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CURRICULUM VITAE
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ACTIVITES
DE RECHERCHE

Du virus a la plante : bases
geneétique et moleculaire des
interactions Plante/Potyvirus



ACTIVITES DE RECHERCHE

Classiquement lors de la soutenance d'une HDR, metracons l'ensemble de nos
activités de recherche généralement décomposé péri@des, une allant de la thése au
recrutement en tant que chercheur, la deuxiemeisiéguecrutement. Je ne dérogerai pas a
cette présentation classigue, méme si les deusqesid’'activité que je vais développées vont
se rapporter surtout a I'un et a l'autre des deaigwas majeurs de mes recherches, c'est-a-dire
le virus d'un coté, la plante de l'autre, et que deux périodes d’activité partagent le méme
axe de recherche, I'étude des interactions plantis/vCela s’explique notamment par le fait
gue jai effectué quasiment toute mon activité éeherche au sein de la méme équipe, celle
de virologie végétale de I'INRA de Bordeaux aninpée Messieurs Candresse et Le Gall.

En effet, lors de mon DEA (1991-1992) et de madh@stobre 1993- mai 1997), mon
activité s’est porté sur les virus, en particulervirus des taches foliaires chlorotiques du
pommier (ACLSV) en DEA avec pour objectif de déygler une technique de détection par
PCR, et le virus de la mosaique de la laitue (LMX)thése. Cette thése puis celles qui ont
suivi au sein du laboratoire ont permis de dévedopges outils et des connaissances de
virologie moléculaire qui ont été a la base du girajctuel du laboratoire. Cette période est
donc celle « DU VIRUS..».

Suite a mon recrutement au sein de I'équipe ddogie végétale de Bordeaux réalisé
juste aprés ma thése (septembre 97), jai alorsadé@ntdes recherches sur la plante hote et
cela constitue la deuxieme période d’activité. Blidémarré par un séjour postdoctoral de 21
mois (septembre 97-juillet 99) dans I'équipe d’Andgule au Centre John Innes a Norwich
pour travailler sur le pathosystéme Pois/virusalenbsaique du pois transmis par la graine
(PSbMV, genre Potyvirus) et s’est poursuivi a Barge sur le pathosystenfrabidopsis
thalianaLMV. Cette période est donc celle « ...A LA PLANTE »
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DU VIRUS...




1.1. Recherches pré-doctorales

Jai réalisé mon DEA (biologie-santé, option "Pdblgies microbiennes et virales",
Université Bordeaux2) de septembre 1991 a juin 189% la Station de Pathologie Végétale
du centre INRA de Bordeaux a laquelle mon laboratale Virologie Végétale actuel
appartenait. Le titre de ce premier stage de rebkefut "Développement de techniques de
détection du virus des taches foliaires chlorotigda pommier (ACLSV) par amplification
de séquences (PCR)". Ce stage fut ma premiére ierpérdans le domaine de la virologie
végétale et m'a permis de m'initier a divers tegeis de biologie moléculaire. Parmi les
résultats obtenus, je citerai la mise au point dtest de détection de I'ACLSV par
Immunocapture-RT-PCR qui a fait 'objet de 2 puslions dans Acta Horticulturaeegue
sans comité de lecture, Publications [19] et [283]

Suite a ce DEA, jai réalisé non pas immédiatenmaatthése mais un séjour d’'un an
(octobre 1992-Septembre 1993) dans le laborat@r&idphysique Moléculaire, (INSERM
U386, Université de Bordeaux Il) dirigé par J.Julheé comme scientifigue du Contingent
dans le cadre de mon service national. Mon sujeécleerche fut: "détection par photoaffinité
de protéines cellulaires fixant les hybrides ADNMR (encadré par C. Cazenave). Cette
expérience fut pour moi riche puisqu’elle me petaietde parfaire ma formation en
recherche avant d’aborder ma thése et de séjodarer un nouveau laboratoire dépendant
d’un organisme de recherche différent de I'INRA. s, cela m’a permis de produire deux
nouvelles publications dans des revues a comitéatiere Publications [1] et [7]).

1.2. Thése de doctorat

En octobre 1993, désireux de poursuivre mon aétoe recherche dans le domaine de
la phytopathologie, jai démarré ma thése de datt@mention “Sciences Biologiques et
Médicales”, Option “ Biologie-Santé”, Université Bleaux2) grace a un financement
d’allocation moniteur normalien (AMN), ayant étésqu’a la fin de mon DEA éleve de
'Ecole Normale Supérieure (ENS) de Cachan. J&atfié cette these dans mon équipe
actuelle mais a ce moment la toujours intégréeséalion de pathologie végétale a 'INRA de
Bordeaux, sous I'encadrement de Thierry Candras®dwer Le Gall.

Cette thése intitulée «Bases moléculaires desriptép biologiques du virus de la
mosaique de la laitue (LMV): variabilité et orgatien génomique » fut la premiére étude
menée au laboratoire sur les interactions molé@adaintre plante et virus. A cette époque, les
données sur [lidentification de déterminants viraumpliqués dans les interactions
plante/virus étaient encore peu nombreuses et Upleolaitue [actuca sativd / LMV
présentait plusieurs particularités qui en faisaitmodéle de choix pour ce type d'étude. Le
LMV appartient au groupe des potyvirus, groupe idesvphytopathogénes le plus important
tant par le nombre de virus identifiés que pardégats causés aux cultures dans le monde
entier. Au moins deux génes de résistance au LM\éoh décrits chez la laituejol et

moZT, génes récessifs, les plus efficaces et les fllisés en lutte génétique contre le LMV
chez les laitues cultivées. Le LMV se caractériae yme large variabilité biologique qui
s’exprime notamment dans la sévérité des symptimdegs, dans sa capacité a étre transmis
par les semences de laitue et dans sa capacitét@uoter les genes de résistamel de la
laitue. L'apparition récente d’isolats de LMV capesbde contourner I'ensemble des genes de
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résistance a suscité de [lintérét pour une me#legompréhension des interactions
moléculaires entre la laitue et ce virus.

Un projet collaboratif a alors été initié en 1998re notre équipe et celle d’Hervé Lot,
DR a la station de pathologie végétale a 'INRA dgnon. L'objectif principal du projet
était de réaliser une caractérisation moléculaineLMV afin d’identifier coté virus les
déterminants moléculaires impliqués dans plusieprecessus biologiques tels que
contournement des génes de résistanog sévérité des symptdmes ou transmission par la
graine. La stratégie retenue fut de produire desed ADNCc infectieux a partir de deux
souches de LMV différant par leurs propriétés lgamaes a partir desquels des clones
chiméres pourraient étre construits et analysés lpats propriétés biologiques.

Etant donné le peu de données moléculaires dislesndor le LMV au début de ma these,
mon travail a consisté a :

1. étudier la variabilité moléculaire de ce virtis a’identifier deux isolats proches sur
le plan moléculaire mais relativement distinct de lpurs propriétés biologiques

2. séquencer le génome complet d’'un des deux ssdéat MV
3. tenter de construire par longue PCR un clone abifectieux de cet isolat.

Pour étudier la variabilité moléculaire du LMV,usavons opté pour le séquencage de
3 régions du génome viral, une région a l'extrémitélu génome viral correspondant a la
protéine P1 et deux régions a l'extrémité 3’ cqyoeglant a la jonction protéine NIb /
protéine de capside (CP) et a I'extrémité C-terfeinle la CP, de 10 isolats de LMV.

6K1 6Kk2
NT
VPg @— P1 | HcPro | P3 cI | N | o f—Pov®

Figure 1 : Organisation du génome des potyvirusLa polyprotéine est représentée par le rectahgie.
sites de clivage sont représentés par des traiggas#t chacune des régions des 10 protéines matures

Le fait de choisir 3 régions plutdt gu'une a étéimopar un travail préalable que j'ai effectué
en début de thése ou nous avons révélé des fréapidacrecombinaisons élevés entre isolats
d’'un méme potyvirus. Sélectionner nos deux isod@d MV sur la base de séquence d’'une
seule région engendrait en effet le risque de Bétewr des isolats a priori proches sur cette
région mais relativement distant sur le reste doog® lié a de possibles événements de
recombinaison. Les résultats sur la fréquence élelerecombinaisons chez les potyvirus
d’'une part, et sur la variabilité moléculaire du \/M’autre part sont présentés dans les deux
publications suivantes’(iblications [2] et [3).
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Journal of General Virology (1996), 77, 1953-1965. Printed in GreatBritain

Frequent occurrence of recombinant potyvirus isolates

F. Revers,' O. Le Gall," T. Candresse,’ M. Le Romancer? and J. Dunez’

' Station de Pathologie Végétale, INRA, BP 81, 33883 Villenave d'Ornon Cedex, France
2 Station de Pathologie Végétale, INRA, BP 29, 35650 Le Rheu, France

We have performed a systematic search for re-
combination in the region encoding coat protein
and the 3’ non-translated region in natural isolates
of potyviruses, the largest group of plant RNA
viruses. The presence of recombination, and the
localization of the cross-over points, were confirmed
statistically, by three different methods. Recom-
bination was detected or suspected in 18 outof 109
potyvirus isolates tested, belonging to four out of
eight virus species, and was most prevalent in
potato virus Y, clear in bean common mosaic virus,
and possible in bean yellow mosaic and zucchini

yellow mosaic viruses. Recombination was not de-
tected in the four other potyvirus species tested,
including plum pox virus, despite the availability of
numerous sequences for this last species. Though it
was not specifically researched, no evidence for
inter-specific recombination was found. For several
reasons, including the fact that only a minor portion
of the genome was analysed, the above figures
certainly represent an underestimate of the extent
of recombination among isolates of potyviruses,
which might thus be a common phenomenon.

Introduction

There is growing evidence that RNA recombination is a
major evolutionary factor in plant RNA viruses (Koonin, 1991;
Simon & Bujarski, 1994). Instances of recombination between
genomic viral RNAs have been described for natural isolates of
tobraviruses (Robinson et al, 1987; Goulden et al, 1991),
bromoviruses (Allison et al, 1989), viroids (Rezaian, 1990),
nepoviruses (Rott ef al., 1991; Le Gall et al,, 1995 a), potyviruses
{(Cervera ef al, 1993) and luteoviruses (Rathjen ef al, 1994;
Gibbs & Cooper, 1995). The phenomenon has also been
observed in laboratory isolates of cucumoviruses (Fernandez-
Cuartero ef al., 1994), nepoviruses (Le Gall et al, 1995h),
hordeiviruses (Edwards ef al., 1992), carmoviruses (Cascone et
al,, 1990) and bromoviruses (Bujarski & Kaesberg, 1986; Rao &
Hall, 1990), and was particularly well studied in the last two
cases (Carpenter & Simon, 1994; Nagy & Bujarski, 1995).
Recombination between viral and cellular RN As has also been
described, both in natural (Mayo & Jolly, 1991; Sano et al.,
1992) and experimental (Greene & Allison, 1994) systems.

Author for correspondence: O. Le Gall.
Fax + 33 56 84 32 22. e-mail legall{@bordeaux.inra.fr

The sequence of the CP region of PVY-LB has been depesited in
GenBank, accession number X92078.

0001-3870 © 1996 SGM

To date, however, no efforts have been directed at a
systematic search of viral genomes for recombination. The
potyvirus group is particularly well suited for such a search for
several reasons, Firstly, it is the largest genus of plant viruses
(Ward & Shukla, 1991), with many members partially or fully
sequenced. Secondly, RNA recombination is known to be
possible in this genus: it has been described between field
isolates of plum pox virus (Cervera ef al, 1993) and may also
have occurred between an isolate of turnip mosaic virus and a
cellular sequence (Sano et al, 1992). We have attempted to
detect Ttecombinant isolates in several potyviruses. Our
approach, inspired by that used by Chenault & Melcher (1994)
on cauliflower mosaic virus, is based on the search for virus
isolates showing different clustering properties in trees con-
structed using different short regions of their genomes. The
results obtained may then be confirmed by various statistical
means.

Using this approach, we demonstrate the occurrence of
recombination in the region encoding the capsid protein (CP)
and in the 3’ non-translated region (3'NTR) of several isolates
of potato virus Y (PVY) and bean common mosaic virus
(BCMV). Potential recombinants were also observed for bean
yellow mosaic virus (BYMV) and zucchini yellow mosaic virus
(ZYMV), but apparently not for watermelon virus Il (WMV2),
turnip mosaic virus (TuMV), plum pox virus (PPV) and papaya
ringspot virus (PRSV).
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Methods

M Viral sequences. Nucleotide sequences with accession numbers as
follows were retrieved from the GenBank database (the designations used
in this paper for the different isolates are indicated in parentheses when
applicable).

BCMV: L11890 (Mex), L12470 (US1), L15332 (NL1), L19472 (NL2),
L19473 (US5), L19a74 (US7), L19539 (CH2), L21766 (NL4),
S66251/566275 (NLIb), 566252/566279 (NY15), S66253 /566280
(BICMV), UOST71 (PStV-BI2), X63559 (PStV-Bl1), Z15057 (B), Z21700
(PStV_Ib).

BYMV: D00490 (GDD), D00604 (CS), D28819 (MB4), 577515 (S),
X53684 (DG), X81124 (MI).

PPV: D13751, M21847, M92280, U27652, 557404, S57405,
X16415, X56258, X57975, X57976, X&1073, X81074, X81075, X81076,
X81077, X81078, X81079, X81080, X81081, X51082, X80183, X81084.
A corrected version of sequence X16415 was used (M. Ravelonandro,
persona] communication).

PRSV: DO00594, D00595, D50591, 106996, S89893, U14736,
U14737, U14738, U14739, U14740, Ul4741, U1r4742, Ul4743,
U14744, Xé7672, X78557.

PVY: D00441 (Fr), D12539 (O4), D12570 (T), M81435 (US),
M95491 (H), U06789 (VN), U09508 (N US), Uo9s09 (O7), U10378
(H VN), Uz25672 (Ch2), §74810 (36), S74813 (T13), X14136 (O1),
X54058 (Chi1), X54611 (Hu), X54636 (N Rus), X68221 (Chil), X68222
(Pot US), X68223 (Eur H), X68224 (NsNr), X68225 (MsNr), X68226
(0", X79305 (NL2), X92078 (LB). In addition, the sequences of the
following isolates, which are not in the databases, were included:
PeMV (Dougherty ef al, 1985), Is (Rosner & Raccah, 1988), Gol6é
(Wefels et al, 1989), NL1 (van der Vlugt ef al., 1993), Th (Hataya ef al.,
1990), O2 (Lawson ¢f al, 1990) and M1, partially sequenced by one of
us {Le Romancer, 1993).

TuMV: D10601, D10927, L12396, X52804, X65978, X81140,
X81141, X83968.

WMV2: D00535, 106999, 106186, L22907.

ZYMV: D00593 (Floj, D00692 (Con), 107016 (Pat15), L29569
{Reun), L31350 (Cal), M35095 (Is), X62662 (Sin).

The three sub-fragments of these nucleotide sequences used in this
study were called N-ter, C-ter and 3'NTR. The N-ter region is defined as
that encoding the hyper-variable amine-terminal extension of the CP
gene (up to, but excluding, the amino acid homologous to the first Iysine
in the motif KDKDVNAG of PVY-N; see Rybicki & Shukla, 1992). The
C-ter region is that encoding the carboxy terminus of the CP [from, and
including, the motif RYGLIRN in PVY-N (see Rybicki & Shukla, 1992)
and including the termination codon]. The 3'NTR, when available, is the
3’ non-translated region, excluding the termination codon.

B Computer analysis of the sequences. Multiple alignments of
the selected regions were obtained using the program ClustalV (Higgins
et al, 1992). Distance matrices were calculated from these alignments
based on the Dayhoff PAM matrix {Dayhoff et al, 1983), using the
program DNADIST in version 3.5 of the PHYLIP package (Felsenstein,
1989). Clustering was done from these matrices using the program
NEIGHBOR in PHYLIP, implementing the UPGMA (average linkage
clustering) method. Unrooted trees could finally be printed using the
utility program DRAWTREE in PHYLIP. The statistical significance of
the branching order was estimated by performing 100 replications of
bootstrap resampling of the original alignment using SEQBOOT
(Felsenstein, 1985), and synthesizing the resulting set of trees using
CONSENSE.

In addition, the statistical test for recombination developed by
Sawyer (1989) was used, as implemented in the program VTDIST (kindly
provided by Dr S. Sawyer), to statistically validate the recombination
events suspected from the clustering tree topologies. Dr Sawyer also
provided us with an unreleased version of this program, VTDIST2, that
allows pair-wise comparisons of the input sequences. [n this test, the
totally conserved positions are omitted ('condensation’) from the
alignment, and for each sequence pair a set of fragments is defined
between successive sites where these two sequences differ. Two working
parameters are defined, MCF (maximal size of the condensed fragments),
and SSCF (sum of the squares for condensed fragments). Two additional
parameters (MUF and SSUF) are defined similarly but omitting the
condensation step. Statistical comparison of the parameter values
obtained with random permutations of the sequences or with the actual
data provides an estimation of the significance of the size distribution of
the fragments, and hence of the likelihood that genetic rearrangements
have occurred. We found that the results of the VTDIST analysis became
very difficult to interpret when sequences that were identical or differed
at only one position were present in the dataset. Therefore, in some cases
we inserted only one sequence of such pairs into the dataset analysed by
VTDIST.

The recombination breakpoints were tentatively localized using the
maximum chi-squared approach described by Maynard-Smith {1992), as
implemented in the program RecSite (O. Le Gall, unpublished). This
statistical method searches along a recombinant sequence for the limit
between the blocks, and estimates the probability for the null hypothesis
(no recombinant structure). In addition, RecSite determines the per-
centage identity between the sequences in each block, which helps to
understand the structure of the recombinant sequence.

Results
PVY

A databank and literature search allowed identification of
the region encoding the CP of 29 PVY isolates, 12 of which
also included the 3’NTR. The pepper mottle virus isolate
sequenced by Dougherty ef al. (1985) was included in our
analysis since it is now considered to be a strain of PVY
{Robaglia et al, 1989). In addition, we sequenced the
CP-3'NTR of two more isolates, LB and M1, except for a
region in M1 internal to the CP coding region {from positions
8954-9097, numbered according to the complete sequence of
isolate Fr, as in Robaglia ef al., 1989). Three regions in the PVY
sequences were selected and analysed as described above. The
N-ter region extends from positions 8573-8659, the C-ter
region from positions 9119-9376 and the 3’'N'TR region from
positions 9377—9704 of isolate Fr.

The general topologies of the trees constructed using the
N-ter, C-ter and 3'NTR regions are similar (Fig. I), with two
major sub-groups of isolates being delineated beside a less
homogeneous set of isolates, as already described by van der
Vlugt et al. (1993). Sub-groups I and II roughly correspond to
the N and O pathogenicity and serology sub-groups of PVY
respectively. The rest of the PV isolates cluster in a third sub-
group in the N-ter tree, though with a lower bootstrap value
(47 %), and are even more widely dispersed in the C-ter tree
(Fig. 1h). This set of isolates corresponds to the third sub-
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Table 1. VTDIST analysis of the potyviruses studied

Parameter P-valuet
Virus Parametert valuet (o)
SSCF 272142 009
BCMV MCF 126 3957
SSUF 50925582 031
MUF 583 3288
SSCF 17736 001
BYMV MCF 56 020
SSUF 605209 <001
MUF 362 004
SSCF 1621475 3-60
PPV* MCF 195 3249
SSUF 25187052 4266
MUF 674 62:77
SSCF 171854 1073
PRSV* MCF 168 5:86
SSUF 3845941 17-57
MUF 703 923
SSCF 1225061 < 001
PVY* MCF 230 075
SSUF 21199878 < 001
MUF 767 116
SSCF 6896 2108
TuMV* MCF 25 5558
SSUF 724803 4121
MUF 251 7370
SSCF 4689 5783
WMV2 MCF 53 5751
SSUF 982188 3342
MUF 792 30-50
SSCF 35126 < 001
ZYMV MCF 137 068
SSUF 1408284 135
MUF 673 13-34

SD
above
sim. so of
means§ sims||
442 1188966
012 2695
370 277 659-95
030 122-54
599 777:48
474 594
826 2672009
5-80 3391
2-05 9119346
047 27-06
011 236935876
—0-34 82:58
126 958478
179 2717
0-88 19832701
153 11865
1351 2853701
2-48 2976
12-82 62114516
211 9302
071 596-99
—(020 5-79
003 8615317
—067 7127
— 040 117072
—031 1352
030 18576877
037 169-87
618 2713347
303 19-867
292 131904-01
117 13792

* Only the CP coding region was considered in the analysis reproduced here.

1 See text for parameter definitions.

# Proportion of permuted datasets, out of 10000, yielding higher scores than the actual data.

§ Nurnber of standard deviations above simulation mean.
| Standard deviation of the simulations.

group described by van der Vlugt ef al. (1993), and will thus be
named sub-group IIl in this paper. In the C-ter tree, isolate Eur
H and all of the isolates (H, Hu, NL2, LB and M1) belonging to
the NTN biotype (necrotic-tuber necrosis: Le Romancer &
Kerlan, 1992; Le Romancer ef al., 1994 ; van den Heuvel ef al,,
1994} are clustered together close to sub-group I1.

