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The suite of host responses to
pathogens that result in rapid
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MECHANISMS OF PLANT
RESISTANCE TO VIRUSES
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Abstract | Plants have evolved in an environment rich with microorganisms that are eager to
capitalize on the plants’ biosynthetic and energy-producing capabilities. There are
approximately 450 species of plant-pathogenic viruses, which cause a range of diseases.
However, plants have not been passive in the face of these assaults, but have developed
elaborate and effective defence mechanisms to prevent, or limit, damage owing to viral
infection. Plant resistance genes confer resistance to various pathogens, including viruses.

The defence response that is initiated after detection of a specific virus is stereotypical, and the
cellular and physiological features associated with it have been well characterized. Recently,
RNA silencing has gained prominence as an important cellular pathway for defence against
foreign nucleic acids, including viruses. These pathways function in concert to result in effective

protection against virus infection in plants.

Plants and viruses enter into various relationships that
do not necessarily result in damage to the host (BOX 1).
If a pathogenic virus succeeds in infecting a plant, a
selection of INNATE IMMUNITY mechanisms might defeat
the virus. Should the virus circumvent these defence
mechanisms, disease outbreaks and epidemics occur.
For example, during the 1990s, cassava production
in Uganda was devastated by cassava mosaic gemini-
viruses, resulting in famine-related deaths'. It is esti-
mated that on the African continent in 2003 more than
19 million tons of cassava, valued at more than US$1.9
billion, was lost'. Clearly, understanding plant defence
is required to develop approaches to protect the world’s
food supply.

Perhaps the best-characterized mechanism of plant
antiviral defence is mediated by resistance (R) genes.
R genes confer resistance to organisms including
viruses, bacteria, fungi and even nematodes?. R proteins
and their signal-transduction molecules are strikingly
similar to the components of the animal innate immune
system. How these conserved signalling modules
function in plants is the subject of intense research.

Of increasing interest in plant antiviral strategies is
the role of RNA silencing, an ancient cellular mechanism

of defence against foreign nucleic acids that also func-
tions in gene regulation. The RNA-silencing pathway
is found in organisms that are separated by millions
of years of evolution. How do R proteins and RNA
silencing interact to limit viral pathogenesis? We
review recent advances in the field of plant defence
against viruses.

R genes
Plant R genes confer resistance to many pathogens,
including viruses. Here, we describe the responses
mediated by these genes and how R proteins probably
function.

R-gene mediated responses. Each R gene confers resist-
ance to a specific pathogen (80X 1). The first pheno-
type of defence in most R-gene-mediated resistance
responses is the hypersensitive response (HR). The
HR includes programmed cell death (PCD), which
occurs in cells at the site of infection and manifests as
discrete necrotic lesions in otherwise phenotypically
normal tissue (FIG. 1a). The virus is usually confined
to the lesion and to the cells immediately surround-
ing it and fails to spread from lesions into adjacent
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Box 1 | Virulence and avirulence

The interactions between plants and microorganisms are complex, and several
relationships have been described. A given microorganism can only infect selected
plant species. On the one hand, if a microorganism cannot infect a plant species, the
plant species is described as a non-host. Failure to infect a non-host species is
usually due to basal defences, which include physical barriers to infection such as
the cell wall, waxy cuticle and bark, as well as the production of several
antimicrobial compounds. If, on the other hand, a microorganism can infect and
replicate in a plant species, the plant is referred to as a host for that microorganism.
For interactions in which the pathogen infects and replicates in the host to produce
disease, the pathogen is described as virulent, the plant is described as susceptible
and the interaction is termed compatible.

Plants have resistance (R) genes that confer resistance to specific pathogens. For
example, the Arabidopsis thaliana RCY1 gene confers resistance to the Y strain of
cucumber mosaic virus, but not to the O strain. When the Y strain of CMV infects
RCY1I-containing plants, a defence response is initiated, which restricts the virus to
the infection site and prevents disease. The virus is an avirulent pathogen on these
resistant plants and this is termed an incompatible interaction. The pathogen
molecule that specifically elicits R-protein-mediated responses is the avirulence
(Avr) determinant. Avr proteins are usually necessary for successful infection and are
almost invariably virulence factors in a susceptible host.

healthy tissues. The second phenotype of R-gene-
mediated resistance — systemic acquired resistance
(SAR) (FIG. 1c) — occurs in tissues that are distant from
the initial infection site and renders them immune to
infection by the same or closely related pathogens.
Interestingly, SAR is durable and can last for several
weeks. SAR is characterized by the increased expres-
sion of several genes, named pathogenesis-related
genes, that encode antimicrobial compounds.

R-protein structure. In the last decade, several R genes
that confer resistance to unrelated plant viruses have
been cloned (TABLE 1). Strikingly, they all belong to
the NB-ARC-LRR superfamily of plant R genes. The
nucleotide-binding site contains three motifs that are
required for nucleotide binding in other ATP/GTP-
binding proteins. The nucleotide-binding (NB) site
domain and adjacent sequences of R genes are similar
to the equivalent regions of the metazoan cell-death
genes Apaf-1 and CED4 (REF.3) and are therefore
referred to as the NB-ARC domains. ATPase activ-
ity has been shown for two R proteins but the role
of ATP hydrolysis in R-protein function is unclear*.
Leucine-rich repeats (LRRs) are imperfect repeats
that are involved in protein—protein interactions and
protein-ligand interactions. The LRRs of mammalian
Toll-like receptors (TLRs) interact with pathogen-
derived molecules to initiate defence responses’.
In addition, plant R proteins of this superfamily
bear striking resemblance to mammalian NODS
(nucleotide-binding oligomerization domain), which
are intracellular NB-ARC-LRR proteins involved in
defence®.

The NB-ARC-LRR R proteins can be further
subdivided based on the structure of their N termini.
TIR-NB-ARC-LRR proteins have an N-terminal Toll-
interleukin-1 receptor (TIR) homology domain”*
(TABLE 1). The TIR domain is conserved in plant

R proteins and receptors that function in metazoan
innate immunity, such as Drosophila melanogaster Toll
receptor and the mammalian TLRs and interleukin-1
receptor’. The other subfamily of cloned viral R genes
encodes CC-NB-ARC-LRR proteins that have an
N-terminal coiled-coil (CC) domain (TABLE 1). TIR,
NB-ARC and LRR domains are also found in mol-
ecules that are important for animal innate immunity,
indicating that innate defence mechanisms evolved in
a common ancestor preceding the divergence of plant
and animal lineages.

Although these R proteins are similar, they confer
resistance to highly divergent viruses. For example,
Arabidopsis thaliana RCY1 (resistance to C strain Y1)
and HRT (HR to turnip crinkle virus) are allelic and
encode proteins that share 91% similarity’® but confer
resistance to unrelated viruses: cucumber mosaic virus
(CMYV, a cucumovirus) and turnip crinkle virus (TCV,
a carmovirus), respectively. Any model developed to
describe R-protein recognition of a pathogen must
take into account the striking molecular similarity but
functional divergence of R proteins.

R-protein-domain function. Extensive structure-
function analyses of R-protein domains have been carried
out. Mutations in all three domains of the Nicotiana
glutinosa N protein compromise resistance to tobacco
mosaic virus (TMV), indicating that each domain might
have important roles in pathogen recognition and/or
signalling''. Similar results have been obtained from
studies of Solanum tuberosum Rx1 R-protein-mediated
resistance to potato virus X (PVX)*.

There have also been attempts to identify the
domains that confer recognition specificity on R pro-
teins. Domain swaps between different alleles of the flax
L gene, which confers resistance to a fungal pathogen,
indicated that both the LRR and the TIR domains
have roles in the recognition of R proteins'’. We have
also found evidence supporting this from our analysis
of RCY1 and several of its alleles, including HRT and
RPP8 (an R gene that confers resistance to the oomycete
Peronospora parasitica). Several residues in these pro-
teins might be undergoing positive selection, and most
of them are found within the LRR domain (J.L.M.S. and
S.PD.-K., unpublished).

