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SUMMARY

Recent work carried out to characterize recessive mutations
which render experimental hosts non-permissive to viral infection
(loss-of-susceptibility mutants) seems to be converging with new
data on natural recessive resistance in crop species, and also with
functional analyses of virus avirulence determinants. Perhaps the
most well known examples are the studies that identified the
eukaryotic translation initiation factors 4E(iso) (elF(iso)4E) and
4E(elF4E) as the host factors required for potyvirus multiplication
within experimental and natural hosts, respectively, and the
potyviral genome-linked protein (VPg) as the viral factor that
directly interacts with elF4E to promote potyvirus multiplication.
The purpose of this paper is to review the available information
on the characterization of loss-of-susceptibility mutants in experi-
mental hosts, natural recessive resistances and virus avirulence
factors, and also to comment on possible implications for the
design of new sources of sustainable virus resistance.

INTRODUCTION

Plants protect themselves against pathogens using a wide variety
of mechanisms, among them the establishment of pre-formed
defence barriers and the use of basal defence responses; although
the focus of the most extensive studies has been the well-
known gene-for-gene resistance response (Dangl and Jones,
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2001). This type of resistance depends on the ability of a plant to
recognize a pathogen and to quickly mount a range of defensive
measures often associated with the development of a hyper-
sensitive response (HR). This recognition process was revealed by
analysis of the race or pathovar specific resistances conferred by
single dominant resistance genes (R-genes), and was formulated
according to the gene-for-gene hypothesis (Flor, 1971). At the
biochemical level, recent evidence suggests that the products of
R-genes function as ‘quards’, detecting the activity of the aviru-
lence effectors bound to a host target factor rather than the aviru-
lence factor itself (Axtell and Staskawicz, 2003; MacKey et al.,
2003). Several viral R-genes have been characterized to date, and
all belong to the nucleotide binding site leucine-rich repeat (NBS-
LRR) super family of R-genes (Hammond-Kosak and Parker, 2003).

Research into the genetic resistance to plant pathogenic
viruses is also providing important basic information on differ-
ent plant biological processes. Perhaps the most recent example
consists of work carried out to analyse the phenomenon of post-
transcriptional gene silencing (PTGS), which, for some research
groups, was initially undertaken to understand different aspects
related to transgenic or natural resistance to plant viruses (e.g.
Covey et al., 1997). Today, it is clear that RNA silencing (PTGS in
plants, RNA interference in animals and quelling in fungi) is a funda-
mental process of the regulation of eukaryotic gene expression
(Voinnet, 2002). Both R-mediated disease resistance and RNA
silencing have been the subject of many excellent reviews (e.g.
Hammond-Kosak and Parker, 2003; Voinnet, 2002; Waterhouse
et al., 2001) and will not be covered further here.

In contrast to these two examples, the information available on
incompatible interactions between viruses and plants controlled
in the host by recessive resistance genes is less in quantity and
more disperse. There are two generally accepted hypotheses
to explain the mechanisms of recessive resistance (Fraser, 1990,
1999). The first hypothesis proposes that resistance might be the
result of a passive mechanism that makes a plant resistant due
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to the lack of a specific host factor required by the virus to com-
plete its cycle, or due to the presence of a mutated version of that
factor. According to the second hypothesis, resistance might be
the result of an active mechanism, in which the resistant plant
produces an inhibitor that interferes with some stage of the virus
cycle or contains a factor which recognizes some virus-encoded
molecule and therefore switches on a resistance response; sus-
ceptibility, in this case, is due to the presence of a repressor of the
inhibitor or of a resistance response repressor. Recent results on
recessive resistance to potyviruses are better explained in the
conceptual framework of the first hypothesis (Lellis et al., 2002;
Nicaise et al., 2003; Ruffel et al., 2002), whereas the second
scenario has only been found to apply to plant—fungal interactions,
such as that controlled by the Mlo gene in barley (Buschges et al.,
1997). Importantly, work carried out to characterize loss-of-
susceptibility mutants obtained through mutagenesis in experi-
mental hosts is converging with work on natural recessive resist-
ance in crop species, and also with functional analyses of virus
avirulence determinants. Moreover, non-host resistance (i.e. resist-
ance at species level) probably shares many basic mechanisms
with the cultivar resistance conferred by recessive genes. Here,
we review some of these latter aspects and their implications for
the identification of new sources of resistance.

