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| Introduction

In the absence of curative control methods agaiasit viruses, genetic resistance is amongst
the most efficient and the most widely and eassgdicontrol methods. Resistance should
therefore occupy a central place in integratedtesgras for viral disease control. Although
they share common objectiveise. the sustainable control of plant pathogens, rescst
durability and integrated plant disease managerhant complex relationships (Fig. 1).
When resistance genes are introduced into comnhesaigeties, they are often sufficiently
efficient by themselves to protect crops from ds&sa Consequently, as long as no resistance
breakdown occurs, growers are less prone to conmtpitiie use of these resistances with
additional control methods in an integrated apgnoguch practices will in turn favour
resistance breakdown, especially if the resistdraseinitially a high efficiency and exerts a
strong selective pressure on the pathogen popnfatidhis negative feedback builds a
“vicious circle” which can accelerate the “boom amakt” cycle of resistance genes. In an
alternative and more desirable view, consideriranpiesistance genes as rare resources to be
preserved on the long term should be an incentveoibine resistances with other control
methods to extend their durability. In turn, thdegrated management strategy, often
composed of control methods with quantitative dffeon the pathogen population, will
benefit on the long term of the additional effettioe resistance in a positive feedback
(“virtuous circle”). Switching from the “viciousa the “virtuous” circle depends as much on
our knowledge of the biological and ecological msses involved in the complementary
effects of plant resistance and additional contrethods as on socio-economical factors.

In this report, we will review the state of the aoincerning the durability of plant resistance
to viruses and the relationship between integrat@amagement of plant virus diseases and
resistance durability.

1. The biological scenario of plant resistance bréaown by viruses.

1.1. The different steps of resistance breakdoveheaolutionary forces at play.

Assuming that the virus population is totally alént (.e. unable to infect plants carrying the
resistance) when a new resistance is released nimeecial varieties, breakdown of the

resistance involves three steps (Fig. 2) (onlyl@tter two steps are relevant in case virulent

variants [.e. variants able to infect plants carrying the itasise] pre-exist when the new



ResistVir : Deliverable 33-EG7 report

resistance is released). The first step consisthienappearance of virulent variants in the
initially avirulent viral population. As soon asefe variants appear, they are in competition
with the avirulent components of the viral popwatifor their accumulation in the cells and
plants where they first appeared. Only if they aoenpetitive enough, will the virulent
variants multiply enough into these plants (stepr#t) have the opportunity to be transmitted
to another plant and to spread in the crops (sfe@lldwing epidemics to develop in
resistance-carrying plants. This scenario will semg as a canvas to identify the factors and
forces involved in resistance breaking and therga@leactions of additional control methods
on resistance durability.

Johnson (1981) defined durable resistance as stapse that remains effective while being
extensively used in agriculture for a long perindan environment conducive to the disease.
Effectiveness of a resistance is somewhat subgac#vresistance could be considered as
effective if no virulent viruses have infected hlants (at least step 2 in the scenario has not
been fulfilled efficiently) or if no economic damegyare induced by these virulent viruses (at
least step 3 in the scenario has not been fulféiéidiently). It is generally considered that if
all these steps are efficiently performed by vinaleirus variants, then a breakdown of the

resistance occurs. If not, the resistance willtmesalered as durable.

Different evolutionary forces rule the achievemehthese different steps (Fig. 2). The first
step, appearance of virulent variants, usually vesa small number (most often one or two)
of nucleotide substitutions in the so-called awnde gene encoded by the viral genome
(Harrison, 2002). Virus avirulence genes correspantb around 30 plant resistance genes or
alleles have been identified (Table 1). Identiiimat of avirulence genes was usually
performed by reverse genetics approaches wherengemnegions were exchanged between
DNA or cDNA clones of virulent and avirulent viryariants. Finally, directed mutagenesis
of a clone of an avirulent virus isolate allows tmapping of the mutations involved in
virulence properties. In almost all cases, thesdeatide susbstitutions correspond also to
putative amino acid substitutions. Consequentlys igenerally assumed that the avirulence
factor is not the genome segment correspondinghéoatvirulence gene by itself but the
protein it encodes. That hypothesis is particulazbnvincing when direct and specific
physical interactions have been shown betweenrbaupts of the resistance or susceptibility
alleles of the plant and those of the avirulenceiaience alleles of the virus (Charrenal.
2008). However, a non-coding region of the virusaagee was shown to be the avirulence
factor for at least one resistance gene (Déhzal. 2004). In theory, when nucleotide

3
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substitutions at different positions in the viraengme are required for virulence,
recombination or reassortment between two (or mavellent virus isolates could generate
virulent variants. However, no such situation hesrbreported so far.