An interesting feature of R-gene regulation is the
alternative splicing of transcripts of TIR-NB-ARC-LRR
members'’. The N transcript of the N gene encodes
the full-length N protein and the alternatively spliced
N, transcript encodes a putative protein that lacks
almost the entire LRR domain. In uninfected plants,
there is an excess of N, but in the presence of TMV,
N, levels increase dramatically within seven hours of
infection'. However, this is a transient change, and
basal transcript levels are rapidly restored. Modulation
of N mRNA splicing is necessary to confer complete
resistance to TMV. Alternative splicing has also been
proposed to occur for S. tuberosum R gene Y-1 (REE 8).
In addition, alternative splicing occurs in the L6 and
RPS4 resistance genes that are involved in defence
against non-viral pathogens'.
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Figure 1 | Local and systemic resistance mediated by resistance (R) genes. a | Picture of
an N-containing plant showing typical hypersensitive response (HR) necrotic lesions upon
tobacco mosaic virus infection. The uninfected upper leaves are symptom-free and do not
contain virus. b | During resistance, several signalling molecules are locally induced.

¢ | Subsequent to the HR, systemic acquired resistance is induced in distal uninfected tissue.
The systemic signal is currently unknown, but is thought to be lipid-derived. JA, jasmonic acid;
NO, nitric oxide; SA, salicylic acid; ROS, reactive oxygen species.

The plant proteins that are encoded by splice
variants have not been detected. However, several
functions have been proposed for the proteins that
might be encoded by these alternative transcripts.
First, the predicted truncated protein encoded by
N,, a TIR-NB-ARC-only protein, might interact with
full-length N protein after infection. This interaction
could enable signal transduction leading to resistance.
Second, interaction between the N, and N proteins
could disrupt protein-protein interactions that are
required to inhibit ectopic R-protein signalling.
Either explanation could account for the loss of resist-
ance observed in plants that have incorrectly spliced
N transcripts®.

The involvement of splice variants in regulating TIR
protein function is not limited to plants, as mammalian
TLRs also require alternative splicing for function. TLR
alternative splicing results in a loss of the TIR domain,
as opposed to the loss of the LRR domain in plants.
Interestingly, truncated mammalian TLR4 inhibits
lipopolysaccharide-mediated signals, and its transcript
is induced by its cognate pathogen, in common with
the plant system'*'.

Intramolecular rearrangements within R proteins
have also been shown to be involved in recognition'"’.
Co-expression of CC-NB-ARC and LRR domains or
CC and NB-ARC-LRR domains of S. tuberosum Rx1
results in a HR in the presence of the PVX coat-protein
Avr (avirulence) determinant'” (BOX 1), mimicking the
function of the intact Rx1 protein. The CC-NB-ARC
and LRR or the CC and NB-ARC-LRR co-immuno-
precipitate, but this interaction is abrogated in the pres-
ence of the coat protein'’. These results indicate that
there are specific interactions between the domains
of S. tuberosum Rx1 and that the coat protein dis-
turbs the native conformation of Rx1. It is probable
that molecular interactions within S. tuberosum Rx1
hold the protein in a conformation that is poised for
signalling but is inhibited from doing so. Addition of
the Avr determinant releases the inhibition and allows
defence signalling'’. Evidence for intramolecular inter-
actions has also been obtained for the tomato Mi-1
R protein, which confers resistance to a nematode'®.

Recognition of Avr determinants. Any protein com-
ponent of a virus can function as the specific Avr
determinant to elicit resistance mediated by a given
Rgene (TABLE 1). Despite the availability of several cloned
R genes and their cognate Avr determinants (TABLE 1),
progress in understanding how pathogen Avr proteins
are recognized has been slow. Initially, receptor-ligand
models were proposed to describe the interactions
between R and Avr proteins (FIG. 2a). However, this
simple model does not apply to any viral R-Avr pair
examined to date, although it has been shown to apply
in two cases of bacterial and one case of fungal resist-
ance’. A more sophisticated model of R-Avr interactions
invokes the involvement of R-protein-containing com-
plexes. The ‘guard hypothesis, originally proposed by
Van der Biezen and Jones', postulates that R proteins
(guards) are constitutively associated with host cellular
proteins (guardees) that are required by pathogens for
infection (FIG. 2b). On infection, the pathogen causes
modifications to the guardee that are detected by the
guard (FIG. 2c). Any protein modification that can alter
the quaternary structure of the guardee could result
in detection of the pathogen. This activates the guard
to initiate a signalling cascade that culminates in the
resistance response’”.

To date, the most convincing evidence for the
guard hypothesis has been found in A. thaliana bac-
terial R-protein—Avr systems. In an elegant series of
experiments, RIN4 (RPM1-interacting protein 4) was
identified as a cellular protein that is required for the
resistance to Pseudomonas syringae pv. tomato that is
mediated by RPM1 and RPS2. P. syringae pv. tomato
carries several Avr proteins®*?2. RIN4 (guardee) is
modified in various ways, depending on the Avr that
it associates with, and these modifications then serve
to activate the corresponding R protein (guard). A sec-
ond example is the cleavage of the A. thaliana kinase
PBS1 (guardee) by the cysteine protease AvrPphB from
P. syringae pv. tomato, which results in activation of
RPS5 (guard)-mediated resistance®.
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Table 1 | Cloned plant resistance (R) genes and the viral proteins that their proteins recognize

Gene Plant R protein Structure  Virus Avr determinant Ref.
N Nicotiana sp. TIR-NB-ARC-LRR Tobacco mosaic virus Replicase 7
Rx1 Solanum tuberosum CC-NB-ARC-LRR Potato virus X Coat protein 60
Rx2 S. tuberosum CC-NB-ARC-LRR Potato virus X Coat protein 103
HRT Arabidopsis thaliana ecotype CC-NB-ARC-LRR Turnip crinkle virus Coat protein 104
Dijon-17
RCY1  A. thaliana ecotype C24 CC-NB-ARC-LRR Cucumber mosaic virus strain Y Coat protein 10
Sw-5  Lycopersicon sp. CC-NB-ARC-LRR Tomato spotted wilt virus RNA-dependent RNA polymerase 105
Y-1 S. tuberosum TIR-NB-ARC-LRR Potato virus Y ? 8
Tm-22  Lycopersicon sp. CC-NB-ARC-LRR Tomato mosaic virus Movement protein 61

CC, coiled coil; LRR, leucine-rich repeat; NB, nucleotide-binding; TIR, Toll-interleukin-1 receptor.

CHAPERONES

Chaperones are a large group of
highly conserved proteins that
assist other polypeptides in
folding, stabilize large
complexes and ensure correct
localization of proteins.
Although constitutively
expressed, they are typically
induced to higher levels by
stress and are crucial for cell
survival under these conditions.

The viral R-protein—Avr system that lends the great-
est support to the guard hypothesis is the HRT-TCV
pair. The TCV coat protein is the Avr determinant
for HRT-mediated resistance responses (TABLE 1),
and it interacts with a host transcription factor,
TCV-interacting protein (TIP)*. This interaction is
required for HRT-elicited defence responses®. Although
a direct interaction between HRT and TIP has not been
reported, TCV coat protein inhibits the nuclear localiza-
tion of TIP®. It is possible that HRT detects the altered
cellular distribution of TIP. TIP might therefore be the
guardee of the guard protein HRT.

The guard hypothesis is appealing because it
explains how hosts can overcome pathogen evolution,
as resistance mediated by guard-protein function does
not rely on direct interactions between the R and Avr
proteins. The same R protein could recognize the pres-
ence of multiple Avr proteins through either a single
or multiple guardees. This is true for RPM1, which
is activated by both AvrB and AvrRpm through their
interactions with RIN4 (REE 21). This paradigm might
also hold true for other R proteins, and could explain
the unexpectedly small number of R genes in the
sequenced A. thaliana genome®. There are approxi-
mately 200 R-gene-like sequences in the 125 Mb
A. thaliana genome that confer resistance to thousands
of pathogens®. Furthermore, this model accounts for
the functional divergence of the structurally similar
R proteins. Despite its attractiveness, one caveat
of the guard hypothesis is that the virulence function of
the guardees identified has not been proven to date.

R-protein complexes. Recent data supports the exist-
ence of R-protein-containing complexes. The con-
served heat shock protein 90 (Hsp90), a molecular
CHAPERONE, is required for the resistance that is medi-
ated by the R proteins Rx1 and N (TABLE 1), as well as
RPM1 and RPS2 (REFS 27-30). There is a close associa-
tion of Hsp90 with R proteins, possibly within a larger
complex?®*. Hsp90 in turn associates with SGT1 and
Rarl (REFS 28-30), two proteins that are required for the
function of several R genes (see below). The function
of the Hsp90-R-protein complex is not clear. Hsp90
could be involved in the conformational regulation of

these complexes with the help of the co-chaperones
SGT1 and Rarl. Hsp90 might also be required for
the stability of R proteins, perhaps preventing their
degradation, as some R proteins, including Rx1, fail
to accumulate in the absence of Hsp90 (REFS 27,28).
Another possibility is that Hsp90 and other chaper-
ones regulate the conformation of R proteins within
complexes, perhaps facilitating intramolecular
rearrangements.