LOSS-OF-SUSCEPTIBILITY MUTANTS IN
EXPERIMENTAL HOSTS

Viruses depend on the host biochemical machinery to complete
their biological cycle. Thus, the successful infection of a plant by
a virus requires a series of compatible interactions between host
and viral factors along a complex multi-step process that includes
the expression and replication of the viral genome, cell-to-cell
movement and long distance translocation through the plant
vascular system (Carrington et al, 1996; Maule et al., 2002).
Characterization of some of these host factors has been achieved
through the analysis of large collections of mutagenized hosts
and the consequent identification of several genes required for
virus multiplication (Table 1). Perhaps one of the most powerful
approaches has been that of Ahlquist and co-workers, who used
yeast genetics to identify the host factors required for Brome mosaic
virus (BMV) gene expression and replication. This was possible
due to the unique ability of BMV to direct RNA replication, sub-
genomic mRNA synthesis and encapsidation in Saccharomyces
cerevisiae, recapitulating all known features of BMV replication
in plant cells (Janda and Ahlquist, 1993; Quadt et al., 1995). Thus,
the host factors required for specific translation of genomic RNAs
(Noueiry et al., 2000), coordination of RNA translation and repli-
cation (Diez et al., 2000; Noueiry et al., 2003), initiation of negative
strand RNA synthesis (Tomita et al., 2003) and RNA replication
(Ishikawa et al., 1997; Lee et al,, 2001) were identified by this
research group (reviewed in Ahlquist et al., 2003) (Table 1).

In Arabidopsis thaliana, host factors required for virus gene
expression or replication (i.e. factors that affect virus multiplica-
tion in protoplasts) have also been identified through the screen-
ing of mutants (Table 1). Thus, TOM1 (and its homologue TOM3)
and TOM2A have been shown to be required for efficient Tobacco
mosaic virus (TMV) multiplication in Arabidopsis protoplasts.
They are host integral membrane proteins which interact with
each other and also with viral replication factors (Hagiwara et al.,
2003; Ishikawa et al., 1991, 1993; Ohshima et al., 1998; Tsujimoto
et al., 2003; Yamanaka et al., 2002). Following a similar approach,
the eukaryotic translation initiation factor 4E(iso) (elF(iso)4E) has
been shown to be necessary for efficient multiplication of the
potyviruses Turnip mosaic virus (TuMV) and Tobacco etch virus
(TEV) in single cells (Duprat et al,, 2002; Lellis et al., 2002; Whitham
etal, 1999). In addition, several Arabidopsis mutants in which
virus movement is restricted have been identified: these include
cum1-1 and cum2-1, which affect the local spread of Cucumber
mosaic virus (CMV) (Yoshii et al., 1998a) and that of CMV and
Turnip crinkle virus (TCV) (Yoshii et al., 1998b), respectively, and
vsm1, in which the systemic movement of a tobamovirus is
specifically restricted (Lartey et al., 1998) (Table 1).The cloning and
characterization of these latter genes has the potential to provide
very useful information regarding the mechanisms governing
virus movement within their hosts.

NATURAL RECESSIVE RESISTANCE GENES

The screening of Arabidopsis ecotypes for differential susceptibility
to viruses has also been carried out in a number of laboratories.
Such studies have contributed to the identification of several
natural recessive genes that affect virus multiplication in the
plant (Table 1). Again, the cloning and characterization of these
genes is an exciting area that can provide important information
on mechanisms governing host-virus interactions. However, most
of the natural recessive resistances to viruses identified thus far
are from crop species. Interestingly, recessive resistances seem to
be more frequent for plant viruses than for other plant patho-
gens, for which resistances appear to be predominantly inherited
as monogenic dominant characters (Fraser, 1990). Moreover,
recessive resistances are more frequent for potyviruses than for
viruses of other families (Table 2): 63.8% of the examples listed
in Table 2 correspond to potyviruses. This may simply reflect the
relative importance of the viruses of this family or, perhaps, other
specific peculiarities of the potyvirus biology.

Unfortunately, basic research on the control and mechanisms
underlying recessive resistance in crop species often did not go as
far as it might. In some cases, even the genetics of the resistance
remains unclear. The expression of the resistance was analysed in
some detail in only one-quarter of the crop/virus combinations
listed in Table 2. For most of the cases in which this aspect was
studied, the resistances seemed to be active at the single cell
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Table 1 Recessive resistances in experimental hosts.