The second step, relating to the competition betwadrulent and virulent viruses in the
plants where the latter appeared, involves maimbp evolutionary forces: differential
selection between the two virus variants (a compboé their relative fitness) and genetic
drift during the infection of the plant by the vées. Since virulent variants are more likely to
appear in plants devoid of the resistance genaigwvieplication is frequently drastically
reduced in resistant plants, therefore decreadueg probability that virulence mutations
occur), the relative competitivity of virulent airulent virus variants is usually measured
in such plants. Practically, avirulent and virulestriants, differing only by the virulence
mutations to avoid any side effect of additionaltations, are co-inoculated to “susceptible”
plants. The relative accumulation of both virusiaats is monitored during the course of the
plant infection and compared to their relative @ntcation in the inoculum. It should be
noticed that the results obtained with these mixedulation experiments are frequently
different from those obtained with single-inocubatiexperimentsi.e. where the avirulent
and virulent variants are inoculated singly to eliént individual plants). Differences in virus
accumulation usually increase (or appear) in mixedulation experiments while these
differences are smaller (or absent) in single-itatoon experiments (Desbiezt al. 2003;
Ayme et al. 2006). In some cases, opposite rankings for welaticcumulation of virus
variants were observed between the two differenitiogols (Pierruguest al. 2007).

The third step of resistance breaking is probabé/ most complex one since three different
evolutionary forces can exert on the virus popafatii) spatial dissemination (migration) of
the virus between plants, (ii) genetic drift duribg@nsmission events and (iii) selection

imposed by vectors of the virus.

This general overview of the different forces aypturing resistance breakdown suggests
two comments:

- Many evolutionary parameters should be estimatesttount for the whole process of
resistance breakdown. Most of these are partiguldrficult to estimate with
precision and poorly known for plant viruses.

- The interplay between these different forces, gctin different steps of resistance
breakdown and at different spatial scales, is alnmogossible to comprehend by

experimental approaches and requires mathematicdkling developments which,

4
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in their turn, should be verified with experimentalobservational data. Mathematical
modelling outputs will also provide future hypothsdo be tested experimentally.

1.2. Estimation of the strength of evolutionarycs acting on plant virus populations.

After having listed the different forces acting winus populations and responsible for the
breakdown of plant resistances, we will briefly iesv what is known about their
quantification.

Mutation and recombination rates are difficult stimate from natural diversity studies since
they are not easy to disentangle from the actionabfiral selection and also because of the
difficulties of estimation of generation times. Tsgontaneous mutation rate of plant viruses
under minimum selection from the host plant wasresed only for Tobacco mosaic virus
and estimated to be 0.10 to 0.13 mutations per rgenper replication cycle (~2x10-5
mutations per nucleotide per replication cycle)yadue similar to that of animal viruses
(Malpica et al. 2002) and at least 10,000 timeshédighan for prokaryotes or eukaryotes.
Only for Cauliflower mosaic virus, a DNA virus, doe have an estimation of the
recombination rate during the infection of the h(t10-5 to 4x10-4 recombinations per
nucleotide per replication cycle; Froissart et 2005). Frequent recombination was also
observed foBrome mosaic virusndCucumber mosaic viruswo RNA viruses (Bruyeret

al., 2000; Garcia-Arenadt al 2001). The frequency of mutation or recombinatiorvirus
populations depends both on the individual mutatemombination rate of viruses and on
their population size. The total (census) poputas@e of plant viruses can be tremendous
(up to 167 viral particles in a single infected leaf; Garélgenal et al. 2001). Thus, given
their mutation rates, population sizes and germratmes, extremely high levels of diversity
are expected within plant virus populations. Howetlge action of genetic drift and selection

dramatically reduces the diversity within plantugmpopulations.

During the infection of individual plants by virssetwo different forces, genetic drift and
selection, operate. Genetic drift occurs at ang stieere molecules or pathways necessary for
the virus life cycle are in insufficient quantitiesth regard to the total virus population size.
The effects of drift and selection can be difficitdistinguish, since both occur at the same
steps in the virus life cycle and their effect oopplation diversity can be similar. Both
phenomena reduce the within-population diversity ¢an increase the between-population

diversity. However the effects of drift are stodi@and individually unpredictable, whereas
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the effects of selection should be reproducible identical environments and initial
composition of the virus population. Genetic ddttring plant invasion was recently shown
for different plant viruses infecting different hes(French and Stenger, 2003; Li and
Roossinck, 2004; Sacristéhal. 2003; Monsioret al.in press). The effective population size,
I.e. the number of individual viruses giving rise @ tentire virus population in the plant, was
found to vary from around ten for two RNA viruségdnch and Stenger, 2003; Sacristan
al. 2003) to several hundreds for a DNA virus (Monsabral. in press), which indicates the
possibility of severe genetic drift when comparedthie census size of virus populations
which can reach 6in a single plant leaf (Garcia-Areretlal. 2001). Genetic drift acting on
virus populations within the infected plants miglatve important consequences on the further
plant-to-plant spread of virus variants (Mowtyal. 2007).

