus pathogenicity
potentially facilitate the engineering of new attenuated viruses.

Random mutations throughout the virus genome created mild strains of
several viruses. However, such attenuated mutants were usually defective in
replication or movement compared with the wild type. For such reasons no
artificial attenuated viruses were successfully produced. The engineered
ZYMV-AG is a mild virus, which is accumulated and systemically spreads
similarly to the wild type ZYMYV (Gal-On and Raccah, 2000). The AG strain
is a unique mild cloned virus, which contains two mutations. The first
mutation alters the symptoms from severe to attenuated; it is located in the
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HC-Pro gene in the conserved FRNK motif (Fig. 2) (Gal-On and Raccah,
2000). This mutation was found in the two wild-type strains of ZYMV (WK
and NAT). The second mutation is located in the N’-terminus of the coat
protein in the conserved DAG motif, and eliminates aphid transmissibility
(Gal-On et al. 1992).

The use of an engineered clone offers several advantages over empirical
selection methods. A clone is a contamination-free, homogenous and
identifiable source of inoculum. It is possible to add extra mutations, such as
eliminating the possibility of insect transmission (Gal-On et al. 1992).
Vector non-transmissibility isolates the field in which the clone is used from
those nearby, as the virus cannot leave the inoculated crop. Industrially it is
easier and probably cheaper to employ an engineered clone (cDNA) for
mass inoculation than growing infected plants as a source of inoculation.
The greatest advantage, however, is that another gene can be added to the
clone to provide plant protection in the field, in addition to cross-protection.
We recently showed a unique example of such a system, when we
demonstrated the expression of a herbicide resistance gene (bar) that was
successfully tested in the field with several cucurbit crops (Fig. 2)
(Shiboleth et al. 2001). This AG-bar vector can potentially also be used for
viral cross-protection.

Cross-protection as a practical method for virus control

Cross-protection has been demonstrated with many viruses belonging to
different families. Most of the published cross-protection experiments are
summarized in Table 1. These were performed either in the laboratory or in
the field, and include both RNA and DNA viruses. Although many scientific
publications have shown the effectiveness of viral cross-protection against
many different viruses, its actual use as a bio-control agent has been
relatively limited and today it is almost unused. In general, cross-protection
might be common and effective in perennial crops (e.g., trees), in which the
protector virus (a natural mild strain) is spread naturally by an insect vector,
since many stone-fruit and citrus trees are persistently infected. Examples
are presented in a review by Fulton (1986).
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Fig. 2. ZYMV-AGII as an attenuated, aphid non-transmissible, potentially cross-protecting
expression vector. A single mutation in the potyviral suppressor gene HC-pro from FRNK to
FINK attenuates symptoms in various cucurbits (left). Functional expression of bar via AGII-
Bar in cucurbits confers resistance to glufosinate ammonium herbicide (Basta®) (right).
Melons were sprayed with 0.5% Basta 14 days after planting and photographed 5 days later.
(See also Colorplates, p. xvii)

Current uses of cross-protection

Protection of orchard crops. There are only two examples of cross-
protection of major economic importance in orchards that are in use today:
against CTV and PRSV.

CTYV. In several regions of the world CTV was the most disastrous
epidemic disease in citrus orchards, and protection by graft inoculation
(budding) with mild naturally occurring strains provided good protection
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(Hamilton, 1985). A total of 50 million orange trees have been protected
with a mild strain in Brazil (Costa and Muller, 1980; Urban et al. 1990).
Successful control of CTV had a great impact, with a natural mild virus
strain in Australia, India, Israel, Japan, South Africa and the USA (Hamilton,
1985). CTV is a phloem-limited virus transmitted by aphids in semi-
persistent manner; therefore control of infection of the challenge (severe)
virus is restricted to phloem cells, which are infected (or not) with the
protector virus.

PRSV. This virus, identified about 30 years ago, is the most destructive
papaya disease worldwide, and has become a limiting factor in production
(Gonsalves, 1998). Damage can reach 100%, and no naturally resistant
cultivars are available. An attenuated PRSV mutant has been produced by
nitrous acid mutagenesis of the HA strain, since there was no natural mild
strain (Yeh and Gonsalves, 1984). Cross-protection against PRSV has been
achieved successfully and is widely used in Taiwan, Thailand, Mexico,
Florida and Hawaii, with several different mutated mild viruses. It was
demonstrated that the mild mutant from Hawaii was unable to protect
papaya in Taiwan and vice versa, indicating insufficient sequence homology
between the protector and the challenge wild-type strains of PRSV in those
areas (Yeh et al. 1988; Tennant et al. 1994). Sequence homology between
the PRSV isolates from Hawaii and the Far East were 84-90%, which may
explain the low protection level, based on RNA-mediated resistance rather
then CP-mediated resistance. Similar strain-specific resistance was observed
with transgenic papaya (harboring the PRSV-HA CP gene). This resistance
was shown to be based on an RNA-silencing mechanism and therefore is
restricted to the local isolates (Tennant et al. 2001).

Protection of annual crops. Cross-protection in annual cultivars has
been demonstrated with many viruses (Table 1). However, commercial
applications are currently of lesser significance and are restricted to a few
examples including CMV, ToMV and ZYMV.

CMYV. Cross-protection was applied in China against wild-type CMV
strains, with or without a necrogenic satellite (Tien and Wu, 1991) but is no
longer deployed. It has also been successfully tested in Europe and the USA
(Jacquemond and Tepfer, 1998).

ToMYV. This virus is very common in field and glasshouse tomato crops,
in which it causes severe symptoms on the fruit and dramatically reduces
yields. Succesful protection was reported under commercial conditions from
1972-1983, using the MII-16 mild strain obtained by nitrous acid
mutagenesis of ToMV (Rast, 1972).

ZYMYV. This is one of the most important pathogens in cucurbits
worldwide. The virus can cause a devastating disease and can cause total
loss (Desbiez and Lecoq, 1997). Currently the WK mild strain (a naturally
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occurring mutant) is being used commercially in Israel, mainly in
watermelon and squash. Inoculation is performed with a mechanized spray
in the nursery, with leaves of greenhouse-grown source plants used as
inoculum (Yarden et al. 2000).

Limitations in cross-protection use

There are a number of reasons for the currently limited use and
application of classical cross-protection. These include practical and safety
concerns (Fulton, 1986; Lecoq and Raccah, 2001). These include the
following:

a. Loss of yields as a result of the mild strain infection in certain
physiological instances.

b. Incomplete protection and breakdown of protection.

c. A strain that is mild in one crop might be severe in another.

d. Difficulty in restricting the protector virus to the treated field, because

of natural vectors.

e. Unavailability of mild strains of practical value.

f. Synergism and ruinous interactions with other viruses.

g. Genetic instability of the protector virus because of mutation or
recombination.

h. Farmers’ reluctance to use live viruses.

i. Availability of alternative technologies such as transgenic plants and
introgression of natural resistance traits.

j. Difficulties and cost of practical inoculum preparation and crop
inoculation.