Host Virus Gene Phenotype of mutant Function of protein Selected references
Saccharomyces Brome mosaic virus ded1 Mutations block BMV replication without RNA helicase required for translation initiation on Noueiry et al. (2000)
cerevisiae inhibiting cell growth. This is associated with all yeast mRNAs. The RNA2 5” non-coding region is
selective inhibition of RNA2 translation. required for this inhibition.
Ism1 Mutant defective in coordination of translation Forms part of a complex that facilitates Diez et al. (2000)
and replication. Strongly reduced translation of deadenylation-dependent mRNA turnover. Contains
genomic RNAs destined for replication. the conserved Sm motif. Required for efficient
1a recruitment of viral RNAs.
ydj1 Mutant shows no initiation of Chaperone involved in forming BMV replication Tomita et al. (2003)
negative-strand RNA synthesis. complexes, possibly by directing 2a polymerase
folding or a step required for RNA synthesis.
olel Mutation blocks BMV RNA replication in an B fatty acid desaturase, key enzyme for converting Lee et al. (2001)
early step due to the reduction in unsaturated saturated to unsaturated fatty acids.
fatty acid levels in membranes.
mab1-1 Mutants inhibit accumulation of positive and Ishikawa et al. (1997)
mab2-1 negative-strand RNA3 and subgenomic
mab3-1 mRNA.
Arabidopsis thaliana Tobacco mosaic virus tom1 Mutation affects amplification of Transmembrane protein localized in tonoplast. It Ishikawa et al. (1991)
(tom3) TMV-related RNAs in a single cell (not valid interacts with helicase domain of tobamovirus- Ishikawa et al. (1993)
(thh1) for CMV or TCV). encoded replication proteins and is an essential Yamanaka et al. (2000)
constituent of the tobamoviral replication complex. Yamanaka et al. (2002)
Hagiwara et al. (2003)
tom2A Mutation affects accumulation of TMV- Transmembrane protein localized in tonoplast, Ohshima et al. (1998)
related RNAs in protoplasts in a tobamovirus interacts with TOM1 and facilitates formation of Tsujimoto et al. (2003)
specific manner. tobamoviral RNA replication complex.
Cucumber mosaic virus cuml-1 Mutation affects spreading of CMV (not TCV Yoshii et al. (1998a)
Turnip crinkle virus and TMV) within an infected leaf, possibly
due to the cell-to-cell movement of CMV in
a virus specific manner.
cum2-1 Mutation affects the local spreading and Yoshii et al. (1998b)
cell- to-cell movement of both CMV and TCV.
Turnip vein clearing virus vsm1 Mutation affects systemic movement of TVCV. Lartey et al. (1998)
Tobacco etch potyvirus Isp1 Mutants are defective in supporting TuMV Translation factor elF(iso)4E with cap-binding Lellis et al. (2002)
Turnip mosaic potyvirus and TEV genome expression and/or activity. It interacts with VPg. Whitham et a/. (1999)
replication. Wittmann et al. (1997)
Lettuce mosaic potyvirus ? Complete resistance to all LMV isolates Revers et al. (2003)
of the Cape Verde islands.
Beet curly top virus ? Resistance to BCTV. Lee et al. (1994)
Tobacco mosaic virus ? Resistance to TMV. Dardick et al. (2000)
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Table 2 Recessive resistances in crop species.

Virus

Host (Genus; Family) Gene* Expressiont Selected references

Apium graveolens Celery mosaic virus cmv Apical leaves D'Antonio et al. (2001)
(Potyvirus; Potyviridae)

Arachis hipogaea Groundnut rosette virus Two genes Escape to infection/ Olorunju et al. (1992)
(Umbravirus) No symptoms

Brassica campestris Turnip mosaic virus Two genes Apical leaves Yoon et al. (1993)
(Potyvirus; Potyviridae)

Brassica rapa Turnip mosaic virus Monogenic Apical leaves Hughes et al. (2002)

P1418957¢
and Jin G 55
Capsicum annum

Capsicum chinense

Capsicum frutescens
Citrullus lanatus

Cucumis melo

Cucumis sativus

Cucurbita moschata
cv. Nigerian
Glycine max

Hordeum vulgare

(Potyvirus; Potyviridae)