Differential selection between viral variants canthe result of constraints exerted by hosts,
vectors, physical environment or by the virus ftsdecause viral genes are often
multifunctional, even a limited number of nucleatidhanges may have strong pleiotropic
effects and may be responsible for fitness costdeced by gains of virulence (in plants
devoid of the corresponding resistance). Pracyicédl measure the relative competitiveness
of avirulent and virulent variants, viral populatgodiffering only by the virulence mutations
should be compared to avoid any side effect of temidil mutations. These populations are
co-inoculated to “susceptible” plants and the reéaiccumulation of both virus variants is
monitored during the course of the plant infectiand compared to their relative
concentrations in the inoculum. It should be natitkat the results obtained with these
mixed-inoculation experiments are frequently déf@r from those obtained with single-
inoculation experiments.€. where the avirulent and virulent variants arecilated singly to
different individual plants). Occurrence of “virmlee fitness costs" was shown in several
instances (Gouldeat al. 1993; Lanfermeijeet al. 2003; Jenneet al. 2002a; Desbieet al.
2003; Aymeet al. 2006). Other examples suggest that virulent stream be at least as fit as
avirulent ones (Chaiet al. 2007; Sorhcet al. 2005). However, in these latter examples, it
was not determined whether mutations outside théderice factor also contributed to fitness

variations.

Given their diverse dispersal means (persistenhampersistent transmission by airborne
insect vectors, transmission by soilborne vectarshsas fungi or nematodes, contact or

wound transmission, vertical seed transmissionpedgal by infected plant material
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propagation or trade), diverse patterns of viraagmission from plant to plant are expected,
together with different strengths of the three aid#int evolutionary forces (migration,
selection and drift) exerted on virus populationsiy this process.

For almost all plant viruses, the frequency verdiggance distribution of migration events is
unknown. Even though the dynamics of vectors caadbenated both at field and at regional
scales, their viruliferous status is rarely deteedi and remained extremely difficult to assess
in the case of transient, nonpersistent virus-vaateractions. Moreover, detecting viruses in
a vector does not imply that the virus will be sanitted or even that the detected virus is in a
transmissible state. However, efforts have beenentadstimate the spread of nonpersistent
viruses such aSoybean mosaic viruRuesink and Irwin, 1986) d?otato virus Y(Sigvald,
1986) as a function of aphid landing and transmissates. Inferring migration events from
observed plant infection patterns is also rendelifftcult by the lack of virus variability
either to identify independent migration events tor separate primary and secondary
infections. As a consequence, few studies have ieahthe virus variability with the aim to
measure their migration distances and only genenalencies are known. For example, when
a spatial structure of virus diversity is observids suggests a lack of intense gene flow
(Fargetteet al. 2004, Fraileet al. 1996; Lecocet al. 2005). Also, minimal distances for which
spatially-structured populations are observed nmalcate distance thresholds above which
virus migrations are drastically reduced (Arboleda Azzam, 2000; Azzaset al. 2000).
Selection acting on virus populations during plmplant transmission was mostly
demonstrated in the case of viruses transmittedbiblpgical vectors. That different viral
genotypes are transmitted with different efficiescwas initially shown by describing poorly
transmissible or non transmissible virus variasssied from laboratory experiments (Ng and
Falk 2006). Differential transmission efficiency wifus variants between different vector
species was also shown experimentally (Petryal. 1998). The importance of differential
selection of virus variants by vectors in epidemgital conditions remains unknown
although indirect evidence suggest that it couldab®ajor evolutionary constraint on some
virus populations (Moury 2004).

Genetic drift is thought to be severe during plaaplant transmission of viruses by vectors,
which was shown experimentally for different aphiahsmitted RNA viruses (Alet al.
2006; Sentandreet al. 2006; Mouryet al. 2007; Betancouret al. 2008). However, an
estimation of the drift intensity was obtained ofdy Potato virus Yand Cucumber mosaic
virus, for which individual aphids were estimated tonsmit less than 3.2 viral infectious
units on average (Moumt al. 2007; Betancoust al. 2008).

7
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2. Which factors influence the durability of plantresistance to viruses?

According to Johnson’s definition, the durability mesistances can be measured oaly
posteriori after their large-scale deployment. The abilityptedict the potential durability of
resistance since the beginning of the breedingrprog represents a major challenge and

relies on the knowledge of the factors which infloe most that durability.