Signalling in R-gene-mediated resistance. The early
host responses following pathogen detection include
changes in ion fluxes, activation of signalling path-
ways (especially kinase cascades), gross alteration of
transcriptional profiles, generation of reactive oxygen
species (ROS) and production of nitric oxide (NO).
These immediate changes are subsequently followed
by altered cellular activities with the recruitment of
several hormones that then participate in defence.
The typical outcome of these responses is PCD of
infected cells. This suite of defence responses is
termed the HR (FIG. 1).

There is a transient Ca®* signature change upon
infection with avirulent pathogens that is required for
effective defence®. Changes in ion fluxes are believed
to activate several kinase cascades, for example, Ca**
binding by calcium-dependent protein kinases triggers
phosphorylation relays®. These cascades are impor-
tant for signal transduction during defence. Two puta-
tive kinase cascades that are required for N-mediated
defence have also recently been described®*. The
wounding-induced protein kinase (WIPK) and
salicylic-acid-induced protein kinase (SIPK) are
mitogen-activated protein kinases that are upregu-
lated in defence®. When activated, WIPK and SIPK
induce expression of defence-related genes, including
several transcription factors that are members of the
WRKY family of plant-specific transcription factors
(contain one or more WRKY domains, which are
characterized by the heptapeptide WRKYGQK) and
MYB transcription factors®.

Not surprisingly, microarray analyses have revealed
complex and massive changes in transcriptional activ-
ity in cells and tissues undergoing the HR. For example,
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AUTOPHAGY

Autophagy, meaning to eat
(phagy) oneself (auto), is the
cellular pathway for the
degradation of both long-lived
proteins and organelles that is
involved in cellular
development, innate immunity
and starvation responses.
Substrates are packaged in
double-membraned vesicles
and targeted to lysosomes and
vacuoles for processing and
degradation.

a Avirdlence B c
protein Q Q
l Guard
—>
Resistance ¢
protein
Guardee Defence

Defen(;e signalling
signalling Potential interacting

cellular protein
Figure 2 | The receptor-ligand hypothesis versus the
guard hypothesis. a | The receptor-ligand hypothesis
predicts that resistance proteins detect pathogen infection
by directly interacting with avirulence proteins, triggering
defence signalling. b | In the guard hypothesis, resistance
proteins ‘guard’ cellular proteins, ‘guardees’. These
guardees are the targets of avirulence proteins and are
posited to be required for successful infection by the
pathogen. The guard and the guardee dynamically interact
and there might be other protein(s) in the complex.
¢ | Upon modification of the guardee by the avirulence
protein, the interaction between the guard and guardee is
altered and the guard triggers a signalling cascade that
leads to defence.

in A. thaliana infected with CMYV, 444 genes show
altered rates of transcription™®. It will perhaps be more
informative to determine if the actual protein profile
of these tissues reflect the modulation of transcripts.

ROS generated during the HR also induce expres-
sion of defence-related genes, in addition to initiating
the PCD that is associated with the HR, and probably
increase crosslinking of the cell wall’”. Many of the
details regarding production of ROS during defence
have been determined®. The enzyme respiratory
burst oxidase homologue, which is homologous to
the mammalian NADPH oxidase gp917"*, is impor-
tant for the generation of ROS during defence®**.
The mitochondrial alternative oxidase (AOX)
functions to limit ROS production*” and has also
been implicated in hormone-induced resistance®’.
However, the role of AOX in defence has not yet been
clarified**.

In conjunction with ROS, the small molecule NO is
required for pathogen-induced PCD in the HR*. NO
also induces the expression of defence-related genes*,
although the function of some of these gene products
in resistance to viruses is unclear. Although NO is
produced constitutively as a by-product of cellular
metabolism®, it is also induced upon pathogen infec-
tion****, There are several possible sources of NO dur-
ing defence. A. thaliana NITRIC OXIDE SYNTHASE
1 (AtNOSI) is a homologue of the snail NOS and
catalyses the abscisic acid (a plant hormone)-induced
production of NO*¢. Mutants that map to atnosl
show reduced resistance to bacterial pathogens®. The
cooperation between ROS and NO in plant defence is
similar to the mammalian system, where phagocytic
cells use ROS and NO species in defence against micro-
bial pathogens®.

Hormones are also important effectors of defence
against pathogens, and their roles are well documented.
Jasmonic acid®, ethylene® and salicylic acid®' seem to
be the most important hormones involved in defence.

Extensive crosstalk occurs between these pathways™.
This is not surprising if one considers that multiple
pathways that reinforce each other ensure a successful
outcome of the defence response. Crosstalk between
pathways also fine-tunes the regulation of defence
responses and enables feedback to occur.

Usually, the first visible outcome of R-protein-Avr
interaction is the HR PCD (FIG. 1). The HR PCD might
induce subsequent defence responses™, but it must
be tightly regulated. Mutants that show uncontrolled
spread of lesions have been identified™. If PCD is mis-
regulated, uncontrolled death that becomes patho-
logic to the host could be expected. The signal that
initiates the spread of PCD in these mutants and the
signal that is required to attenuate the spreading of
PCD in the normal HR have not yet been identified.
Recent evidence indicates that autopHaGY might be
the mechanism by which PCD is limited to infection
sites®. This suggests that there is a signal that moves
out of the primary HR site into surrounding tissue
and causes adjacent cells to die, and that autophagy
is required to remove this signal in the cells that sur-
round the HR site.

Apoptosis, a type of PCD in animals, is regulated
by a class of cysteine proteases called the caspases.
Although many of the physiological characteristics
of plant PCD closely resemble apoptosis®, com-
prehensive genome searches have failed to identify
plant proteins with significant similarity to caspases.
However, several early studies found that caspase
inhibitors and animal apoptosis proteins could
affect plant PCD*. Consequently, there has been
a large effort to identify the protease mediators of
plant apoptosis-like PCD. A protease that cleaves its
targets in a caspase-like manner was recently found
to be active early in the N-TMV interaction®’. The
enzymatic activity of this protease is required for
HR-associated PCD. Another protease, vacuolar
processing enzyme, has a caspase-like activity that
is required for PCD during N-induced defence to
TMV? and to other virulent and avirulent patho-
gens®’. These results are interesting because they
indicate that PCD is required for resistance in the
N-TMYV system, in contrast to other systems such as
Rx1-PVX and Tm-2?>-ToMV (tomato mosaic virus)
(REFS 60,61) (TABLE 1).

In addition to proteases, ubiquitin-mediated protein
degradation is implicated in disease resistance. There
are many excellent recent reviews on proteasome-
mediated protein degradation in plants®. In brief,
ubiquitin is attached to the substrate for degradation
through a series of ubiquitin-conjugating enzymes, E1
to E3. Ubiquitin-tagged proteins are then degraded
by the 26S proteasome. One class of E3 is a complex
made up of Skp1/Cullin/F-box (SCF) proteins. Several
proteins that are associated with the ubiquitination
machinery have been shown to be required for some
resistance pathways, including Skp1 and SGT1 as well
as the SGT1-associated protein Rarl (REE 63). The
COP?9 signalosome (CSN) is a protein complex that
has many diverse cellular functions associated with
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DICER

DICER is a member of the RNase IIT
family of nucleases that specifically
cleave dsRNAs. DICER processes
long dsRNA into siRNAs of 21-23

nucleotides.

Figure 3| Recovery. Row a shows Nicotiana clevelandli
plants infected with tomato black ring nepovirus.

The plants recover from a primary infection (1) and are
resistant to a secondary infection (2). The leaves in row b
are mock-infected. Leaves are arranged from left to right
in decreasing age. Reprinted with permission from

REF. 102 © (1997) American Association for the
Advancement of Science.

protein degradation and modification. The CSN
interacts with SCF complexes® and also with SGT1
(REEFS 65,66), and is required for N-mediated resist-
ance®. In addition, the F-box protein COI1, which
is essential for jasmonic-acid signalling, is part of the
SCF complex, SCF°!" (REE 67).