Potato virus Y

(Potyvirus; Potyviridae)
Cucumber mosaic virus
(Cucumovirus, Bromoviridage)
Pepper mottle virus
(Potyvirus; Potyviridae)
Pepper veinal mottle virus
(Potyvirus; Potyviridae)
Tobacco etch virus
(Potyvirus; Potyviridae)
Pepper mottle virus
(Potyvirus; Potyviridae)
Potato virus Y

(Potyvirus; Potyviridae)
Tobacco etch virus
(Potyvirus; Potyviridae)
Cucumber mosaic virus
(Cucumovirus, Bromoviridae)
Zucchini yellow mosaic virus
(Potyvirus; Potyviridae)
Cucumber green mottle mosaic virus
(Tobamovirus)

Cucurbit aphid borne yellows virus
(Polerovirus; Luteoviridae)
Melon necrotic spot virus
(Carmovirus; Tombusviridae)
Papaya ring spot virus
(Potyvirus; Potyviridae)
Watermelon mosaic virus
(Potyvirus; Potyviridae)
Moroccan watermelon mosaic virus
(Potyvirus; Potyviridae)
Zucchini yellow fleck virus
(Potyvirus; Potyviridae)
Zucchini yellow mosaic virus
(Potyvirus; Potyviridae)
Papaya ring spot virus
(Potyvirus; Potyviridae)
Cowpea chlorotic mottle virus
(Bromovirus; Bromoviridae)
Barley mild mosaic virus
(Bymovirus; Potyviridae)
Barley yellow mosaic virus
(Bymovirus; Potyviridae)
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pvr2', pvr2?, pur3,
pvrs

At least two
major genes
pvr3

pvr2?, pvr6
pvr2?

pvrl

pvrl

pvrl

At least two
major genes
Monogenic
Polygenic
cab-1, cab-2
nsv
Monogenic
wmv-2
mwm

zyf

zym

prv

Two genes

rym1to rymi2

rymlto rym12

Inoculated leaves;
apical leaves
Escape to infection
Apical leaves
Apical leaves
Protoplasts
Protoplasts
loculated leaves
Protoplasts
Escape to infection
Apical leaves

No symptoms
Apical leaves
Protoplasts
Reduced
accumulation

No symptoms

No symptoms
Apical leaves
Reduced
accumulation

No symptoms
Reduced

accumulation
?

Dogimont et al. (1996);
Ruffel et al. (2002)
Grube et al. (2000)
Murphy and Kyle (1995)
Caranta et al. (1996)
Deom et al. (1997)
Murphy et al. (1998)
Boiteux et al. (1996)
Murphy et al. (1998)
Grube et al. (2000)
Prowvidenti (1991a)
Rajamony et al. (1990)
Dogimont et al. (1997)
Diaz et al. (2004)
Grumet et al. (2000)

Wai and Grumet (1995)
Kabelka and Grumet (1997)
Gilbert-Albertini et al. (1995)
Ullah and Grumet (2002)
Brown et al. (2003)
Goodrick et al. (1991)
Kuhne et al. (2003)

Kanyuka et al. (2003)
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Table 2 continued.

Recessive resistance to plant viruses 227

Virus
Host (Genus; Family) Gene* Expressiont Selected references
Lactuca sativa Beet Western yellows virus bwy Reduced Pink et al. (1991)
(Polerovirus; Luteoviridae) accumulation
Bidens mottle virus ? ? Prowvidenti and Hampton (1992)
(Potyvirus; Potyviridae)
Lettuce mosaic virus mol1, mol2 Reduced Nicaise et al. (2003)
(Potyvirus; Potyviridae) accumulation
Lycopersicon esculentum Peru tomato virus ? ? Provvidenti and Hampton (1992)
(Potyvirus; Potyviridae)
? ? Maluf et al. (1991)

Lycopersicon hirsutum

Manihot esculenta
Manihot glaziovii
Matthiola incana

Nicotiana tabacum

Oryza glaberrima
Oryza sativa

Oryza sativa TKM6

0. sativa Utri Merah

Phaseolus vulgaris

Pisum sativum

Tomato spotted wilt virus
(Tospovirus; Bunyaviridae)
Tomato yellow leaf curl virus
(Begomovirus; Geminiviridae)
Tobacco etch virus
(Potyvirus; Potyviridae)
Potato virus Y

(Potyvirus; Potyviridae)
African cassava mosaic virus
(Begomovirus; Geminiviridae)
African cassava mosaic virus
(Begomovirus; Geminiviridae)
Turnip mosaic virus
(Potyvirus; Potyviridae)
Potato virus Y