2.1. Nature of plant resistances.

Given the wide diversity of plant resistance phgpes, mechanisms and genetic
determinisms, it was logical to try to link theseoperties to resistance durability. No
association was observed between the genetic datenm of virus resistance and its
durability (Garcia-Arenal and McDonald, 2003). @e bpposite, a slightly significant overall
association was noticed between the resistanceopfpn and its durability, although no
particular category of resistance was found morealdla than others (Garcia-Arenal and
McDonald, 2003). “Extreme resistances’e. dominant resistances which reduce virus
multiplication at the single cell (protoplast) Iéwd do not exhibit hypersensitive reactions
on inoculated organs, are particularly durable #ddt al. 1993; Bendahmanet al. 1995;
Barker and Harrison, 1984; Hajimorad and Hill, 20@4owever, only few members of this
resistance category have been characterized ssméano general rules can be derived from
these observations yet.

Based upon data obtained mainly from plant restgtan fungi, polygenic resistances are
often presumed to be more durable than monogers @rindhoutet al. 2002). This could be
true also for virus resistances, but these compésistances are less studied than mono- or
oligogenic ones and there is no experimental ewedaor this hypothesis. Furthermore, the
reasons for higher durability of polygenic resis@s are unclear. Polygenic resistances have
usually quantitative effects on virus infection ¥ehmany monogenic resistances have much
stronger (qualitative) effects. It is unknown ieturability of these resistances is due to their

polygenic or to their quantitative nature.
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2.2. Intrinsic virus traits.

Considering the different evolutionary forces inxad in resistance breaking (Fig. 2), it seems
logical that their effects vary largely according the different virus species. For
mutation/recombination rates, genetic drift witlplants and selection during plant-to-plant
transmission, the scarcity of our knowledge dodsatlow comparisons between plant virus
species (see section 1.2.). However, at least tiditianal properties can affect resistance
durability: (i) the size of virus populations ani their capacity of dissemination in the agro-
ecosystem. Virus population size directly affedte probability of appearance of virulent
variants. It depends on the number of host spettiedrequency of these host species and the
capacity of the virus to accumulate in its hostngda which are known to vary greatly
between viruses. Moreover, viruses can undergo moless severe decrease (bottlenecks) of
their population size at certain steps of theieatibn cycles. These bottlenecks can in turn
cause the extinction of many virus variants andreise the probability of emergence of
virulent variants. The differences of disseminat@apacity between viruses are not known
with precision. However, they can be inferred frdme knowledge of the particular vectors
which may be involved in virus transmission, of ffugential spread of the virus in seeds or in
material used for plant vegetative reproductiorirom studies of the population structure of
viruses. Notably, air-borne vectors can disseminatigses on longer distances than soil-
borne ones and persistent viruses can be dissexdioat longer distances compared to non-
persistent ones. Seed-borne viruses have the lbdggersal ranges due to human activities.
The number of vector species and their prevaleneealso important with regard to virus
dissemination chance and distance.

These two properties, together with a third onecja@ence of “sexual reproductioni’.e.
recombination or reassortment) were incorporateih i@arcia-Arenal and McDonald's
“evolutionary potential” (EP) of viruses (Garciaedal and McDonald, 2003), a semi-
quantitative compound index. In spite of many eation uncertainties and
oversimplifications, that index was shown to catelwith resistance durability: The higher
the EP of viruses, the lower the durability of sésnces targeting them. The link between the
third property and resistance durability is notaigfintforward since sexual reproduction has
not been shown to be involved directly in the gatien of virulent virus variants. In addition,
the frequency of recombinants or reassortants bageen shown to differ between virulent

and avirulent isolates. However, when virulencagsociated to a fithess cost of the virus in
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plants devoid of the resistance gene, a fitnessvezg could arise by secondary mutations or,
maybe more rapidly, by recombination or reassortm&hen, sexual reproduction would
contribute to the emergence of virulent virus vatsa This was suggested to occur in the case
of a resistance tdomato spotted wilt viruSTSWYV) in transgenic tobacco plants conferred by
the nucleocapsid gene of TSWV. The ability to overe the resistance was associated with
the M RNA segment of TSWV but modified by the ottwo RNAs in the TSWV genome
(Hoffmannet al. 2001). Accordingly, when a composite TSWV popwlativas inoculated to
resistant plants, the selected virulent virus vdsiawere reassortants between the two

components of the virus population (Qiu and Mog&99).

Different resistance genes which target the sames ¥requently show contrasted durability.
By definition, the EP of viruses cannot account fbese differences. In this respect,
knowledge derived from the identification of virntee genes and mutations could contribute
to a better prediction of resistance durabilityr Ewample, Harrison (2002) showed that the
number of amino acid substitutions required forudince was linked to the resistance
durability. When two or more substitutions were essary, durability was generally high
while, when a single substitution sufficed to conférulence, resistance durability was

generally low.