Summary

Viral cross-protection as a practical method is strictly limited to cases
where no other solution is available, such as during epidemics when no
natural or transgenic resistance is available. Also, transgenic plants do not
always provide a solution to viral infections. A major advantage of cross-
protection with mild strains is its versatility in terms of plant genotype and
cultivar. Currently, in Israel ZYMV-WK is being used to protect a variety of
cultivars of watermelon and squash. In the future, “smart viruses” which will
be mild, vector non-transmissible and cloned, and which will protect against
several viruses may be a feasible transitional solution until transgenic
resistant plants are produced. These viruses could have added traits such as
herbicide resistance (Fig. 2) or other traits to provide additional benefits to
consumers and growers.
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Table 1. Cross-protection experiments effective in the field or laboratory
L L Test
Protecting virus Challenging virus Host plant site Reference
Alfamovirus
Alfalfa mosaic virus AIMV Severe strain Bean lab (Hull and Plaskitt,
mild strain 1970)
Badnavirus
Cocoa swollen shoot CSSV wild type Cocoa field | (Hughes and Ollenu,
virus 1994)
Caulimovirus
Cauliflower mosaic CaMV Cabb S strain Turnip, lab (Tomlinson and
virus UN130 strain Brussels Shepherd, 1978;
sprout Zhang and Melcher,
1989)
Closterovirus
Citrus tristeza virus mild | CTV severe strain Citrus field | (Costa and Muller,
strains 1980)
Cucumovirus
Cucumber mosaic virus | CMV(P) severe strain Tomato, lab (Dodds, 1982;
(S) mild strain Tobacco Dodds et al. 1985)
Squash
CMV with satellite Pepper, lab, (Yoshida et al.
Melon field | 1985; Montasser et
al. 1998)
Tomato aspermy virus virulent TAV strains Tomato lab (Kuti and Moline,
1986)
Furovirus
Beet soilborne mosaic Beet necrotic yellow Sugarbeet lab (Mahmood and
virus vein virus Rush, 1999)
Geminivirus
African cassava mosaic | Virulent ACMV strains Cassava field | (Owor et al. 2004)
virus-Uganda
Ilarvirus
Apple mosaic virus Virulent ApMV strains Apple field | (Chamberlain et al.
1964)
Luteovirus
Barley yellow dwarf BYDV PAV Cereal, Oat lab (Jedlinski and
virus- MAV Brown, 1965; Wen
etal. 1991)
Potato leaf roll virus Severe strain of PLRV Potato lab (Webb et al. 1952;
mild strain Harrison, 1958)
Nepovirus
Arabis mosaic virus Grapevine fanleaf virus | C. quinoa lab (Huss et al. 1989)
Tomato ringspot virus virulent ToRSV strains Peach lab (Bitterlin and

Gonsalves, 1988)
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Protecting virus Challenging virus Host plant ;l;::t Reference
Potexvirus
Potato virus X mild PVX severe strain Tobacco lab (Salaman, 1933;
strain Murphy, 1938)
Potyvirus
Papaya ringspot virus — | Virulent PRSV-P wild Papaya field | (Yehand
mutated mild strain type strain Gonsalves, 1984;
Gonsalves, 1998)
PRSV-W Virulent PRSV-W wild Squash, field | (Dias and Rezende,
type strains Watermelon 2000)
Pepper severe mosaic Virulent PeSMV strains | Pepper lab (Tanzi et al. 1988)
virus (M-1)
Plum pox virus Virulent PPV strains Plum lab (Rankovic and
Paunovic, 1989)
Potato virus Y non- PVY necrotic Tobacco lab (Latorre and Flores,
necrotic 1985)
Potato virus A -tobacco | PVA -potato strains Tobacco lab (Valkonen et al.
strains 2002)
Soybean mosaic virus — | Virulent SMV strains soybean lab (Kosaka and
Aal5-M2 field | Fukunishi, 1993)
Vanilla necrosis virus Virulent VNV strains N. lab (Liefting et al.
Mild strain benthamiana 1992)
Water melon mosaic Virulent WMV strains Cucurbits lab (Kameya Iwaki et
virus MV-2 (W1-9) al. 1992)
Zucchini yellow mosaic | Virulent ZYMV wild Squash, field | (Lecoqetal. 1991;
virus-WK type strains Melon, lab Yarden et al. 2000)
Watermelon,
Clone of ZYMV- AG Virulent ZYMV wild Squash, field | (Gal-On and
type strains Melon, lab Raccah, 2000;
Watermelon, Shiboleth et al.
Cucumber 2001)
Rymovirus
Wheat streak mosaic Virulent WSMV strains | Wheat lab (Hall et al. 2001)
virus US strain
Tobamovirus
Tobacco mosaic virus — | TMV-Yellow mosaic Tobacco lab (McKinney, 1929;
Light green mosaic strain Broadbent, 1976)
lab Cassells and
TMV (MII-16) TMV type O Tomato field (Herrick, 1977)
TMV mild strain ™V Pepper lab (Goto et al. 1984)
. . (Kurath and Dodds,
Satellite STMV (T5) Satellite STMV (T5) Tobacco lab 1994)
Crucifer TMV-Cg Virulent CTMV-CgYD Arabidopsis ab (Kurihara and
(engineered) strain Watanabe, 2003)
Tospovirus
Tomato spotted wilt TSWV-BL severe strain | Datura lab (Wang and

virus mild strain

Gonsalves, 1992)
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Overview of virus movement in host plants

After initial inoculation, most viruses spread in host plants via two
mechanisms: local, cell-to-cell movement and systemic movement. Cell-to-
cell movement occurs through intercellular connections, plasmodesmata
(PD), between epidermal (EP) cells and mesophyll (MS) cells, or MS cells
and MS cells. Systemic movement is more complex, comprising three
distinct stages: viral entry into vascular system from MS cells in the
inoculated leaf, long distance transport through the vasculature, and viral
egress from the vascular tissues into MS cells within uninoculated, systemic
organs. Generally, local movement is a relatively slow process (e.g., 5-15
pm/hr, see  Gibbs, 1976), which, in some hosts, may be further restricted by
limitations in the viral replication rate. On the other hand, long distance
movement through the vascular system is rather rapid (e.g., 50-80 mm/hr,
see Gibbs, 1976), occurring with the flow of photoassimilates and, in many
if not all cases, not requiring viral replication (Wintermantel et al. 1997; Susi
et al. 1999). Studies to date show that these two processes are mediated by
different sets of viral proteins, implying that cellular machineries, especially
those for the PD transport that viruses utilize in their two modes of
movement are quite different from each other.
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Local movement

Viral local movement consists of two sequential steps, intracellular
targeting of the virus (or viral transport intermediate) to PD within the host
cell wall, and its intercellular transport by translocation through PD to
neighboring cells. The first step requires replication of the viral genome,
which in different viruses may occur either in the host cell cytoplasm or in
its nucleus. Different viruses may utilize different cellular machineries to
deliver their genomes to PD. For example, viral RNA genomes that usually
replicate in the cytoplasm are likely transported directly to PD, whereas
genomes of some DNA viruses that replicate in the nucleus must first be
exported into the cytoplasm. In virtually all plant viruses, however, the
transport to and through PD requires one or more specialized viral proteins
called movement proteins (MPs). Viral MPs, in turn, interact with cellular
factors and structures, such as endoplasmic reticulum (ER) and actin and
microtubule network, suggesting their involvement in the viral intracellular
translocation pathway(s) (reviewed in Lazarowitz and Beachy, 1999; Tzfira
et al. 2000; Heinlein, 2002a; Waigmann et al. 2004).

Once a virus reaches the PD it has to enter and cross this channel
connecting neighboring cells. The size exclusion limit (SEL) of PD varies
depending on the type of tissue and its developmental stage but in some
cases, it can be as small as ~1 kDa (Barclay et al. 1982; Tucker, 1982;
Goodwin, 1983; Terry and Robards, 1987; Wolf et al. 1989), which is
obviously too small to allow transport of viruses or even free viral genomes
(Gibbs, 1976). Thus, viruses have evolved the ability to increase the SEL of
PD to allow their movement through the channel (reviewed in Maule, 1991;
Citovsky and Zambryski, 1993; Zambryski, 1995; Citovsky, 1999;
Lazarowitz and Beachy, 1999; Tzfira et al. 2000; Zambryski and Crawford,
2000; Ueki and Citovsky, 2001b; Heinlein, 2002b; Lucas and Lee, 2004;
Waigmann et al. 2004). Viral strategies for the cell-to-cell movement can be
classified into two main groups, “PD gating” and “tubule formation”. In the
gating strategy, which is non-destructive, MP associates with the viral
genome into a movement (M) complex and reversibly increases PD
permeability to allow the passage of the M-complex into the adjacent cell,
after which the PD SEL reverts to its default value. This general movement
mechanism is probably utilized by the majority of plant viruses, some of
which (e.g., tobamoviruses) encode a single MP, usually with a size of 30
kDa, while others (e.g., potyviruses, hordeivirus, geminiviruses, and
potexviruses) produce several proteins with a movement function. In the
tubule formation strategy, employed by several specific viruses, such as
Cauliflower mosaic virus (CaMV) (Kasteel et al. 1996), Cowpea mosaic
virus (CPMV) (Kasteel et al. 1993; Kasteel et al. 1996; Kasteel et al. 1997),
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Grapevine fanleaf virus (GFLV) (Ritzenthaler et al. 1995), Tomato spotted
wilt virus (TSWYV) (Storms et al. 1995), and Alfalfa mosaic virus (AIMV)
(Kasteel et al. 1997; Huang and Zhang, 1999; Huang et al. 2000), viral MPs
promote formation of large tubules that span PD, irreversibly eliminating
their inner structure and allowing transport of the entire viral particles or
partially encapsidated viral genomes.