(Potyvirus; Potyviridae)
Tobacco etch virus
(Potyvirus; Potyviridae)
Tobacco vein mottling virus
(Potyvirus; Potyviridae)

Rice yellow mottle virus
(Sobemovirus)

Rice yellow mottle virus
(Sobemovirus)

Rice tungro spherical virus
(Waikavirus; Sequiviridae)
Bean common mosaic virus
(Potyvirus; Potyviridae)

Bean yellow mosaic virus
(Potyvirus; Potyviridae)
Clover yellow vein virus
(Potyvirus; Potyviridae)

Bean common mosaic virus
(Potyvirus; Potyviridae)

Bean leafroll virus
(Enamovirus; Luteoviridae)
Bean yellow mosaic virus
(Potyvirus; Potyviridae)
Clover yellow vein virus
(Potyvirus; Potyviridae)
Passionfruit woodiness virus
(Potyvirus; Potyviridae)
Watermelon mosaic virus
(Potyvirus; Potyviridae)
White lupin mosaic virus

Two to three
genes
pot-1

pot-1

Polygenic

va
Two genes

va

Monogenic
tsv-11tsv-1, tsv-2
be-l, be-12, be-2,

bc-22, be-3, be-u
av

bem
Ir

mo

pwv
mo

wlv

No symptoms
Inoculated leaves
Inoculated leaves
Escape to infection

Reduced

accumulation
?

Inoculated leaves
Apical leaves

Inoculated leaves
Inoculated leaves
Inoculated leaves

Apical leaves/

Escape to infection
?

Protoplasts
Apical leaves
No symptoms

Apical leaves

Apical leaves

Apical leaves
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Vidavsky and Czosnek (1998)
Parrella et al. (2002)

Parrella et al. (2002)

Legg and Thresh (2000)

Legg and Thresh (2000)
Prowvidenti and Hampton (1992)
Masuta et al. (1999)

Schaad and Carrington (1996)
Nicolas et al. (1997)

Albar et al. (2003)

Albar et al. (2003)

Azzam et al. (2000)

Miklas et al. (2000)

Park and Tu (1991)

Sato et al. (2003)

Prowvidenti (1991b)

Baggett and Hampton (1991)
Schroeder and Provvidenti (1971)
Prowvidenti and Hampton (1992)
Prowvidenti and Niblett (1994)
Schroeder and Provvidenti (1971)

Prowvidenti and Hampton (1993)
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228 J. A. DIAZ-PENDON et al.

Table 2 continued.

Virus

Host (Genus; Family) Gene* Expressiont Selected references
(Potyvirus; Potyviridae)
Pea seedborne mosaic virus sbm1, sbm2, sbm3, Protoplasts Johansen et al. (2001)
(Potyvirus; Potyviridae) sbm4

Rubus idaeus Raspberry bushy dwarf virus ? ? Knight and Barbara (1981)
(Idaeovirus)

Vicia faba Bean yellow mosaic virus ? ? Prowvidenti and Hampton (1992)

(Potyvirus; Potyviridae)

Vigna mungo Bean yellow mosaic virus Two genes No symptoms Pal et al. (1991)

PDM 116 (Potyvirus; Potyviridae)

Vigna radiata Mungbean yellow mosaic virus ? ? Malik et al. (1986)
(Begomovirus; Geminiviridae)

Vigna unguiculata Blackeye cowpea mosaic virus ? ? Prowvidenti and Hampton (1992)

(Potyvirus; Potyviridae)
Cowpea severe mosaic virus
(Comovirus; Comoviridae)

Three genes

No symptoms Umaharan et al. (1997)

*In cases labelled with a question mark, the genetic control of the resistance has not been clarified. In other cases, resistance alleles have not been named.

tIn cases labelled with a question mark, the expression of the resistance has not been analysed. For the rest of the cases, the methodology for studying this aspect
has been quite variable. We have categorized the following: Protoplasts = virus accumulation was not detected in inoculated protoplasts; inoculated leaves = virus
accumulation was not detected either in inoculated or in non-inoculated leaves; apical leaves = virus accumulation was not detected in non-inoculated leaves; reduced
accumulation = virus accumulation was reduced compared to susceptible controls; escape to infection = a smaller proportion of plants were infected compared to
susceptible controls; no symptoms = there was no symptom expression even if virus accumulated at normal levels.