2.3. Environmental and anthropic factors.

By affecting the frequency and geographic distidtng of virus host plant and/or vector
populations, physical environment of crops (climatail...) and human decisions (choice of
crop species and genotypes) or behaviour (tradetmduction of infected plants or seeds)
can influence strongly the prevalence of viral dfses and the durability of virus resistances.
As already underlined (see section 2.2.), thisagaarate by increasing the population size of
viruses, decreasing the impact of population botids on viruses and increasing their
capacity of dissemination in the agro-ecosystene diance that individual plants could be
infected by different virus isolates will also iease, enhancing the effects of recombination
or reassortment. Insect vectors of viruses aracpéatly affected by climate variations and
can also be transported over long distances vattetof plant material. In these last years, the
worldwide expansion of thripsF(ankliniella occidentaliy, whiteflies Bemisia tabagi or
aphids Toxoptera citricida was the cause of the spread of particularly damgaglant

viruses.

10
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However, the fact that human activities can be imbetntal to the durability of plant

resistances to viruses suggests that rationalragpmgement should allow preserving it.

3. Integrated virus management to preserve the dutality of plant resistance.

The knowledge of the potential relationships betwéee EP of viruses and the effect of
certain environmental changes or human activitresesistance durability will be of help to

define integrated strategies aiming to preservisteaxe durability.

3.1. Combining resistance genes to preserve theallity.

Face to the rapid “boom and bust” cycles affecthgresistance genes exploited by breeders
and growers, it was tempting to combine differezgistance genes or alleles in order to
increase their individual durabilities. Such stgae include the accumulation of different
genes in the same plant genotype (the so-callecatpigding” of resistance genes) and the
alternation of genes at the spatial or tempora¢leyrotations of crops). The efficiency of
these approaches has essentially been evaluatettafysgal diseases of crops (Zhtal.
2000; Pink, 2002; Mundtt al.2002) and remains largely to be evaluated forsé@su

3.2. Additional control methods to combine to resise.

The different control methods that can be usedcamibined against plant viruses have been
recently reviewed (Jones 2006 and Table 2). Thedade prophylactic measures, the use of
agronomic practices aiming to reduce the initialrses of inoculum and/or the subsequent
spread of the virus and the control of vectorsh@itchemical, genetic resistance, cultural or
biological). Among the control methods mentioned Jones (2006), only cross-protection
seems incompatible with the use of resistanceseelhdcross-protection requires that the
plants are infected by an attenuated strain of viines while resistance maintains plant
infection at a low level.

Control methods can interfere with resistance mamegmt and promote their durability by
different mechanisms (Fig. 2; Table 2). Any contneéthod whichreduces the size of the
virus populationswill decrease the risk that virulent mutant orambinant viruses appear —
resistance breakdown step 1. The use of healthgagudes (seeds, cuttings, stocks), the

reduction of the number of virus reservoiesg( weeds or volunteers) and the number of
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vectors landing on the crop will mostly contribtbedecrease the inoculum potential. Cultural
control methods may also slow down the selectioniiient variants within the host plants
by decreasing the selective pressure in favouhefvirulent variants (disruptive selection).
By planting mixtures of resistant and susceptibldtivars or by rotating resistance and
susceptible cultivars in time or space, selectibnviaulent variants could be delayed —

resistance breakdown. step 2.

Reducing the rate of spread of the vitws interfering with virus dissemination - resistan
breakdown step 3 - is a major goal of additionahtad methods which can improve
resistance durability. This is achieved by targgtime virus vectors with exclusion methods
such as physical nets that prevent insects to #megprotected environment or by preventing
vector landing on the crop by means of mulchestberoreflective surfaces. Also, genetic
resistance, agrochemicals or biopesticides arectefée methods to reduce vector numbers
within crops. Agrochemicals in some cases may he¢icpéarly useful to control viruses
transmitted in a persistent manner; the numberiroiswectors will be reduced and lower
inoculum pressure will challenge resistant culvaFor persistently-transmitted viruses,
insecticides may also prevent transmission by issanding on a crop treated by interfering
with the inoculation process. For nonpersistentisas, chemicals also may reduce vector
numbers but will not avoid inoculation of the viraace the vectors land and probe on the
plant because transmission will occur in seconéforb insecticides interfere with landing
vectors (Raccah, 1986; Perrieg al. 1999). Counterproductive effects of insecticidesen
also been noticed since their application couldtrdome to the spread of nonpersistent
viruses by increasing vector activity and mobiliBernandez-Calvinet al. 2007). However,
reducing the numbers of vectors will benefit thepcbecause fewer insects will be available
to land on the resistant crop. Certain insect pgogdasuch as ladybeetles may alter the
dispersal patterns of their preys acting as virestars, and in some cases negative effects
have been reported due to an increase in the matevhéhe vector to neighbouring plants
which increased the risk of secondary spread. Neekss, very limited information is
available to understand how natural enemies ofcingectors may influence the spread of
virus diseases. In recent years, however, the tiggedators or parasitoids are becoming
more and more frequent to manage insect vectorlabpos attacking horticultural crops in
protected environments. The use of non-host barmertrap crops and intercropping of
susceptible and resistant crops, the use of cemp{beriods, delaying sowing/planting date

and growing early maturing cultivars will also ayorectors to visit resistant plants and