Although it is apparent that protein degradation is
an important component of resistance, the substrates
of all these degradative molecules remain to be eluci-
dated. This is an important question, as these targets
must be negative regulators of defence and PCD.
Their identification would shed light on the actual
mechanisms by which defence responses occur. These
negative regulators could also be modified by genetic
engineering to produce plants with greater resistance
under field conditions.

Following the HR, a secondary defence response,
SAR, is activated. Salicylic acid is produced during
the HR and then appears later in uninfected tissues
that are developing SAR, however, salicylic acid is
not the systemic signal for SAR®. Recent evidence
indicates that the systemic signal might be lipid-
derived (FIG. 1). A tobacco salicylic-acid-binding
protein, SABP2, has high affinity for salicylic acid
and shows lipase activity upon binding it®. An
A. thaliana mutant defective in induced resistance
1-1 (dir1-1) lacks the systemic signal that induces
SAR”, but salicylic-acid levels are unaffected. DIRI
encodes a putative apoplastic lipid transfer-like pro-
tein (LTP)”°. The A. thaliana mutants enhanced dis-
ease susceptibility 1 (eds1) and phytoalexin-deficient
4 (pad4) have defects in putative lipases”. However,
unlike dirl-1, these mutants fail to accumulate sali-
cylic acid upon infection and are therefore believed
to act upstream of salicylic acid in both local defence
and SAR.

RNA silencing

For decades, scientists and farmers have observed that
diseased, virus-infected plants grow new, symptom-
free leaves. In fact, the same (or a related) virus cannot
infect the healthy upper leaves of these plants. This is
described as ‘recovery, and RNA silencing has emerged
as a potential mechanism of recovery” (FIG. 3). RNA
silencing is well characterized and conserved among
plants, fungi, insects and animals” (BOX 2).

Initiation of RNA silencing of viruses. Double-
stranded RNA (dsRNA) is the trigger for RNA silenc-
ing” (80X 2). The RNA sequence that is homologous
to the dsRNA trigger is degraded and the gene that
encodes that RNA is effectively silenced. Both plant
and animal viruses have minimized the accessibility
of their replicative intermediates to host defences, so
where does the dsRNA that initiates RNA silencing of
viruses come from?

Most plant viruses — representing 59 of the 80 plant-
virus genera — are RNA viruses™. These viruses encode
RNA-dependent RNA polymerases (RARPs) that, in the
first steps of replication, produce opposite-sense cop-
ies of the viral genome™. It has been suggested that this
generates many long dsRNA species that trigger RNA
silencing””¢. However, replicative intermediates of nega-
tive-strand RNA viruses, like the human influenza virus,
are coated with nucleocapsid protein”. Perhaps this pre-
vents replicative intermediates from forming dsRNA”.
An alternative hypothesis is that viral-RNA secondary
structures might be the trigger for RNA silencing’.
A third hypothesis is that viral replication generates RNA
molecules that ectopically activate, and are replicated
by, host RARPs to produce dsRNA. These foreign RNA
sequences could trigger viral RNA silencing’. It will be
interesting to identify the RNA species that induce viral
RNA silencing, as they might be useful not only for the
engineering of virus resistant plants, but also as a tool for
molecular analysis.

Mechanism of RNA silencing. Although the source of
the trigger for RNA silencing is unidentified, much
is known about the downstream events that silence
viruses. Mutants that are defective in RNA silencing
have been identified, facilitating the study of this mech-
anism. Plants have several homologues of the picer
endonuclease (BOX 2), and these DICER-LIKE (DCL)
enzymes generate siRNA (short interfering RNA) in
an antiviral response”. In A. thaliana dcll, dcl2 and
dcl3 mutants, viral siRNA accumulation upon infection
with turnip mosaic virus (TuMV) and CMYV is similar
to that of wild-type plants”. However, in dcl2 plants,
accumulation of viral siRNA upon TCV infection is
delayed, and these plants show enhanced susceptibility
to TCV. Therefore, DCL2 seems to be involved in the
antiviral response to TCV infection.

Host RdRPs, which share no sequence homology
with viral RARPs, are components of the RNA silenc-
ing pathway’® and seem to have a role in antiviral
responses. The A. thaliana RARP, RDR6, is required
for transgene silencing and when mutated results in
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Box 2 | RNA-silencing mechanism

Small RNA molecules (21-24 nucleotides long) that are found in multicellular
eukaryotes function in development, chromatin modification, regulation of gene
expression, protection of the genome against transposons and antiviral defence®®. One
class of small RNAs are named short interfering RNAs (siRNAs). They originate from
precursors with long double-stranded RNA (dsRNA) pairing. siRNAs can be derived
from genomically encoded repeated sequences, inverted repeats, transposons,
retroelements or as products of cellular RNA-dependent RNA polymerase (RARP)
activity’”>*”. They also arise from exogenous sources, such as viruses and transgenes that
contain hairpin structures®. siRNAs guide the sequence-specific transcript degradation
referred to as post-transcriptional gene silencing, and transcriptional silencing through
chromatin modification”. A second class of small RNAs, microRNAs, are endogenously
produced”. They are derived from long dsRNA hairpin structures and target several
classes of proteins, particularly transcription factors that are involved in development”.

Recently, the mechanism of RNA silencing has been characterized in plants,
Caenorhabditis elegans, Drosophila melanogaster and Neurospora crassa. Long
precursor dsRNA is cleaved in an ATP-dependent step by the ribonuclease-III-type
endonuclease DICER into 21-24-nucleotide duplexes (see the figure, step 1). In
another ATP-dependent step, the siRNAs are unwound, probably by a DEAD-box
RNA helicase, and become single-stranded. Next, these ribonucleoprotein complexes
are rearranged into the RNA-induced silencing complex (RISC), which includes an
Argonaute protein bound to the single-stranded siRNA (see the figure, step 2). The
RISC binds and cleaves complementary target RNA in the middle of the paired region
(see the figure, step 3)7°. siRNAs then spread from cell to cell in the organism. In
plants, it was hypothesized that the siRNAs move from cell to cell through
plasmodesmata'®. Members of the pumpkin PSRP1 class of proteins bind to single-
stranded RNA species and mediate cell-to-cell movement'”". siRNAs are transported
in the phloem, and can trigger silencing throughout the plant'’.

NTNFNFNJC Viral dsRNA?
— o DICER-like protein
ATP (

O
NIFNFNFNJC 21-24 nucleotide dsRNA

(—’ —RISC
ATP
Argonaute

Step 1

siRNAs

\/\S
S — \S\S
AVAV A

Step 2 Step 3

\ —\

siRNA Cleavage of

complementary RNA

hypersusceptibility to CMV’%%. Tobacco NtRdRp1-
silenced plants were more susceptible to TMV than
wild-type tobacco plants®’. A PVX strain that does
not usually spread in tobacco could spread both
locally and systemically in transgenic plants lacking
this inducible NtRARP1 (REE.79). N. benthamiana
NbRARp1m is more than 90% identical to NtRdRp1,
but encodes a truncated protein that does not func-
tion®2. Interestingly, transgenic N. benthamiana
expressing RARP from Medicago truncatula showed
an increased resistance to tobamoviruses, but not to
other viruses®?. The truncated RARP might explain
the hypersusceptiblity of N. benthamiana to viral
infection®?. The A. thaliana RDRI, which shares
highest homology to NtRdRp1, is involved in, but not
required for, viral-RNA silencing®.

SYNERGISTIC INFECTION

An infection by two unrelated
viruses during which one virus
can replicate to higher-than-
normal levels owing to the
presence of the other virus.

Suppression of the antiviral pathway. Further support
for RNA silencing as an antiviral mechanism comes
from the evolution of viral proteins that suppress RNA
silencing. These proteins inhibit different steps in the
silencing pathway®, indicating that convergent evolu-
tion of suppressors has occurred over time (TABLE 2).
The generation of the silencing signal and the systemic
spread of this signal are both targets of silencing sup-
pressors. For instance, the structure of the tomato
bushy stunt virus suppressor P19 has been solved and
it binds tightly to double-stranded siRNAs, perhaps
sequestering them from the RISC (RNA-induced
silencing complex)®*®. Interestingly, P19 contacts the
sugar-phosphate backbone of the siRNA and is there-
fore unaffected by its nucleotide composition®*. P19
preferentially binds 20-22 nucleotide duplexes, and
therefore only targets one class of small RNAs.