level, and only in one case did the resistance appear to act during
the cell-to-cell movement of the virus (Nicolas etal, 1997;
Table 2). To our knowledge, the characterization of recessive
genes conferring resistance to viruses in crop species has only
been reported for pepper and lettuce. Interestingly, these resist-
ances are against two different potyviruses, but they were shown
to be controlled by the same host factor, the eukaryotic initiation
factor 4E (elF4E) (Nicaise et al., 2003; Ruffel et al., 2002). In both
cases, elF4E was identified as the resistance gene by using a can-
didate gene approach in which e/F4E was chosen as a candidate
based on previous results obtained with the Arabidopsis/ TEV-
TuMV systems (see above), and also based on a number of results
related to the properties of the viral genome-linked protein, VPg,
which was shown to act as a potyviral avirulence factor for
several host/potyvirus combinations (see below).

AVIRULENCE DETERMINANTS

The durability of resistance deployed in the field may be com-
promised by the appearance of resistance-breaking strains. This
fact, however, may be of great value in research: genetic analyses
comparing resistance-breaking and non-resistance-breaking
viral strains have produced interesting results regarding the iden-
tification of determinants for pathogen avirulence and mech-
anisms of resistance (Harrison, 2002). Resistance-breaking strains
have been identified in around one-third of the crop/virus

combinations listed in Table 2, but the avirulence determinants have
been characterized in only half of them, perhaps because of the
limited availability of infectious cDNA clones for the correspond-
ing viruses. Notably, seven of the nine avirulence determinants
already characterized correspond to potyviral VPgs (Keller et al.,
1998; Kuhne et al., 2003; Nicolas et al., 1997; Sato et al., 2003;
Schaad and Carrington, 1996), one corresponds to the P3-6K1
potyviral genes (Johansen et al., 2001), and only one avirulence
determinant has been characterized for a non-potyvirus, Melon
necrotic spot virus (MNSV) (Diaz et al., 2004). Interestingly, in
this last case the avirulence determinant probably consists of an
RNA sequence on its own (the MNSV 3-untranslated region) and
the resistance of melon to MNSV appears to depend on the same
viral genetic determinant as the non-host resistances of Nico-
tiana benthamiana and Gomphrena globosa (Fig. 1) (Diaz et al.,
2004). As regards the involvement of the potyviral VPg as the
avirulence determinant in several crop/potyvirus combinations,
TEV and TuMV VPgs have been shown to interact with elF4E and
elF(iso)4E factors from different hosts. Additionally, it has been
shown that these VPg—elF4E interactions up-regulate genome
amplification and are necessary for infectivity (Leonard et al.,
2000; Schaad et al., 2000; Wittmann et al., 1997). These results
prompted use of the candidate gene approach mentioned above
to identify elF4E from lettuce and pepper as the factor controlling
recessive resistances to potyviruses in these hosts, and illustrate
very well how research on the ‘virus side’ can provide valuable
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Fig. 1 A Melon necrotic spot virus (MNSV) strain is able to overcome the
resistance in melon and non-host plants. Seedlings of the melon cultivars
Planters Jumbo (nsv/nsv genotype) and PMR-45 (Nsv/— genotype) as well as
Nicotiana benthamiana and Gomphrena globosa plants were inoculated with
two different viral strains, MNSV-264 and MNSV-Ma.5. MNSV-264 is able

to overcome the melon resistance conferred by nsv (+ indicates infection,

— indicates no infection) and also the non-host resistance of N. benthamiana
and G. globosa, whereas MNSV-Mai5 is not. Interestingly, the avirulence
determinants for both types of resistance seem to reside in the same region
of the MNSV genome (Diaz et al., 2004).

information relevant to the molecular characterization of recess-
ive resistance genes. The identification of elF4E as the host factor
controlling recessive resistance to different potyviruses in two
different hosts, together with the high frequency of identification
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of VPg as an avirulence determinant, point to the possibility that
the same host factor might control recessive resistance to poty-
viruses in other plant species.