12



ResistVir : Deliverable 33-EG7 report

hence, increase resistance durability (Hooks anckrég 2006). Developing push-pull
strategies (Cook et al., 2007) may allow maintanuectors far from the target crop and
reducing the risk of virus transmission. Photogetedilms and nets that interfere with insect
vision are known to dramatically reduce the sprefagblant viruses. More precisely, UV-
absorbing films and nets have probed very effeativeontrolling insect-transmitted viruses
by reducing immigration rate and plant-to-plant ment of insect vectors (Antignus et al.,
1996; Diaz et al., 2006; Kumar and Poehling, 2dDi&dz and Fereres, 2007). Photoselective
barriers and insecticide-impregnated nets are newgbtested together with biological
control agents to manage pests and virus diseaggeenhouse crops.

3.3. Rules to combine different control methods.

Rules to combine different resistance genes (setore3.1.) depend on our knowledge of
their mechanisms of action, their target in theizigenome and the viral mutations involved
in virulence. Resistance genes acting at diffeseais of the virus infection cycle (inoculation
process, within-cell multiplication, cell-to-cell gystemic movement, acquisition by vectors)
should be the most interesting to combine. Peppsistance tacCucumber mosaic virus
(CMV) is a good example. No major resistance genage been found in the pepper
germplasm to control CMV. However, combining in tb@me genotype partial resistance
genes acting on inoculation, multiplication, celeell and systemic movement provided a
high level of resistance which proved durable @ealet al. 1997). Another strategy is to
combine in the same genotype several resistancesgehich recognize different targets in
the virus genome. Evolution toward virulence watuire more mutation events which would
have higher chances to confer fitness penaltitise@irus. When different resistance genes or
alleles recognize the same avirulence gene, irtterscbetween the mutations involved in
virulence towards these different genes/alleleddctnowever disfavour their combination
(pyramiding or rotation) (Aymet al.2007).

Few general rules have been defined to combinstagsies and other control methods. Jones
(2006) suggested that favourable associations cbeldhose with different selectivity or
which act at different steps of the epidemics (aahig the initial sources of inoculum or the
spread of the virus; Table 2). We could add thattrab methods acting on different
evolutionary forces involved in resistance breakiwauld probably also be interesting (Table

13
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2). At least as important as these consideratianghe socio-economic feasibility of
combining the different control methods.

3.4. Which effects are expected from control metiomdbinations?

It is frequently assumed that positive epidemiatagjsynergisms are obtained by combining
different disease control methods (Muedtlial. 2002; Jones, 2006). For example, Muetdal.
(2002) showed synergism between resistance toqlatd blight and fungicide applications
or between mixture of resistant and susceptibléveus and fungicide applications. Using
exclusion nets together with insecticides has plevia very effective way to control vectors
of virus diseases and other insect pests of cabtrags (Martin et al., 2006). That increased
effectiveness of disease control has also impodansequences on resistance durability due
to the reduction of inoculum, of population sizepathogens and the increase of the effects of
genetic drift during the life cycle of parasites.

Synergism is however not a general rule in integtgtest management. Lecoq and Pitrat
(1983) showed additive or less than additive effettcombining resistance, weeding and the

use of mulch to control CMV in muskmelon.

4. Prospects.

The quest for resistance durability predictors thatld be used by breeders and growers
largely relies on our knowledge of the biologicatéehanisms of resistance breaking and on
our ability to estimate precisely the durabilitytbk resistance genes that have already been
used. As already mentioned, these mechanisms ilréaggely unknown and their study
should be pursued. Estimating resistance durabwitly require long-term and large-scale
ecological and epidemiological studies. Moleculaolegy and epidemiology approaches
were rarely applied to this purpose (Acosta-ledadl. 2008; Schirmeet al. 2005).