Whichever strategy is used, the invading virions continue to spread
locally, from cell to cell until they reach the host vascular system, which
they then utilize for systemic movement.

Systemic movement

Having reached the host vasculature, the virus insinuates into this conduit
and spreads to most (but not all) parts of the plant. The vast majority of
viruses move through the phloem component of the vascular system,
although some, such as Rice yellow mottle virus (RYMV) (Opalka et al.
1998) and Cucumber green mottle mosaic virus (CGMMYV) (Moreno et al.
2004), have been reported to move through xylem parenchyma and xylem,
respectively. To enter vasculature from MS cells, virus must traverse PD
between several different types of tissues. The spreading virus will
encounter PD in cell walls at the boundaries between: (1) ME and bundle
sheath (BS); (2) BS and vascular parenchyma (VP), and (3) VP and the
phloem companion cell (CC)/sieve element (SE) complex or VP and xylem.
Studies using various viruses and their mutants demonstrated that viral
systemic movement could be blocked at most of these intercellular
boundaries, suggesting that PD at each boundary possess different and
specific structural and biochemical features. Once within phloem, the virus
moves rather rapidly to reach the uninfected tissues. In this process, most
viruses, except for umbraviruses that do not posses capsid protein (CP), are
thought to move in either an encapsidated form or otherwise associated with
CP (Waigmann et al. 2004, and references therein). Tracking systemically
moving viruses, such as CaMV (Leisner et al. 1993) or GFP-expressing
recombinant tobamoviruses and PVX (Santa Cruz et al. 1998; Cheng et al.
2000), confirmed that these viruses, and presumably other viruses that move
through the phloem, follow the route that the host plant uses for trafficking
photoassimilates from its source leaves to the sink tissues. Thus, sink tissues
represent the major and preferential targets for viral systemic movement.
Having entered SE, viruses move in two opposite directions: upward to the
sink leaves and downward to the roots. Interestingly, the upward movement
occurs significantly faster than the downward spread. That viruses utilize
structurally different types of phloem, i.e., internal and external, for their
upward and downward movement, respectively, may underlie this difference
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in the rate of movement (for details, see Andrianifahanana et al. 1997,
Guerini and Murphy, 1999; Cheng et al. 2000).

In the sink leaves, virus exits the vascular tissue into ME cells. The
mechanism by which virions exit the vascular conduit is likely different
from that by which they enter this transport system. For example, some
abiotic factors (e.g. cadmium ions: Citovsky et al. 1998; Ghoshroy et al.
1998) and cellular proteins (e.g. cadmium-induced glycine rich protein
(cdiGRP): Ueki and Citovsky, 2002) inhibit only viral egress from, but not
entry into, the host phloem. In addition, GFP-expressing viruses load into
the vascular tissue via both minor and major veins in the inoculated leaves,
but unload only from major veins in uninoculated leaves, but not from minor
veins (Santa Cruz et al. 1998; Cheng et al. 2000). Furthermore, transport of
numerous cellular proteins in the plant vasculature often is also polar;
specifically, proteins synthesized within CC move into SE but fail to be
transported into the surrounding VP, BS, or ME cells (reviewed in Lucas and
Gilbertson, 1994). Collectively, these observations suggest that
macromolecular transport into the vasculature may be more promiscuous, i.e
occurring by diffusion or by a loosely regulated process, whereas transport
out of the vasculature may be selective and/or tightly regulated by host
factors. Potentially, at least some of these as yet unidentified regulatory
mechanisms/pathways may also contribute to the arrest of virus movement at
specific intercellular boundaries in some hosts, resulting in resistance to viral
systemic infection.

Host resistance to viral infection based on restriction of virus
movement

Ideally, resistance to viral infection can be attributed to restriction of
virus movement per se if: (1) virus replication and accumulation still occurs
in the initially inoculated cell, (2) infection does not spread or spreads very
slowly to uninoculated areas, local or systemic, and (3) the lack of viral
spread does not involve mechanisms, such as systemic acquired resistance
(SAR), the hypersensitive response (HR), or post transcriptional gene
silencing (PTGS), that do not target viral transport directly. The third
criterion is particularly important because the involvement of SAR, HR or
PTGS can produce a lack of infection symptoms that may be interpreted as
arrest in viral movement. For example, in Nicotiana tabacum cv. Xanthi nn,
Tobacco mosaic virus (TMV) Holmes’ masked strain (TMV-M) accumulates
only at low levels in vascular tissues of the inoculated and uninoculated, sys-
temic leaves whereas TMV-UT strain accumulates to high levels in both types of
leaves of the same host (Nelson et al. 1993; Ding et al. 1995). Initially, these
attenuated symptoms were attributed to a combination of low replication effi-
ciency and suppression of virus systemic movement, and one of the TMV
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components, the 126 kDa protein, was implicated in these effects on viral spread
(Nelson et al. 1993; Ding et al. 1995). Recently, however, the 126-kDa protein
has been shown to suppress RNA silencing in N. tabacum and N. benthamiana
plants, indicating that the lack of TMV-M movement is most likely due to
the weaker ability of this virus strain to suppress RNA silencing (Ding et al.
2004). Here, we focus on the examples of host resistance to viral movement
that fulfill the first two criteria, leaving the effects of SAR, the HR or PTGS
beyond the scope of this discussion.

The host-virus combinations that develop only limited viral movement
are summarized in Table 1. Importantly, these combinations are usually very
specific, and a host that restricts movement of a certain virus strain remains
susceptible to other strains of the same viral species. Often, this restriction is
determined by a viral factor that has only few amino acid changes compared
to the unrestricted virus strains, suggesting that this viral factor plays a
crucial role in the movement process.

Restriction of systemic movement of tobamoviruses

Systemic movement of several strains of TMV is hindered in specific
plant hosts. For example, when inoculated on spinach plants (Spinacia
oleracea) TMV accumulates only in the inoculated, but not in the non-
inoculated leaves (Spitsin et al. 1999). This restriction of systemic movement
is overcome when TMV CP is substituted with CP of AIMV, which infects
the host systemically. Thus, it is TMV CP that is incompatible with the sys-
temic transport machinery of spinach.

Table 1. Host resistance to viral infection based on restriction of virus movement

Virus/host Host genetic . Viral
combination trait Description movem'ent Reference
determinant
T™MV / N.D. The virus is restricted to the  CP (Spitsin, et al. 1999)
Spinach 1lated tissues.
PVY, TVMV, TEV/ Recessive va Virus is restricted to a few VPg (Miller, 1987,
Tobacco lines mutation epidermal cells after Gibbs, et al. 1989,
carrying the va induced by inoculation and does not Nicolas, et al.
mutation X-ray spread. 1997)
irradiation
PSbMV-NY / N.D. The virus is restricted to the CP (Andersen and
Chenopodium inoculated tissues. Johansen, 1998)
quinoa
PSbMV P1/P4 Recessive. Pisum sativum lines VPg (Keller, et al. 1998,
pathotypes / sbm-1 and PI193835 and JI1405 are Borgstrom and
Pea sbm-4 resistant to PSbMV Johansen, 2001,
(eIF4E) pathotypes P1 and P4 most Gao, et al. 2004b)

likely due to suppression of
viral cell-to-cell movement.