The primary function of suppressors is usually
virulence. For example, the tobacco etch potyvirus
encodes the proteinase HC-Pro (helper-competent
proteinase), which is a virulence determinant® and
also a suppressor of RNA silencing®. This function
of HC-Pro as a silencing suppressor might explain
the large number of syNErGISTIC INFECTIONS involving
potyviruses®. Many viruses that are normally unable
to replicate and spread in a plant gain the ability to
cause a systemic infection in the presence of tobacco
etch potyvirus. Mutations in HC-Pro that abolish its
suppressor function cause the virus to lose the ability
to replicate and spread®.

Several transgenic plants that constitutively express
suppressors of viral-silencing have been generated”-2
Plants that express HC-Pro, P19 and P15 of the peanut
clump virus have distinct morphological phenotypes
that resemble dcl-1 mutants®?2. Therefore, the virus
suppressors seem to affect not only siRNA pathways,
but also microRNA pathways (80x 2). This effect on
endogenous developmental pathways might explain
some of the disease phenotypes.

RNA silencing and R gene signalling intersect. Both
RNA silencing and R genes are antiviral defences. It
seems probable that plants would develop a system
that allows these pathways to communicate with
each other to effectively limit viral infections. Is
there crosstalk between these pathways? If so, which
signalling molecules influence both pathways and
could serve as links between the two? On the other
hand, could viral suppressors of RNA silencing inhibit
R-gene-mediated defences?

Evidence suggests that there is only limited crosstalk
between these two important defence pathways. The
same viral protein can function as a suppressor of RNA-
silencing and as an Avr determinant in R-gene defence.
TCV coat protein, the Avr determinant of HRT, is also
a suppressor of RNA silencing”. The dual functions of
this viral protein indicate that it is at the junction of
these two antiviral pathways®. However, coat-protein
mutants that do not interact with TIP (see above)
and therefore cannot activate HRT-mediated defence
are still functional suppressors of RNA silencing®.
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Table 2 | Suppressors of RNA silencing encoded by plant viruses

Virus
African cassava mosaic virus

Barley stripe mosaic virus

Beet necrotic yellow vein virus

Beet western yellows virus
Beet yellow virus

Citrus tristeza virus

Cucumber mosaic virus

Peanut clump virus
Potato virus X
Rice hoja blanca virus

Rice yellow mottle virus

Tobacco etch virus

Tobacco mosaic virus
Tobacco rattle virus

Tomato bushy stunt virus

Tomato mosaic virus
Tomato spotted wilt virus
Tomato yellow leaf curl virus

Turnip crinkle virus

Suppressor Virulence function Suppressor function Refs
AC2 Virion sense gene expression, transactivator ND 106
Yo Seed transmission, virulence determinant, ND 107
viral RNA and protein accumulation
P14 ND ND 108
PO Symptom determinant ND 109
P21 Enhances RNA accumulation ND 110
P20, P23, P23-RNA-binding protein, regulates CP and P20 suppress intercellular 111-113
CP asymmetrical RNA accumulation, silencing. P20 and P23 suppress
CP-virion assembly intracellular silencing
2b Host-specific long-distance movement, Blocks silencing signal from spreading 114,115
inhibits salicylic-acid-mediated resistance
P15 Viral accumulation ND 108
P25 RNA helicase, cell-to-cell movement Blocks silencing signal from spreading 116
NS3 ND ND 117
P1 Virus accumulation, long-distance movement, ND 106
pathogenicity determinant
HcPro Aphid transmission, replication, systemic Reverses silencing, blocks 118
spread, polyprotein processing accumulation of short interfering RNAs
P126 Viral accumulation and movement ND 119
16K Virus accumulation, seed transmission ND 120
P19 Symptom determinant, host-specific spread Binds short interfering RNAs, reverses 106
silencing, blocks silencing signal from
spreading
P130 Replicase ND 121
NSs Viral virulence, putative movement protein ND 117,122
C2 Pathogenicity determinant ND 128
CP Coat protein, movement ND 93,124

ND, not determined.

Therefore, the function of TCV coat protein as an
Avr determinant in R-gene-mediated defence is inde-
pendent of its role as a suppressor of RNA silencing.
However, one should consider that plants evolved the
ability to detect Avr determinants, and that viruses did
not evolve these molecules to activate defence, but as
virulence factors. Perhaps plants targeted the suppres-
sors for detection by another defence mechanism, the
R genes.

It is possible that salicylic acid functions at the junc-
tion of RNA silencing and R-gene-mediated resistance.
The RdRPs NbRdRp1m, NtRdRp1 and RDRI are all
inducible by both salicylic acid and certain viruses® .
As the activation of many R genes results in the pro-
duction of salicylic acid, R-gene-mediated resistance
might cause the induction of these RARPs. Although
crosstalk might be limited, the biological concept of
redundancy in defence responses might again be used
by the plant to ensure survival.

Surprisingly, the silencing suppressor HC-Pro
seems to enhance R-gene-mediated resistance.
N-containing transgenic plants that express HC-Pro
show increased resistance to TMV®. This raises the
intriguing question of why viruses would evolve a
seemingly counterproductive system of suppressing

RNA silencing, only to enhance R-gene defence.
Interestingly, when HC-Pro N transgenic plants are
infected with several different viruses at elevated
temperatures (which inhibit N function), increased
infection symptoms are observed®’. The symptoms
are as severe as those observed during synergistic
interactions involving potyviruses®. Therefore, in
these experiments, HC-Pro functions to enhance viral
virulence, a role that might be expected for a suppres-
sor of antiviral defence. How does HC-Pro function
in one situation to enhance antiviral responses and in
the other to limit them? We eagerly await the results
of studies involving other suppressors to help clarify
this paradox.

Conclusions

There is functional overlap between R-gene-mediated
resistance and RNA silencing. These are both ancient,
conserved antiviral pathways, and understanding how
they intersect and influence each other will shed light
on disease-resistance mechanisms in plants. Many
questions about both these defence mechanisms
remain. One of the most important questions is how
R proteins detect the presence of pathogen Avr com-
ponents in the cell. It will be interesting to see what
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the components of R-protein complexes are and how
their dynamics alter in the presence of Avr proteins.
Also to be addressed is the role of alternative splicing
in TIR-NB-ARC-LRR function.

Similarly, many facets of RNA silencing as an anti-
viral defence are still open to investigation. One of the
most interesting areas still to be addressed is the origin
of the viral dsRNA trigger in plants. Whereas it seems
that plants use the same RNA-silencing pathway for

Legg, J. P. & Fauquet, C. M. Cassava mosaic geminiviruses
in Africa. Plant Mol. Biol. 56, 585-599 (2004).

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

van der Biezen, E. A. & Jones, J. D. The NB-ARC domain:
a novel signalling motif shared by plant resistance gene
products and regulators of cell death in animals. Curr. Biol.
8, R226-R227 (1998).

Tameling, W. I. et al. The tomato R gene products |-2 and
MI-1 are functional ATP binding proteins with ATPase
activity. Plant Cell 14, 2929-2939 (2002).

Bell, J. K. et al. Leucine-rich repeats and pathogen
recognition in Toll-like receptors. Trends Immunol. 24,
528-533 (2003).

Inohara, N. & Nunez, G. NODs: intracellular proteins
involved in inflammation and apoptosis. Nature Rev.
Immunol. 3, 371-382 (2003).

Whitham, S. et al. The product of the tobacco mosaic virus
resistance gene N: similarity to toll and the interleukin-1
receptor. Cell 78, 1101-1115 (1994).

Vidal, S., Cabrera, H., Andersson, R. A., Fredriksson, A. &
Valkonen, J. P. Potato gene Y-7 is an N gene homolog that
confers cell death upon infection with potato virus . Mol.
Plant Microbe Interact. 15, 717-727 (2002).
Jebanathirajah, J. A., Peri, S. & Pandey, A. Toll and
interleukin-1 receptor (TIR) domain-containing proteins in
plants: a genomic perspective. Trends Plant Sci. 7,
388-391 (2002).

Takahashi, H. et al. Arabidopsis thaliana RPP8/HRT family
resistance gene, conferring resistance to cucumber mosaic
virus requires salicylic acid, ethylene and a novel signal
transduction mechanism. Plant J. 32, 655-667 (2002).
Dinesh-Kumar, S. P., Tham, W.-H. & Baker, B. The
structure—function analysis of the tobacco mosaic
resistance gene N. Proc. Natl Acad. Sci. USA 97,
14789-14794 (2000).

Bendahmane, A., Farnham, G., Moffett, P. & Baulcombe,
D. C. Constitutive gain-of-function mutants in a nucleotide
binding site-leucine rich repeat protein encoded at the Rx
locus of potato. Plant J. 32, 195-204 (2002).