Most of our knowledge of resistance breakdown amdlaility was obtained with resistance
genes with strong, qualitative effects on planthpgens (“major genes”). However, these
major genes are certainly only the “tip of the a3, considering the iceberg as the whole
pool of resistance genes. The durability of quatitie resistance genes and of polygenic
resistances is largely unknown while new techna@sgincite breeders to use them

(quantitative measure of virus resistance suclealstime [RT-]PCR; mapping of quantitative
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trait loci [QTLS] in plant genomes; marker-assissetection of QTLs). The molecular nature
of quantitative resistance genes is still unknollvivas suggested that these could be similar
to major resistance genes (RGA or resistance geags) and may represent defeated
resistance genes. Another hypothesis suggesteegiatance QTLs could be classical defence
genes acting downstream in the resistance siggaflathway. These hypotheses were not
supported by a recent meta-analysis in the caseswtances to rice blast (Balliet al. 2008).

It will be all the more important to analyse funthibe durability of quantitative resistances
since some of these QTLs probably correspond to oksses of genes. The same
conclusions could be reached for tolerance genes) kess extensively studied than partial
resistances. Tolerance corresponds to “the alwlityhe host to limit the disease severity
induced by a given parasite burden” (Rabatrgl. 2007) and is usually measured as the slope
of the host fitness against infection level. Gitbat tolerance does not affect the capacity of
reproduction of the parasite within its host, itofen assumed that it does not exert any
selective pressure on the parasite population (lR&el. 2007). At least one example shows
that a tolerance gene can indeed exert a very bébctive pressure on a plant virus
population and that its durability can be rapidigpaired (Desbiezt al. 2003). Clearly,
additional data are required about the durabilitjoterance genes and about the possibilities
to combine resistance and tolerance in an integjigdproach.

Given the complexity of the mechanisms involvedy(R), assessing the risks of resistance
breaking and defining strategies to combine rast&ts to additional control methods will be
difficult by purely experimental approaches. Matlagical modelling approaches are
therefore required. Until now, the use of modelplamt virology was essentially restricted to
the description of virus epidemics (but see fornepl® Escriuet al 2003; Gilliganet al.
2007; Mouryet al. 2007). This field of research should benefit froradels aiming to predict
the outcome of different control strategies asmégaleveloped for animal viruses (Ferguson
et al. 2001, 2005; Morrigt al. 2001). Indeed, analogies can be made betweemibects of
control methods on plant and animal virus popufaioPlant qualitative resistance is
comparable to vaccination, partial resistance coaipea to the use of antiviral drugs and
roguing and weeding to the culling practice in $iteek. This will require more detailed
estimations of the various evolutionary and epiddogical parameters involved in resistance
breaking and of their variance. Notably, analysethe variations of plant virus fitness and
aggressiveness under various environmental conditiand control strategies are still

underdeveloped. Increasing knowledge of the vigefactors and mutations of plant virus
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should also allow for the integration of evolutipnocesses into epidemiological models
(Galvani et al. 2003; Débarreet al. 2007). Various outputs can be expected from these
models: Estimation of the relative importance ofd ainterplay between the various
mechanisms that operate during resistance breagimgparison of the potential durability of
different resistance genes or mechanisms, defimitib predictors of resistance durability,
definition of integrated strategies to avoid resise breakdown, estimation of the economical

and ecological costs and benefit of integratedesjras.
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Table 1: Viral genes determining virulence or avirulencevdods resistance genes or

alleles in plants.