294

S. Ueki and V. Citovsky

’ . Viral
Virus/host Host genetic -
s . Description movement  Reference
combination trait R
determinant
TEV-HAT / Two non- The virus is restricted to the  VPg (Schaad and
N. tabacum cv. V20 linked, inoculated tissues. Carrington, 1996,
recessive loci Schaad, et al. 1997)
PVA-M/ N.D. The virus is restricted to the  6K2 and VPg (Rajamaki and
Nicandra physaloide inoculated tissues. Valkonen, 1999)
PVA-Aliand B11/ Recessive ra  The virus is restricted to the VPg (Hamalainen, et al.
Potato gene inoculated tissues. 2000, Rajamaki and
Valkonen, 2002)

PPV/ N.D. The virus is restricted to the HC-Pro (Saenz, et al. 2002)
N. tabacum inoculated tissues.
Xanthi-nc
TEV/ Dominant The virus is restricted to the  N.D. (Mabhajan, et al.
Arabidopsis thaliana RTM]I locus, inoculated tissues. 1998,
ecotypes Col-0, Col- jacaline-like Chisholm, et al.
3, Ws-2, and others.  protein 2000)
PepMoV-FL / Single, Upward movement of the N.D. (Guerini and
C. annuum cv. recessive virus through the phloem is Murphy,
Avelar locus suppressed. 1999)
CaMV CM4-184/  N.D. Developmental stage- N.D. (Leisner and
A. thaliana ecotype dependent restriction in Turgeon, 1993,
Ws-0 systemic movement. Leisner, et al. 1993)
CaMV CM4-184/ Single, Restricted to inoculated N.D. (Leisner and
A. thaliana ecotype ~ dominant tissues, regardless of Turgeon, 1993,
En-2 locus developmental stage. Leisner, et al. 1993)
PLRV/ N.D. Phloem limited, but co- N.D. (Barker, 1987)
Potato inoculation with a helper

virus, such as PVY,

increases PLRV levels in

MS cells 10-fold*
PLRV/ N.D. Viral accumulation is N.D. (Barker and
Potato lines, such as suppressed in external Harrison, 1986,
Petland Crown, phloem. Derrick and Barker,
G7032(5), etc. 1992, 1997)
BCTV-Logan / Single Asymptomatic infection. N.D. (Lee, et al. 1994)
A. thaliana ecotypes  recessive
Ms-0 and Pr-0 locus
TAV/ N.D. Virus loading into N.D. (Taliansky and
Cucumber vasculature is arrested at the Garcia-Arenal, 1995)

BS/phloem boundary.
CCMV / N.D. Virus loading into N.D. (Goodrick, et al.
Soybean line vasculature is arrested at the 1991b)
PI346304 BS/phloem boundary.

! Not determined

? Helper virus may suppress host defense reaction against PRLV.
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Studies of arrested movement of tobamoviruses helped to define
intercellular boundaries, which the virus must cross to establish systemic
infection. For example, when a CP-deficient TMV mutant strain is
inoculated on N. tabacum cv. Xanthi-nn, the mutant virus accumulates in
VP, but does not enter CC, demonstrating that the VP/CC boundary can
impede virus transport (Ding et al. 1996). The existence of intercellular
boundaries for tobamoviral systemic transport is also indicated by the
observations that, when wild-type tobamoviruses, such as TMV or Turnip
vein clearing virus (TVCV), are inoculated onto tobacco plants treated with
sub-toxic concentration of cadmium ions or onto transgenic tobacco plants
over-expressing cdiGRP, the virus is unable to unload from the vasculature
in systemic leaves, but the viral cell-to-cell movement remains intact
(Citovsky et al. 1998; Ghoshroy et al. 1998; Ueki and Citovsky, 2002). That
blocking systemic transport of tobamoviruses at these cellular interfaces may
also to underlie a naturally occurring host resistance, remains to be
demonstrated.

Interestingly, host plant mutants or cultivars/ecotypes that specifically
restrict tobamoviral local movement have not been reported to date. This
could be because, to move between cells, tobamoviruses utilize the cellular
machinery that is vital for the host plant life cycle, and impairing this cell-to-
cell transport ability would be lethal for the host. Indeed, in all known cases,
extensive genetic screens failed to identify mutants of Arabidopsis thaliana,
a choice plant for genetic research (Meyerowitz, 1987; Pang and
Meyerowitz, 1987; Simon, 1994), that are compromised in local movement
of tobamoviruses (Ishikawa et al. 1991; Ishikawa et al. 1993; Lartey et al.
1998; Sheng et al. 1998; Yamanaka et al. 2002).

Restriction of local and systemic movement of potyviruses

(a) Resistance of commercial tobacco plants to potyviruses mediated by the
host va gene

Strictly speaking, the resistance conferred by the va gene is not an
example of “natural resistance”, because the va gene is originally derived
from a mutant tobacco line “Virgin A Mutante” generated by X-ray
irradiation (Koelle, 1961). It is a single recessive gene which has been
transferred into many commercial tobacco lines to produce resistance against
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three potyviruses, Potato virus Y (PVY), Tobacco vein mottling virus
(TVMYV) and Tobacco etch virus (TEV) (Miller, 1987). When a tobacco
plant homozygous for the va gene, such as cultivar TN86, is infected by one
of these potyviruses, the virus is restricted to epidermal cells of the
inoculated leaves (Miller, 1987). The detailed molecular mechanism by
which the va gene confers potyviral resistance is unknown. That a TVMV
strain, TVMV-WT, is restricted to only few isolated cells or a group of cells
when mechanically inoculated onto TN86 leaves, but retains its replication
capacity in TN86 protoplasts suggests that initial replication is not the step
impaired in the host plant (Gibbs et al. 1989). Also, co-inoculation of the
resistance-breaking strain TVMV-S with the attenuated strain TVMV-WT
does not restore TVMV-WT infection in the TN86 plant, demonstrating that
the ability of TVMV-S to move in the TN86 plants is not due to suppression
of the host defense reaction. Moreover, systemic accumulation of TVMV-S
is not impaired when co-inoculated with TVMV-WT, suggesting that
TVMV-WT does not elicit anti-TVMV defense reaction, such as SAR.
Collectively, these observations suggest that tobacco plants homozygous for
the va mutation do not support cell-to-cell movement of potyviruses (Nicolas
et al. 1997).

While the mechanism by which the va mutation affects viral movement is
still obscure, the studies using chimeric virions consisting of TVMV-WT
and TVMV-S sequences revealed that a domain within the viral genome-
linked protein VPg of TVMV-S is responsible for overcoming the va-gene
resistance (Nicolas et al. 1997). In addition, an extensive genetic study
demonstrated that the resistance conferred by va is due to deletion of a large
fragment of a genomic sequence at the Va locus which governs susceptibility
to potyvirus infection (Noguchi et al. 1999).

(b) Resistance of Chenopodium quinoa to Pea seed-borne mosaic virus
(PSbMV)

When two isolates of PSbMV, DPDI and NY, are inoculated on
Chenopodium quinoa, PSbMV-NY does not move long distance and
accumulates only in the inoculated leaves whereas PSbMV-DPD1 spreads
systemically (Andersen and Johansen, 1998). Importantly, PSbMV-NY is
not detected in the stem internodes above or below the inoculated leaf even
at 6 weeks post inoculation, suggesting impairment of viral transport through
the host vascular system (Andersen and Johansen, 1998). Also, co-
inoculation with PSbMV-NY does not block the systemic spread of PSbMV-
DPD1, showing that the inability of PSbMV-NY to establish systemic
infection in Chenopodium quinoa is not due to SAR induction (Andersen
and Johansen, 1998). Thus, Chenopodium quinoa most likely directly
restricts systemic transport of PSbMV-NY (Andersen and Johansen, 1998).
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Mutational analysis of the PSbMV genome reveals that, among 12
changes in the amino acid composition found between N-terminal 130 amino
acids of CPs of the DPD1 and NY isolates, the serine-to-proline change at
position 47 (Serd47Pro) is responsible for the differences in systemic
movement between these PSbMYV isolates. Specifically, replacing the Ser-47
residue of the PSbMV-NY CP with proline is sufficient to restore systemic
spread in Chenopodium quinoa while replacing Pro-47 with serine in the CP
of PSbMV-DPDI1 restricts the systemic spread of this virus (Andersen and
Johansen, 1998). This role of CP Ser-47 residue in restricting PSbMV
systemic movement is likely specific for the NY and DPDI1 isolates because
other isolates of this virus, such as s6 and nep-1, that contain Ser-47 in their
CPs still exhibit systemic movement in the same host (Andersen and
Johansen, 1998).