Several PVY isolates show markedly different affinities
depending on the genomic region considered. Such is clearly
the case for isolates T13 and VN, which shift from sub-group
Iin the N-ter tree to sub-group II in the C-ter tree and in the
3'NTR tree for VN (no sequence information is available for

T13 in this region). Isolates N Rus and NTN (including Eur H)
also have different positions in the different trees, being found
in sub-group I of the N-ter tree, and shifting to a position
slightly removed from the main sub-group II cluster in the C-
ter tree (as already described above for the NTN and Eur H
isolates), and well within sub-group 1I in the 3'NTR tree
(3'NTR sequences are not available for some NTN isolates and
for Eur H). The bootstrap value of sub-group IT is low in the C-
ter tree, but the high value of sub-group I in this tree allows us
to draw the conclusion that these isolates significantly ‘leave’
this sub-group in this region, and for the isolates for which the
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3'NTR was analysed this is confirmed with a 100 % bootstrap
value for sub-group II. Isolate Fr clusters in sub-group I in both
the N-ter and the C-ter trees, but in sub-group | in the 3’'NTR
tree, and H VN similarly shifts from sub-group 1lI to sub-group
1lin the 3'NTR tree. Isolate O1 clusters in sub-group 11 in the
trees derived from N-ter (with a bootstrap value of 88 %) and
3’NTR (bootstrap value of 100%) but in sub-group Il in the
C-ter tree, though with a low bootstrap value (58% for the
branching between O1 and Is; data not shown). These 12
isolates are thus good candidates for being the results of RNA
recombination. In the case of isolate O1, two successive
recombination breakpoints could lead to the double shift
observed.

In the second step of our analysis, we proceeded to evaluate
the statistical significance of these potential recombination
events. Sawyer (1989) devised a statistical test for genetic
rearrangement based on the imbalance in size distribution of
regions in which pairs of sequences within a dataset are
identical. We used a dataset containing the entire CP sequences,
rather than the terminal regions used previously, to run the
VTDIST program implementing this test. The parameters
considered differed significantly from a randomized dataset,
with a probability lower than 1-2% of the null hypothesis that
no recombination occurred (Table 1). A similar result was
obtained when another dataset was used, in which the entire
CP-3'NTR sequences were included, but in which the number
of isolates was restricted to those for which this information
was available (not shown). This analysis provides strong
statistical evidence for RNA recombination in PVY, and
confirms the previous analysis made on the basis of the
topology of the trees; however, it does not tell us which
sequences are recombinant.

In order to answer this question statistically, we performed
two further types of analysis using VTDIST, either by
comparing the sequences pair-wise or by comparing each of
them with consensus sequences representative of each sub-
group, as defined in Fig. 1. First of all, we selected sequences
clustering unequivocally in the same manner in all the trees to
represent their sub-groups. Sub-group I thus contained isolates
Go16, NL1, N US, T and Th, sub-group 1I contained isolates
02, 04, 07,0, US, Ch1, Ch2, 36 and Pot US, and sub-group
Il contained isolates Is, PeMV, Chil, NsNr and MsNr.
Consensus sequences were then inferred for each sub-group
from a multiple alignment made using ClustalV. In sub-group
11, the 3'NTR sequence has been determined only for isolates
Is and PeMV, so that a consensual sequence was not possible
to determine, and the PeMV sequence was arbitrarily used as
the ‘consensus’ in this region.

All of the PVY sequences were then analysed using
VTDIST in a reduced dataset consisting of the three consensus
sequences and the isolate to be analysed (Table 2). Depending
on their availability for each isolate, either the CP~3'NTR or
only the CP coding region was used for these analyses. The
3'NTR of PeMV was excluded from the analysis because of the

previous arbitrary choice of this sequence as the consensus for
sub-group . Analysis of isolate M1 was restricted to the
region for which its sequence is known. For Fr and H VN,
comparisons were made only with isolates for which the
sequence of the entire CP-3'NTR is known. The S5CE-
associated P-values are shown for all the PVY isolates in the
first column of Table 2. All of the 12 isolates detected above as
possible recombinants, on the basis of their clustering, were
confirmed to be so at the 3% level, except for Hu and O1. We
also compared all the pairs of PVY sequences using VTDIST2,
and for each sequence calculated the mean of the P-values
obtained when this sequence was compared with isolates
representing each subgroup. The results of this pair-wise
analysis are given in columns two to four of Table 2. This
approach allows us to determine not only which isolates are
recombinant, but also between which sub-groups they shift.
Again, the results described above were confirmed at the 3%
level, except for isolate O1. This time, isolate Hu was confirmed
to be a putalive recombinant between sub-groups I and IL. One
of the parents of I VN was predicted to belong to sub-group
11, but no prediction could be made as to its second parent
using this approach.

Finally, we looked for the location of the recombination
breakpoints in the candidate PVY recombinant isolates. For
this analysis, we used the approach described by Maynard-
Smith {1992), as described above. This approach first deter-
mines the structure of a recombinant sequence, and then
attributes a significance level to this structure, Here again, each
of the PVY sequences was compared with the consensus
representing each sub-group. The results of this last analysis
are given in columns five and six of Table 2. Using this
approach, all the putative recombinants determined above
were confirmed at the 3% level, except O1 (but this approach
is not optimal for detecting multiple recombinants; Maynard-
Smith, 1992). No recombinant structure could be detected that
connected with the low P-values found for sub-group II
isolates O4, O, O2 and Ch2. Visual inspection of the
alignment confirmed that in these four isolates, the significantly
high chi-squared value maps to a position close to either end of
the alignment, where random mutations in the query sequence
weigh more heavily on the statistics than elsewhere (data not
shown).

In all cases the structures, as displayed in column five of
Table 2, confirm the polarity of recombination predicted from
the cluster analysis, except again for isolate OI. At least six
different recombination breakpoints were detected in the
eleven recombinant isolates (because the recombinant nature
of O1 could not be confirmed, this isolate is not included here),
four of them in the coding region and two of them in the
3'NTR. As an example, Fig. 2 shows the sequence alignments
around the five recombination breakpoints found between sub-
groups [ and II. In all of these isolates except Fr, the sequences
5" to the recombination point are of sub-type I and those 3 to
this point are of sub-type II. The location of the recombination
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Table 2. Statistical determination of the PVY recombinant isolates and prediction of their

recombination breakpoints

VTDIST* Maynard-Smith

PVY

isolate Y% const ol %1+ %11+ Structure/site§ P
Golé 758 3260 4420 2102 Not applicable 61
NL1 4837 67-46 56-87 45-06 Not applicable 998
N US 4617 5855 5110 4077 Not applicable 93
T 22:38 5992 54-74 45:27 Not applicable 72
Th 812 64-12 4307 6265 Not applicable 649
VN <001 003 063 47-61 1/8714-8715/11 <01
N Rus < 001 021 204 59-78 1/8747-8748/11 <01
T13 < 001 026 033 6014 1/9137-9144/11 <01
LB < 001 015 124 3646 I/9170-9183/11 <01
H < 001 016 1-46 41-49 [/9170-9183/11 <01
Hu 1310 2:09 292 6248 I/9170-9183/11 03
NL2 2:06 183 051 5815 1/9170-9183/11 <01
Eur H 2-75 070 054 6754 1/9170-9183/1 <0l
M1 < 001 NT NT NT 1/9170-9183/11 <01
Fr < 001 < 001 < 001 3437 11/9455-9466/1 01
Q4 27'78 6879 19-79 6540 None found 03
o7 2075 60'94 22:01 4395 Not applicable 277
us 5428 7598 2895 6858 Not applicable 20-8
o’ 787 22:23 1558 7635 None found 10
oz 7774 3276 3544 67-00 None found 11
Ch1 7662 67:23 7329 3458 Not applicable 485
Ch2 9426 6653 1474 7399 None found 31
36 1169 3381 2291 8119 Not applicable 13-4
Pot US 73-31 2170 34:20 70-17 Not applicable 404
o1 7881 5407 4705 43-05 Not applicable 230
H VN <001 22:45 < 001 2492 111/9378-9379/11 21
Is 17-00 3330 7310 811 Not applicable 531
PeMV 18:79 3739 70-35 3212 Not applicable 985
Chil 70-87 25:39 22:48 3603 Not applicable 261
NsNr 1318 4816 7373 40-34 Not applicable 968
MsNr 3196 70-52 8324 3813 Not applicable 597

* 55CF-associated P-values (as percentages) determined using VTDIST. nt, Not tested.
+ Comparison of the PVY sequences with the consensus representing the sub-groups defined in Fig. 1.
+ Mean P-value of the null hypothesis, as determined after pair-wise comparisons of each sequence with

those of sub-groups [, 1l or IIL.

§ Recombination breakpoint as predicted by RecSite; the sequences 5” to the site indicated are of the type

indicated on the left; those 3 to it are of the type indicated on the right.

|| Percentage probability of the null hypothesis against this structure, as determined after testing 1000

randomly mutated sequences.

breakpoint within the C-ter region in isolates LB, H, Hu, Eur H,
NL2 and M1 explains their clustering slightly outside the rest
of sub-group 1I in the C-ter tree (Fig. 1b).

It is striking to note that all the isolates (H, Hu, NL2, LB and
MT) belonging to the biological type NTN are recombinants
between sub-groups 1 and 11, with recombination breakpoints
within the same short region. Isolate Eur H, whose biological
type is not as clearly defined (Sudarsono ef al, 1993}, is
characterized by the same recombination breakpoint. Whether

or not there is a link between this recombination event and the
NTN phenotype cannot be ascertained at the moment. These
isolates could either have a common (recombinant) ancestor
that had the NTN phenotype independently of its recombinant
status, or the NTN phenotype could be a direct result of the
recombination event, which could then have happened several
times independently. The first hypothesis is strengthened by
the presence, at several positions within the CP=3'NTR, of
nucleotide variations unique to these isolates (not shown}.
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Fig. 2. Alignments of the putative recombinant PVY sequences shown with the consensus sequence of sub-types | (line I) and Il
(line I}, Only the regions around the recombination breakpoints are shown [{¢) recombination breakpoints in isolates VN and N

Rus, (b) in isolates T13, LB, H, Hu, NL2, Eur H and M1, (c) in isolate Fr]. At the polymorphic sites, the nucleotides are shown
in capitals, in bold for those of sub-type |, and in outline for those of sub-type Il. The locations of the putative recombination

breakpoints are indicated by dashes below the alignments. NTN* denotes the consensus seguence for isolates H, Hu, NL2, LB
and M1, all of them of the NTN biotype, and Eur H, of uncharacterized biotype. The numbering is that of isolate Fr (Robaglia et

al., 1989), the Jast digit of each figure indicating the corresponding position. Y denotes C/U when these nucleotides were
equally represented at a given position in a sub-group. Dots indicate nucleotides identical to the consensus; // indicates a
deletion, in the part of the alignment displayed in (b), of a region with no polymorphic sites between sub-types | and Il

(positions 9039-9127).

BCMV

The nucleotide sequences of 15 BCMYV isolates are available
in GenBank, and all contain the 3'NTR. The sequences of

isolates of peanut stripe (PStV) and black-eye cowpea mosaic
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(BICMV) viruses were also included in this analysis since they
have been shown to represent isolates of BCMV (McKern ef
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Fig. 4. Alignments of the putative recombinant BCMV sequences with the consensus sequence of various sub-types (I, Il, PStV
or BICMV). Only the regions around the recombination breakpoints are shown [(a) recombination breakpoint between sub-
types | and |i in isolate NL4, (b) between PStV and BICMV in isclate PStV-Ib). At the polymorphic sites, the nucleotides are
shown in capitals, in bold for those of sub-type Il or PStV, and in outline for those of sub-type | or BICMV. The locations of the
putative recombination breakpoints are indicated by dashes below the alignments. The numbering is that of PStV-BI2
(Gunashinge et al., 1994), the last digit of each figure indicating the corresponding pasition. R denotes G/A when these
nucleotides were equally represented at a given position in a sub-group. Dots indicate nucleotides identical to the consensus.

al, 1992; Vetten ef al., 1992; Khan ef al, 1993; Saiz et al., 1994),
On the other hand, an additional sequence referenced as
BCMV, that of strain NL3 (accession number U20818), was
not included in our analysis since Khan et al. (1993) showed
that this isolate should be considered as the member of a
distinct virus species. As in the PVY analysis, three regions
were selected and analysed. With nucleotide numbering
according to the complete sequence of isolate PStV-BI2
(Gunashinge ef al, 1994), the region N-ter extends from
positions 89459118, C-ter from 9548-9808 and 3'NTR from
9809-1006T.

Fig. 3 shows the trees constructed using the N-ter, C-ter
and 3'NTR regions. There are three main groups in each tree.
A large sub-group (sub-group I) contains most of the isolates,
and two smaller sub-groups (sub-groups II and PStV) contain
two sequences each, Mex/US5 in sub-group Il and PStV-
BI1/PStV-BI2 in sub-group PStV. In addition, the sequences of
BICMV and BCMV-NL2 diverge in two other directions and
could thus be the only currently sequenced representatives of
two additional sub-groups. However, two isolates, NL4 and
PStV-Ib, cluster differently in the trees displayed in Fig. 3. NL4

belongs to sub-group Il in the N-ter tree, but to sub-group I in
the C-ter and 3'NTR trees, and PStV-Ib belongs to sub-group
PSEV in the N-ter and in the C-ter trees, but is closer to BICMV
in the 3'NTR tree. These observations, supported by high
bootstrap values, indicate that these two isolates are possible
recombinants.

When the statistical relevance of this possible recom-
bination was estimated using VTDIST, a high probability for
recombination within the 15 BCMV sequences was found
according to the SS parameters, but not to the M parameters
(Table 1). Such a difference in the prediction made with the two
types of parameter has been described in some cases by
Sawyer (1989). Again, a’consensus’ sequence was determined
for the five sub-groups shown in Fig. 3. Mex was arbitrarily
chosen to represent sub-group II, and similarly PStV-Bl2 was
chosen for the PS5tV subgroups. The consensus sequence for
sub-group [ was determined and found to be identical with that
of isolate USI. BICMV and NL2 were considered to be the
only representatives of their respective sub-groups. When each
of the BCMV sequences was compared, using VTDIST, to
these five consensus sequences, only isolates NL4 and PStV-Ib
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gave SSCF-associated P-values lower than 3% (data not
shown). Isolates US7 and NLI also gave relatively low P-
values (4-93 % and 8-90% respectively), and none of the other
isolates had a P-value lower than 32% (data not shown). This
result confirms the hypothesis that isolates NL4 and PStV-1b
are recombinants. The pair wise comparisons, performed as for
PVY in Table 1, again confirmed this result at the 1% level, and
indicated that NL4 was probably a recombinant between sub-
groups | and II, and that PStV-Ib was probably a recombinant
between the PStV and the BICMV sub-groups (data not
shown), as predicted above from the cluster analyses.

The Maynard-Smith approach was then used to determine
the fine structure of these two recombinant isolates (Fig. 4).
The recombination breakpoint was mapped between positions
9537 and 9603 in isolate NL4, with sub-type Il sequences 5" to
this region and sub-type [ sequences 3’ to it. In PStV-Ib, the
breakpoint was located between positions 9767 and 9768,
with PStV-type sequences upstream and BICMV-type se-
quences downstream.

BYMV

The nucleotide sequences of six BYMV isolates, all of them
including their 3'NTR, were available in GenBank. As above,
three regions were selected and clustering trees derived
thereof. No major differences were observed in the topology
of these trees, except that the isolates MB4 and MI converged
to DG in the 3'NTR and that GDD diverged from DG in this
same region (data not shown). The program VTDIST found
evidence at the 0:01% level for genetic rearrangement in
BYMV when the SS parameters were considered, and at the
0-2% level with the M parameters (Table 1), and VTDIST2
confirmed, at the 2% level, the implication of MB4 and Ml in
this process (data not shown). The closer relationship of MB4
with MI and DG, as well as the divergence of GDD, in the
3'NTR were confirmed by visual inspection of the entire
alignment (data not shown) but, in the rest of the CP-3'NTR
region, no other available sequence could be related to these
isolates. The Maynard-Smith approach did not detect any
significant mosaic structure in isolates MB4, Ml or GDD (not
shown). In conclusion, it cannot be excluded that recom-
bination has occurred in BYMV, between isolates belonging to
a sub-group represented by DG, and another one not
represented in the available dataset. Thus, the case of BYMV,
no firm conclusion about the presence or absence of re-
combination is possible, essentially because of the relatively
restricted dataset.

ZYMV

The nucleotide sequences of seven ZYMV isolates, all
including their 3’'NTR, were available in GenBank. Regions
were defined and clustering trees derived as above. In all the
trees, two sub-groups could be defined, one containing Sin and
Reun, and another one containing four other sequences (data
not shown). Isolate Is lies between these two sub-groups.

Within the major sub-group, isolates Con and Cal cluster
together and Pat15 is slightly aside. Isolate Flo clusters with
Pat15 except in the C-ter tree where it is closer to Cal and Con
(data not shown), and could thus be a double recombinant,
detected despite the overall close relationships between the
isolates of this sub-group. In the dataset provided (the isolate
Reun, very divergent in the 3'NTR, was excluded), VTDIST
detected possible recombination at significant levels except
with parameter MUF (Table 1). The Maynard-Smith approach
showed that, at the 1% confidence level, the segment of Flo
extending to position 9169 was of the Pat15 type, then of the
Con/Cal type up to position 9407, and then shifted back to
Pat15 (the numbering refers to Cal, as in Wisler ef al., 1995)
(data not shown). Flo could thus be a double recombinant
between related ZYMYV isolates; however, these observations
rely on only 13 polymorphic sites in the intermediate region.

PPV, PRSV, TuMV and WMV2

Multiple alignments of the regions designated as described
in Methods were obtained for PPV, PRSV, TuMV and WMV2,
and used to infer clustering trees. For each of these viruses, the
topologies of the trees derived from the different regions were
not significantly different (data not shown). Thus, we have not
detected any evidence for recombination between the sequen-
ced isolates of these viruses in the CP—3'NTR region. As
above, we then analysed these sequence sets using VTDIST
(Table 1). As described in Methods, PRSV accessions 106996
and U14740, and TuMYV accessions D10927 and X81141 were
not considered in this VIDIST analysis because they are
identical to, or differ at only one position from another
sequence. The VTDIST analysis failed to detect significant
probability of recombination either when all the available
sequences for a given virus were considered in only their CP
coding region (PPY, PRSV and TuMV/; see Table 1) or when
only those for which the 3'NTR information is available were
considered in their CP=3'NTR region (PPV, PRSV, TuMV,
data not shown; WMV2, see Table 1). The lowest percentage
found for the null hypothesis was 3-6% for the PPV SSCF
parameter, but this was not confirmed by any other PPV
parameter, and close examination of the data showed that this
low value was due to a pattern of conserved and very
divergent regions in the El-Amar sequence (X56258), so that,
even for PPV, recombination was ruled out.

Discussion

So far, only two possible or probable instances of
recombination in the genus Pofyvirus have been described
(Sano ef al., 1992; Cervera ef al., 1993). In this work we have
systematically searched for the presence of RNA recom-
bination in potyvirus sequences present in the databases, or
published. We focused on the coat protein region because it is
the one that is most often targeted in sequencing projects,
leading to a larger available dataset than for any other region
of the genome. We first focused on PVY, since this virus is of
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considerable economic importance which has prompted more
studies than on other potyviruses, resulting in a particularly
large (and indeed continuously increasing) dataset, The search
was then extended to other potyviruses for which the CP gene
sequences of at least four different isolates were available in the
databases.

We first used a simple approach for rapid identification of
putative recombinant isolates, similar to the one that allowed
Chenault & Melcher (1994) to demonstrate the occurrence of
recombination in a plant DNA virus, cauliflower mosaic virus.
The two terminal domains of the region encoding the CP were
analysed separately, and the trees obtained were compared. In
the absence of recombination, the general topologies of the
trees should be similar, whereas if recombination had occurred
in some isolates, the corresponding branches would be
expected to differ in their location in the two trees, being more
closely related to a different parental cluster in each tree. An
advantage of this approach is that the parents themselves do
not have to be present in the dataset, as long as other members
of the cluster to which they belong are present. A statistical
analysis was then performed on the entire CP-encoding region,
so as to confirm the occurrence of recombination suspected
from the tree topology. Using this approach, we identified a
number of recombinant isolates in the case of PVY and of
BCMYV. Recombination was also proposed in BYMV and
ZYMYV, but no recombination was detected in PPV, PRSV,
TuMV and WMV2. In total, recombination in the CP-3'NTR
region of the genome was demonstrated in 13 isolates (with at
least nine independent recombination breakpoints), and sus-
pected in five more, out of a total of 109 isolates tested. The
recombinant isolates, found in 50% (4/8) of the virus species
tested, thus represent between 8% (9/109) and 17% (18/109)
of the total population examined.

The reasons for the difference in prevalence of recom-
bination between different virus species are not clear. For some
viruses WMV 2, TuMV), the size of the sample (four sequences
for WMV2, eight for TuMV) may simply have been too small.
Such an explanation cannot, however, apply to PPV and PRSV,
for which large datasets were available. In the case of PPV, a
possible explanation could be the different geographical
distributions of the two major groups of isolates (Candresse et
al, 1995), which would clearly preclude mixed infections, a
prerequisite for recombination to take place. Indeed, the only
PPV recombinant isolate detected so far (Cervera ef al., 1993)
was isolated in former Yugoslavia, one of the few countries
where both types of PPV isolates occur together. Another
explanation, which cannot be ruled out, is that individual
potyviruses could differ significantly in their recombination
rates due to differences in the intrinsic properties of their
replication machineries.