Plant and resistang

allele

a/irus

Avirulence gene

Reference

Dominant genes

Benyvirus
SugarbeeRz-1 Beet necrotig P25 protein Chibat al. (2008)
yellow vein virus
Carmovirus
Arabidopsis  thaliana Turnip  crinckle| Capsid Reret al. (2000)
HRT virus
Cucumovirus
Arabidopsis  thaliana Cucumber mosaic Capsid Takahaslet al. (2001)
RCY1 virus (CMV)
CowpeaCry CMV RNA-dependent Kim and Palukaitis
RNA polymerase (2a(1997)
protein)
Common bean CMV RNA-dependent Seoet al. (2006)
RT4-4 RNA polymerase (2a
protein)
Potexvirus
PotatoNb Potato virus X Movement protein Malcuitet al.(1999)
(PVX) (25 kDa)
PotatoNx PVX Capsid Kavanagét al. (1992)
PotatoRx1 PVX Capsid Gouldest al. (1993)
PotatoRx2 PVX Capsid Bendahmaneet al.
(2000)
Potyvirus
Oilseed rapdurB01 Turnip  mosaic Helicase (protéine Jenneret al. (2000)
virus (TuMV) Cl)
Oilseed rapdurB03 TuMV P3 protein Jefferiest al. (2003)
Oilseed rap&urB04 TuMV P3 protein Jenneat al. (2002b)
Oilseed rap&urB05 TuMV Helicase (Cl protein) Jennet al. (2002b)
ZucchiniZym Zucchini  yellow| P3 protein Desbieet al. (2003)
mosaic virus
PotatoRy PVY Nla protease Mestet al. (2000)
SoybearRsv-1 Soybean mosaicHcPro  and P3 Eggenberger et al.
virus proteins (2008); Hajimorad et
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al. (2008).
Tobamovirus
Peppel? Paprika mild| Capsid Gilardet al. (2004)
mottle virus
(PaMMV) /
Pepper mild
mottle virus
(PMMoV)
Peppel.? PMMoV Capsid Berzal-Herranzet al.
(1995)
Peppel* PMMoV Capsid Gendat al. (2007)
TobaccoN Tobacco mosai¢Helicase Padgettt al. (1997)
virus (TMV) [/
Obuda  pepper
virus
Tobacca\’ T™MV Capsid Saiteet al. (1987)
TomatoTm-1 T™MV RNA-dependent Meshiet al. (1988)
RNA polymerase
TomatoTm-2 T™MV Movement protein Mestet al. (1989)
TomatoTm-Z Tomato mosai¢ Movement protein Webaeat al. (1993)
virus
Tospovirus
PeppeiTsw Tomato spotted NSs protein Margariat al. (2007)
wilt virus
Recessive genes
Bymovirus
Barleyrym-4 Barley yellow| Viral protein | Kihneet al. (2003)
mosaic virus genome-linked
(VPg)
Potyvirus
Peppempvr2* Potato virus Y| Nla viral protein| Moury et al.(2004)
(PVY) genome-linked
(VPg)
Peppeipvr? PVY Nla viral protein| Moury et al.(2004)
genome-linked
(VPQ)
Peasbm-1 Pea seed-borneNla viral protein| Keller et al. (1998)
mosaic virus genome-linked
(PSbMV) (VPQ)
Peasbm-2 PSbMV P3 protein Johansenal. (2001)
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Tobaccova Tobacco vein Nla viral protein| Nicolaset al. (1997)
mottling virus genome-linked
(VPg)
Tomatopot-1 PVY Nla viral protein| Moury et al.(2004)
genome-linked
(VPg)
Beanwlv Bean yellow Nla viral protein| Bruun-Rasmussen et
mosaic virus genome-linked al. (2007)
(VPg)
Sobemovirus
Ricerymv-1 Rice yellow| Viral protein | Hébrardet al. (2006)
mottle virus genome-linked
(VPg)
Tombusvirus
Melon nsv Melon necrotic| 3’ untranslated Diazet al.(2004)
spot virus region
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Table 2: Efficiency and selectivity of different virus coat methods and their potential actions on evohaiy forces involved in
emergence of resistance-breaking isolates (modifiesst Jones 2006).

Control method| Measure Selectivity Initial amouft ¢  Rate of Action on
inoculum Spread evolutionary
forces involved in
R breaking
Low | High | External | Internal Early| Late
Host resistance| to the virus, partial & . + - - + - 11,2,5,6
to the virus, complete - + - + T3
to the vector, antibiosis - + - + 1 5,6
to the vector, antixenosis - + - + 15,6
Host tolerance + - - - - 11,2,3,5,6
Chemical Regular foliar application + + - + 15,6
At, before or directly after planting + + - + 15,6
Oils and repellents, regular foliar - - - + + 15,6
application
Cultural, Hygiene + - + + + 15,6
phytosanitary
Roguing + + - + + 11,2,5,6
Healthy propagules + + - + 11,2,5,6
Cultural, Isolation, safe planting distances + - + + 15,6
agronomic
Plant unwind, non-host barrier, large + - + - + - 15,6
field size
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Mixture with non-host/resistant host + - + + + + 15,6
Manipulate sowing date + - - - + - 16
Groundcover, reflective surfaces + - - - H - 15,6
Early canopy cover, high plapt + - - + - + 15,6
density, narrow row spacing
Early harvest, early maturing cultivar + - - - - + 11,2,5,6
Crop and weed free period, crop + - + + + - 16
rotation

Biological Cross protection - + - - + + Incompadbl
Biopesticide, predator, parasite |or + + - - - + 15,6
pathogen

Legislation Quarantine + - + - + - 15,6

& “+” indicates existence and “-“ absence of contma@asures corresponding to each action.

® Only direct effects are mentioned. Additional setary effects probably also exist. For exampleyiig down the rate of virus
spread will also decrease the census size of popslations. {” indicates a reduction of the risk for resistadoeability associated
to the indicated evolutionary forces (Fig. 2)” fndicates an increase of the risk for resistatability associated to the indicated
evolutionary forces.
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Figure 1: Two possible relationships between the durabdftplant resistance to pathogens

and integrated management of diseases.
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Figure 2: The biological scenario of breakdown of plants&sices to viruses, evolutionary
forces involved and potential effects of additiooahtrol methods.
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