(c) Resistance of pea to PSbMV

Pea (Pisum sativum) lines P1193835 and JI1405 are resistant to PSbMV
pathotypes P1 and P4, such as PSbMV-DPDI1 and PSbMV-NY isolates,
respectively, whereas PI269818 is resistant to PSbMV P1, but susceptible to
P4 (Keller, et al. 1998; Borgstrom and Johansen, 2001; Gao et al. 2004a;
Gao et al. 2004b). The recessive genes that confer the resistance to
pathotypes P1 and P4 of PSbMV are designated sbml and sbmd,
respectively. In the case of sbm 1, the viral VPg protein was identified as the
virulence determinant of PSbMV which may reduce viral amplification due
to a weaker interaction with a putative PI269818 host factor encoded by
sbml (Keller et al. 1998; Borgstrom and Johansen, 2001). The eukaryotic
translation initiation factor e[F4E from various plant species has been shown
to interact with the potyviral VPg protein or its proteolytic precursor VPg-
Pro (NIa) in yeast two-hybrid system or in vitro pull-down assays,
suggesting that e[F4E may represent a host factor involved in potyviral
infection (Wittmann et al. 1997; Leonard et al. 2000; Schaad et al. 2000;
Leonard et al. 2004). Also, a genetic study showed that an elF4E allele is
tightly linked with sbm-1 (Gao et al. 2004a). Moreover, when GUS- or GFP-
expressing PSbMV P1 and P4 infectious clones are co-bombarded with an
expression vector carrying elF4E from a susceptible plant line into the
resistant line JI1405, the virus accumulates and spreads in the plant of the
resistant genetic background (Gao et al. 2004b). Thus, elF4E from a
susceptible line is sufficient to rescue not only the initial amplification of the
virus but also its subsequent local movement (Gao et al. 2004b). Sequence
comparison of the elF4E proteins from pea lines resistant (JI1405 and
PI1193835) and susceptible (JI2009 and 744) to PSbMV pathotypes P1 and
P4 shows 5 amino acids differences: Leu62Trp, Asp73Ala, Asp74Ala,
Argl07Gly, and Lys169Asn. Interestingly, line PI269818, which is resistant
to PSbMV pathotype P1 but susceptible to pathotype P4, shows only 3
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amino acid substitutions, Pro73Ala, Asp74Ala, and deletion77Ser,
demonstrating that subtle changes in amino acid composition of eIF4E are
sufficient to change the resistance spectrum of the host (Gao et al. 2004b).
Thus, mutations in the e/F4E gene underly the sbm-1 and sbm-4 phenotypes,
and the eIF4E protein is involved both in potyviral replication process as
well as viral cell-to-cell movement (Gao et al. 2004b).

Additional reports substantiate plant resistance to potyviruses that
involves viral VPg and cellular eIF4E sequences (Ruffel et al. 2002; Nicaise
et al. 2003). While the detailed mechanisms of this resistance are yet to be
elucidated, they may involve a restriction in viral local movement due to
incompatibility between the viral VPg and the plant eIF4E proteins.

(d) Resistance of tobacco to TEV

Two TEV strains, TEV-HAT and TEV-Oxnard, replicate and move
from cell-to-cell in N. tabacum cv. V20, but TEV-HAT does not spread
systemically in this host (Schaad and Carrington, 1996; Schaad, et al. 1997).
The TEV infection process was traced using recombinant TEV-HAT and
TEV-Oxnard strains expressing the B-glucuronidase (GUS) reporter gene
(Schaad and Carrington, 1996). When protoplasts from the resistant host
V20 and susceptible host Havana 425 are infected with GUS-expressing
TEV-HAT, they exhibit comparable levels of GUS activity, indicating that
the resistance is not based on the suppression of the initial infection and
replication of the virus (Schaad and Carrington, 1996). Also, determination
of the size of infection foci in both hosts detected no significant differences
in the rate of cell-to-cell movement rate between both hosts (Schaad and
Carrington, 1996). On the other hand, viral accumulation in systemic tissues
of these hosts shows striking differences. In the V20 cultivar, the systemic
tissue remains almost completely free of GUS activity associated with the
recombinant virus even two weeks post inoculation whereas the systemic
tissue of Havana 425 shows increasing GUS activity starting from day five
after inoculation (Schaad and Carrington, 1996). Histochemical staining
revealed that in the resistant strain V20 the virus remains confined to the
initial infection foci. At 14 days post inoculation the infection foci coalesce,
and an apparent tracking of infection along primary veins is observed. When
examined at microscopic level, strong GUS activity is observed in MS, BS,
and phloem cells of the inoculated leaf, suggesting that the GUS-expressing
TEV-HAT is able to load into phloem cells from the surrounding MS cells
(Schaad and Carrington, 1996). Thus, suppression of systemic movement of
TEV-HAT occurs after entering the vasculature or at the boundary between
vasculature and MS in uninoculated leaves. The Havana 425 and V20 lines
were crossed and the progeny plants analyzed for susceptibility to TEV-
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HAT. The results suggested that the resistant V20 phenotype is due to two
non-linked, recessive loci (Schaad and Carrington, 1996).

Comparison of systemic movement of chimeric viruses assembled from
TEV-HAT and TEV-Oxnard revealed that the TEV-HAT VPg is the limiting
component for restriction of systemic movement in N. tabacum cv. V20
(Schaad et al. 1997). Within the VPg coding sequence, a 67-nucleotide
segment containing 10 nucleotide differences, but only five amino acid
differences, between TEV-HAT and TEV-Oxnard is responsible for
controlling the viral systemic infection phenotype in the tobacco cultivar
V20 (Schaad et al. 1997).

Besides VPg, another TEV protein, HC-Pro, may be involved in the
systemic movement of this virus in tobacco. For example, when the amino
acid motif *’CCC*” is substituted with RPA within HC-Pro in a GUS-
expressing TEV, the mutant virus exhibits only minor debilitation in
replication, accumulates in BS and CC, but does not appear in uninoculated
MS, indicating that the mutant virus is unable either to load from CC into SE
or to unload from SE into uninoculated tissues (Cronin et al. 1995). Thus,
HC-Pro may function in later steps of long-distance transport at a specific
intercellular boundary within the plant vasculature or between the vascular
and non-vascular tissues. Although the mechanism(s) by which HC-Pro
affects systemic movement is still obscure, its indirect function in the
transport process is suggested by the observations that HC-Pro is an efficient
suppressor of the anti-viral PTGS defense reaction of the host plant
(Kasschau and Carrington, 1998; Mallory et al. 2001; Kasschau et al. 2003).

(e) Resistance of Nicandra physaloides and potato to Potato virus A (PVA)

In N. physaloides, the M strain of PVA is restricted within the inoculated
leaves whereas the B11 strain spreads systemically(Rajamaki and Valkonen,
1999). When the portion of the genomic sequence of PVA-B11 encoding the
C-terminal parts of CI, VPg, and 6K2 proteins and the N-terminal part of the
Nla-Pro protein is replaced with the corresponding region of PVA-M, the
resulting chimeric strain, B11-M, loses its ability to move systemically. The
replaced sequence contains four amino acid differences between the two
isolates: one in the 6K2 protein and three in the VPg protein, suggesting that
both proteins may function in the systemic movement of PVA (Rajamaki
and Valkonen, 1999). Because 6K2 exists as polyprotein with VPg and Nla
in the infected cells (Restrepo-Hartwig and Carrington, 1994), it may
function synergistically and in cis with VPg during the process of viral
systemic movement. The step of systemic movement that is restricted
remains to be determined.