The approach that we have used has, however, several
limitations that actually lead to underestimating the extent of
recombination. First of all, enly viable recombination products
can be detected, so that in this work “recombinant’ means

bt
bk

“viable recombinant’. Secondly, it is very important to have a
dataset large enough to establish a clear clustering of the
different isolates (the uncertainty about recombination in
BYMYV is an illustration of this point), and also to increase the
chance that it contains a recombinant isolate. Thirdly, we
would have failed to identify recombination between closely
related isolates since no visible shift in the clustering of such a
recombinant isclate would have resulted. This is illustrated by
ZYMV-Flo, a possible recombinant between two closely
related isolates, which shows a barely detectable shift between
the different trees. Fourthly, multiple recombination events
might escape detection since these types of isolate will cluster
similarly in regions situated on the two sides of the two
recombination breakpoints. Finally, the non-detection of
recombination in the CP-3'NTR region does not preclude the
possibility of recombination in other parts of the genome. The
region we have chosen is, in potyviruses, about one-tenth the
entire size of the genome: thus, if recombination breakpoints
are evenly distributed along the entire genome, our approach
would only have detected about one-tenth of the recom-
bination events between the isolates represented in the dataset.
Indeed, in the case of PPV, one of the viruses for which we did
not detect any recombination event in this study, RNA
recombination with a cross-over point outside the region
analysed in this work, in the putative viral polymerase coding
domain, has been described (Cervera et al, 1993). This last
limitation can be removed only when more complete virus
sequences are known.

Although we made no specific efforts to detect interspecific
recombination, such events would have been characterized by
the presence of highly divergent isolates in some of the trees
{comparable to that of the outgroup sequences used in Figs 1
and 3), something we never observed in our dataset. In
addition, interspecific recombination would also have been
detected by the VTDIST program. We therefore conclude that,
if it exists, interspecific recombination has to have a frequency
much lower than intraspecific recombination in the genus
Potyvirus (less than 1 isolate in 109). There may be several
reasons for the paucity of interspecific recombination. First of
all, the products of such an event could be less likely to be
viable than those of intraspecific rearrangement. Alternatively,
recombination might not occur at all because lower levels of
sequence identity may not allow the template switch by the
viral polymerase. Finally, recombination between different
virus species might be hindered by spatial separation of the
virus replication sites (different host species or sub-cellular,
cellular, tissue, or geographical localization, etc.).

The genetic shuffling caused by recombination may lead to
the appearance of new virus isolates in the field, some of which
may thus acquire new biological properties (as may have
happened with the NTN biotype of PVY, as discussed above).
Recombination could also happen, as described for a bromo-
virus (Greene & Allison, 1994), between a replicating virus and
the product of a transgene introduced into the genome of a
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crop plant for protection purposes. In this respect, it is
worthwhile to note that we did not detect interspecific
recombination. However, spatial separation, suggested above
to be a possible inhibitor of interspecific recombination, might
differ in the cases of transgenic versus infected plants,
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ABSTRACT

Revers, F., Lot, H., Souche, 5., Le Gall, O., Candresse, T., and Dunez, J.
1997. Biological and molecular variability of lettuce mosaic virus iso-
lates. Phytopathology 87:397-403.

Lettuce mosaic potyvirus (LMV) causes severe disease of commercial
lettuce crops. LMV isolates show wide biological variability, particularly
in their ability to overcome the resistance genes described in Lactuca
sativa. For a better understanding of the molecular interaction between
lettuce and LMV, biological and molecular characterization of a col-
lection of 10 LMV isolates known to differ in virulence or aggressiveness
was performed. The ability of these isolates to overcome the resistance
genes was reevaluated under standardized conditions. To study the mo-

lecular variability of LMV, an immunocapture-reverse transcription-poly-
merase chain reaction technique, coupled with direct sequencing, was
used to obtain nucleotide sequence data from three short regions of the
LMV genome. Clustering analysis was performed and compared to the
biological properties of the 10 isolates. Three groups of LMV isolates
were discriminated based on the molecular data. These groups appear to
correlate with the geographic origin of the isolates rather than with their
pathogenicity. Sequence comparison with California isolates clearly showed
that the California isolates are related to the western European isolates,
raising the possibility of past exchanges of LMV between western Eu-
rope and California.

Lettuce mosaic virus (LMV), a member of the genus Potyvirus,
causes severe disease of commercial lettuce crops. LMV is a seed-
and aphid-transmitted virus with worldwide distribution. Symp-
toms observed in infected plants include dwarfing, poor heading,
mottling, and vein clearing (7).

The complete nucleotide sequences of the genomes of two LMV
isolates (LMV-0 and LMV-E) have been determined ([27]: EMBL
accession X97704 for LMV-0 and X97705 for LMV-E). The ge-
nome of LMV is a single, positive-sense 10,080-nt RNA molecule
polyadenylated at its 3" end. It contains a unique large open read-
ing frame encoding a 3,255-amino acid polyprotein.

LMYV isolates show a large array of biological variability, with
variations in the severity of symptoms induced, seed transmissi-
bility, and ability to overcome the three resistance genes described
in lettuce (Lactuca sativa) cultivars (24,25). Two of these genes,
mol! and mol’, are recessive and are believed to be either closely
linked or allelic ([7,20,25]; B. Maisonneuve and H. Lot, unpub-
lished data). These two genes have been introgressed into lettuce
cultivars for LMV management. Depending on the particular ge-
netic background and LMV isolate considered, the presence of
mol! and moi? results in either the absence of virus multiplication
or reduced virus multiplication and subsequent absence of symp-
toms (25). A third gene, Mo2, is a dominant gene that is not ef-
fective in practice for LMV control because it is overcome by
most LMV isolates (25). Several pathotypic classifications of LMV
isolates have been proposed based on the behavior of LMV iso-
lates toward these resistance genes (4,7.25). The recent emergence
in Europe of isolates that can overcome these resistance genes has
caused serious lettuce yield losses (7) and indicates the clear pos-
sibility of increasing problems for LMV management.

Sequence analysis comparisons of coat protein (CP) genes can
be used to identify and differentiate distinct potyviruses and their
strains (33-35). Several studies have established phylogenetic re-
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lationships between strains of potyviruses based on CP gene se-
quences, e.g., sugarcane mosaic virus (11), potato virus Y (PVY)
(36,37), plum pox virus (5), bean common mosaic virus (30), pa-
paya ringspot virus (2,38), LMV (42), and zucchini yellow mosaic
virus (6). The sequences of other regions of the potyvirus genome,
such as the 3’ nontranslated region (3’NTR), also can be used to
discriminate strains within a virus species (12,30,37). Several of
these molecular analyses have shown a grouping of isolates cor-
related with either biological data (37) or geographic origin (2,38).
Zerbini et al. (42) characterized 10 LMV isolates from California
and demonstrated that variability existed in the CP N-terminal re-
gion.

However, in all of these studies, only one region of the poty-
virus genome was analyzed and used to determine affinities be-
tween isolates. We recently have demonstrated that in some poty-
viruses the frequency of recombinant isolates is unexpectedly high
(26). For example, almost one-third of PVY sequences present in
the databases appears to result from recombination events located
in the CP gene or the 3'NTR. Given such a high potential rate of
recombination, determination of the phylogenetic affinities of vi-
rus isolates with a single, relatively short region of the genome
may produce erroneous results. Because the comparison of entire
genomic sequences currently is impractical, the use of several
short regions scattered over the entire genome may be a simple
and effective way to determine affinities or reconstruct phylog-
enies in potyviruses. Comparison of the results obtained with dif-
ferent short regions also may indicate the incidence of recombi-
nation within the set of isolates considered (26).

In this paper, we report the biological and molecular character-
ization of a collection of 10 LMV isolates selected to cover the
biological and geographical diversity of LMV in Europe. The
ability of these isolates to overcome the resistance genes present
in a differential series of lettuce cultivars was evaluated in parallel
experiments under standardized conditions. To study the molec-
ular variability of these isolates, we used an immunocapture-
reverse transcription-polymerase chain reaction (IC-RT-PCR) tech-
nique (40) coupled with direct sequencing to obtain nucleotide
sequence data from three short regions of the LMV genome. Clus-

Vol. 87, No. 4, 1997 397

27



tering analysis was performed with the sequence data, and the re-
sults of this analysis were compared to the behavior of the 10
isolates toward the lettuce resistance genes.

MATERIALS AND METHODS

Virus isolates. All 10} isolates, except 1, originated from Eu-
rope. The French isolates LMV-0, LMV-1, LMV-9, and LMV-13
and the Spanish isolate LMV-E, known to differ in their virulence
and seed transmissibility, were described by Dinant and Lot (7).
LMV-Aud was isolated in northern France in 1993 from lettuce
cv. Audran, which contains the moj’ resistance gene. The isolate
from Yemen Arab Republic (LMV-Yar) was provided by D. Walkey
(HRI, Wellesbourne, England) and described by Pink et al. (24).
LMV-Gr4 and LMV-Grs, two isolates from Greece that were
studied by Bos et al. (4). were provided by R. van der Vlugt (IPO,
Wageningen, Netherlands), and another isolate (LMV-GrB) was
provided by C. Varveri (Benaki Institute, Athens, Greece). LMV-
0, LMV-Yar, LMV-Gr4, LMV-Gr5, and LMV-GrB were main-
tained in susceptible butterhead lettuce cv. Trocadero. and LMV-1,
LWA-9, LMV-13, LMV-Aud, and LMV-E were maintained in but-
terhead lettuce ¢v. Mantilia, which contains the mol’ resistance
gene.

Inoculation procedure and infectivity assays. Virus inoculum
was prepared from leaves of infected lettuce plants |8 to 22 days
after inoculation. The leaves were ground 1:4 (wt/vol) in a solu-
tion of 0.03 M Na,HPOy containing (0.2% diethyldithiocarbamate
(DIECA), and 100 mg of Carborundum and activated charceal
was added before rub-inoculation. Seeds of the differential lettuce
cultivars were provided by B. Maisonneuve (Institut National de
la Recherche Agronomique, Génetique et Amélioration des Plantes,
Versailles, France). The five crisphead cultivars used were those
described in Pink et al. (25). Six plants of each cultivar were in-
oculated with each isolate at the 4- to 6-leaf stage and maintained
in insect-proof cages at 18 to 25°C. The experiment was repeated
twice. Observations of symptoms were made at weekly intervals
from 2 to 5 weeks after inoculation. The presence and concentra-
tion of virus were assessed by double-antibody sandwich enzyme-
linked immunosorbent assay (DAS-ELISA) 3 to 4 weeks after
inoculation. Three leaves were sampled from each plant. A poly-
clonal antiserum raised against LMV-0 was used to test plants in-
fected with all isolates, except LMV-Yar, for which a Yar-specific
antiserum (provided by D. Walkey) was used because the LMV-0)
reagents reacted very poorly with this specific isolate.

IC-RT-PCR. A protocol modified from Wetzel et al. (40) was
used. Leftuce leaves were ground 1:3 (wt/vol) in PBS-Tween
buffer (% g of NaCl, 0.2 g of KH;POy, 2.9 g of Na;HPOy 1 2H0, 0.2
gof KCI, 0.2 g of NaN;, and 0.5 ml of Tween 20 per liter) con-

TABLE 1. Primer pairs and cveling conditions used for amplification

Cyeling conditions

Primer pair sequence? Position® I eyele 35 eyeles
Pl "AAMATAAAACAACCCA-

ACACAACTCY 1 920C30s 92°C3ls
P2 S'GCAATAGTTGCAGTAG- 738 429C 30 s+ 54°C 30 s

TTCTGCCCTCCAACCTAGGS” 72°C l min  72°C | min
PASATTCGAAAATTYTAYAA

RIGGTGY 5825 92°C20s 92°C20s
P4 S'GCGTTBATGTCGTCGT- 9171 429C 20 s+ 56°C 20's

CYTTY T2C40s T2°C40s
PS5 S"ACAAGAAGAAACCGTA-

TATGCC3! 9388 920C 205
Pé S'GOCAACACACGCCTTT- 0BES 56°C 20

AGTGY” T2°C 405

*Y=CorT.R=AarGiand B=T, G, or A. All primers were synthesized in
two forms, 5 biotinylated or not.
® Position on the genome of the 5" most nucleotide of the primer.
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taining 2% polyvinylpyrrolidone K25, 20 mM sodium DIECA, and
0.1% MgCly. The plant extracts were incubated overnight at 4°C
in 0.5-ml tubes precoated with anti-LMV immunoglobulins. After
washing the tubes once with PBS buffer, 100 ul of RT-PCR. reac-
tion mix (10 mM Tris-HCL, pH 8.8, 1.5 mM MgCl,, 50 mM KCIL,
0.3% Triton *100, 250 uM each of dNTPs, | pM each of the two
primers, (.25 units of AMV reverse transcriptase, and (1.5 units of
Tag DNA polymerase) was added and overlaid by 100 pl of min-
eral oil. The tubes were incubated for 15 min at 42°C for reverse
transcription, were incubated 5 min at 95°C for denaturation of
RMNA-DNA hybrids and reverse transcriptase, and were cycled as
described for each primer pair in Table 1. Primer pairs Pl and P2,
P3 and P4, and P5 and Po were used to prime the amplification of
the 5" nontranslated region (3"NTR) together with the 5" end of the
Pl gene (region I), the 3" end of the NIb gene together with the 5
end of the CP gene (region I}, and the 3" end of the CP gene (re-
gion IIT), respectively (Fig. 1).

Direct sequencing of amplified fragments, A protocol modi-
fied from Hultman et al. (15) was used. About 400 ng of biotin-
ylated PCR products (obtained using one of the PCR primers ina 5
biotinylated form) were immaobilized with 0.2 mg of magnetic beads
containing covalently coupled streptavidin { Dynabeads M-280 strep-
tavidin, Dvnal Infernational, Oslo, Norway). The immobilized bio-
tinylated double-stranded DNA was denatured by incubation at
room temperature with 0.15 M NaOH for 5 min. The magnetic
beads retaining the single-stranded biotinylated DNA were washed
onge in 0.15 M NaOH and twice in HyO and resuspended with 2
pmol of the sequencing primer in a buffer containing 40 mM Tris-
HCL pH 7.5, 20 mM MgCls, and 50 mM NaCl in a total volume
of 10 ul. For sequencing of regions I and IIl, the sequencing
primer was the primer used in its nonbiotinylated form in the PCR
reaction. For region 1, the sequencing primer was internal (5°GC-
CTAGCATCAGTTATGAAATCY, positions 338 to 360) for
LMV-1, LMV-0, LMV-13, LMV-Aud, LMV-Yar, and LMWV-Gr3.
For LMV-GrB and LMV-Gr4, the sequencing primer used to
sequence region [ was the nonbiotinylated PCR primer P2, be-
cause a shorter PCR product was obtained. The annealing mixture
was heated to 65°C for 5 min and cooled to room temperature.
Sequencing reactions were performed with a Sequenase, version
2.0, DNA sequencing kit (United States Biochemical Corporation,
Cleveland). After extension, the supernatant was removed, and 4 pl
of stop solution was added to the beads. Two microliters was
loaded onto an 8 M urea, 6% polyacrylamide sequencing gel.

Cloning of PCR-generated fragments. The PCR fragments
were electrophoresed in a 1% agarose gel in TAE buffer (40 mM
Tris, 40 mM acetate, and | mM EDTA). Bands of the expected
size were excised, and DINA was recovered with a Geneclean kit

SNTR P1 mib Cr INTR
[ — - —
vy YR — F T T T
x ] Iy I — "
] \ iy / / \
Amplified / (738 bp) (346 hph /1297 bp)',
b i 738 425 aITL 0s8%  oRes
Sequenced |
Regiom: 5™ am BBAS 9148 oG08 9862
{176 bp) {304 bp) (255 bp)
1 I1 11

Fig. 1. Localization of regions 1, II, and 111 along the lettuce mosaic virus
{LMWV) genome. The size in base pairs (bp) of the amplified (middle line) or
sequenced (bottom line) regions are given in parentheses. The positions of
the fragment along the LMV genome are given. The LMV genomic regions
in which the studied fragments are included are labeled at the top (SNTR [5
nontranslated region], P1, NIb, CP [coat protein], and 3'NTR [3" nontrans-
lated region] ).
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Il (Bio 101, Inc., La Jolla, CA). Purified DNA was blunted by the
use of the Klenow fragment of Escherichia coli DNA palymerase
I and was phosphorylated with T4 polynucleotide kinase. The DNA
was ligated to Hincll-linearized. dephosphorylated pBlueseribe
(Stratagene, La Jolla, CA) and used to transform competent £
coli XL1-blue cells (Stratagene). The recombinant plasmids were
purified by alkaline lysis and digested with restriction enzymes.
Plasmids containing fragments of the expected size were selected
for sequencing. DNA templates were prepared as described by Za-
gurski et al. (41) and sequenced from both ends with Sequenase,
version 2.0 (LS, Biochemical).

Phylogenetic analysis. Multiple alignments of the amplified re-
gions were obtained by the Clustal V program (14). Phylogenetic
relationships were determined by distance methods implemented
in the PHYLIP package, version 3.5 ( 10). Distance matrices were
calculated by DNADIST with the Kimura two-parameter option
(18), and distance trees were constructed from these matrices by
NEIGHBOR, which implemented the neighbor-joining method
{29). The trees derived were displayed by DRAWTREE to op-
timize the fitting of branch lengths to Kimura's distances. A boot-
strap value for each internal node was calculated by performing
100 random resamplings using SEQBOOT (9) and synthesizing the
resulting set of trees using CONSENSE. To confirm the topol-
ogies of the neighbor-joining trees, the maximum likelihood
method, using DNAML, the parsimony method, using DNAPARS,
and the FITCH method also were used.

RESULTS

Isolate reactions on different lettuce genotypes. The symp-
toms of LMV infection observed in most lettuce genotypes were
not typical mosaic symptoms but rather vein clearing, yellow spot-
ting, and stunting. The results of the pathogenicity tests, including
symptoms and virus multiplication (Table 2), provide evidence that
the isolates differed in virulence and aggressiveness. All isolates
multiplied and produced symptoms on cv. Salinas. LMV-0 did not
induce any symptoms in three genotypes, cvs. Malika, Salinas 88,
ar Vanguard 75, that possess one of the recessive genes, moi’ or
mof®, even in plants in which viral multiplication was detected by
ELISA. LMV-1 and LMV-9 caused severe symptoms in cvs. Ith-
aca and Malika, which carry the Mo2 and mo!* genes, respec-
tively, but did not multiply in cvs. Salinas 88 and Vanguard 73,
which contain the moi? gene. LMV-E and LMV-13, as well as the
newly characterized isolates LMV-Aud and LMV-GrB, were viru-
lent on all genotypes, including those containing the mol’ Zene.
The interactions of the LMV-Yar isolate and the two other Greek
isolates did not fit with those of the other groups. They did not
infect cvs. Ithaca and Vanguard 75, which possess the MoZ gene,
but were able to overcome the two recessive genes, molf’ and

mai’. Nevertheless, there were slight differences between the two
Greek cultivars. In Malika, LMV-Gr4 infected fewer plants (8/11
versus 10/11 for LMV-GrS and [4/16 for LMV-Yar) and, like
LMV-Yar, multiplied at a lower rate and was less aggressive when
compared to LMV-Gr5. On Salinas 88, LMV-Gr4 induced milder
symptoms than LMV-Yar and LMV-Gr5, which induced the most
severe symptoms.

Amplification and sequencing of regions 1, 11, and I11. To
amplify the three short regions of the LMV genome. the 1C-RT-
PCR technique, developed by Wetzel et al. (40), was adapted.
using LMV-infected lettuce leaves as the starting material. Cap-
ture of the virus particles, release of viral RNA, and RT-PCR were
performed in a one-tube assay. Amplifications were performed
twice, with either one of the primers in a biotinylated form, al-
lowing sequence determination in both orientations. Single frag-
ments of 738 bp (region I}, 346 bp (region 11), and 297 bp (region
1) were generated successfully for nearly all the isolates tested
(data not shown). However, RT-PCR products, in addition to the
expected fragments, also were obtained in the case of the ampli-
fication of LMV-GrB and LMV-Gr4 regien [ and LMV-GrB, LMV-
Gr4, and LMV-Gr5 region [1.

A direct sequencing protocol was used to sequence the ampli-
fied fragments. However, because a mixture of amplified fragments
was obtained after amplification of region IT of LMV-GrB, LMV-
Grd, and LMV-Gr5, the product with the expected size was puri-
fied and cloned. For each of these three isolates, at least two in-
dependent clones were sequenced on both strands.

The three sequenced regions are presented in Figure |, For re-
gion I, the size of the sequenced 3'NTR region was 87 nt for LMV-

LECAPYADLAKACKAPY TARCALKRLYTSHEASEARLEKYMEATRIELVH

I B 5 5 e

DEDDOCMDEVYHQ/VDAKLDAGRGESKTOD KON SADPKDN I T TEXGSGSGOME

R S S S SMGAID " N v SARSRS—, )

~Dm==BA== === == c e = -ON-§-8===G=-E§--IAT-===-§-VY=-P-
~D===BA===m=n /== Teeme == DH=S= 8 = == GmmES = =T AT === == 5 =V/~F~
“D==~E===m=m= == D= === ==DN-RA~H=L==T= 8= =§AW === === ===T~

Fig. 2. Amino acid sequence alignment of region IT of 10 lettuce mosaic
virus (LMV) iselates. Amino acid differences are indicated with a single-
letter code. Dashes indicate amino acids identical to the LMV-0 sequence.
The DAG triplet is underlined. Slashes indicate the NIb/CP cleavage site.