Eliis, J. G., Lawrence, G. J., Luck, J. E. & Dodds, P. N.
Identification of regions in alleles of the flax rust resistance
gene L that determine differences in gene-for-gene
specificity. Plant Cell 11, 495-506 (1999).

Jordan, T., Schornack, S. & Lahaye, T. Alternative splicing
of transcripts encoding Toll-like plant resistance proteins —
what’s the functional relevance to innate immunity?

Trends Plant Sci. 7, 392-398 (2002).

Dinesh-Kumar, S. P. & Baker, B. Alternatively spliced N
resistance gene transcripts: their possible role in tobacco
mosaic virus resistance. Proc. Natl Acad. Sci. USA 97,
1908-1913 (2000).

This paper is the first detailed characterization of
alternative splicing in TIR-NB-ARC-LRR R genes and
the involvement of both transcripts in resistance.
lwami, K. . et al. Cutting edge: naturally occurring soluble
form of mouse Toll-like receptor 4 inhibits
lipopolysaccharide signaling. J. Immunol. 165, 6682-6686
(2000).

Moffett, P, Farnham, G., Peart, J. & Baulcombe, D. C.
Interaction between domains of a plant NBS-LRR protein in
disease resistance-related cell death. EMBO J. 21,
4511-4519 (2002).

In this study, the authors provide evidence for
intramolecular interactions within R proteins. These
interactions might be disrupted upon pathogen
infection, raising many questions regarding R-protein
complexes and pathogen detection.

Hwang, C. F. & Williamson, V. M. Leucine-rich repeat-
mediated intramolecular interactions in nematode
recognition and cell death signaling by the tomato
resistance protein Mi. Plant J. 34, 585-593 (2003).

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

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

Mackey, D., Belkhadir, Y., Alonso, J. M., Ecker, J. R. &
Dangl, J. L. Arabidopsis RIN4 is a target of the type Il
virulence effector AvrRpt2 and modulates RPS2-mediated
resistance. Cell 112, 379-389 (2003).

Mackey, D., Holt, B. F,, Wiig, A. & Dangl, J. L. RIN4
interacts with Pseudomonas syringae type Il effector
molecules and is required for RPM1-mediated resistance in
Arabidopsis. Cell 108, 743-754 (2002).

Axtell, M. J. & Staskawicz, B. J. Initiation of RPS2-specified
disease resistance in Arabidopsis is coupled to the
AvrRpt2-directed elimination of RIN4. Cell 112, 369-377
(2003).

Shao, F. et al. Cleavage of Arabidopsis PBS1 by a bacterial
type Il effector. Science 301, 1230-1233 (2003).
Experimental evidence in support of the guard
hypothesis is provided by references 20-23.

Ren, T., Qu, F. & Morris, T. J. HRT gene function requires
interaction between a NAC protein and viral capsid protein
to confer resistance to turnip crinkle virus. Plant Cell 12,
1917-1926 (2000).

Ren, T., Qu, F. & Morris, T. J. 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 (2005).

Meyers, B. C., Kozik, A., Griego, A., Kuang, H. &
Michelmore, R. W. Genome-wide analysis of NBS-LRR-
encoding genes in Arabidopsis. Plant Cell 15, 809-834
(2003).

Lu, R. et al. High throughput virus-induced gene silencing
implicates heat shock protein 90 in plant disease
resistance. EMBO J. 22, 5690-5699 (2003).

Hubert, D. A. et al. Cytosolic HSP90 associates with and
modulates the Arabidopsis RPM1 disease resistance
protein. EMBO J. 22, 5679-5689 (2003).

Takahashi, A., Casais, C., Ichimura, K. & Shirasu, K. HSP90
interacts with Rar1 and Sgt1 and is essential for RPS2-
mediated disease resistance in Arabidopsis. Proc. Nat!
Acad. Sci. USA 100, 11777-11782 (2003).

Liu, Y., Burch-Smith, T., Schiff, M., Feng, S. & Dinesh-
Kumar, S. P. Molecular chaperone Hsp90 associates with
resistance protein N and its signaling proteins SGT1 and
Rar1 to modulate an innate immune response in plants.

J. Biol. Chem. 279, 2101-2108 (2004).

Rudd, J. J. & Franklin-Tong, V. E. Unravelling response-
specificity in Ca®* signalling pathways in plant cells.

New Phytol. 151, 7-33 (2001).

Jin, H. et al. Function of a mitogen-activated protein kinase
pathway in N gene-mediated resistance in tobacco.

Plant J. 33, 719-731 (2003).

Liu, Y., Schiff, M. & Dinesh-Kumar, S. P. Involvement of
MEK1 MAPKK, NTF6 MAPK, WRKY/MYB transcription
factors, COI1 and CTR1 in N-mediated resistance to
tobacco mosaic virus. Plant J. 38, 800-809 (2004).
Zhang, S. & Klessig, D. F. MAPK cascade in plant defense
signaling. Trends Plant Sci. 6, 520-527 (2001).

Kim, C. Y. & Zhang, S. Activation of a mitogen-activated
protein kinase cascade induces WRKY family of
transcription factors and defense genes in tobacco.

Plant J. 38, 142-151 (2004).

Marathe, R., Guan, Z., Anandalakshmi, R., Zhao, H. &
Dinesh-Kumar, S. P. Study of Arabidopsis thaliana
resistome in response to cucumber mosaic virus infection
using whole genome microarray. Plant Mol. Biol. 55,
501-520 (2004).

Vranova, E., Inze, D. & Van Breusegem, F. Signal
transduction during oxidative stress. J. Exp. Bot. 53,
1227-1236 (2002).

Mittler, R., Vanderauwera, S., Gollery, M. & Van Breusegem,
F. Reactive oxygen gene network of plants. Trends Plant
Sci. 9, 490-498 (2004).

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

56.

56.

57.

58.

59.

development and for defence, how this pathway evolved
to have these dual essential functions is unknown, and
it will be interesting to see if these two pathways can be
separated. We will learn more about how RNA silencing
operates as an antiviral mechanism as new suppressor
functions are identified. By understanding how R-gene-
mediated resistance and the RNA-silencing pathway
intersect, it might be possible to manipulate resistance
in plants.

Keller, T. et al. A plant homolog of the neutrophil NADPH
oxidase gp91°™ subunit gene encodes a plasma
membrane protein with Ca** binding motifs. Plant Cell 10,
255-266 (1998).

Overmyer, K., Brosche, M. & Kangasjarvi, J. Reactive
oxygen species and hormonal control of cell death. Trends
Plant Sci. 8, 335-342 (2003).

Ordog, S. H., Higgins, V. J. & Vanlerberghe, G. C.
Mitochondrial alternative oxidase is not a critical
component of plant viral resistance but may play a role in
the hypersensitive response. Plant Physiol. 129,
1858-1865 (2002).

Gilliland, A. et al. Genetic modification of alternative
respiration has differential effects on antimycin A-induced
versus salicylic acid-induced resistance to Tobacco mosaic
virus. Plant Physiol. 132, 1518-1528 (2003).

Delledonne, M., Xia, Y., Dixon, R. A. & Lamb, C. Nitric oxide
functions as a signal in plant disease resistance. Nature
394, 585-588 (1998).

Durner, J., Wendehenne, D. & Klessig, D. F. Defense gene
induction in tobacco by nitric oxide, cyclic GMP, and cyclic
ADP-ribose. Proc. Natl Acad. Sci. USA 95, 10328-10333
(1998).

The role of NO in plant defence was first identified in
references 43 and 44.

del Rio, L. A., Corpas, F. J. & Barroso, J. B. Nitric oxide and
nitric oxide synthase activity in plants. Phytochemistry 65,
783-792 (2004).

Guo, F. Q., Okamoto, M. & Crawford, N. M. Identification of
a plant nitric oxide synthase gene involved in hormonal
signaling. Science 302, 100-103 (2003).

In a series of elegant experiments, the authors
identify a plant protein that is responsible for the
induction of NO synthesis in response to pathogen
infection and hormone signals.

Zeidler, D. et al. Innate immunity in Arabidopsis thaliana:
lipopolysaccharides activate nitric oxide synthase (NOS)
and induce defense genes. Proc. Nat/ Acad. Sci. USA 101,
15811-15816 (2004).

Fang, F. C. Antimicrobial reactive oxygen and nitrogen
species: concepts and controversies. Nature Rev.
Microbiol. 2, 820-832 (2004).