In the case of a different host, Solanum commersonii, PVA-Ali and B11
are restricted within the inoculated leaf whereas other strains, such as PVA-
M, PVA-U, and PVA-TamMYV, infect the host systemically, penetrating
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upper systemic leaves and tubers (Rajamaki and Valkonen, 2002). When
viral accumulation within the inoculated leaves is compared between these
strains, the restricted strains PVA-Ali an PVA-B accumulate to levels 2-10
fold higher than those of the unrestricted strains, demonstrating that the
restriction in systemic movement is not due to suppression of replication
(Rajamaki and Valkonen, 2002). When PVA-U or Bl1 is inoculated on a
potato leaf grafted onto a tobacco plant (N. fabacum cv. Samsun nn), which
is susceptible to both of the PVA isolates, the tobacco root stock is infected
by PVA-U, but not by PVA-B11, suggesting that PVA-B11 is unable to
penetrate the potato vascular system for systemic spread into tobacco. Also,
in situ hybridization as well as immunohistochemistry revealed that B11 is
rarely observed in vascular tissues of the inoculated leaves, suggesting that
the impaired loading of B11 into phloem cells from MS cells may underlie
the restriction of PVA-B movement in potato (Rajamaki and Valkonen,
2002). A single amino acid substitution, His1 18Tyr, in the central domain of
the PVA-B11 VPg protein restores the systemic movement of PVA-B11 in
potato (Rajamaki and Valkonen, 2002). Additional amino acid substitutions
in the central (residue 116) and C-terminal domains of VPg (residue 185)
and in the N-terminus of the 6K2 protein (residue 5) alter virus accumulation
and the rate of systemic infection, but are not sufficient, if introduced by
themselves, to restore the systemic infection by PVA (Rajamaki and
Valkonen, 2002). Thus, the central domain of PVA VPg is important for
specific virus-host interactions that allow invasion of phloem cells by PVA
(Rajamaki and Valkonen, 2002).

As for host factors involved in the restriction of PVA movement, a
recessive gene ra, that may be linked with or allelic to the extreme resistance
locus Ry., has been shown to cause a complete blockage of vascular
transport of PVA in S. tuberosum cv. andigena (Hamalainen et al. 2000).

(f) Resistance of N. tabacum cv. Xanthi-nc to Plum pox virus (PPV)

PPV systemically infects several species of the Nicotiana genus
including N. clevelandii and N. benthamiana. PPV also replicates in the
inoculated leaves of N. tabacum cv. Xanthi-nc, but it fails to infect this host
systemically (Saenz et al. 2002). However, when PPV is inoculated on
transgenic N. tabacum cv. Xanthi-nc plants that express the HC-Pro, P1, and
P3 proteins encoded by the 5’-terminal part of the genome of TEV, which
moves systemically in this host species, systemic movement of PPV also
occurs. The ability of these transgenic tobacco plants to allow PPV systemic
infection is abolished by mutating the HC-Pro part of the transgene (Saenz et
al. 2002), indicating that it is the HC-Pro protein that determines the host
specificity of PPV and TEV systemic infection, and that HC-Pro protein may
represent a limiting factor for systemic infection of N. tabacum by PPV
(Saenz et al. 2002). Because HC-Pro suppresses PTGS (Kasschau and
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Carrington, 1998; Mallory et al. 2001; Kasschau et al. 2003), it may also
function in the systemic movement indirectly, by suppressing silencing of
the potyviral genomes by the host (Ratcliff et al. 1997; Kasschau and
Carrington, 1998; Li and Ding, 2001; Baulcombe, 2002; Moissiard and
Voinnet, 2004).

(g) Resistance of 4. thaliana cultivars to TEV

When inoculated with TEV, some 4. thaliana ecotypes, such as C24 and
Landsberg erecta (La-er), support both local and long-distance spread of
TEV, whereas other ecotypes, such as Columbia-0 (Col-0), Col-3,
Wassilewskija-2 (Ws-2) and several others, allow only local, cell-to-cell
movement (Mahajan et al. 1998; Whitham et al. 1999). The latter group
appears to restrict TEV systemic movement by a mechanism different from
the classic HR, because of the absence of local lesions in the inoculated
leaves. The SAR pathways are also not involved in this resistance because
Col-0 plants transgenic for the NahG gene, which do not develop SAR due
to conversion of salicylic acid to catechol by the NahG-encoded salicyalte
hydroxylase (Gaffney et al. 1993), are still unable to support TEV systemic
infection. Moreover, TEV does not move systemically in Col-0 plants
carrying nprl alleles that are unable to activate SAR and in Col-0 plants
with ndrl and pad4 alleles that do not develop R-gene-mediated resistance
(Mahajan et al. 1998). Therefore, the lack of systemic infection in those
cultivars is likely due to the restricted systemic movement per se rather than
to SAR or HR.

Genetic crosses between the susceptible and resistant A4. thaliana
ecotypes identified and mapped a dominant RTM/ locus in Col-3 plants
which restricts TEV systemic movement (Mahajan et al. 1998). A later study
revealed that RTM1 encodes a protein similar to a lectin jacalin, suggesting
its involvement in plant defense (Chisholm et al. 2000). However, jacalin-
like proteins are known to function in plant defense pathways distinct from
virus resistance. Thus, RTM1 may inhibit TEV systemic movement in
resistant plants by a novel, albeit still not elucidated, mechanism (Chisholm
et al. 2000).

(h) Resistance of pepper (Capsicum annuum) cv. Avelar to the Potyvirus
Pepper mottle virus (PepMoV)

The Florida isolate of PepMoV (PepMoV-FL) causes attenuated systemic
symptoms in C. annuum cv. Avelar (Guerini and Murphy, 1999). The virus
replicates in protoplasts from this plant species, suggesting that impaired
viral replication does not represents the cause of the restricted infection
(Guerini and Murphy, 1999). When inoculated onto intact plants, however,
the upward movement of PepMoV-FL through the phloem is suppressed.
Tissue immunoblots probed with anti-PepMoV-FL CP antibody showed
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that, 21 days after inoculation, the virus accumulates in one or two stem
internodes above the inoculation leaf, but not in the internal phloem of the
stem segments beyond this point (Guerini and Murphy, 1999). On the other
hand, over time, PepMoV-FL moves downward through the external phloem
and accumulates to detectable levels in the uninoculated organs located
below the inoculated leaves. These observations suggests that it is the
upward movement of the virus that is suppressed in C. annuum cv. Avelar,
confining the infection to the inoculated leaf and plant parts below the
inoculated leaf. The restriction on the PepMoV-FL upward movement in C.
annuum cv. Avelar is released when the KM strain of CMV (CMV-KM) is
co-inoculated with PepMoV-FL (Murphy and Kyle, 1995). Most likely, this
alleviation of the restriction is not due to suppression of the host defense
pathways by CMV-KM because co-infection of plant protoplasts with both
viruses does not increase the accumulation levels of PepMoV-FL. This
observation supports the notion that the limited systemic movement of
PepMoV-FL in C. annuum cv. Avelar is based on impaired systemic
movement through internal phloem (Guerini and Murphy, 1999).

Genetic analyses suggested that a single recessive pvr3 locus underlies
the resistance of C. annuum cv. Avelar to PepMoV-FL but the identity or
function of the protein product of this locus remains unknown (Murphy and
Kyle, 1995; Murphy et al. 1998). The resistance of C. annuum cv. Avelar is
virus-specific, as this host remains susceptible to another potyvirus, TEV.

Differential susceptibilities of A. thaliana ecotypes to an isolate of
Cauliflower mosaic virus (CaMV)

Several A. thaliana ecotypes are resistant to systemic infection by the
CaMV isolate CM4-184 (Leisner et al. 1993). When CaMV is inoculated on
plants 14 days post germination and the infection is analyzed 35 days after
inoculation, the early flowering ecotype Ws-0 shows viral accumulation
levels comparable to those observed in the infected ecotype Col-1 in flower
stalks, cauline leaves and siliques, but low or no virus accumulation in
rosette leaves. In contrast, in the late flowering ecotypes, Frankfurt-2 (Fr-2)
and Finland-3 (FL-3), viral infection is more extensive, spreading also to
rosette leaves. This difference in the spread of the virus is presumably due to
differences in the timing of sink-to-source transition in different tissue of
each ecotype. Since flower stems, flowers, siliques, and, presumably, cauline
leaves are the permanent sink tissues, they are expected always to receive
the virus from infected source tissue, i.e. rosette leaves. On the other hand,
rosette leaves are destined to transform from sink to source at a certain
developmental stage, and the timing of this transition appears to correlate
with the emergence of the flower stem (bolting) (Leisner et al. 1993).
Tracing "“C-labeled photoassimilates generated in a rosette leaf reveals that
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they translocate into the adjacent rosette leaves when the plant is at the
developmental stage before bolting. Once the flower stem has emerged,
however, the photoassimilates move into the upper parts of the plant,
including the flower stem and cauline leaves, but not into rosette leaves
(Leisner et al. 1993).