TABLE 2. Interactions between lettuce mosaic virus isolates and lettuce differential cultivars

lsolates

] | and 9 E, 13, Aud, and GrB Yar, Grd, and Gr3
Cultivar? Symptoms® Vir. cone.© Symptoms Vir. cone. Symptoms Vir. cone. Symptoms Vir. cone.
Salinas e ++ b -+ bt +++ b |1 Bt -
Ithaca " -+ w -+ - s = _
Malika - —to ¢ * + *to ** -+ * 1o ** +to ++d
Salinas 88 - + - - o e - A R + to ++
Vangoard 75 - + o _ e . _ _

* Jthaca and Vanguard 75 contain the Mo2 gene (23 ). Malika contains the mof? {formerly g) gene. Salinas 88 and Vanguard 75 contain the me/? {formerly mo)

gene (7).

b The number of asterisks (* to ***) scores symptom severity; symptoms included vein clearing, leaf deformation and stunting, and, oceasionally, necrosis. — =

no symptoms,

¢ The number of pluses indicates the relative virus concentration {vir. conc. ) estimated by enzyme-linked immunosorbent assay: +, ++, and +++ indicate that the
mean absorbance values were ~0.25, 0.5, or 0.75 of the absorbance on susceptible cv. Salinas (++++) respectively: + indicates a low concentration of virus

was detected; — indicates no virus was detected.

9 1n cases in which wide variability was observed in the virus content of individual plants, a concentration range is given.
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Yar and 78 nt for all other isolates. The size of the sequenced P'1
region was 98 nt for all isolates. The sequences obtained for re-
gions II and III corresponded to the complete sequence of the
amplified regions, excluding the primer sequences, and had the
same number of nucleotides for all isolates. These nucleotide se-

quences have been submitted to the EMBL database and assigned
for region I,
to ZT78230 for region 11, and Z78231 to Z78238 for region

]

the following accession numbers: Z78215 to ZT78222
278223

M1, respectively, for LMV-13, LMV-Aud, LMV-1, LMV-9, LMV-
Yar, LMV-Gr5, LMV-Gr4, and LMV-GrB.

The amino acid sequences were deduced from the coding nucle-
otide sequences: for region 1, they include the first 32 amino acids
of the Pl protein; for region II, they include the last 62 amino
acids of the NIb protein and the first 39 amino acids of the CP:
and for region 111, they include the last 85 amino acids of the CP
(excluding the very last one). All LMV isolates tested contained in

013

Aud

GrB
Grd | Grs

Fig. 3. Clustering neighbor-joining trees derived from regions A, I, B, II, and C, III of the lettuce mosaic virus (LMV) genome, as defined in text. The isolates
that overcome only mol! are underlined; the isolates that overcome both mof' and mol” are italic; the isolates that do not overcome Mo2 are shaded. The
percentage of bootstrap replicates in which each node was recovered is given when above 70%. The scale bar represents, for the branch lengths, Kimura

distances of 0.05 (A and B) and 0.01 (C).

TABLE 3. Percentage of nucleotide sequence identity ofregions I {above the diagonal) and I1(below the diagonal ) among the 10 lettuce mosaic virus isolates tested

Isolate

Izolate 0 E 1 o 13 Aud Grd Grs GrB Yar®
0 96.6 97.2 90.9 04.9 96.6 B3.6 80.8 BE.6 78.5
E 92.1 95.5 92.0 94.9 96.6 89.2 886 86.4 T8.5
1 931 97.0 90.9 o938 943 83.6 898 B8.6 7.0
9 90.8 80,1 90.3 92.0 B3.6 802 B7.5 78.0
13 934 92.4 o0.1 983 836 808 B1.5 To.0
Aud 92.8 92.4 80.5 99.0 89.2 90.3 B8.1 78.5
Grd 743 750 734 734 4.3 92.6 94.3 773
Grs 75.0 76.6 74.7 743 753 96.7 96.0 78.5
GrB 75.0 T6.6 4.7 4.3 753 96.7 100.0 T8.0
Yar 8.6 78.9 76.3 77.0 T6.6 74.0 4.7 4.7

 The nine positions at which insertions cccur in the Yar sequence in the region I alignment were omitted to calculate the identity percentage.
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their CP N-terminus sequence the DAG triplet involved in aphid
transmission (1) and the NIb/CP cleavage dipeptide Q/V described
for LMV-0 by Dinant et al. (8) (Fig. 2).

Sequence analysis. Multiple alignments of the nucleotide se-
quences were produced by the program Clustal V for each of the
three analvzed regions. For LMV-0 and LMV-E, the correspond-
ing regions derived from the complete sequence (27) were used.
These three alignments have been submitted to the EMBL data-
base and assigned the accession numbers DS26767 for region 1,
DS26768 for region II, and DS26770 for region IIl. The phylo-
genetic trees reconstructed for each of the three regions based on
these data show the relationships among the various LMV isolates
meore clearly (Fig. 3). The general topologies of the various trees,
abtained by the neighbor-joining method and supported by boot-
strap analysis, are similar and show three subgroups of isolates,
except in region I, for which only two subgroups can be dis-
tinguished. One subgroup included the western European isolates
(LMV-0, LMV-1, LMV-9, LMV-13, LMV-Aud, and LMV-E). the
second subgroup included the isolates from Greece (LMV-GrB,
LMV-Grd, and LMV-Gr5), and LMV-Yar (from Yemen Arab Re-
publicy was the sole member of the third subgroup. The same sub-
groups were obtained by the maximum likelihood, parsimony, and
FITCH methods (data nof shown}. Sequence variability was greater
in regions | and 1, with 77 to 98% and 73 to 100% identity.
respectively, among the isolates (Table 3). whereas region [1T was
much more conserved (94 to 100% identity). This range of vari-
ability agrees with what is known about other potyviruses (32).
No specific nucleotide changes were related to any resistance-
breaking properties of the LMV isolates.

The variability of the amino acid sequences was similar to that
of the nucleotide sequences: identity levels in regions [ and 11 of
the 10 isolates ranged between 72 to 100% and 74 to 100% (Fig. 2),
respectively, and the topologies of the phylogenetic trees con-
structed with amino acid sequences were similar to those obtained
with the nucleotide sequence data (data not shown). All isolates
had exactly the same predicted amino acid sequence in their re-
gion III (CP C terminus}), except the last amino acid of LMV-Yar,
which is a valine instead of a leucine in all other isolates. Il iz now
well established that distinct potyviruses have CP amino acid
identities <70%., whereas strains of a same potvvirus species have
identities >%0% (33,34). Our results, therefore, confirm that all of
the isolates studied here are isolates of LMV. As for the nucleotide
sequences, no specific amino acid change could be associated with
any of the LMV pathotypes analyzed.

The CP sequences of the 10 LMV isolates used in this study
were compared with those of the 10 California isolates determined
by Zerbini et al. (42). Because the sequences determined by these
authors began at nucleotide 26 of the CP gene and the N-terminal
sequences determined in this work terminated at nuclectide 117,
only the common 92 nt were available for comparison. The phylo-
genetic tree derived from a multiple alignment of this short region
is presented in Figure 4. The California isolates clearly cluster
with the western European group.

DISCUSSION

The emergence in Europe of new LMV isolates causing severe
symptoms in commercial lettuce cultivars containing the mo/* re-
sistance gene was reported recently by several authors (4.7.25).
Because such cultivars are extensively grown in open fields, es-
pecially in France, resistance breaking was evoked (25). These
data and the repeort in California of very aggressive isolates (42)
have aroused interest in establishing a better understanding of the
molecular interactions between lettuce (L. sativa) and LMV, The
moelecular basis for resistance breaking are known only for a few
plant viruses. Resistance-breaking determinants have been located
in the CP of tobacco mosaic virus (19.28), pepper mild mottle
virus (3 ), and potato virus X (17.31) and in the replicase (21.23)

or movement proteins (22,39) of the tobacco and tomato mosaic
viruses. In potyviruses, such determinants are thought to be found
in the 5" end of the genome (13,16}, as well as the VPg domain of
the Nla protein in the pea seedborne mosaic potyvirus (E. Johan-
sen, personal communication).

In an attempt to link phylogenetic affinities with LMV resistance-
breaking properties, we carried out an analysis of the molecular
diversity of 10 LMV isolates and compared the results to the vimu-
lence of these isolates on various LMV-resistance genes. We chose
isolates that previously differed in virulence or aggressiveness. All
10 isolates originated from Europe, except LMV-Yar. Greek iso-
lates were included because they had been reported to be wvery
aggressive and had been studied by other authors (4).

The results obtained for LMV-0, LMV-1, LMV-9, LMV-E, and
LMV-13 confirmed our previous work (7,20). We also confirmed
that these five isolates overcame the dominant resistance gene
Mo2 identified by Pink et al. (24). According to these data, these
isolates were grouped into three distinet pathotypes. The two pre-
viously uncharacterized isolates, LMV-Aud and LMV-GrB, had
virulence characteristics similar to LMV-E and LMV-13. The re-
sults obtained for LMV-Yar, LMV-Gr4, and LMV-Gr5 on ¢vs. [th-
aca and Vanguard 75 agreed with results presented by Pink et al.
(24) and Bos et al. (4): they are unable to infect cultivars con-
taining the Mo2 gene. However, Pink et al. (24) described LMV-
Yar as avirulent on the other resistant cultivars because it did not
induce discernible symptoms, although it multiplied. We also found
a low concentration of LMV-Yar in cvs. Malika and Salinas 28, as
estimated with a homoelogous antiserum, but under our conditions,
Malika and Salinas 88 exhibited symptoms in all cases when in-
fected with LMV-Yar. The status of LMV-Gr4 and LMV-Gr5 in
terms of virulence on differential cultivars was more difficult to
interpret. The rate of infection was never 100%, and the virus con-
centration was rather low in the infected plants. This situation
probably is not an experimental artifact caused by the low ef-
ficiency of LMV-0 antiserum in detecting these isolates, because
our results fit with those of Bos et al. (4). who used an antiserum
raised against LMV-Gr4.

Based on the results of our molecular analyses, at least three
groups of LMV isolates can be discriminated. The largest group in
our sample contains isolates from western Europe (France and Spain)
that are closely related to isolates from California. This analysis
does not seem to show evidence of any clearly recombinant LMV
isolate. One possible recombination event might have occurred for

. Asgrow
Firestone "

P Spreckles
Gould Hartnell

1] Hitcheock

Romaine
Aud /13

Yar

100

GrB /Gr5 Grd

Fig. 4. Clustering neighbor-joining tree derived from the region of the N ter-
minal of the coat protein gene discussed in text for California iselates of let-
tuce mosaic virus and the isolates studied here. The California isolates are
underlined. The percentage of bootstrap replicates in which each node was re-
covered is given when above 70%. The scale bar represents, for the branch
lengths, Kimura distances of 0.05.
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the Greek isolates, with a recombination break point located be-
tween regions II and II1 (based on comparison of the position of
the Greek isolates in the trees of regions | and 11 with that of
region [1I). An alternate possibility is that the low intrinsic varia-
bility of region II1 simply may not allow discrimination of these
Greek isolates from the pool of western European isolates. Indeed,
the tree derived for region III is not statistically supported by sig-
nificant boostrap values (Fig. 3). Sequencing of the entire CP gene
of the Greek isolates is now underway and should allow us to
settle this aspect of LMV phylogeny.

The three subgroups of LMV isolates correlate with the geo-
graphic origin of the isolates rather than with their virulence on
differential cultivars. For example, the ability to overcome the
resistance gene mol ? is shared by LMV-Yar, the three Greek iso-
lates, and LMV-E, LMV-13, and LMV-Aud in the western Euro-
pean subgroup. However, these last three isolates cluster closer to
LMV-0, LMV-1, and LMV-9, which are not virulent on mel? (Fig.
). Overcoming the mal” gene is probably a relatively recent event
(7). Therefore, it is reasonable to conclude that the common an-
cestor of the LMV isolates was unable to overcome this gene. A
similar conclusion could be made about the moJ* and Mo2 genes.
Absence of evidence of recombination and failure to correlate
differences in virulence properties and molecular variability among
the LMV isolates suggest that the ability of these isolates to over-
come the resistance genes may have appeared independently
several times subsequent to the differentiation of the three LMV
subgroups. Therefore, it would be interesting to determine the ge-
nomic determinants of resistance breaking and, particularly, to
abserve whether they are identical among isolates belonging to
different subgroups.

Comparison of the isolates examined in this study with the par-
tially sequenced California isolates (42) clearly showed that they
are closely related to the isolates in the western European cluster.
Of particular interest is the case of LMV-0: although it was origi-
nally isolated in France, it is more closely related to the California
isolates than to the other western European isolates. In their study,
Zerbini et al. (42) already showed that the LMV-0 sequence was
05 to 99% identical to those of the California isolates. These
abservations clearly indicate the possibility that LMV-0 may have
been exchanged between the two continents in the recent past,
perhaps via contaminated seed lots, because LMV-0 is seed trans-
missible.
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A l'occasion de cette étude de la variabilité moléce du LMV, jai mis au point au

laboratoire une technique de séquencage direcprekiits d’amplification, décrite dans la
publication 3 (cf ci-dessus) et qui a été aussi appliquée ad&&e la variabilité d'un autre
potyvirus étudié au laboratoire, le virus de la r®aa(PPV) qui a fait lI'objet de la,

publication 5 pour laquelle je suis co-auteur.

Ce travail a donc permis de sélectionner deux tsala LMV, LMV-0 et LMV-E, qui sur la
base des 3 régions séquencées semblaient prochds plan moléculaire tout en étant
différents par leurs propriétés biologiques. EreteflLMV-0 induit des symptémes peu
séveres sur laitue sensible (ne portant pas demeéfe est incapable d’'infecter les variétés
de laitue porteuses des genes de résistandet est transmis par les semences de laitue alors
gue LMV-E provoque des symptdmes séveres sur latmsible, contourne les résistances
mol mais n'est pas transmis par les semences de .lditégape suivante a consister a
séquencer le génome complet de ces deux isolatee Jauiis investi dans le séquencage de
LMV-0 alors qu’un autre étudiant en thése (Shujamg) ayant démarré sa these un an apres
moi s’est investi dans le séquencage de LMV-E.r@eall a fait I'objet de Igublication 4
présentée ci-apres.
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Abstract

The complete nucleotide sequences of the genomic RNAs of the 0 and E isolates of lettuce mosaic potyvirus (LMV)
have been determined. These two isolates differ by their behavior towards two lettuce resistance genes and by their
seed transmission properties. LMV-0 is unable to induce disease in lettuce carrying either one of the mol! and mol?
recessive resistance genes. whereas LMV-E is able to induce disease in the same plants. The genomes of these two
isolates are 10080 nucleotides (nt) in length, excluding the poly(A) tract, and encode polyproteins of 3255 amino acids
(aa). The open reading frame is Hanked by a 5 non-coding region of 103 nt and a 3’ non-coding region of 212
nucleotides. Ten proteins were predicted. The P3 protein, with 377 aa. is the longest potyviral P3 protein characterized
to date while the P1 protein, with 437 aa, is among the longest P1 proteins reported. Sequence comparisons between
the two isolates demonstrated only limited sequence difference. The overall nucleotide and amino acid sequence
identities between LMV-0 and LMV-E are 94 and 97 respectively. The greatest variability occurs in the Pl and in
the variable N-terminal region of the coat protein, while the Nla protease domain, the NIb protein, the C-terminus
of the helper component protease and the 3’ non-coding region are extensively conserved. While this sequence analysis
does not allow direct identification of determinants involved in the resistance breaking or in the seed transmissibility
properties, these data are a first step towards the characterization of these determinants. © 1997 Elsevier Science B.V.
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1. Introduction

Lettuce mosaic virus (LMV; Tomlinson. 1970),
a potyvirus transmitted by seed and aphids,
causes a major disecase of commercial lettuce
(Lactuca sativa) crops all over the world (Dinant
and Lot, 1992). It has flexuous filamentous parti-
cles of 750 x 13 nm. In infected lettuce, the symp-
toms are dwarfing, defective heading. mottling,
vein clearing and leaf distortion. Three resistance
genes to LMV have been described and agrono-
mically used to protect lettuce cultivars: the reces-
sive genes maol! and mo1? modify disease severity
and virus accumulation to differing extents de-
pending on the genectic background (Bannerot et
al., 1969; Ryder. 1970; Pink et al., 1992a). The
dominant gene Mo2 affords immunity to the virus
but is overcome by most LMV isolates (Pink et
al., 1992a). Based on the ability to overcome these
resistance genes, 1solates of LMV have been
classified into several pathotypes (Dinant and Lot,
1992; Pink et al., 1992a.b; Bos et al., 1994). These
authors pointed out the emergence, in Europe, of
a new pathotype, corresponding to severe isolates
breaking all three resistance sources. The se-
quence of the LMV-0 3’ terminal 1651 nucleotides
(nt) covering the coat protein (CP) gene has been
reported previously (Dinant et al., 1991). The
complete (LMV-R isolate) or partial sequence of
the coat protein genes of ten isolates from the
Salinas Valley in California has been also deter-
mined (Zerbini et al., 1995). As LMV-0, all these
1solates belong to the same pathotype (pathotype
10).

The complete nucleotide sequences of about 15
different potyviruses have now been determined
(Shukla et al, 1994). The analysis of these
genomes rtevealed the presence of a single open
reading frame (ORF) encoding a large poly-
protein, which is processed at conserved locations
into mature viral proteins by three virus-encoded
proteases (Riechmann et al., 1992: Shukla et al.,
1994). The cleavage sites of the polyprotein are
apparently similar in sequence and localization
among the potyviral species.

Although they are the largest and most eco-
nomically important virus group (Shukla et al.,
1994), there is currently only very limited knowl-

edge on potyvirus resistance breaking determi-
nants (Hellman et al., 1990; Jayaram et al., 1992)
or. more generally. on potyvirus symptoms deter-
minants (Rodriguez-Cerezo et al., 1991; Atreya et
al., 1992: Klein et al., 1994). We have undertaken
the molecular characterization of resistance-
breaking of common isolates of LMV with the
aim of understanding better the molecular bases
of such properties. As a first step, we have entirely
sequenced two isolates of LMV which differ in
their ability to overcome the two recessive mol’
and maol7 resistance genes. LMV-0 belongs to the
pathotype II, described by Pink et al. (1992a).
which provokes very mild or no symptom on
plants harboring mol' or Mol” genes respec-
tively. LMV-E (Dinant and Lot, 1992) belongs to
the pathotype IV which causes severe symptoms
on all cultivars carrying these genes or Mo2 gene.
In addition, LMV-0 and LMV-E differ in their
seed transmission properties, since LMV-E is not
seed transmissible while LMV-0 is seed transmit-
ted at a 2-9% rate in susceptible lettuce (Dinant
and Lot, 1992). This paper reports the cloning
and complete sequencing of the genomic RNAs of
these two isolates.

2. Methods
2.1. Virus propagation and viral RNA preparation

LMV-0 and LMV-E isolates were maintained
and propagated under glasshouse conditions on
lettuce (Lactuca sativa) plants cv ‘Trocadero’
(with no known resistance gene) and cv “Mantilia’
(harboring the mol! gene) respectively. Virion
purification was as described by Dinant and Lot
(1992). Viral RNA was extracted from purified
virions resuspended in 10 mM Tris, 5 mM EDTA.,
pH 7.6 using 50 mg/ml proteinase K and 0.5%
SDS. followed by a phenol and a phenol/chloro-
form extraction.

2.2. Cloning of ¢DNA
Synthesis of the first strand of the cDNA was

performed with oligo(dT) as primer and either the
reverse transcriptase of avian myeloblastosis virus
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(AMV RTase, Pharmacia) and purified RNA as
the template (Le Gall et al., 1988) or the reverse
transcriptase of moloney murine leukemia virus
(M-MuLV RTase, BRL) and purified undisso-
ciated virus as the template (Fakhfakh et al.,
1995). For the second strand synthesis, RNase
H and Escherichia coli DNA polymerase 1 were
used as described by Gubler and Hoffman
(1983). The cDNA molecules were then size-
selected by ultracentrifugation in 10-40% sucrose
gradients (LMV-0) or by polyethylene glycol
precipitation (LMV-E) (Le Gall et al., 1995).
The largest cDNAs were ligated into Smal-
linearized, dephosphorylated pBluescribe (pBS)
vector (Stratagene). The ligation mixture was
used to transform competent E. coli XL1-Blue
cells (Stratagene). Plasmids were characterized
by restriction analysis after extraction by the al-
kaline lysis method (Maniatis et al., 1989).
Overlapping ¢cDNA clones were selected for the
determination of the nucleotide sequence. For
sequencing, a set of overlapping deletion sub-
clones was prepared from various large cDNA
clones, using either exonuclease 111 (as suggested
by the manufacturer: Erase-a-Base System Kit,
Promega, Madison, WI), or digestions with vari-
ous restriction endonucleases.

2.3. Nucleotide sequencing

The nucleotide sequence was determined by
the chain-termination method of Sanger et al.
(1977) using the Sequenase™ kit (US Biochemi-
cal), [#-*S]dATP (Amersham), and supercoiled
plasmid DNA as the template. Primers comple-
mentary to either adjacent vector sequences or to
LMYV sequences were used for the sequencing
reactions.

24. Direct RNA sequencing

The nucleotide sequence of the 5 end of
the LMV-0 and LMV-E genomic RNAs were
determined by direct RNA sequencing (Fichot
and Girard, 1990) using reverse transcriptase
(AMV RTase, Pharmacia) and synthetic oligo-

nucleotide primers with sequences SGCAATA-
GTTGCAGTAGTTCTGCCCTCCAACCTAG-
G3' (LMV-211p; positions 704-738), 5’CCTCT-
GGCTTTGCGATGGTCC3 (positions 570—590),
S'GCCTAGCATCAGTTATGAAATC3  (posi-
tions 338—359) and STGTGGTTGAAAATGT-
TGT3 (positions 85-102).