NON-HOST RESISTANCE

One intriguing phenomenon is that most plant species are resistant
to the majority of plant viruses. Resistance at the plant species
level is termed non-host resistance. As in the case of recessive
resistance described above, passive mechanisms could govern non-
host resistance (Dawson and Hilf, 1992; Fraser, 1990). Passive
resistance could operate if a plant species lacks or contains a
modified version of a factor that is essential for the viral infection
cycle. If the modified gene leads to immunity to viruses without
affecting the fitness of the plant, then it can be predicted that the
new allele will be selected at the species level, leading to non-host
resistance. The case of MNSV/N. benthamiana and G. globosa,
described above (Fig. 1), might be used as an example to illus-
trate this hypothesis. Alternatively, the virus could have evolved
so that the pathogenicity factors were non-functional in non-host
plants. Two examples involving TMV and Cauliflower mosaic
virus (CaMV) provide precedents for this proposed pattern of
evolution. It was shown that isolates of TMV that developed the
ability to overcome different resistance genes in Capsicum have
lost their ability to multiply in tomato and tobacco, hosts that were
the original source of infection (Fraser, 1990). The lack of a specific
function in the virus was also described as governing the host
range for CaMV (Wintermantel et al., 1993): the CaMV isolate
D4 systemically infects solanaceous and cruciferous species,
whereas the CaMV isolate CM1841 is unable to systemically infect
any solanaceous host but can infect cruciferous species. Transgenic
Nicotiana bigelovii expressing the D4 gene VI product extended
the host range of CM1841 to solanaceous species (Schoelz and
Wintermantel, 1993; Wintermantel et al., 1993). Very probably,
understanding the mechanisms underlying non-host resistance
will be crucial for the development of stable virus resistant crops.

CONCLUSIONS AND FUTURE CHALLENGES

Genetic studies using experimental model hosts, such as yeast
and Arabidopsis, are providing fundamental information on how
viruses intimately interact with their hosts. The potential of these
models is very high and their exploitation is just beginning. The
range of viruses considered will probably broaden, and new
mutants will be identified through the screening of germplasm
collections or large numbers of mutants. For example, the recent
development of an experimental system based on yeast as a host
for the replication of tombusvirus satellite RNAs (Panavas and
Nagy, 2003) will surely render important results in the future. Once
genes responsible for these mutations are identified, research
groups will face biological questions that will have to be analysed
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using biochemical and cellular biology approaches. The avail-
ability of extensive information on the determinants of functions
coded by viral genomes is critical to providing complementary
information that would be highly valuable regarding these last
aspects. On the other hand, the potential to extract basic informa-
tion by using crop species as experimental hosts should not be
under-estimated. One of the simplest reasons for this is that a sig-
nificant number of monogenic recessive resistances have already
been identified in crop species and some of these resistances have
been characterized, at least partially. Another reason for this is
that nature often produces interesting tools for the dissection of
the mechanisms controlling these resistances, such as resistance-
breaking virus strains. Three groups of crop/virus combina-
tions which may deserve differential attention can be identified:
(i) resistances to potyviruses in which the viral VPg appears to be
the avirulence factor and/or that are expressed at the single cell
level; in such cases, a candidate gene approach to analysing the
possible involvement of elF4E in the resistance may be applic-
able, (ii) resistances to potyviruses for which an avirulence factor
different from the viral VPg has been identified and/or that are
not expressed at the single-cell level, and (jii) resistances to
viruses other than potyviruses. Particularly, in those cases where
the resistance gene has been genetically characterized and posi-
tioned in a genetic map, an alternative candidate approach may
be used in order to identify genes co-segregating with the resist-
ance gene. Genes previously identified as host factors in other
systems (e.g. Arabidopsis or yeast) could be candidates for under-
taking such an approach, as well as genes shown to respond to
viral infection (Aranda et al., 1996; Whitham et al., 2003).

Finally, but not less importantly, we must consider the practical
implications of research in this area. For example, studies using
crop species as experimental hosts may provide information rel-
evant to the likelihood of appearance of resistance breaking viral
strains and estimations of their fitness, and hence, data relevant
to the estimation of the durability of resistance in the field. In
addition, studies using model species may provide information
on new targets for interfering with the virus multiplication cycle
in the host and, therefore, on the design of new strategies for the
control of virus-induced diseases. As examples, newly developed
technologies such are those based on RNA interference (Voinnet,
2002; Wang and Waterhouse, 2001) or high throughput methods
for the identification of allelic variants in collections of muta-
genized individuals based on TILLING (Targeting Induced Local
Lesions IN Genomes) (McCallum et al., 2000) seem promising for
the transfer of information from model to crop species in order to
engineer virus resistance.
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