That CaMV moves throughout the host plant with the flow of
photoassymilates makes this virus a sensitive and specific “marker” of the
sink/source profiles of different tissues in A. thaliana ecotypes. For example,
when the Col-1 ecotype is inoculated with CaMV at 9 and 11 days after
germination, the virus spreads within the inoculated rosette leaf as well as
into uninfected rosette leaves. However, when plants are inoculated with the
virus at later developmental stages, i.e., 15, 17 and 27 days after
germination, the virus spreads within the inoculated rosette leaf and into the
flower stem, cauline leaves, flowers and siliques, but it does not enter into
uninoculated rosette leaves. In the case of the Ws-0 ecotype, the correlation
between CaMV resistance and developmental stage is supported by the
observations that the plants show virus accumulation in rosette leaves when
the plants are maintained at conditions that delay flowering (Leisner et al.
1993). Thus, CaMV resistance of rosette leaves in early flowering ecotypes
and their susceptibility to the virus in late flowering ecotypes are actually
determined by the source/sink status of these leaves at the time of
inoculation (Leisner and Turgeon, 1993; Leisner et al. 1993).

In contrast to these ecotypes, in which the susceptibility to CaMV
infection is developmentally controlled, another A. thaliana ecotype
Enkheim-2 (En-2) shows bona fide resistance to CaMV. When rosette leaves
of this ecotype are inoculated with CaMV, the virus accumulates in and
around the inoculation site, but does not spread into systemic tissues
regardless of their developmental stage (Leisner and Turgeon, 1993). These
data suggest that En-2 supports CaMV replication, but does not allow long
distance transport of the virus. Analysis of the F2 progeny of genetic crosses
between En-2 (resistant ecotype) and Col-0 (susceptible ecotype) indicated
that the restriction of CaMV systemic movement in En-2 may be determined
by a dominant trait in a single locus (Leisner and Turgeon, 1993).

Resistance of A. thaliana ecotypes to the Geminivirus Beet curly top virus
(BCTV)

Two strains of BCTV, BCTV-Logan and BCTV-CFH, exhibit different
infectivity in eight 4. thaliana ecotypes among 46 tested (Lee et al. 1994).
Both virus strains infect most of 4. thaliana ecotypes, for example Col-0,
systemically, and induced severe symptoms, such as leaf curling,
inflorescence curling, and stunting (Lee et al. 1994). On the other hand, in
some A. thaliana ecotypes, such as Ms-0 and Pr-0, only BCTV-CFH induces
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systemic symptoms while BCTV does not. Viral DNA accumulation levels
parallel the severity of the symptoms, indicating that mild or no symptoms
are likely due to low levels of viral accumulation rather than asymptomatic
systemic infection. That BCTV replicates in excised inflorescence pieces
from the resistant ecotypes suggests that the resistance is due to a block in
viral movement rather than replication. Genetic crosses of the susceptible
ecotype Col-0 to the resistant ecotypes Ms-0 and Pr-0 showed that the
resistance is specified by a single recessive locus (Lee et al. 1994).

Resistance of potato to the Luterovirus Potato leafroll virus (PLRYV)

In PLRV-infected plants, the virus remains largely limited to the SE/CC
complex and only very few ME cells adjacent to minor veins become
infected by the virus. This phloem limitation is relieved by infection with
several “helper” viruses, such as PVY, increasing the proportion of PLRV-
infected ME cells by 10-fold (Barker and Harrison, 1986; Barker, 1987).
Thus, PLRV most likely lacks an effective cell-to-cell movement function
required for viral movement into and between ME cells. Alternatively,
helper viruses may suppress the host defenses against PLRV, allowing
PLRYV to accumulate in ME cells.

Suppression of vascular movement of PLRV has been characterized in
several potato cultivars. Because potato plants possess tubers, large
underground sink tissues, they exhibit—in addition to the viral spread to
young apical tissues—a pronounced downward virus movement from the
above-ground sink tissues to tubers. In some resistant cultivars, such as the
Bismark cultivar, the impeded virus translocation is accompanied by severe
phloem necrosis (Wilson and Jones, 1992, and references therein). However,
in other cultivars the arrest in viral infection and movement occurs without
visible necrosis, presumably by blockage of the movement process per se
(Barker and Harrison, 1986; Derrick and Barker, 1992, 1997). When the
resistant potato cultivars, such as Pentland Crown, G7032(5), G8176(1),
G8107(1), and G7445(1), are grafted to an infected susceptible cultivar
Maris Piper, almost no PLRV-infected cells are detected in the external
phloem bundles, and PLRV infection is almost entirely restricted to the
internal phloem bundles in young stems (Barker and Harrison, 1986; Derrick
and Barker, 1992, 1997).

The rate of PLRV vascular infection can be tested using a “sandwich
grafting” system, in which the tested stem piece is grafted between the apical
scion and rootstock from a susceptible host, either infected or uninfected. In
this system, the downward viral movement is assessed from PLRV levels
within the uninoculated rootstock, which are due to the viral transport from
the infected apical tissue through the tested stem piece. Which are due to the
viral transport from the infected rootstock through the tested stem piece not
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clear. These experiments demonstrated that the rate of the PLRV vascular
transport, irrespective of its direction, is similar in susceptible and resistant
plants (Derrick and Barker, 1997). Also, the time required for acquisition of
functional phloem continuity after grafting, as analyzed by monitoring
translocation of 6(5)-carboxyfluorescein, is similar to that required for virus
movement, suggesting that virus moves systemically right after the phloem
continuity is recovered, and that the translocation through the phloem is a
rapid and passive process (Derrick and Barker, 1997). Both rootstock- and
scion-inoculated plants carrying the virus-resistant graft contained fewer
infected cells associated with external phloem as compared to plants with
PLRV-susceptible graft, suggesting that the suppression of infection of the
external phloem bundle underlies the resistance. The sandwich grafting
experiments indicate that the viral short distance transport, such as
movement between SE and CC or VP, is impeded in the resistant hosts while
the passive transport of the virus through SE is not affected (Derrick and
Barker, 1997). The molecular mechanism of this resistance, however,
remains unknown.

Resistance of cucumber to the Cucumovirus Tomato aspermy virus (TAV)

Both TAV and CMV replicate and spread cell-to-cell within inoculated
cotyledons or leaves of cucumber (Cucumis sativus). However, while CMV
can infect the host systemically, TAV infects only the inoculated leaves
(Taliansky and Garcia-Arenal, 1995). CMV CP is required for both local and
systemic movement of the virus, and it also functions as a determinant of the
host-virus compatibility (Taliansky and Garcia-Arenal, 1995). When
complemented with CMV CP, TAV is able to move long distance and infect
the normally restricted host systemically (Taliansky and Garcia-Arenal,
1995). On the other hand, when a chimeric CMV carrying TAV RNA3, that
encodes the 3a protein and coat protein, is inoculated on a cucumber plant,
the virus is unable move long distance, demonstrating that TAV CP is likely
the limiting factor for TAV systemic movement in the resistant plants
(Thompson and Garcia-Arenal, 1998). A detailed immunohistochemistry
analysis showed that, in the inoculated leaves, the CMV/TAV RNA 3
chimeric virus accumulates in BS but not in phloem cells, indicating that the
movement is arrested at the BS-phloem interface (Thompson and Garcia-
Arenal, 1998). This intercellular boundary is known to represent a blockage
site for systemic movement of several other viruses (Goodrick et al. 1991b;
Ding et al. 1995; Wintermantel et al. 1997), suggesting that PD at the BS-
phloem interface possess functional characteristics distinct from those of PD
connecting ME cells.
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Resistance of soybean cultivars to the Bromovirus Cowpea chlorotic mottle
virus (CCMYV)

CCMV infects cowpea (Vigna unguiculata walp.unguiculata) as well as
many cultivars of soybean (Glycine max), whereas the soybean cultivar
P1346304 is resistant to the CCMV systemic infection (Goodrick et al.
1991b). When CCMV is mechanically inoculated, a susceptible soybean
cultivar Davis shows systemic symptoms, such as chlorotic mosaic, stunting,
and distortion of leaves, whereas the cultivar PI346304 remains largely
asymptomatic, with only <5% of the infected plants developing localized
chlorosis around a few veins (Goodrick et al. 1991b). Both cultivars develop
local chlorosis and accumulate CCMV virions in the inoculated leaves to
similar levels, suggesting that replication and cell-to-cell movement of the
virus occurs at comparable levels in both cultivars (Goodrick et al. 1991b).
The resistance of PI346304 is not due to SAR, because secondary infection
allows higher accumulation of CCMYV in the inoculated leaves of previously
infected PI346304. Genetic crosses between the resistant host P1346304 and
the susceptible host Davis followed by analysis of the F2 and F3 progeny
revealed that the PI346304 resistance to CCMV is determined by two
recessive loci (Goodrick et al. 1991a).