2.3. Polymerase chain reaction (PCR)
amplification

To confirm the 5 end nucleotide sequence of
LMV-0, PCR amplification was performed with
the primers LMV-47 (SYAAAATAAAACAAC-
CCAACACAACTC, positions 1-25) and LMV-
211p (see above). One hundred micraliters of
reverse transcription—PCR (RT-PCR) reaction
mix (Tris—HCI pH 8.8 10 mM; MgCl, 1.5 mM;
KCl 50 mM; Triton X-100 0.3%; 250 mM each
of dNTPs; | mM of ecach primer; 0.25 U of
AMYV RTase: 0.5 U Taq polymerase) were
added to 1 ng of LMV RNA. Conditions for
the RT-PCR were 42°C for 15 min for the RT,
95°C for 5 min for denaturation of the DNA-
RNA hybrids and RTase inactivation, followed
by 35 cycles of amplification by denaturing at
92°C for 30 s, annealing at 56°C for 30 s and
extending at 72°C for 1 min. After electrophore-
sis and purification with Geneclean 1T kit
(BIO101), the amplified ¢cDNA was blunted by
the use of the Klenow fragment of E. coli poly-
merase 1, phosphorylated with T4 polynucleotide
kinase, and ligated to  Hincll-linearized,
dephosphorylated pBS vector. A cDNA clone
corresponding to the 5" region was selected for
sequencing.

2.6. Sequence compilation and analysis

Analysis of the sequences was performed us-
ing the Microgenie (Beckman) and PC-GENE
(Genofit) packages. A multiple alignment of 15
complete amino acid (aa) sequences of poty-
viruses currently available in the GenBank
database, and of the two LMV sequences was
obtained using the program Clustal W (Thom-
pson et al., 1994).
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3. Results and discussion
3.1. Nucleotide sequencing

Initial screening of the cDNA clones by restric-
tion enzyme mapping, hybridization analysis and
partial sequencing identified six overlapping
cDNA clones for LMV-0 and at least ten overlap-
ping cDNA clones for LMV-E, which were esti-
mated to cover almost the entire genome of the
two 1solates (not shown). Sequence data was ob-
tained mainly from ordered deletion subclones.
To complete this data, primers complementary to
already determined LMV sequences were used.
Each position was sequenced at least once on each
strand, most often from two independent cDNA
clones (except for 550 and 630 nt, respectively for
LMV-0 and LMV-E. for which only one clone
was available).

The first 18 and 690 nt at the 5" end of LMV-E
and LMV-0 RNAs, respectively, were not repre-
sented in the cDNA banks and were thus se-
quenced directly from the RNA. For LMV-0, a
PCR-amplified cDNA clone. corresponding to the
first 5" 738 nt, was sequenced to confirm the RNA
sequencing results (not shown).

3.2, Genome organization

For both isolates, the genome was found to be
10080 nt in length excluding the 3" poly(A) tail.
An alignment of the two nucleotide sequences
showed that they are exactly co-linear. differing
from each other only by point mutations (data
not shown). The nucleotide positions indicated
thereafter are thus valid for both LMV sequences.
The RNA composition of the two isolates 1s 33%
adenine (A), 24% guanine (G). 21% cytosine (C)
and 22% uracil (U). Computer analysis revealed
an ORF of 9768 nt encoding a polyprotein of
3255 aa. Two in frame AUGs were found at
positions 104 and 140, but only the first one is in
a context (ACAAAUGGC) described by Liitcke
ct al. (1987) as optimal for translation initiation in
plants. The termination codon UAA is located at
position 9869. The 5" non-coding region (5’NCR)
and the 3’ non-coding region (3'NCR) are respec-
tively 103 and 212 nt long. The 3INCR is | nt

longer than that determined by Dinant et al.
(1991) because for both isolates we Tound three
uracil residues at positions 9925-9927 instead of
two as reported by these authors. As is often the
case for plant virus 5 leader sequences (Gallie et
al., 1987), the base composition of the 5NCR has
a low G-content with only 4% (24% C, 22% U
and 50% A).

Within each isolate, a few nucleotide differences
(4 for LMV-E, 6 for LMV-0) between indepen-
dent cDNA clones were detected. For each of
these differences. the nucleotide found most often
if more than two independant clones were se-
quenced. or that identical between the two iso-
lates, was selected and displayed in the final
assembled sequence. Two replacements were silent
in LMV-E (U;;,A and Coe,U, where the first
residue 1s the one from the assembled sequence at
the position indicated and the second one the
variant), and three were silent in LMV-0 (C,;5;,G,
GoousA and Ao5,G). Respectively, two and three
replacements led to amino acid exchanges, A 4 U
and U, ,C for LMV-E: U,,,.G. U, A and
As7,:G for LMV-0,

A multiple alignment of all complete potyviral
amino acid sequences available, mcluding the two
LMYV sequences, was performed (data not shown).
The predicted cleavage sites of the polyproteins
were aligned in each case, and at these positions
possible cleavage sequences were also found in
LMYV (Table 1).

At least seven sites are putatively cleaved by the
nuclear inclusion protein a (Nla) protease, as
presented in Table 1. LMV Nla cleavage dipep-
tides are Q/A, Q/S. Q/G and Q/V. The latter is
for the NIb/ CP cleavage as already described for
LMV-0 (Dinant et al.. 1991), and confirmed here
for LMV-E. In addition, a consensual amino acid,
valine, was found at position P4, as is the casc for
many potyviruses (Riechmann et al., 1992). As
identified by Dougherty and Parks (1991), an
internal cleavage site at an E/S dipeptide sequence
was found in the Nla sequence in a similar con-
text between the VPg and proteinase domains
(Table 1).

The protemase activity of the helper component
(HC-Pro) of TEV has been shown to cleave at its
carboxy-terminus between two glycine residues
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Table 1

Amino acid sequence of the seven predicted cleavage sites of the Nla protease along the LMV polyprotein

Site Amino acid position

P6* P5 P4 P3 P2 Pl 1* Pl P2
P3/6K1 (1268)° E E \Y E H Q A K
6K1/CI (1320) D D Vv R H Q S Vv
CI/6K2 (1963) D Vv I Y H Q S K
6K2/VPg (2016) D AJVE Vi R H Q G K
VPg/Nla-Pro (2209) I P v K H E S K
Nla-Pro/NIb (2452) D A v Q F Q S K
NIb/CP (2972) D E \Y Y H Q v D
Consensus? D — Vv — H Q S K

(E.Iy (D (F) (E) (GAYV) (V.D)

*P6-P1 and P'1 -P2 are the respective amino acid positions upstream and downstream of the cleavage site, numbered from this site
(cleavage indicated with an arrow thus occurs between P1 and P'1).

® Locations within the polyprotein of amino acids P6.

“In the 6K2/VPg line, the first residue given at positions P35 and P4 is that occuring in LMV-0, and the second one is that of

LMV-E.

4 A consensus between the seven sequences is derived and displayed when more than four sequences have the same residue at a given
position. Other amino acids also found at each position are given in parenthesis.

(Oh and Carrington. 1989; Carrington et al.,
1989). A tyrosine at position P4 and a valine at
position P2 are also required for this process
(Carrington and Herndon, 1992). A sequence
(QHYRVG/G) homologous to the TEV cleavage
site exists in the LMV polyprotein at positions
890-896.

The third protease activity 1s harbored by
protein Pl whose carboxy-terminal cleavage site
has been identified by Mavankal and Rhoads
(1991) in TVMV. A Y/S dipeptide has been lo-
cated at positions 438 and 439 for LMV with a
glutamine at position P2 as found in PeMV, PVY
and PRSV P1/HC-Pro cleavage sites.

As observed in the multiple alignment, the Pl
and P3 proteins of LMV are among the largest
ones observed to date in sequenced potyviruses
with respectively 437 and 377 aa. The other
proteins are similar in size to those of other
potyviruses.

A synthetic LMV polyprotein map is shown in
Fig. 1. The predicted molecular masses (kDa) of
the ten viral proteins are 50 (P1), 52 (HC-Pro), 42
(P3). 6 (6K1), 71 (CI). 6 (6K2), 22 (VPg), 27
(NIa), 60 (NIb) and 31 (CP).

Based on multiple alignments, as described
above for the cleavage sites, all the conserved

motifs described in potyviruses were identified in
both LMV isolates. Amino acid sequences of the
two isolates are presented in the Fig. 2. In the
LMYV Pl protein, conserved amino acids of the
serine protease active site (Verchot et al., 1991;
Riechmann et al., 1992) have been located in the
carboxy-terminus at positions 345-389 with the
sequence HxgDx;, GxCG (where x designates any
unspecified amino-acid). In HC-Pro, the cysteine
cluster, considered to be a zinc-finger-like metal
binding motif and first noted by Robaglia et al.
(1989) in the PVY sequence, occurs in the LMV
polyprotein at positions 464495 with the se-
quence CxgCx;Fx,Cx,C (a phenylalanine re-
places a consensual cysteine at position 487). Two
other conserved amino acids, a cysteine and a
histidine separated by 72 aa residues (Cx,,H).
have been shown to be required for the HC-Pro
protease activity of TEV (Oh and Carrington,
1989). In the LMV sequence, C,g, and Hgs, are
aligned with these residues and are thus likely to
be their functional equivalents. The motif
EPY x,SPx,Lx Ax,NxGux,ExsF 1s found in the P3
region of LMV at positions 955-985, with a
phenylalanine replacing the consensual C-terminal
tryptophan. The presence of this potyviral se-
quence in the P3 region suggests that the P3
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Q/A Q/S Q/S Q/G
Y/S G/G E/S QS Q/V
NIa
P1 HC-PRO P3 CI VPg | Pro NIb CP
438 896 2215 2458 2978
1274 / 6K1\ 1326 1969 / 6K2\ 2022

Fig. 1. Proposed genetic map of the LMV genome. The positions and the dipeptides at the putative cleavage sites in the polyprotein

are shown below and above the map, respectively.

protein could be involved in the regulation of
the proteolytic processing of the potyviral
polyprotein, similar to what is seen with como-
viruses (Riechmann et al., 1992). The nucleo-
tide-binding motif of the cylindrical inclusion (CI)
protein, for which a helicase activity has been
shown for PPV (Lain et al., 1991), is also present
in the putative CI protein of LMV at positions
1410-1418 near the amino-terminus with the se-
quence GGVGSGKST. In the carboxy-terminus
of the Nla protease of LMYV, the catalytic triad
(histidine, aspartic acid and cysteine), which con-
stitutes the active site residues of the Nla protease
(Dougherty et al., 1989), has been located at
positions Haygp, Dangs and Cazes. The protein Nlb,
which is the most conserved potyvirus protein, is
thought to be the viral RNA polymerase because
it contains a conserved motif present in all posi-
tive-stranded RNA virus RNA-dependent RNA
polymerases (Kamer and Argos, 1984). This motif
(SGx;Tx;NTx3,GDD) occurs at positions 2767
2810 in the LMYV polyprotein. The exact location
of the coat protein (CP) of LMV-0 has already
been determined by Dinant et al. (1991) at the 3’
end of the genome. The tripeptide DAG, involved
in aphid transmission as demonstrated for TVMV
by Atreya et al. (1991), is found at positions
2983-2985 for both LMYV isolates.

3.3, Sequence comparison between the two
isolates

Sequence comparison between LMV-0 and
LMV-E showed that the nucleotide and amino
acid sequence identities are very high, reaching
about 94 and 97%, respectively. These figures are

higher than in the case of pea seed-borne mosaic
virus (PSbMV), for which a similar analysis
between isolates of different biological properties
(but also different geographical origins) has been
performed (Johansen et al., 1996).

In most of the LMV genome. the nucleotide
identity between the two isolates varies from 92 to
96% (Fig. 3). However, the 5" half of the region
encoding the HC-Pro and the 3'NCR are distinct
from the other regions because they have an
identity level higher than 98% (211/212 in the
3'NCR and 685/700 in the 5 region of the HC-
Pro domain). As shown among other potyvirus
species (Shukla et al., 1991). the Pl and the
amino-terminus of the CP are the most variable
regions of the polyprotein between the two iso-
lates of LMV with only 93 and 82% aa sequence
identities, respectively (Fig. 3). The largest num-
ber of non-conservative amino acid differences
occurs in the P1 protein. These differences include
four acido-basic residue changes: E K, E, K,
K,oE and E, (K (the first amino acid is from the
LMV-0 sequence, the second one from the LMV-
E sequence and the number indicates the amino
acid position in the polyprotein; Fig. 2). The
regions which show a higher amino acid variabi-
lity usually also show a higher than average nucle-
otide variability (Fig. 3). However, some of the
regions especially variable at the nucleotide level
correspond to regions of amino acid conservation,
duec to a high proportion of silent nucleotide
exchanges (about 80%). As illustrated in Fig. 3,
the region located between the VPg and Nla
protease domains has the most variable nucleotide
sequence of the LMV genome with only 88%
nucleotide identity, but has a very conserved
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MATLDNCTQVHHMFAYNREHGTNYTRNHFRRYLBAQRIGFYYDWDDDVYECPTCEAIYHSLDEIKNWHECDPPBFDLNDEITDARLKSAPVPDLGPVI%E - 100
%PK%EEKQELNFFAATPAPEVEQWKCRGLQFGSFTELETSEPV%SAPEPECEEPARTIAKPEE%VEQETgGDGKRLLQAQMEVDKAEQDLAFA%LgASLK - 200
PRLEGRTTBTIARRRDGCLVYKTKPSWSQREE%KKELKVDTLACENPYIPA%VDKISIAGGSSASVMHEQQKPKgLHTTPSRKVATHYKRTVMNQQTL%A - 300
EINQVGTI%LNAEKEFEVVGCRKQKUTGKGTRHNGVRLVKLKTAHEEGHRR%VDIRIPNGLREIV%RISARGGWH%TWTDSELSPGSSGYVLNSSKIIGE - 400
FGLRRHSIFVVRGRVEGE¥IDSQSKVTH§ETEBH!QIEDVBRNFWNGYSTCFMHNTPKDILHTCTSDFDVKECGTVAALLTQTLFQFGKITCEKCAIEYK - 500
NLTRDELATRVNKEIDGTIISIQTQHPRFVHVLNFLRLIKQVLNAKNGNFGAFQETERI IGDRMDAPFSHVNKLNAIVIKGNQATSDEMAQASNHVLEIA - 600
RY%KNRTENIQKGSLKSERNKISGKAHLNPSLMCDNQLDKNGGFEWGQRSYHAKRFFDGYFETIDPSDGYSKYTIRRNPNGHRKLAIGNLIVSTNFESHR - 700
RSM%GEEIEDPGLTNQCVSKEGE%FIYPCCCVTDEYGKPTLSEIKMPTKHHLVLGNAGDPKYVDLPKEBEGKMFVgKDGYCYINIFLAMLVDVPEDQBKD - 80O
FTKMAREIAVKQLGEWPSMMDVRTACNILRTFHPDTRRSELPRILVDHRTKTFHVIDSYGSITTG%HILKANTVTQLVKFAHESLESEMQEIBEEGEPDK - 900
APRKPAG%VPTLGISDLEELGVE;ENEEHSIRPNLQRLIKAIYRPRMMRSLLTEEPILLILSIVBPGVLMJLYNSGSLERTMHEFZQTDQRLSATAQILK - 1000
HLAKKVSLAKTLTIQNAILEGGBGSLNEILDAPAGRSLSYRLAKQTVEVMMARSDMDKELVDVGFSVLRDQKNELIEKSYLMDLEDSWE?LPLCGKLSAM - 1100
R%SRRWRDTSTPEXIPTGAADLKGRYSISVGSVSKSRILHLKGICSGAVKRV%DKWVGVQVQGVKWLAKSVHYMIPELTNILNVGTLLLTLISLGVAFRg - 1200
LTGQFKEMK%KETLAgEEELRKRIRTYNSTYYEIHGKHRDAKQITKFITHHDPKLLEVVEFYEGPEE;EVEBQ!;REDQANLERIIAFTALVMMMFDSER - 1300
SDCVYRSLSKLKSLVSTCSDDVRHQSVDEIIDLFDEKKETIDFBIBGKELYSSRVVDSTFSKWWDNQLVRGNTMAHYRTEGHFMTFTRETAASVAAEIAH - 1400
NEYRDILLQGGVCSGKSTGLPFHLHEKGGVLLIEPTRPLAQNVYKQLGSEPFHLSPNLRMRG%CKFGSSQVTVATSGYALHFIBNNAQSLK%%DFIIFDE - 1500
CHVLDASAMAFRCLLQEFEYQGKIIKVSATPPGRKLDFKPMHMVDI%TENELSIQQFVQGQGTGVNCDATKKGDNILVYVSSYNEVDMLSKMLNDKGYKV - 1600
TEVDGRTMKLGSVEVETVGTPOQRKHFVVATNIIENGVTLDVDVVVDFGQKVVPILDSEHRMIRYTKKSITYGERIQRVGRVGRNKAGSAIRIGSTEMGTE - 1700
EIPASIﬁEEAAFLCFTYGLPVMTSNVSTSVLGNCTVRQBRTMQKFELSPgFMVDLVHHDGTéHPAINSLLRQFKLKESD%KLSTLAIPNAVTTFWKSARE - 1800
YNSLGARTTIDDAAKIPFMIKDVPEHLQEKLWETIQQYKGDRGFGRCTSANACKIAYTLSVSPFMIPATINKIDALMAEERQK%EYFQTVTHNTCTISNF - 1900
SISSiGDMIRSRYSTNHSRENLQKLQ?VRDTIINFECQAGTgDGG%FDMETAQKLAEEYGCID!IIEQSEERLSKRLGLKGRWNQSLICKDLL¥FCGVAI - 2000
GGTWHMFQSFKDGMAQ%%BEQQEGKRQRQKLRYRQARDNKEGIEVYGDDATMEHYFGAAYTEKGKKSGKTKGMGTKNRRFVNMYGYNPEDESFIRFLDPL - 2100
TGKTMDEQVF%DISLVQDAFEKERLKLLSEGEIESEHMRNGIRAYLVKNLTTBALEIDMTPHNSCQLG?KTNNIAG;VDREYELRQTGEARVVAPALIPK - 2200
DNPITDEDIEEEEEEETLFRGLRDYNPIA%AICLLTNESDGMKETMYGIGFGNTIITNQHLFRRNNGVLRVQSRHGEYVLPNTTQLKVLPCEGRDIMVII - 2300
LTPDFPPFPQKLKFRPPIKGEKICLVGSLFQDKSITSTVSETSVTTPVDNSFLWKHWITTKDGHCGLPLVSSNDGYIVGIHSATSSRQTQNYHRAAMPEDF - 2400
HQTHLIDPASKSWVKHWKYNPDNMVWGGINLINSTPREPFKINKLVTDLFGDAVOFQSKODEWFASQLKGNLKAVGKSTSQLVTKHTVKGKCMMFELYLO - 2500
THEEEKEFFKPLMGAYQKSRLNREAFTKDIMKYSTPITVGIVDCDTFLKAEEGVIKRLEELGFSGCEYVTDEEAIFQALNMKAAVGALYSGKKRDYFEgY - 2600
GPEEKENILRESCKRLYTGKFGVWNGSLESELRPMEKVMANKTRVFTAAPLDTLLAGKVCVDDFNNYFYSKNIEAPWTVGMTKFYGGWNELLTKLPDGWV - 2700
YCDADGSQFDSSLSPFLINSVLRIRLKFMEDWDLGEQMLENLYTEIVYTAILTPDSTIVKKFKGNNSGOPS TVVDNTLMVVLAMTYTLHKLGFEDEEQDS - 2800
MCKYFVNGDDLIIAIKPE¥ESLLDQFQHCFKSLGLNYDFNSRTRK%EELWFMSHCGIKKDGIFIPKLEPERIVSILEWDRSDQPVHRLEAICRAMIESWG - 2900
YDKLTHEIRKFYKWCLE%RPYADLAKAGKAPYIAECALKRLYTSKERSEAELEKYMEAIR5LVNDEDDDDMDEVYHQ!Q?KLDRGDGSK%DDKQKESADE - 3000
KDN%ITEKGSGSGQ%?KDDDINRGLHGKHTIPRTKRITQKMKLPMIRGKVALNLDHLLEYEPNQRDISNTRATQKQYESWYDGVKNDYDVDDEGMQLILN - 3100
GLMVWCIENGTSPNINGTHVMMD?EEQVEYALKPIIEHAKPTFRQIMAHFSDRBEAYIEMRNKKKPYMPRYGRLRGLNDMGLARYAFDFYETTSATPNRA - 3200
REAHNQMKAARLVGTQNRLFGMDGGGSTQEENTERHTAADVNQNMHTLLGVRGLH - 3255

Fig. 2. Amino acid sequence of the LMV polyprotein. The sequence of LMV-0 is given and that of LMV-E, where different, is
indicated below. The regions around the putative cleavage sites (from P6 to P2) are underlined, and those of sequence signatures,
as described in the text, are in italics. The amino-acid positions are indicated at the end of each line.
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Fig. 3. Percentage of nucleotide (top) and amino-acid (bottom) identities between the two LMYV isolates along their genome. The
percentage of identity, measured in a window of 150 nucleotides or 50 amino-acids, was plotted at each position. The putative
genetic map of LMV (see Fig. 1) is indicated between the two curves, and the nucleotide positions along the genome at the bottom

of the figure.

amino acid sequence (about 98% aa identity). As
compared to the PSbMYV identity plot (Johansen
et al., 1996). that of LMV is qualitatively charac-
terized by additional divergent regions between
the HC-Pro domains, as well as in the area
around the 6K2 domain. In addition, the CP
N-terminus is more divergent relative to the rest
of the genome.