Turner, J. G., Eliis, C. & Devoto, A. The jasmonate signal
pathway. Plant Cell 14, S153-S164 (2002).

Guo, H. & Ecker, J. R. The ethylene signaling pathway: new
insights. Curr. Opin. Plant Biol. 7, 40-49 (2004).

Durrant, W. E. & Dong, X. Systemic acquired resistance.
Annu. Rev. Phytopathol. 42, 185-209 (2004).

Glazebrook, J. et al. Topology of the network integrating
salicylate and jasmonate signal transduction derived from
global expression phenotyping. Plant J. 34, 217-228
(2003).

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

Lorrain, S., Vailleau, F., Balague, C. & Roby, D. Lesion
mimic mutants: keys for deciphering cell death and defense
pathways in plants? Trends Plant Sci. 8, 263-271 (2003).
Liu, Y. et al. Autophagy regulates programmed cell death
during the plant innate immune response. Cell 121,
567-577 (2005).

Lam, E. Controlled cell death, plant survival and
development. Nature Rev. Mol. Cell Biol. 5, 305-315
(2004).

Chichkova, N. V. et al. A plant caspase-like protease
activated during the hypersensitive response. Plant Cell 16,
167-171 (2004).

Hatsugai, N. et al. A plant vacuolar protease, VPE,
mediates virus-induced hypersensitive cell death. Science
305, 855-858 (2004).

Rojo, E. et al. VPEy exhibits a caspase-like activity that
contributes to defense against pathogens. Curr. Biol. 14,
1897-1906 (2004).

NATURE REVIEWS [MICROBIOLOGY

© 2005 Nature Publishing Group

VOLUME 3 [OCTOBER 2005 | 797



REVIEWS

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

7.

78.

79.

80.

81.

82.

83.

84.

Plant proteases with a caspase-like activity that is
required for the HR PCD are identified in references
57-59.

Bendahmane, A., Kanyuka, K. & Baulcombe, D. C. The Rx
gene from potato controls separate virus resistance and cell
death responses. Plant Cell 11, 781-791 (1999).
Lanfermeijer, F. C., Dijkhuis, J., Sturre, M. J., de Haan, P. &
Hille, J. Cloning and characterization of the durable tomato
mosaic virus resistance gene Tm-2? from Lycopersicon
esculentum. Plant Mol. Biol. 52, 10371049 (2003).
Smalle, J. & Vierstra, R. D. The ubiquitin 26S proteasome
proteolytic pathway. Annu. Rev. Plant Biol. 55, 555-590
(2004).

Holt, B. F,, 3rd, Hubert, D. A. & Dangl, J. L. Resistance gene
signaling in plants — complex similarities to animal innate
immunity. Curr. Opin. Immunol. 15, 20-25 (2003).

Wei, N. & Deng, X. W. The COP9 signalosome. Annu. Rev.
Cell Dev. Biol. 19, 261-286 (2003).

Azevedo, C. et al. The Rar1 interactor SGT1, an essential
component of R gene-triggered disease resistance. Science
295, 2073-2076 (2002).

Liu, Y., Schiff, M., Serino, G., Deng, X.-W. & Dinesh-Kumar,
S. P. Role of SCF ubiquitin-ligase and the COP9
signalosome in the N gene-mediated resistance response
to tobacco mosaic virus. Plant Cell 14, 1483-1496 (2002).
Feng, S. et al. The COP9 signalosome interacts physically
with SCF COI1 and modulates jasmonate responses. Plant
Cell 15, 1083-1094 (2003).

Vernooij, B. et al. Salicylic acid is not the translocated signal
responsible for inducing systemic acquired resistance but is
required in signal transduction. Plant Cell 6, 959-965 (1994).
Kumar, D. & Klessig, D. F. High-affinity salicylic acid-binding
protein 2 is required for plant innate immunity and has
salicylic acid-stimulated lipase activity. Proc. Nat/ Acad. Sci.
USA 100, 16101-16106 (2003).

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

For many years, the molecule responsible for
signalling SAR has eluded scientists, and this paper
identifies a mutation that disrupts SAR while local
resistance remains unaffected. A putative lipid-binding
protein was identified, indicating that a lipid-derived
signal might be the long-sought systemic signal.

Feys, B. J., Moisan, L. J., Newman, M. A. & Parker, J. E.
Direct interaction between the Arabidopsis disease
resistance signaling proteins, EDS1 and PAD4. EMBO J.
20, 5400-5411 (2001).

Baulcombe, D. RNA silencing in plants. Nature 431,
356-363 (2004).

Meister, G. & Tuschl, T. Mechanisms of gene silencing by
double-stranded RNA. Nature 431, 343-349 (2004).

Hull, R. Matthews’ Plant Virology 4th edn 27-42 (Academic
Press, New York, 2002.).

Waterhouse, P. M., Graham, M., W. & Wang, M.-B. Virus
resistance and gene silencing in plants is induced by double
stranded RNA. Proc. Nat/ Acad. Sci. USA 95,
1395913964 (1998).

Dalmay, T., Hamilton, A., Rudd, S., Angell, S. & Baulcombe,
D. C. An RNA-dependent RNA polymerase gene in
Arabidopsis is required for posttranscriptional gene silencing
mediated by a transgene but not by a virus. Cell 101,
543-553 (2000).

Klumpp, K., Ruigrok, R. W. & Baudin, F. Roles of the
influenza virus polymerase and nucleoprotein in forming a
functional RNP structure. EMBO J. 16, 1248-1257 (1997).
Ahlquist, P. RNA-dependent RNA polymerases, viruses,
and RNA silencing. Science 296, 1270-1273 (2002).

Xie, Z. et al. Genetic and functional diversification of small
RNA pathways in plants. PLoS Biol. 2, E104 (2004).
Mourrain, P. et al. Arabidopsis SGS2 and SGS3 genes are
required for posttranscriptional gene silencing and natural
virus resistance. Cell 101, 533-542 (2000).

Xie, Z., Fan, B., Chen, C. & Chen, Z. An important role of
an inducible RNA-dependent RNA polymerase in plant
antiviral defense. Proc. Natl Acad. Sci. USA 98,
6516-6521 (2001).

Yang, S. J., Carter, S. A, Cole, A. B., Cheng, N. H. &
Nelson, R. S. A natural variant of a host RNA-dependent
RNA polymerase is associated with increased susceptibility
to viruses by Nicotiana benthamiana. Proc. Natl Acad.

Sci. USA 101, 6297-6302 (2004).

Yu, D., Fan, B., MacFarlane, S. A. & Chen, Z. Analysis of the
involvement of an inducible Arabidopsis RNA-dependent
RNA polymerase in antiviral defense. Mol. Plant Microbe
Interact. 16, 206-216 (2003).

Chapman, E. J., Prokhnevsky, A. |., Gopinath, K., Dolia, V. V.
& Carrington, J. C. Viral RNA silencing suppressors inhibit
the microRNA pathway at an intermediate step. Genes Dev.
18, 1179-1186 (2004).

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

o

101.

102.

108.

104.

10

107.

108.

o

Ye, K., Malinina, L. & Patel, D. J. Recognition of small
interfering RNA by a viral suppressor of RNA silencing.
Nature 426, 874-878 (2003).

Vargason, J. M., Szittya, G., Burgyan, J. & Tanaka Hall, T. M.
Size selective recognition of siRNA by an RNA silencing
suppressor. Cell 115, 799-811 (2003).

This paper and reference 85 report the first crystal
structures of a viral suppressor bound to siRNAs,
clearly showing the importance of the 21-nucleotide
length of an siRNA.

Pruss, G., Ge, X., Shi, X. M., Carrington, J. C. & Bowman
Vance, V. Plant viral synergism: the potyviral genome
encodes a broad-range pathogenicity enhancer that
transactivates replication of heterologous viruses. Plant Cell
9, 869-868 (1997).

Vance, V. & Vaucheret, H. RNA silencing in plants-defense
and counterdefense. Science 292, 2277-2280 (2001).
Kasschau, K. D. & Carrington, J. C. Long-distance
movement and replication maintenance functions correlate
with silencing suppression activity of potyviral HC-Pro.
Virology 285, 71-81 (2001).

Mallory, A. C., Reinhart, B. J., Bartel, D., Vance, V. B. &
Bowman, L. H. A viral suppressor of RNA silencing
differentially regulates the accumulation of short interfering
RNAs and micro-RNAs in tobacco. Proc. Natl Acad.