Immunochemical staining shows that CCMV accumulates within
epidermal cells, ME, and BS cells of the inoculated leaves of both Davis and
PI346304 whereas vascular tissues in the inoculated leaves of P1346304
remain largely free from CCMV. Thus, PI346304 most likely resists CCMV
infection by blocking the viral movement at the interface between BS and
VP cells. Furthermore, systemic spread of another member of the
Bromoviridae, the Fny strain of CMV, in transgenic tobacco plants
expressing a mutated CMV-Fny 2a replicase protein gene sequence in
inhibited at the same cellular interface (Wintermantel et al. 1997),
suggesting that entry into the phloem from BS may represent the major
limiting step for Bromoviridae systemic movement. Taken together with the
block of the systemic movement of TAV at the BS-phloem interface
(Thompson and Garcia-Arenal, 1998), these observations indicate that PD
connecting BS to VP function as a specific transport boundary the crossing
of which initiates viral systemic movement.

Concluding remarks
In this chapter, we reviewed our current knowledge about host-virus

resistance based on restriction of viral movement. The discussed above
examples of such resistance suggest that it represents one of the major
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strategies for plant defense against viral infection. It is interesting to note
that this type of host resistance is very specific since in most cases the host is
resistant to few specific isolates of virus, but not to other closely related
isolates. One explanation of such specificity is that the host plant cannot
tolerate alterations in its intercellular transport machinery dramatic enough
to impede movement of a wide spectrum of viruses. In other words, viruses
may have evolved to “pirate” for their own spread those host transport
pathways that are essential for the physiology of the host plant itself.

In some cases, involvement of other defense pathways, such as HR, SAR
and PTGS, are possibly involved in the restriction of virus infection and
movement. However, these distinctive mechanisms may not be mutually
exclusive, but instead may utilize similar or overlapping cellular processes.
For example, recent studies suggest that SAR signals may be produced in the
inoculated leaves and then translocated using systemic transport pathways,
including the transport through phloem, to uninoculated leaves (Kiefer and
Slusarenko, 2003; Durrant and Dong, 2004). Moreover, local and systemic
movement of PTGS signals most likely occurs via intercellular transport
pathways, i.e., cell-to-cell through PD and long distance through phloem,
utilized by plant viruses (Voinnet and Baulcombe, 1997; Voinnet et al. 1998;
Palauqui and Balzergue, 1999; Fagard and Vaucheret, 2000; Ueki and
Citovsky, 2001a; b; c). Thus, because at least some defense signals likely
share, at least partially, transport pathways with plant viruses, activation of
the defense pathways may inherently affect viral movement activity.

Also, in some cases, such as resistance of some pea cultivars to PSOMV
isolates (Gao et al. 2004a), virus resistance is based on disruption of both
replication and cell-to-cell movement. However, because viral movement
between cells obviously requires replication, a defect in replication may be
interpreted as a lack of cell-to-cell movement. Thus, in every case of
restricted local movement of a virus, it is essential to determine whether or
not this virus can replicate in the initially inoculated cells or protoplasts
derived from the resistant host.

Although many examples of virus resistance based on limitation of
movement are known, the nature and identity of the host factors involved in
this process of restricting viral spread remain obscure, potentially due to the
lack of genomic information for many of the host species. Thus, A. thaliana,
for which the full genome sequence and a wealth of genetic and molecular
tools and information are available (Meinke et al. 1998; The Arabidopsis
Genome Initiative, 2000; Ausubel and Benfey, 2002; Wortman et al. 2003;
Zhang et al. 2003; Ostergaard and Yanofsky, 2004) and various ecotypes of
which are differentially infected by diverse viruses (Simon, 1994),
represents an especially attractive system for identification of the host
components involved in natural mechanisms of restriction of viral movement
and host/virus compatibility.
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To date, the use of different combinations of host species and cultivars
with various wild type viruses and genetically engineered virus strains has
identified several intercellular boundaries that are critical for viral cell-to-
cell and systemic movement. In different plant species, these boundaries
represent “check points” or “road blocks” at which viral spread can be
restricted or even arrested. Thus, the studies of viral systemic movement and
its restriction in different hosts shed important and novel light on basic
biological processes of macromolecular trafficking in plants. In addition, this
knowledge will likely contribute to development of new strategies to
produce virus-resistant crops.
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Introduction

Viruses are subcellular parasites that replicate within a host cell with no
intervening membrane to insulate host and viral gene products from each
other (Hull, 2002). The highly intimate nature of this relationship suggests
that the biochemical and physiological processes occurring in the various
host cell types through which a virus must propagate will significantly affect
the outcome of the infection. In plants, drastic alterations in, and re-
direction of, host metabolism have been observed in many studies of both
incompatible and compatible host-virus interactions. However, is it safe to
suggest that these changes in plant metabolism influence whether a plant is
resistant or susceptible to the virus infection? The answer to this question is
important for a number of reasons. Firstly, it will lead to a better general
understanding of the plant-virus interaction. Secondly, it may reveal
mechanisms underlying induced resistance phenomena. Finally, it may allow
us to identify targets for novel, artificial methods of inducing resistance to
plant viruses.

In this review we will examine how certain aspects of plant
photosynthetic and respiratory metabolism are altered by infection by
viruses while others may play role(s) in counteracting it.
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Virus-induced changes in carbon metabolism in susceptible plants

The effects of virus infection on the metabolism of a susceptible plant
are frequently profound, influencing multiple pathways such as respiration,
carbohydrate partitioning and photosynthesis in both directly- inoculated and
systemically -infected tissue (Hull, 2002). Some of these effects are due to
virus-induced changes in gene expression controlled at the transcriptional
level (Wang and Maule, 1995). Others may be influenced post-
transcriptionally through perturbation of levels of microRNAs (miRNAs) by
certain viral gene products such as the potyviral HC-Pro (reviewed by
Bartel, 2004). Other virus-induced effects on metabolism can occur through
a more direct physical perturbation of subcellular structures, for example the
disruption of photosynthetic activity by the interaction of viral gene products
with components of the photosynthetic apparatus (see Photosynthesis
below), or the deregulation of carbohydrate partitioning by viral movement
proteins (Herbers et al. 1996a;b). Metabolic disturbances are also observed
in plants undergoing an incompatible (resistance) reaction to virus infection
and some of these are discussed in the section 2 of this review as well as in
the accompanying chapter by Loebenstein and Akad.

Virus-infected plants do not respond uniformly because not all of the host
cells become infected and those that are may not have become infected at the
same time. Even with the most concentrated of virus inocula, only about
0.1% of the cells in directly inoculated leaves actually become infected
(Matthews, 1991). Therefore, the results of the many studies that have
examined the physiological responses of a mixed population of virus-
infected and non-infected cells, which for example, occurs in systemically,
infected tissue, need to be interpreted cautiously. Thus, whenever possible,
virus-induced metabolic alterations are best studied in the earliest phases of
infection of directly inoculated tissues since these show the greatest degree
of synchrony with respect to the changes caused by the infection. However,
even in directly inoculated tissue virus-induced metabolic changes in plants
arc not uniform (Doke and Hirai, 1970; Técsi et al. 1994a, 1994b, 1996;
Wang and Maule, 1995; also discussed in Hull, 2002).

Starch. Starch is the major carbohydrate store in most plants and,
compared to most other plant metabolites, it is relatively easy to detect and
assay 