The molecular base for resistance breaking are
known only for a few viruses. Several genomic
determimants have been identified in the replicase
proteins (Meshi et al., 1988; Padgett and Beachy,

1993) and in the movement protein (Meshi et al.,
1989; Weber et al., 1993) of tobacco mosaic virus
(TMV) and tomato mosaic virus (ToMV). Other
genomic determinants have been mapped in the
CP of TMV (Knorr and Dawson, 1988 Saito et
al.. 1987). pepper mild mottle virus (Berzal-
Herranz et al., 1995) and potato virus X (PVX)
(Kavanagh et al, 1992; Santa Cruz and
Baulcombe, 1993). In these studies, changes in
local net charge or structural changes between the
proteins of virulent and avirulent strains have
been proposed to result in the disruption of an
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electrostatic interaction between the viral protein
and a host resistance factor (Meshi et al., 1988:
Padgett and Beachy, 1993).

In potyviruses, the 5 terminal protein genes
have been suggested to contain these determi-
nants for TVMV (Hellman et al., 1990). Com-
parison of the nucleotide sequences of two
strains of SMV differing in their resistance
breaking abilities shows amino acid exchanges in
the Pl and P3 proteins causing changes in local
net charge (Jayaram et al., 1992). In LMV, se-
quence differences are mainly located in the Pl
and CP proteins, but some significant changes
arc also present in other parts of the
polyprotein such as in the 6K2 protein where 4
aa out of a total of 53 differ between LMV-0
and LMV-E. However, the hydropathy profiles
of the polyprotein of the two isolates were not
significantly different (data not shown).

Concerning seed transmission of potyviruses,
only one study was performed for PSbMV,
which showed a possible implication of the 5
region of the genome. The implicated region
contamed the 5NC, the Pl protein and
two thirds of the HC-Pro (Johansen et al.,
1994).

The sequences of isolates 0 and E of LMV
provide the first basis for the characterization of
specific  determinants involved in resistance
breaking. Identification of such determinants
will be facilitated by the production of full-
length infectious transcripts and by subse-
quent construction of recombinant viruses by
exchanging genomic regions between the two
1solates.
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Une fois ce séquencgage réalisé qui ne permettait gpanme attendu d’identifier
directement les déterminants moléculaires impliglegss les propriétés biologiques du LMV,
compte tenu de la répartition sur 'ensemble deolgprotéine des différences en acide aminé
entre les 2 isolats, nous avons décidé de 2 sieatpgur le production de clones infectieux de
ces deux isolats : (1) construction d’'un ADNc cosn@ partir de la banque d’ADNc produite
pour le séquencage, stratégie classique utilisé@&paque ; (2) production d'un ADNc
complet par longue PCR, stratégie encore peu dépéla ce moment la. C'est sur cette
deuxiéme stratégie que je me suis investi.

De fagon schématique, cette stratégie a consiar@pifier 'ensemble du génome du
LMV en une seule PCR a partir de 'ADNc produit eptranscription inverse de 'ARN viral
en utilisant des mégaprimers comme amorce. Cespriégas étaient constitués en 5’ du
promoteur 70S fusionné a l'extrémité 5’ du génoroelLdV et en 3’ du terminateur de
transcription Nos fusionné a I'extrémité 3’ du géwoviral. Si plusieurs clones complets ont
été obtenus par cette stratégie, aucun ne s'esférénfectieux probablement du a des
mutations introduites dans le génome du LMV lors pleases d’amplification.

Suite a ces travaux, Shujun Yang a pu obtenispatégie classique un clone infectieux
de LMV-E, et Elise Redondo (qui a démarré sa th¢ses la fin de la mienne) a obtenu par la
méme stratégie un clone infectieux de LMV-0 et gopaduire des clones recombinants entre
ces deux isolats qui ont servi par la suite a gaaghier les déterminants génomiques
impliqués dans les différentes propriétés biolog&du LMV.

Mes travaux de thése ont été valorisés danBuddications & comité de lecture [2],
[3], [4], [5], [6], [8] et [9] et les Publications sans comité de lecture [18], [20R2] et [24]

Je présente ci-apréspablication [9] qui est une revue écrite a partir du travail detlsyse
développé dans lintroduction du manuscrit de neséh Elle fut écrite lors de mon séjour
chez Andy Maule et publiee en 1999. Cette revudéacéée plus de 100 fois, ce qui
représente la publication la plus citée parmi reumesnent mes publications mais aussi toutes
celles de I'équipe de virologie. Elle est encorpand’hui citée en moyenne tous les 2 mois et
représente toujours une référence importante syslda international pour les équipes
travaillant sur les potyvirus. Dix ans s’étant déguet de nombreuses données ayant été
publiées sur ce sujet, nous envisageons d’'écrirehpinement une nouvelle revue.
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In recent years, researchers have adopted many new tech-
nologies to help understand potyvirus pathogenesis. Their
findings have illuminated key aspects of the interactions
between the host and the virus, and between the virus and
its aphid vector. This review focuses on advances in our
understanding of the molecular determinants of systemic
infection, symptom expression, aphid and seed transmis-
sion, and natural and engineered resistance to potyviruses.
Very recent developments in the area of post-transcrip-
tional gene silencing indicate not only that the process is
fundamental to engineered resistance, but may also un-
derlie many aspects of the biology of plant viruses.

Additional keywords: cell-to-cell movement, HC-Pro, long-
distance movement.

Potyvirus is the largest genus of plant viruses, with 180
definite or possible members causing significant losses in a
wide range of crop plants (Shukla et al. 1994). The viruses are
aphid transmitted in a nonpersistent manner and some of them
are also seed transmitted (Johansen et al. 1994; Shukla et al.
1994). The organization of the potyvirus single-stranded RNA
genome is shown in Figure 1.

Substantial advances have been made in recent years in our
understanding of the molecular biology of the interactions
between potyviruses and their hosts; the last major review of
this topic was published in 1992 (Riechmann et al. 1992).
These achievements have been made possible through knowl-
edge of the complete nucleotide sequence of the viral
genomes, through the generation of infectious molecules in
vitro and in vivo from cloned viral cDNAs (for reviews see
Boyer and Haenni 1994; Shukla et al. 1994), and through the
techniques of mutagenesis and recombinant hybrid virus con-
struction. Additionally, the use of genes for visible reporter
molecules cloned into infectious viral genomes has been cru-
cial. Notably, these have included the widd gene encoding -
glucuronidase (GUS; e.g., Dolja et al. 1992) and the gfp gene
from Aequorea victoria encoding the green fluorescent protein
(GFP; e.g., Schaad et al. 1997a). Hence, the genes either have
been cloned to give a fusion with a viral protein, or have been
such that proteolytic cleavage releases the free reporter protein

Corresponding author: Frédéric Revers; E-mail: Revers(zbbsrc.ac.uk or
revers@bordeaux.inra.fr

from the potyviral polyprotein. In the latter case, cloning the
reporter gene and a new nuclear inclusion a protein (Nla)-
specific cleavage site adjacent to the helper component-
proteinase (HC-Pro; Schaad et al. 1997a, 1997b) has been
particularly effective.

New technology has contributed significantly to the recent
advances. Yeast two-hybrid systems for analyzing protein-
protein interactions in the nucleus are commercially available,
and the rapid expansion of genetic and bioinformatics re-
sources has meant that the identification and characterization
of host genes (particularly for Arabidopsis thaliana) is possi-
ble and will become routine within a few years.

This review focuses on these new advances, in particular on
the host and viral molecular determinants shown to have a
significant role during viral infection. Thus, we describe here
the molecular determinants involved in systemic infection
(genome amplification and cell-to-cell and long-distance
movements), symptom expression, aphid and seed transmis-
sions, and natural and engineered resistances to potyviruses.

Systemic infection.

Systemic infection occurs when a virus is able to move, af-
ter a genome amplification step, from the primary infection
focus to invade distal regions of the plant (Lucas and Gilbert-
son 1994; Carrington et al. 1996). This requires that the infec-
tious unit should move locally from cell to cell through plas-
modesmata, and then over longer distances through the
phloem. For most plant virus groups, the movement process
involves one or more specialized virus-encoded proteins,
termed movement proteins (MPs). These proteins are usually
characterized by mutagenesis when cell-to-cell movement
from the primary infected cell is altered without affecting vi-
rus replication. Potyviruses do not encode a dedicated MP, but
movement functions have been allocated to several proteins,
including the coat protein (CP), HC-Pro, the cylindrical inclu-
sion (CI) protein, and the genome linked protein (VPg). In
some of these cases, the mutation-based definition has been
supported by ultrastructural observations and microinjection
experiments to demonstrate that the proteins influence a plas-
modesmal function.

Genome amplification. Potyvirus genome amplification re-
quires two fundamental processes, viral RNA translation for
the synthesis of virus-specific proteins, including the viral
replicase, and RNA replication itself. The interrelationship of
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these two processes makes it difficult to assign particular
functions uniquely to RNA replication. Hence, most potyvi-
rus-encoded proteins affect the cellular level of virus accu-
mulation. Superficially, the RNA-binding properties of P1
(Brantley and Hunt 1993; Soumounou and Laliberté 1994;
Merits et al. 1998), HC-Pro (Maia and Bernardi 1996; Merits
et al. 1998), CI protein (Eagles et al. 1994; Fernandez et al.
1995; Merits et al. 1998), Nla (Dards and Carrington 1997;
Merits et al. 1998), nuclear inclusion b protein (NIb; rep-
licase), and CP (Merits et al. 1998) may suggest that all these
proteins function in the RNA replication process. However,
the possibility of the involvement of viral proteins in the dis-
tinctive features of potyvirus RNA translation (reviewed in
Riechmann et al. 1992) and the potential for cell-to-cell tran-
slocation of viral RNA (see below) make it difficult to allocate
the functions precisely. Almost certainly, we will find that the
processes of RNA replication and translation are spatially and
temporally integrated.

Potyviral RNA differs from host mRNAs in the absence of
a 5’-cap structure. In the virion this is replaced by the VPg;
the 5 structure of the polysome-associated potyviral RNA is
not known. Both host mRNAs and potyviral RNAs are 3'-
polyadenylated. Since efficient translation of most eukaryotic
mRNAs requires that the 5’-cap and the 3’-poly(A) act in con-
cert (Gallie 1998), some alternative mechanism must operate
for potyviruses. Gallie et al. (1995) have shown for Toebacco
etch virus (TEV) that the long 5" nontranslated region (NTR)
substitutes for the 5”-cap in the interaction with the 3’-poly(A)
and can act as a translational enhancer when placed upstream
of heterologous open reading frames. One role for the 5'-cap
is the binding of translation factors before the recruitment of
ribosomes. Hence, the 5* NTR and/or VPg must provide this
specific role. Some support for this comes from the demon-
stration of a yeast two-hybrid interaction between the VPg of
Turnip mosaic virus (TuMV) and elF(iso)4E from A. thaliana
(Wittmann et al. 1997). For some members of the Picor-
naviridae family of viruses, which all have a 5’-VPg, ribo-
some entry has been linked to the presence of a complex RNA
structure in the 5 NTR termed the internal ribosome entry site
(IRES; Pelletier and Sonenberg 1988). There is some evidence
(Levis and Astier-Manifacier 1993: Basso et al. 1994) that
potyvirus 5 NTRs could act similarly, although no IRES-like
structure has been identified. Plum pox virus (PPV) 5" NTR
presents an added complication in that it contains an addi-
tional in-frame AUG upstream of the polyprotein start codon.

This appears to be handled through a mechanism of cap-
independent “leaky scanning” translation (Simén-Buela et al.
1997a).

For RNA replication, the demonstration of RNA poly-
merase activity of the NIb (Hong and Hunt 1996), the asso-
ciation of TEV replication complexes with endoplasmic re-
ticulum-like membranes, and the potential for the 6K protein
to act as a membrane anchor (Schaad et al. 1997a) are impor-
tant findings. Also, the cis-replicative function of NIa
(Murphy et al. 1996; Schaad et al. 1996) and the physical in-
teraction between NIla and NIb (Hong et al. 1995; Li et al.
1997; Fellers et al. 1998) might begin to define the compo-
nents of the viral replicase complex. Mutational studies have
also showed that P1, HC-Pro, and P3 are involved in potyviral
genome amplification (Atreya et al. 1992; Klein et al. 1994;
Kasschau and Carrington 1995; Verchot and Carrington 1995;
Kasschau et al. 1997). Exceptionally, CP appears not to be
required, although translation to a position between TEV CP
codons 138 and 189, and a cis-active RNA sequence between
TEV CP codons 211 and 246, are absolutely necessary
(Mahajan et al. 1996). Recently, secondary structures involv-
ing both CP-coding and 3" NTR sequences were also shown to
confer replicative function (Haldeman-Cahill et al. 1998).

Cell-to-cell movement. Genetic evidence that CP is required
for potyvirus movement was provided by Dolja et al. (1994,
1995). The potyviral CP is a three-domain protein with vari-
able N- and C-terminal regions exposed on the particle surface
and a conserved core domain that interacts with viral RNA
(Allison et al. 1985; Shukla and Ward 1988). Dolja et al.
(1994, 1995) produced mutants in the CP-core domain of
TEV-GUS. All mutants were defective in cell-to-cell move-
ment and in virion assembly. The effect of such mutations on
assembly had been noted previously for Jehinsongrass mosaic
virus (Jagadish et al. 1993). This mutational analysis also
showed that the N-terminal domain of the CP has an accessory
role in this movement process since mutants with this domain
removed exhibited slow cell-to-cell movement in inoculated
leaves.

Several studies have implicated the CI protein, an RNA
helicase required for genome replication (Lain et al. 1990; Ea-
gles et al. 1994; Klein et al. 1994), in potyvirus cell-to-cell
movement. By electron microscopy, CI protein is seen to form
aggregates (called pinwheel or cylindrical inclusions [CIs]) in
the cytoplasm of infected cells. These inclusions are fre-
quently seen positioned over the plasmodesmal aperture

VPg

S

(pro)

op) (coah

~ 10 kb RNA

Fig. 1. Organization of the potyvirus genome. Potyviruses have single-stranded RNA genomes of approximately 10 kb. The RNA is polyadenylated at
the 3" end (poly(A})) and has a virus-encoded genome linked protein (VPg) covalently linked to the 5° end. The RNA encodes a single polyprotein
(shaded box) that is proteolytically cleaved by self-encoded proteases {pro) into functional proteins. The only structural protein is the coat protein (CP).
Other identified functions include the aphid transmissien helper component protease (HC-Pro), which also has a gene silencing suppressor activity, the
cvlindrical inclusion (CI) protein, which assists virus movement, the combined VPg-protease protein (Nla; nuclear inclusion a), and the RNA replicase

(NIb; nuclear inclusion b).
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(Lawson and Hearon 1971; Langenberg 1986). Mutational
analysis of the TEV CI protein (Carrington et al. 1998) identi-
fied two mutants, altered in the N-terminal region, that were
defective in cell-to-cell movement but still replicated to levels
equivalent to that seen for the parental virus. Other TEV CI
protein mutants failed to be, or were only weakly, replicated in
infected protoplasts, supporting the view that CI protein also
has an important role in the virus replication process.

Ultrastructural studies of tissues at an early stage of infec-
tion, combined with immunogold labeling of specific potyvi-
rus proteins, have further supported the role of CI protein and
CP in cell-to-cell movement (Rodriguez-Cerezo et al. 1997;
Roberts et al. 1998). Observations of either young tobacco
leaves infected with Tobacco vein mottling virus (TVMV;
Rodriguez-Cerezo et al. 1997), or cells across an advancing
infection front in pea cotyledons infected by Pea seed-borne
meosaic virus (PSbMV; Roberts et al. 1998), showed that Cls
immunolabeled for CI protein and CP were attached to the
plasma membrane, close to or over the plasmodesmal open-
ing. Most notable was the observation of a continuous channel
through the center of the ClIs and the plasmodesma. This
channel contained CP and, in the case of tobacco cells, TVMV
RNA (identified by in situ hybridization). Behind the PSbMV
infection front, Cls were no longer associated with the cell wall,
or with CP, and Cls accumulated as the characteristic pinwheel
structures in the cytoplasm (Roberts et al. 1998). Both studies
proposed that Cls could function transiently to transfer viral
complexes from cell to cell through plasmodesmata.

It has also been suggested that VPg could have a role in
potyviral cell-to-cell movement. Through site-directed
mutagenesis and the construction of chimeric TVMVs, the
viral resistance-breaking determinant for the Nicotiana taba-
cum cv. TN 86 resistance gene, va, has been identified as the
VPg (Nicolas et al. 1997). The phenotypic expression of this
recessive resistance is the confinement of the infection to ini-
tially infected cells, suggesting a restricted virus movement
(Gibb et al. 1989). In co-inoculation experiments with virulent
and avirulent TVMYV strains, only the virulent strain was de-
tected in systemically infected leaves. These data argue, first,
against the elicitation of a general movement-limiting reaction
in cv. TN 86 by the avirulent strain and, second, against a non-
specific mediation of transport through plasmodesmata by the
virulent strain. However, the avirulent strain replicates in cv.
TN 86 protoplasts to a lower level than in a susceptible culti-
var of tobacco (Gibb et al. 1989), perhaps indicating that a
plant defense response (see below) may limit the replication
of this strain and reduce its ability to invade more than a few
cells.

The genetic analyses of the involvement of HC-Pro during
the cell-to-cell transport process are less clear (Klein et al.
1994; Cronin et al. 1995; Kasschau et al. 1997). Several HC-
Pro mutants of TEV appeared to move from cell to cell less
efficiently than the parental virus (Kasschau et al. 1997) and a
TVMV HC-Pro mutant was unable to spread in inoculated
leaves (Klein et al. 1994).

Since plasmodesmata in mesophyll cells have a size exclu-
sion limit (SEL) of approximately 1,000 Da for the passive
transport of molecules, some effects of the potyviral MPs on
the plasmodesmal SEL might be expected. The effects of Es-
cherichia coli—expressed Bean common mosaic necrosis virus
and Leftuce mosaic virus proteins on plasmodesmal gating

have been measured after microinjection into host cells (Rojas
et al. 1997). Both CP and HC-Pro were shown to increase
plasmodesmal SEL and to mediate viral RNA (approximately
1 kb encoding the viral CP) movement from cell to cell. Mi-
croinjection of CI protein or Nla (which contains the VPg
domain) did not induce these effects. These are the first ex-
periments designed to dissect the role of potyvirus MPs in the
overall process of cell-to-cell movement, although they do not
closely mimic natural potyvirus infections.

Collectively, these studies show that at least two potyviral
proteins, CI protein and CP, could be considered MPs. From
the model for potyvirus cell-to-cell movement proposed by
Carrington et al. (1998), CI protein may direct intracellular
translocation of a viral transport complex that includes the CP.
Then, CP may interact with the plasmodesmata to increase the
SEL, and CI protein may function to position the viral com-
plex for translocation through the CI structures, into the plas-
modesmata, and finally into the adjacent cells. A major ques-
tion to address in the next years will be the nature of the viral
transport complex. The strong correlation between compe-
tence for virion assembly and for cell-to-cell movement in the
case of TEV (Dolja et al. 1994, 1995), and the fibrillar mate-
rial (similar to PSbMYV particles) observed within plasmodes-
mata in pea (Roberts et al. 1998), may be taken as an indica-
tion that potyviruses move from cell to cell as virions.
However, direct evidence is still lacking.

Long-distance movement. Long-distance movement is the
movement of the infectious agent from the mesophyll via the
bundle sheath cells, phloem parenchyma, and companion cells
into phloem sieve elements, passive translocation in the
phloem, and unloading at a remote site to establish further in-
fection foci (for review see Carrington et al. 1996). A specific
example of this is Pepper mottle virus (PepMoV) long-
distance movement in  Capsicum  annuum  plants
(Andrianifahanana et al. 1997). In this case, the virus was seen
to follow the source-to-sink pattern route for translocation of
photoassimilates. This involved descending transport via the
external phloem in the stem from the inoculated leaf, entrance
into internal phloem, and rapid ascending transport to young
tissues of the plant. Generally, the complexity of the cell types
and their connections, and the difficulty in analyzing long-
distance movement independently of cell-to-cell movement,
mean that the roles of potyviral proteins in this process are not
well defined.

At least three potyviral proteins (CP, HC-Pro, and VPg)
seem to be involved in long-distance movement. For CP, TEV-
GUS mutants with deletions in the CP N- or C-terminal do-
mains produced virions in vivo but the virus exhibited defects
in long-distance movement in plants (Dolja et al. 1994, 1995).
Also, mutational analysis demonstrated that changes to Sery,
of the PSbMV CP (Andersen and Johansen 1998) and Asp; in
the DAG motif of the TVMV CP N-terminal domain (Atreya
et al. 1995; Lopez-Moya and Pirone 1998) can modulate the
ability of the virus to move systemically in Chenopodium qui-
noa and tobacco plants, respectively.

Other analyses with TEV-GUS showed that HC-Pro also
has a role in potyvirus long-distance movement (Klein et al.
1994; Cronin et al. 1995; Kasschau et al. 1997). The long-
distance movement—defective TEV-GUS/CCCE mutant virus
(substitution of the Cysya, Cvysiey. Cysies, and Gluyg, highly
conserved within the HC-Pro central region; Cronin et al.
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1995) was analyzed for its ability to infect a series of grafted
plants composed of various combinations of HC-Pro trans-
genic and nontransgenic scions and rootstocks (Kasschau et
al. 1997). Systemic infection was only observed when both
the stock and the scion could provide a complementing func-
tion from a wild-type HC-Pro transgene. This indicated that
HC-Pro is required in both inoculated and noninoculated tis-
sues for efficient long-distance movement and, hence, pre-
sumably for both entry into, and exit from, the host plant vas-
cular system. Other mutations in the HC-Pro central domain
were also analyzed and showed the same negative effect on
long-distance movement. One mutant bearing insertions in the
N-terminal part of TVMV HC-Pro also failed to result in sys-
temic infection (Klein et al. 1994),

The involvement of VPg in long-distance movement was
proposed from the analysis of TEV recombinants made be-
tween strains that differed in their capacity to invade N. taba-
cum cv. V20 systemically (Schaad et al. 1997b). TEV strain
HAT shows restricted cell-to-cell movement phenotype in cv.
V20 but a systemic infection in cv. Havana 425. TEV strain
Oxnard is capable of systemic infection in both cultivars. To
identify the TEV host-specific movement determinants, chi-
meric viral genomes were constructed between TEV-HAT and
TEV-Oxnard. Chimeric viruses containing the TEV-Oxnard
VPg domain were able to infect cv. V20 systemically.