Sci. USA 99, 15228-15233 (2002).

Kasschau, K. D. et al. P1/HC-Pro, a viral suppressor of RNA
silencing, interferes with Arabidopsis development and
miRNA function. Dev. Cell 4, 205-217 (2003).

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

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

Choi, C.W.,Qu, F,, Ren, T, Ye, X. & Morris, T. J. 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 (2004).
Pruss, G. J. et al. The potyviral suppressor of RNA silencing
confers enhanced resistance to multiple pathogens.
Virology 320, 107-120 (2004).

The authors examine how a viral RNA silencing
suppressor protein affects R-gene-mediated
resistance. This is the first demonstration that these
two pathways interact with each other.

Mello, C. C. & Conte, D., Jr. Revealing the world of RNA
interference. Nature 431, 338-342 (2004).

Finnegan, E. J. & Matzke, M. A. The small RNA world.

J. Cell Sci. 116, 4689-4693 (2003).

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

Bartel, D. P. MicroRNAs: genomics, biogenesis,
mechanism, and function. Cell 116, 281-297 (2004).
Milotshwa, S. et al. RNA silencing and the mobile silencing
signal. Plant Cell 14, S289-S301 (2002).

Yoo, B. C. et al. A systemic small RNA signaling system in
plants. Plant Cell 16, 1979-2000 (2004).

The authors provide evidence for the systemic
movement of siRNAs through the phloem of a plant.
This points to siRNA as the systemic signal for silencing.
Ratcliff, F.,, Harrison, B. D. & Baulcombe, D. C. A similarity
between viral defense and gene silencing in plants. Science
276, 1558-1560 (1997).

Bendahmane, A., Querci, M., Kanyuka, K. & Baulcombe,
D. C. 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 (2000).

Cooley, M. B., Pathirana, S., Wu, H.-J., Kachroo, P. &
Klessig, D. F. Members of the Arabidopsis HRT/RPPS family
of resistance genes confer resistance to both viral and
oomycete pathogens. Plant Cell 12, 663-676 (2000).
Spassova, M. I. et al. The tomato gene Sw5 is a member of
the coiled coil, nucleotide binding, leucine-rich repeat class
of plant resistance genes and confers resistance to TSWV in
tobacco. Mol. Breed. 7, 151-161 (2001).

. Voinnet, O., Pinto, Y. M. & Baulcombe, D. C. Suppression of

gene silencing: a general strategy used by diverse DNA and
RNA viruses of plants. Proc. Natl Acad. Sci. USA 96,
14147-14152 (1999).

Yelina, N. E., Savenkoy, E. I, Solovyey, A. G., Morozov, S. Y.
& Valkonen, J. P. Long-distance movement, virulence, and
RNA silencing suppression controlled by a single protein in
hordei- and potyviruses: complementary functions between
virus families. J. Virol. 76, 12981-12991 (2002).

Dunoyer, P. et al. Identification, subcellular localization and
some properties of a cysteine-rich suppressor of gene
silencing encoded by peanut clump virus. Plant J. 29,
555-567 (2002).

100.

110.

1"

e

1"

118.

114

116.

116.

1"

118.

119.

120.

12

=

12

12

124.

N

~

N

2]

Pfeffer, S. et al. PO of beet Western yellows virus is a
suppressor of posttranscriptional gene silencing. J. Virol. 76,
6815-6824 (2002).

Reed, J. C. et al. Suppressor of RNA silencing encoded by
Beet yellows virus. Virology 306, 203-209 (2003).

. Satyanarayana, T. et al. Closterovirus encoded HSP70

homolog and p61 in addition to both coat proteins function
in efficient virion assembly. Virology 278, 253-265 (2000).
Lu, R. et al. Three distinct suppressors of RNA silencing
encoded by a 20-kb viral RNA genome. Proc. Nat/ Acad.
Sci. USA (2004).

Sambade, A. et al. Polymorphism of a specific region in
gene p23 of Citrus tristeza virus allows discrimination
between mild and severe isolates. Arch. Virol. 148,
2325-2340 (2003).

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

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

Voinnet, O., Lederer, C. & Baulcombe, D. C. A viral
movement protein prevents spread of the gene silencing
signal in Nicotiana benthamiana. Cell 103, 157-167 (2000).
Bucher, E., Siien, T., De Haan, P., Goldbach, R. & Prins, M.
Negative-strand tospoviruses and tenuiviruses carry a gene
for a suppressor of gene silencing at analogous genomic
positions. J. Virol. 77, 1329-1336 (2003).

Anadalakshmi, R. et al. A viral suppressor of gene silencing
in plants. Proc. Natl Acad. Sci. USA 95, 13079-13084
(1998).

Ding, X. S. et al. The Tobacco mosaic virus 126-kDa protein
associated with virus replication and movement suppresses
RNA silencing. Mol. Plant Microbe Interact. 17, 583-592
(2004).

Liu, H., Reawy, B., Swanson, M. & MacFarlane, S. A.
Functional replacement of the tobacco rattle virus cysteine-
rich protein by pathogenicity proteins from unrelated plant
viruses. Virology 298, 232-239 (2002).

. Kubota, K., Tsuda, S., Tamai, A. & Meshi, T. Tomato mosaic

virus replication protein suppresses virus-targeted
posttranscriptional gene silencing. J. Virol. 77,
11016-11026 (2003).

Takeda, A. et al. Identification of a novel RNA silencing
suppressor, NSs protein of Tomato spotted wilt virus.
FEBS Lett. 532, 75-79 (2002).

van Wezel, R. et al. Mutation of three cysteine residues in
Tomato yellow leaf curl virus-China C2 protein causes
dysfunction in pathogenesis and posttranscriptional gene-
silencing suppression. Mol. Plant Microbe Interact. 15,
203-208 (2002).

Thomas, C. L., Leh, V., Lederer, C. & Maule, A. J. Turnip
crinkle virus coat protein mediates suppression of RNA
silencing in Nicotiana benthamiana. Virology 306, 33-41
(2003).

Acknowledgments

We apologize to our colleagues whose work we were unable to
include owing to space constraints. We thank Dr S. Ekengren
and members of the Dinesh-Kumar laboratory for critical reading
of the manuscript. The Dinesh-Kumar laboratory is supported
by the National Institutes of Health, the National Science
Foundation’s Plant Genome and 2010 Programs, the Hellman
Family Fellowship and Yale University Genomics and Proteomics
grants.

Competing interests statement
The authors declare no competing financial interests.

&) Online links

DATABASES

The following terms in this article are linked online to:
Entrez: http://www.ncbi.nlm.nih.gov/Entrez

cucumber mosaic virus | peanut clump virus | potato virus X |
Pseudomonas syringae pv. tomato | tobacco etch potyvirus |
tobacco mosaic virus | tomato bushy stunt virus | turnip crinkle
virus | turnip mosaic virus

Swiss-Prot: http://www.expasy.ch

AvrB | AvrPphB | AvrRpm | RIN4 | RPS2

TAIR: http://www.arabidopsis.org

DCL2 | DIRT | dir1-1|eds1 | HRT | pad4 | PBS1 | RCY1 | RDRT |
RDR6 | RPM1 | RPP8 | RPS5

FURTHER INFORMATION
The Dinesh-Kumar laboratory:
http://www.yale.edu/plantfunctionalgenomics

to this i links box is free online.

798 | OCTOBER 2005 [ VOLUME 3

© 2005 Nature Publishing Group

www.nature.com/reviews/micro




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile ()
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage false
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile (None)
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.00000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.00000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly true
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox false
  /PDFXBleedBoxToTrimBoxOffset [
    0.30000
    0.30000
    0.30000
    0.30000
  ]
  /PDFXOutputIntentProfile (OFCOM_PO_P1_F60)
  /PDFXOutputCondition (OFCOM_PO_P1_F60)
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /False

  /Description <<
    /JPN <FEFF3053306e8a2d5b9a306f300130d330b830cd30b9658766f8306e8868793a304a3088307353705237306b90693057305f00200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e30593002>
    /DEU <>
    /FRA <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
    /ENU <FEFF004e00500047002000570045004200200050004400460020004a006f00620020004f007000740069006f006e0073002e0020003100350030006400700069002e002000320032006e0064002000530065007000740065006d00620065007200200032003000300034002e002000500044004600200031002e003400200043006f006d007000610074006900620069006c006900740079002e>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 782.362]
>> setpagedevice