In spite of the experiments described above, a detailed
model for long-distance movement of potyviruses must be
speculative. As CP is a structural protein and VPg is cova-
lently linked to the viral RNA, these two proteins are probably
included in a viral transport complex, and may interact with
host factors for efficient movement through the plant. These
host factors remain elusive although the complexity of the
process means that many host proteins may be involved. At
least three factors are suggested from host genetic analyses.
Hence, segregation resulting from a cross between the V20
and Havana 425 N. rabacum cultivars (Schaad and Carrington
1996) suggested that TEV limitation in ev. V20 was due to
two recessive genes. A monogenic, dominant locus (RTM/) of
A. thaliana, conferring a restricted TEV infection phenotype
(Mahajan et al. 1998), identifies the third factor. The cloning
and molecular characterization of this dominant gene may be
the more tractable experimentally and could provide the first
detailed information about host proteins involved in potyvirus
long-distance transport.

HC-Pro, a viral suppressor of gene silencing.

A recent exciting development in our understanding of the
role of HC-Pro may mean that we need to view many aspects
of long-distance transport in a different way. Analysis of syn-
ergistic infections involving potyviruses showed that HC-Pro
may act as a general pathogenicity enhancer (Vance et al.
1995; Pruss et al. 1997; Shi et al. 1997) by interfering with a
host defense response that normally limits viral infection. In
several parallel pieces of work (Anandalakshmi et al. 1998;
Brigneti et al. 1998; Kasschau and Carrington 1998), three
groups have shown that HC-Pro has the capacity to suppress
post-transcriptional gene silencing (PTGS), and that the con-
sequence of this is enhanced virus replication. Essentially, two
strategies led to this conclusion. Genetic crosses between
transgenic lines expressing potyvirus P1I/HC-Pro (a protein
capable of self-cleavage to release free HC-Pro) and lines ex-
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hibiting PTGS of reporter genes (uidd or gfp) resulted in
progeny in which the reporter gene function was restored
(Anandalakshmi et al. 1998; Kasschau and Carrington 1998).
Second, Potaro virus X (PVX) vectors expressing HC-Pro
replicated to a higher level than wild-type PVX and restored
reporter gene expression on widd or gfp silenced plants
(Anandalakshmi et al. 1998; Brigneti et al. 1998). There was
some evidence (Shi et al. 1997; Anandalakshmi et al. 1998)
that it is the central region of HC-Pro that mediates synergistic
effects in co-infection with other viruses and suppression of
gene silencing, and that this property of HC-Pro was enhanced
by the presence of the potyviral P1 protein (Kasschau and
Carrington 1998).

There is increasing evidence that PTGS can be divided
functionally into initiation and maintenance phases (Brigneti
et al. 1998). In a comparative study between HC-Pro and the
suppressor encoded by Cucumber mosaic virus (CMV; 2b
protein), HC-Pro suppressed PTGS in somatic tissues, in-
cluding the inoculated leaf, whereas CMV 2b was only active
at the shoot apex. The interpretation was that CMV 2b only
affected the initiation phase of PTGS while HC-Pro could af-
fect either maintenance alone, or initiation and maintenance.
Synergistic infections between CMV and PepMoV in C. an-
num cv. Avelar (Murphy and Kyle 1995) suggest that CMV 2b
and HC-Pro are not functional antagonists.

We can view PTGS as a potential defense mechanism
against viruses that could restrict virus accumulation in in-
fected cells and, hence, delay virus movement (Baulcombe
1996; Pruss et al. 1997). Therefore, a complete block to long-
distance movement could represent the indirect effect of
PTGS in allowing extra time for other resistance mechanisms
to come into play. This may explain why genetic studies of
long-distance movement frequently appear to be difficult to
interpret, as it reflects the balance between virus replication
potential, the counteraction of PTGS, and further resistance
responses.

Virus-induced symptomatology.

Most potyviruses induce conspicuous symptoms, often
causing stunting and yield losses. They usually induce longi-
tudinal chlorotic or necrotic streaks in the leaves of mono-
cotyledonous species, and chlorotic vein banding, mosaic
mottling, necrosis, and/or distortion of leaves in dicotyledon-
ous species. Flowers, seeds, and fruits are also affected by
numerous potyviruses (Shukla et al. 1994).

The nature and extent of symptoms for a specific host
genotype depend upon the virus and particular virus strain, as
well as upon environmental conditions, probably through their
influence on host physiology and development. Symptoms are
the result of complex cellular and supracellular interactions of
the host with the virus. The effects may be the consequence of
the diversion of plant resources into synthesis of virus-specific
nucleic acids and proteins, or of the disruptive effects of virus-
specific products on normal cellular processes (e.g., cell-to-
cell communication). Generally, for any compatible host/virus
combination, the severity of symptoms will reflect the level of
virus replication and accumulation. As such, and from the
preceding discussion, it is clear that the suppressors of PTGS
(e.g., HC-Pro) could have a large impact on symptom expres-
sion in single infections, or combined infections with other
viruses.
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In recent years, several regions of the potyviral genome
have been shown to have a role in symptomatology. Muta-
tional analysis of the TVMV genome has shown that the P1/
HC-Pro coding region, and particularly the 5° coding region of
HC-Pro, is involved in symptom expression on tobacco
(Atreya et al. 1992; Atreya and Pirone 1993; Klein et al.
1994). By constructing recombinant hybrids of two PSbMV
strains, Johansen et al. (1996) demonstrated that the genome
segment encoding the PSbMV Nla and NIb has a major influ-
ence on symptom severity in Pisum sativum. Two separate
TEV genomic segments, one encompassing the 3" third of the
P3 coding region and another encompassing the 3’ end of the
CI, the 6K, and the 5’ end of the NIa coding regions, were re-
sponsible together for the wilting response of Tabasco pepper
(Chu et al. 1997). Also, mutations introduced in the PPV P3-
60K 1 cleavage site sequence cause either symptom attenuation
or more severe symptoms (Riechmann et al. 1995). A further
study of PPV showed that a mutant lacking nucleotides 127 to
145 of the 5" NTR induced only very mild symptoms on N.
clevelandii (Simon-Buela et al. 1997b). In the 3* NTR of
TVMV, four repeats of 14 adenine and uracil residues were
responsible for symptom attenuation on tobacco (Rodriguez-
Cerezo et al. 1991). Unfortunately, despite all this informa-
tion, it is still not possible to identify any unifying principles
to explain symptom formation. Although for other virus gen-
era there are examples of particular viral gene products acting
as symptom inducers in the absence of infection (Balachan-
dran et al. 19935; Olesinski et al. 1995; Cecchini et al. 1997),
there is no such evidence for the potyvirus examples listed
above.

To some extent our inadequate understanding of symptom
expression reflects our lack of knowledge of host proteins that
interact with viral proteins. Progress will certainly be made in
future through the genetic analysis of differing symptomatic
phenotypes. To date, only two potential interactions have been
identified: (i) the interaction between TuMV VPg and
elF(iso)4E (Wittmann et al. 1997) described earlier; and (ii)
with anti-idiotypic-antibodies, McClintock et al. (1998) identi-
fied a 37-kDa protein localized in chloroplast that interacts
with the TuMV CP. The significance of these interactions for
virus replication or symptom expression is not known.

Deducing what biochemical changes lead to symptom ex-
pression and distinguishing them from consequences of
symptom production is a major challenge, complicated by the
progressive nature of virus infections in plants where, in con-
trast to the period of several days to weeks being required to
develop a complete systemic infection, the exponential phase
of replication in individual cells may take no more than a few
hours. Hence, from the catalog of biochemical changes re-
corded for systemically infected tissues (Zaitlin and Hull
1987) it is impossible to distinguish cause from consequence.
An approach that may provide more information is to place
the changes in a sequence of events following the onset of vi-
rus replication. Through spatial analyses of changes in host
gene expression at the infection front, this approach has been
applied to PSbMV infection of pea tissues. This revealed a
progression of induced changes that included the downregula-
tion of many host genes in a narrow zone behind the infection
front, and a coincident but narrower zone where some other
host genes (e.g., hsp70, polyubiquitin) were selectively in-
duced (Wang and Maule 1995; Aranda et al. 1996). Some of

these changes were akin to stress-induced changes seen in re-
sponse to heat shock, but a related analysis of heat shock fac-
tor (hsf) expression showed that heat and virus stress utilized
independent control pathways (M. A. Aranda and A. J. Maule,
unpublished). How these effects lead to biochemical changes
and symptom expression has not been studied for potyviruses.
The transient nature of virus replication and host responses
seen in the PSbMV/pea experiments raises interesting ques-
tions about cells a long way behind the infection front. These
cells contain massive amounts of progeny virus, no longer
show the induced changes in gene expression, and may be
susceptible to infection by heterologous viruses. Conceptually,
this state is equivalent to latency in animal virus infections
(Aranda and Maule 1998). It seems possible that this condi-
tion could be maintained by PTGS, which would prevent fur-
ther replication but have no effect on encapsidated virus. The
pool of encapsidated virus provides a reservoir for the estab-
lishment of subsequent infection mediated by insect vectors.

Potyvirus transmission.

Potyviruses are transmitted by aphids in a nonpersistent
manner and some of them are seed transmitted. Viral determi-
nants of aphid transmission are now well known (see reviews
by Pirone 1991; Maia et al. 1996; Pirone and Blanc 1996, and
references therein). Therefore, we will concentrate here only
on the more recent data. New results have also been obtained
for seed transmission.

Aphid transmission. Aphid transmission of potyviruses oc-
curs during brief and superficial probes into the plant. Two
potyviral-encoded proteins are involved in this process: CP
and HC-Pro. In most cases, a conserved amino acid triplet,
Asp-Ala-Gly (DAG) in the N terminus of the CP, and a lysine
motif (KITC) located within the N-terminal conserved cyste-
ine-rich domain of HC-Pro, have been shown to be essential
for successful transmission. Another motif in HC-Pro, called
PTK, seems also to be required (see reviews by Pirone 1991;
Maia et al. 1996; Pirone and Blanc 1996). Recent experiments
have confirmed this point since Zucchini yellow mosaic virus
(ZYMYV) mutants with mutation in the PTK motif failed to be
transmitted by aphids (Peng et al. 1998).

Aphid transmission of potyviruses is dependent upon the
acquisition of HC-Pro, prior to or together with the virus.
Based upon these observations, it was suggested that HC-Pro
acts as a bridge between virion CP and a putative receptor in
the vector mouthparts (Pirone and Blanc 1996). Through
transmission electron microscopy and light microscopic auto-
radiography, virions of TVMV were detected in the stylet food
canal of aphids but not when CP DAG and HC-Pro lysine
domains were mutated (Pirone and Blanc 1996; Wang et al.
1996). Direct evidence for the requirement of a specific inter-
action between CP and HC-Pro in aphid transmission was
provided by Blanc et al. (1997) and Peng et al. (1998). Blanc
et al. (1997) demonstrated in vitro binding between TVMV
HC-Pro and a 7-amino-acid domain encompassing the DAG
motif of the TVMV CP, whereas Peng et al. (1998) showed a
binding of HC-Pro with dot-blotted ZYMYV virions. The for-
mer binding was also shown for several other potyviruses. A
good correlation between the efficiency of aphid transmission
and HC-Pro/CP binding was also shown in both studies. In
addition, nontransmitted mutants of ZYMV with an altered
PTK motif failed to bind to virions, suggesting, first, that the
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PTK motif is involved in this binding and, second, that the
HC-Pro/virions interaction is necessary to transmit ZYMV
infection. More recent experiments point to the N-terminal
region of HC-Pro, including the KITC motif, as being in-
volved in the interaction with the aphid stylet (Blanc et al.
1998). All these data support a “bridging™ model for the func-
tion of HC-Pro in transmission by aphids, but the demonstra-
tion of a direct interaction of HC-Pro with a receptor in the
aphid stylet is still lacking. Comparison of HC-Pro/vector
combinations that differ in their ability to transmit potyviruses
(e.g., with the aphid Myzus ascalonicus, which does not
transmit; Wang et al. 1998), provides new opportunities to
characterize an HC-Pro receptor in the aphid food canal.

Seed transmission. The seed transmission of potyviruses
has been most extensively studied for the PSbMV infection of
pea (Wang and Maule 1992, 1994; Johansen et al. 1996), an
interaction in which the virus infects the immature embryo
after fertilization rather than via infected gametes (Wang and
Maule 1992). This mechanism is not universally true for all
potyviruses, and some viruses may be transmitted by both
routes simultaneously (Maule and Wang 1996). The failure of
PSbMV to invade the pea meristem (Jones et al. 1998b) could
explain why it is not transmitted through pollen. The precise
tissue limitations of other potyvirus infections have not been
studied.

For PSbMV in pea, multiple viral determinants (Johansen et
al. 1996) and multiple host genes expressed in the maternal
tissues (Wang and Maule 1994) seem fo be involved in deter-
mining the level of seed transmission. Construction of hybrids
between the PSbMYV isolates DPD-1 (transmissible) and NY
(not transmissible) localized the determinants to the 5 NTR,
HC-Pro, and CP regions of the genome. These regions have
been shown to be important for virus replication and move-
ment (Riechmann et al. 1992; Kasschau and Carrington 1995;
Mahajan et al. 1996; see above). Based upon a spatial analysis
of virus accumulation during the process of seed transmission,
Wang and Maule (1992, 1994) proposed that the virus exploits
the embryonic suspensor to invade the embryo. Since the sus-
pensor is a structure programmed to degenerate early in de-
velopment, it provides a structural window of opportunity to
the transmission process, and, potentially, could indicate why
the efficiency of virus movement (mediated directly or indi-
rectly by HC-Pro) could be important for the invasion of the
immature seed and, hence, for seed transmission.

Natural and engineered resistance.

Nonhypersensitive resistance to potyviruses may involve
dominant, incompletely dominant, or recessive genes while
hypersensitive resistance (HR) is controlled mostly by single
dominant genes (Fraser 1992). Of all known potyvirus resis-
tance genes, 40% are recessive (Provvidenti and Hampton
1992). This is higher than for other virus groups, where in
only 20% of cases is resistance dependent upon recessive
genes (Fraser 1992). While the molecular basis of hypersensi-
tivity-associated resistance appears to have common features
for a range of hosts and pathogens (Staskawicz et al. 1995),
little is known about the nature of the recessive resistance
genes. Two hypotheses could explain the role of recessive re-
sistances: (i) the resistant host lacks a host function essential
for particular steps in viral pathogenesis, and consequently the
dominant allele encodes a host factor, which is required for
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the virus to replicate and/or move in the susceptible host; or
(i) the susceptibility allele encodes a dominant negative
regulator of resistance. The recessive m/o gene, which confers
resistance against powdery mildew in barley, seems to fit the
latter model (Biischges et al. 1997). More complex scenarios
are also possible in which a dose-dependent effect of the re-
sistance gene could be involved or multiple, interacting loci
could control resistance. An example of polygenic recessive
resistance, active in pepper against several potyviruses, was
reported recently (Caranta et al. 1997).

In several studies, recessive resistance genes have been
functionally characterized through an analysis of their mecha-
nism of action. The C. annwum »® and pvr3 recessive resis-
tance genes have been shown to restrict movement of potato
virus Y (Arroyo et al. 1996) and PepMoV (Murphy et al.
1998), respectively. An inhibition of TEV, PepMoV, and
PSbMV RNA replication is a feature of the C. annuum et*, C.
Chinense pvrl, and P. sativum sbm-] recessive resistance
genes, respectively (Deom et al. 1997; Keller et al. 1998;
Murphy et al. 1998). In the case of the N. tabacum cv. TN 86
va resistance gene, it seems that both virus replication and
movement of TVMYV are restricted (Gibb et al. 1989).

Mechanisms of resistance associated with dominant genes
have also been studied, particularly for potato resistance
genes. In Selanum brevidens and the extremely resistant po-
tato cultivars bearing the Ry,,, resistance gene, the movement
of potyviruses such as PVY, PVA, and TEV was blocked after
initial replication and movement triggered the HR response
(Valkonen et al. 1991; Barker 1996; Valkonen and Somersalo
1996; Hinrichs et al. 1998).

More straightforward than the cloning of host resistance
genes is the identification of the viral avirulence determinant.
Through analysis of recombinant hybrid viruses between
virulent and avirulent strains, progress has been made for the
PSbMV/sbm-1 (Keller et al. 1998), TVMV/va (Nicolas et al.
1997), and Sevbean mosaic virus (SMV)/Rsv (Eggenberger
and Hill 1997) interactions. PSbMV resistance-breaking de-
terminants for the sbm-/ gene were localized in the VPg cod-
ing domain, more specifically in a 15-amino-acid central do-
main of the VPg (Johansen and Keller 1997). Similarly, the
TVMV-S VPg has been implicated in va-mediated resistance
(Nicolas et al. 1997, see above). The important role for VPg in
viral RNA replication (Schaad et al. 1996) might indicate an
associated function for the products of the Fa and Sbm-/
dominant alleles. The interaction of VPg with the translational
initiation factor elF(iso)4E (Wittmann et al. 1997) provides at
least one candidate function, although its role in recessive re-
sistance has not been reported.

Chimeric SMVs were made between SMV-N and SMV-G7,
strains that are avirulent and virulent, respectively, in soybean
plants containing the dominant resistance gene Rsv (Eggen-
berger and Hill 1997). The resistance-breaking determinants
were identified in the 3" region of HC-Pro and the 5’ region of
P3 coding domains. However, chimeras with either SMV-G7
HC-Pro or P3 domains alone were not able to overcome Rsv.
This is probably the first example of a potyvirus for which two
avirulence determinants are required to overcome a single re-
sistance gene. Another explanation could be that resistance
breaking is a response to viral RNA rather than to viral proteins.

Although it is too early to exploit these natural resistance
genes with biotechnology, substantial progress has been made
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in the generation of pathogen-derived resistance through the
transgenic expression of potyvirus sequences such P1 (Pehu et
al. 1995; Moreno et al. 1998), P3 (Moreno et al. 1998), CI
protein (Wittner et al. 1998), VPg (Swaney et al. 1995), Nla
(Maiti et al. 1993; Vardi et al. 1993), NIb (Audy et al. 1994;
Guo and Garcia 1997; Jones et al. 1998a), and CP (Lindbo and
Dougherty 1992; Fitchen and Beachy 1993; Hackland et al.
1994) sequences. The resistance can be seen as either a failure
of the infection to become established (extreme resistance), or
a recovery phenotype in which, after an initial phase of sus-
ceptibility, the plants recover and remain resistant to subse-
quent challenge. In either case, the predominant mechanism is
one based upon PTGS, which results in a degradation of
transgene mRNA and viral RNA in the cytoplasm (reviewed
by Baulcombe and English 1996; van den Boogaart et al.
1998). How this mechanism is triggered is not yet clear, al-
though Jones et al. (1998b) and Guo et al. (1999) propose that
a systemic signaling molecule and induced methylation of
homologous fransgenic sequences may be involved. A conun-
drum to be resolved in the future is understanding how a virus
that encodes a PTGS suppressor (HC-Pro) can be resisted by a
PTGS-based mechanism. For extreme resistance, this may
reflect the degradation of the homologous RNA sequences
before expression of HC-Pro. The induced resistance seen in
the recovery phenotype may reflect the relative timing of HC-
Pro expression and the remote signaling of PTGS ahead of the
infection.

Conelusion.

This review illustrates the advances in our understanding of
plant/potyvirus interactions over the last 6 years. By cloning
and manipulation of the potyvirus genome, numerous viral
determinants involved in the biological characteristics of the
virus life cycle have been identified. The data obtained
showed, first, that both coding and noncoding regions of the
potyvirus genome have functions in these biological processes
and, second, that most of the potyvirus proteins are multi-
functional. A more complete understanding of the functions of
these viral proteins will come from knowledge of the inter-
acting host factors involved in susceptibility and defense.

Perhaps the most significant recent discovery in potyvirus re-
search is the demonstration that HC-Pro can act as a negative
regulator of a plant defense mechanism based upon PTGS.
Since orthologs of HC-Pro are being discovered in other vi-
ruses (e.g., CMV; Béclin et al. 1998; Brigneti et al. 1998), it
may be that viruses generally need to counteract PTGS to de-
velop systemic infections. It will be intriguing to see whether
PTGS and its regulation by viral proteins could be connected
with latency in plants and animals, or even to the changes in
host gene expression associated with virus replication.

The major challenge for the future will be to take advantage
of the new opportunities offered by chip-based expression ar-
rays, computer-assisted functional genomic analyses, and the
rapidly accumulating knowledge of the host genome (particu-
larly 4. thaliana) to develop advanced studies of both funda-
mental and applied areas of potyviral biology.
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Aujourd’hui, le projet sur I'étude des interactiofestue/LMV est devenu l'un des plus
importants de notre laboratoire sur lequel plusiecinercheurs sont investis et dont les
résultats majeurs de ces derniéres années furdentification coté plante du géene de
résistancemol codant pour le facteur d’initiation de la tradoatielF4E et coté LMV de

plusieurs protéines virales impliquées dans I'mtéipn avec elF4E et le contournement de la
résistancenol

Apres avoir soutenue ma thése le 14 mai 1997p#asé le concours CR2 de 'INRA en
juin 97 pour lequel je postulais pour un poste telagie végétale a I'INRA d’Antibes et a
'INRA de Bordeaux dans mon laboratoire. C’est ¢sstie a Bordeaux que j'ai obtenu.
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2.1. Recherche menée durant le séjour postdoctoral

Durant les derniers 6 mois de ma these, je m'émaissti a rechercher un séjour
postdoctoral. Apres plusieurs contacts, je me saiendu avec Andy Maule, responsable
d’une équipe de recherche dans le départementalegie du Centre John Innes a Norwich
(Angleterre). Ce dernier me proposait de travaillans le cadre d’'un projet européen grace
auquel il pouvait me financer pour une durée des3 Mon recrutement a I'INRA dés la fin
de ma thése a quelque peu modifi€é mes perspectigeséjour postdoctoral. Sachant
cependant par avance qu’un séjour dans un laboraétianger, en particulier lorsqu’il est
renommé, est une expérience trés enrichissantemfitaple, et au chercheur qui part, et au
laboratoire qui I'envoie, nous avions décidé avem mirecteur de laboratoire de I'époque
(Jean Dunez) que je parte faire ce séjour a Norwlietsuis donc parti le 15 septembre 1997
pour une durée de 21 mois (retour a Bordeaux dablet 1999). Mon départ dans le groupe
d’Andy Maule avait été motivé par plusieurs raisoif$) ce groupe avait une trés bonne
renommeée et ses travaux publiés étaient trés langeénla hauteur de cette réputation ; (2)
tout en étant un laboratoire de virologie végétdles projets développés étaient
essentiellement basés sur I'étude de la plantegidtét que sur les virus eux-mémes ; (3) le
modéle plante/virus plus particulierement étudiaésdee groupe est le couple pPisa seed
born mosaic virugPSbMV, genrdotyvirug, trés similaire en plusieurs points a notre medel
laitue/LMV ; (4) le laboratoire d’A. Maule fait pe d’un centre de recherche trés dynamique
dont les activités abordent un grand nombre de ahi§goes de recherche du domaine végétal ;
(5) ce laboratoire est situé en Angleterre permettanc de parfaire son anglais.

Ma recherche a Norwich a été d’initier un projet aeactérisation d’'un géne de
résistance récessif du pois au PSbMV, nonsimé&-1 A I'époque, aucun projet de ce type
n'avait encore démarré ni a Bordeaux (pour idesttifies génesnol), ni ailleurs a 'INRA
(pour Tidentification des génepvr chez le piment). Nous avons pour cela utilisé deux
approches, un criblage d’'une banque d’ADNc de mais le systéeme double-hybride en
utilisant comme appéat la VPg, produit du géne didence du PSbMV vis a vis du géesiem-

1, et la technique de cDNA-AFLP pour analyser I'edgmion différentielle de genes de deux
lignées de pois quasi-isogéniques obtenues apusiepis rétrocroisements et différant par la
présence du géersbm-1

Pour I'approche double-hybride, j'ai réalisé lerdge de la VPg du PSbMV dans les
vecteurs double-hybride et jai surtout participdaaconstruction de la banque d’ADNc de
pois. Un autre postdoc recruté sur le financemeitiaiement prévu pour moi a réalisé le
crible de la banque de pois qui a permis d’idestiine dizaine d’interacteurs dont la plupart
ne présentait aucune homologie ni avec des pratémenues ni avec le facteur de traduction
elF4E (a cette époque nous savions seulement diEaHteragissait directement avec la VPg
d’un potyvirus). Avec l'aide de généticiens tralait sur le pois, nous avons pu cartographier
ces candidats pour le géslem-1mais aucun ne s’est révélé étre un marqueur ligeae de
résistance recherché. J'avais aussi obtenu enlgdarah ADNc partiel du facteur elF4E de
pois mais celui-ci n’était pas non plus lié au gebm-1(on saura plus tard qu’en faibm-1
codait non pas pour elF4E mais pour une autrerisefpelFiSo4E ).

L’'approche basée sur la technique d’AFLP, sur ldeye me suis davantage investi,
a été utilisée pour tenter d’identifier un marquifiau genesbm-1,voire le gene lui-méme.
Aprés une période d’apprentissage et d’optimisajlanpu obtenir & la fin de mon séjour une
méthode fiable et reproductible pour analyser paDNA-AFLP » les deux lignées de pois
guasi-isogéniques disponibles. Une dizaine de neamgupotentiels ont été identifiés apres
cartographie sur le génome du pois. Mais suite a d&part, cette approche n'a pas été
poursuivie.
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Ce séjour a Norwich a été pour moi tres bénéfiquisqu’il ma permis de me
familiariser avec des techniques de pointe utiispeur identifier des facteurs de plante
impliqués dans les interactions plante/virus, d@gifamon réseau de contact au niveau
international et de perfectionner mon anglais.

A mon retour a Bordeaux, jai continué a collabaxeec A. Maule sur ce projet qui
a été poursuivi par deux autres postdocs. Noussawvotamment montré qu’une des protéines
qui interagissait fortement avec la VPg du PSbM¥mmée VIP1 (pour pg-Interacting
Protein), interagissait avec la VPg du LMV et d’agpotyvirus mais semblait aussi jouer un
réle dans le mouvement a longue distance des posyviCe travail a fait 'objet de la
Publication [12] présentée ci-dessous.

60



JOURNAL OF VIROLOGY, Mar. 2004, p. 2301-2309
0022-538X/04508.00+0 DOL: 10.1128/IV1.78.5.2301-2309.2004

Vol. T8, No. 5

Copyright © 2004, American Society for Microbiology. All Rights Reserved.

A Cysteine-Rich Plant Protein Potentiates Potyvirus Movement through

an Interaction with the Virus Genome-Linked Protein VPg

2 + . ¥
P. Dunoyer,'”? C. Thomas,' S. Harrison,'* F. Revers,"* and A. Maule!*

Johr Innes Cenire, Norwich NR4 7UH," and Swgenta, Jealott's Hill Intermational Research Cenire, Bracknell,
Berks RG42 6EY,” United Kingdom, and Institur de Biologie Moleculaire des Plantes,
67084 Sirasbourg Cedex,? and Virologie Végéiale, IBVM-INRA,
33883 Villenave d'Ornon Cedex,* France

Received 17 July 2003 /Accepted 17 November 2003

We have identified a cellnlar factor that interacts with the virus genome-linked proteins (YPgs) of a diverse
range of potyviruses, The factor, called Poryvines VPg-interacting protein (PVIP), is a plant-specific protein
with hemologues in all the species examined, i.e., pea, Arabidopsis thaliana, and Nicotiana bendiamiana. The
sequence of PVIP does not identify a specific function, althoogh the existence of a “PHD finger” domain may
implicate the protein in transcriptional control through chromatin remodeling. Deletion analysis using the
veast two-hybrid system showed that the determinants of the interaction lay close to the N terminus of VPg:
indeed, the N-terminal 16 amino acids were shown to be both necessary and sufficient for the interaction with
at least one PVIP protein. From a sequence comparison of different potyvirus VPg proteins, a specific amino
acid at position 12 was directly implicated in the interaction. This part of VPg is distinct from regions
associated with other functional roles of VPg. Through mutation of Temip mesaic vims (ToMV) at VPg position
12, we showed that the interaction with PYIP affected systemic symptoms in infected plants. This resulted from
reduced cell-to-cell and systemic movement more than reduced virus replication, as visualized by comparing
green fluorescent protein-tagged wild-type and mutant viruses. Forthermore, by using RNA interference of
PVIP in Arabidopsis, we showed that reduced expression of PVIP genes reduced susceptibility to TuMV
infection. We conclude that PVIP functions as an ancillary factor to support potyvirus movement in plants.

The Porvvirus group is the major genus of the family Pory-
viridae. Potyviruses infect a broad range of monocot and dicot
plants and can be responsible for severe damage to crops.
Despite the economic importance of potyviruses, relatively lit-
tle is understood about the detailed molecular interactions that
occur in infected tissues that lead to the exploitation of cellular
machinery and the accumulation of high virus titers. Notably,
only the translation factors eIF4E (28, 30) and elF(iso)4E (14,
15) have been identified as susceptibility factors supporting
virus replication in poryvirus hosts. These proteins have been
identified variously through mutational analysis of model host
plants, such as Arabidopsis thaliawa (hereafter referred to as
Arabidopsisy (14), and through protein-protein interaction
studies, initially in Saccharomyces cerevisiae (15, 30). We have
also applied the latter approach to identify host proteins that
interact with the potyvirus genome-linked protein, VPg.

WVPg forms a covalent linkage to the 5" end of the viral RNA
and is one of the diagnostic features of the picornavirus super-
group, which includes the family Poryviridae (13). For potyvi-
ruses, it is one of 10 mature proteins that are proteolytic
products of the primary translated protein product encoded by
the viral RNA (6, 27). VPg is a multifunctional protein with
several suggested roles in the viral infection cycle. It may act as
a primer for RNA replicase during virus multiplication, possi-
bly through direct interaction with the viral RNA polymerase
(7, 11, 16). It has also been implicated indirectly in cell-to-cell

* Corresponding author. Mailing address: John Innes Centre, Nor-
wich Research Park, Norwich NE4 TUH, United Kingdom. Phone:
(4431603 450266, Fax: (44)1603 450045, E-mail: andy.maule@bbsre.ac
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movement of the virus through plasmodesmata and, more di-
rectly, through mutagenesis in the long-distance translocation
of the virus (18, 22, 23, 31, 33). Additicnally, the potyvirus VPg
protein has been shown to be the avirulence factor for reces-
sive resistance genes in various plants (12, 18).

Previous reports have identified elF(iso)4E (27) and elF4E
{30) as host proteins that interact with VPg from Turnip mosaic
vires (TuMV) and Tobacco erch virus (TEV), respectively. The
location of VPg at the 5" end of the viral RNA, in place of the
mRNA cap structure, points to a role for VPg in the initiation
of translation of the viral RNA. Competition for these trans-
lation factors has been proposed as a mechanism for reducing
host gene expression during potyvirus infection (2). In addition
to its covalent association with viral RNA, VPg or its immedi-
ate precursor protein, Nla, shows intracellular targeting to the
nucleus (3, 25, 32). Whether or how this s related to the
functional roles of VPg is unclear.

In this paper. we describe the identification. using the yeast
two-hybrid system (YTHS), of a cellular factor that interacts
with the VPg proteins of a diverse range of potyviruses. Ini-
tially identified from pea, the protein named PVIP (for Pogy-
virs VPg-interacting protein) has homologs in Nicotana
benthamiana and in Arabidopsis and interacts with the VPg
proteins from poryviruses that infect one or more of these
hosts. We have assessed the structural limitations of the inter-
action and vsed the information to obtain evidence to support
a role for PVIP in vivo. Finally, using RNA interference
{RNAI)-based silencing of PVIP in transgenic 4rabidopsis, we
confirmed that the protein acts as an ancillary factor to support
potyvirus infection and movement.
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MATERIALS AND METHODS

Virus and plant material. The source clones for the VPg proteins of Pea seed
bome mosaic virus (PSBMV) (solate DPDL), TEV (HAT strain), Grapevine fan
feaf vires (GFLV) (F13 strain ), Tomaio back ring viris (TBRV) (L strain ), and
Cowpen mosaic virus (CPMV) were gifis from E. Johansen, 1. Carrington, C.
Ritzenthaler, C. Fritsch, and G. Lomonossoff, respectively. Infectious clones,
p35Tuncs and pCB-TuMV-GFP, of TuMV UK1 (29) were gifts from F. Ponz.
The latter plasmids give rise to infectious viral RNA in planta after expression
from the upstream transcriptional promoters. The p25Tunos expression cassette
was inserted into the binary vector pGreendl (10) as follows. The Sacl site was
deleted from pGreendl by digestion with Sacl, polishing of the ends with Klenow
fragment. and religation. After excision using flanking Smal and Apal sites, the
complere expression cassette was inserted into similady digested modified
pGreenll o obtain pGreen-TuMVwi, This was wransformed inus Agrobactermm
rmefaciens strain GV3101, The plasmid pCE-TuMV-GFP is a binary plasmid
and was wansformed directly into.d. semefaciens strain GV2101, Virus infections
on N benihamiana and Ambidopsis were established by stabbing the leaf tissue
to introduce the bacteria. Alternatively, Agrobacrenum Was pressure infiltrated
into the leaf lamina using a syringe, following established protocols (38), except
when discrete foci of infection were required, in which case bacterial cultures
{optcal densicy at 800 nm, 1) were diluted 1 in 5,000 before infiltration. Anabi-
dopsis ecotype Columbia (Col-0) plants were grown at 20 = 3°C with a 10-h
photoperiod. Afier inoculation, Arebidapsis plants and plants of N. bentbamiana
were grown at 25 = 3°C with a 16-h phoroperiod. Green fluorescent protein
(GFF) expression was monitored with a handheld UV light (UV Products,
Upland, Calif.) or under a Nikon SMZI500 dissecting microscope coupled o a
100-W epifluorescence module (Nikon). A band pass filier allowed the removal
of chilorophyl fluorescence.

Yeast two-hybrid analysis. (i) Yeast two-hybrid library. A custom library from
Piswm satieem L. ov. "Scour” was made in the vector HybriZap 2.1 (Stratagene, La
Jolla, Calif.). Excision of the library resulted in a yeast two-hybrid library in
pAD-GALA4-2.1. This library was screened, using PSbMV P1 VPg as the bait, in
pBO-GAL4 Cam in the yeast strain YRG-2 following Stratagens protocols. The
strengths of the protein-protein interactions were measured using a chemilumi-
nescent detection assay (Galaco-light ki, Applied Biosystems ).

(i} Yeust two-hybrid mating assay. A yeast two-hybrid screen was performed
using either the Maichmaker GAL4 or Marchmaker LexA rwo-hybrid system
(Clontech, Palo Alto, Calif.) for detecting protein-protein interactions in yeast
(4, 8). Bait constructs were cloned into pGBTY and transformed into the yeast
strain CG19435 or cloned into pLexA and transformed into the yeast strain
EGY4a[pRopLacZ], resulting in expression as a DNA-binding domain fusion
protein. Frey constructs were cloned into pGAD424 and wransformed into the
yeast strain Y187 or cloned into pB42AD and rransformed inwo the yeast strain
WMH42T1, resulting in expression as an activation domain fusion protein. Protein-
protein interactions were identified by yeast mating experiments. A positive
interaction was indicated by the ability of cotransformed yeast (o grow on syn-
thetic medium lacking leucine, typtophan, and histidine and conraining 5 mM
J-aminorriazole in the case of the GAL4 YTHS or lacking leucine, wyptophan,
histidine, and uracil and containing 5 mM 3-aminorriazale and X-Gal (5-bromo-
4-chloro-3-indolyl-p-p-galactopyranosice) in the case of the LexA YTHS A
positive control was provided by the interaction berween a murine p33 protein
and simian virus 40 large T antigen. A human lamin cDNA-binding domain
fusion provided a negative control for the extraneous interaction of the binding
domain with the prey. Methods were carried out as described in the Clontech
Marchmaker and Mawchmaker LexA manuals.

(iii) Protein extraction and Western blot analysis. Yeasis containing pGBT-
WPg constructs or pGADS24-VIP L constructs were grown overnight in synthetic
medium lacking tryprophan or synthetic medium lacking leucine, respectively.
Yeast culture and urea-sodium doderyl sulfate protein exiraction were per-
formed as described in the Clontech Yeast Proweol Handbook. Equalized loads
of protein extracts (optical density ar 600 nm, --0.8) were electrophoresed on a
sodium dodecyl sulfate—12.5% polyacrylamide gel and bloted w Hybond-C
(Amersham Pharmacia Biotech ). The immunoblot was incubated with antibodies
raised in rabbits against Petate vires A (PVA) VPg (21) at a dilution of 15,000
or antibodies mised in rabbits against a PVIP-specific synrthetic peptide,
SDOEPRRESPAESASS (Eurogentec), ar a dilution of 15000 and washed, and
the specific reactivity was visualized using alkaline phosphatase-conjugared goat
anti-rabbit serum and nitroblue tetrazolium as a colorimetric substrate, following
standard techniques.

Deletion, site-specific mutagenesis, and mutant virus construction. Site-di-
rected mutagenesis was carried out by overlap extension PCR with specific
mutagenic primers (sequences available upon request) and high-fidelity P

J. ViroL,

polymerase {Stratagene). The mutated sequences were cloned inro the relevant
vertors, and the mutations were confirmed by sequence analysis. The FIZM point
mutation was inserted into the TuMY cDNA expression plasmids pGreen-Tub-
Wwt and pCB-TuMV-GFP as follows. pGreen-TubIVet was digested with Sacl,
and the Seel-Sacl fragment covering the VPg cistron was replaced with the
corresponding mutant fragment obtained by overlap extension PCR 1o give
pGreen-TuF12M. For pCB-TuMV-GFF, an Neal-Mlwl fragment covering cis-
trons P3 to NIb was inserted into similady digested pGemT 1o give pGemT-
TuGFF. In wrn, this was digested with Clal w replace the Clel-Clal fragment
covering the VPg region with the corresponding mutant fragment o give
pGemT-TuF12MGFP. An Neol-Miv] fragment from pGemT-TuF12MGFP con-
taining the F12M VPg was mobilized into similarly digested pCB-TuMVwi-GEP
w give pCB-TuMVF12ZM-GEP,

RNAI transgene constructs and Arabidopsis transformation. To generate
PVIPI and PVIF2 RNAJ rransgenic lines (puipd and pyip2), geng-specific 0.7-kb
cDINA fragments were amplified using high-fidelity P polymerase and the
following primer pairs: PFIPS forward primer ( 5-TATACCCGGGGGOGOGC
CACCTGCTGATGATTGCTACTG-3") (Amal and Ascl sites underlined) and
reverse primer (5-TATATCTAGAATTTAAATCTGAAACTTCCTTGGCTT
TGTC-Y) (Xbal and Swal sites underlined) and PFTP2 forward primer (5'-TA
TATCTAGAGGCGCGOCGCTTGCCAAAACGAACTCCC-3") (Xbal and
Asel sites underlined) and reverse primer (5 -TATAGGATCCATTTAAATAC
CTCTCTCTCGCATTCCTC-Y) (BanHID and Swal sites underlined). PFIP
cDMNA fragments were first cloned in the sense orientation berween the Ascl and
Swal sites of pFGCH41 (hopfwww chromdb.org/fpe594 1 homl), after which the
antisense PITP cDNA fragment was inseried berween Xmol and Xbal sites for
PYIP] and between Xbal and BemHI for PFIF2. A femefociens strain GV3101
carrying these constructs was used 10 transform drabidepss (ecotype Cold)) plants by
floral dipping (5). Seeds from these plants were sown, and rransgenic plants were
sereened for resistance 1o the herbicide BASTA. Semiquantitative duplex reverse
transcription (RT)-PCR was used 1o determing the efficiency of RNAion PFTPI and
PUIP2 mRNAs cDNA was synthesized using Expand reverse wranscriptase (Roche
Biodiagnostics GmbH, Mannheim, Gemmany ) and used in a duplex PCR containing
oligonucleotides specific for whiguinn and PYTET or PYTF2 mRNAL Semiquantitative
PCR of cDNA dedved from the equivalent of 1 pg of wal RNA was performed
under the following conditicns: %4°C for 2 min for 1 eyele; 94°C for 40 s, 52°C for 405,
and 72°C for 1 min for 21, 26, and 31 cyeles; and 72°C for 10 min for 1 cycle for each
sample. The linear phase of DMNA amplification (26 cycles) was determined by
electrophoresing and ethidium bromide siining of the PCR products separated in
a 1.5% aparse gel. Oligonucleotides w PFTPY and PFIP2 were designed o detect
FPVIPL or PYIFZ mRNA and not the pup-I or paip-2 BNA sequences produced by
the RNAI transgens.

BNA extraction and dot hybridization Toal RNA was extracted from frozen
plants using TriReagent (Sigma) according 1o the manufacturer's instructions.
For infected plants, leaf tissue was pooled from at least three independent plants.
For quantifying virus replication in infiltrated N. benthamiana leaves, at each
time point, RMNA was extracted from four replicate leaves from different plants
and duplicate aliquots of 2.5 pg of ol BNA were spoted to Hybond N
(Amersham Pharmacia Biotech) before hybridization with virus-specific probes.
Radiolabeled probes for detection of TuMY ENA were made in the presence of
[x-**P|dCTP using either randem hexanucleotides as primers for cDNA synthe-
sis in the Prime-a-gene labeling system (Promega) to measure otal viral RNA or
TuMV strand-specific primers {sequences corresponding to nucleotides [nt] 5681
o 5700, 59035 10 5921, and 6469 0 6502) o syrhesize a minus-strand viral
RNA-specific probe using the Klenow fragment of DNA polymerase 1. Dot hlot
quantification was carried out using AIDA sofrware associated with the Fuji
FLASOD phosphorimager, using @ probe for aesn RNA as an invariant standard
for normalizing the data.

Nucleotide sequence sccession numbers. The nucleotide sequences of PFIP
from P. sagveem (pea; PFIFp) and its homolog from N, benthawara (PVIPrh)
have been deposited in GenBank under accession no. AY271743 (PVIPp) and
AY271742 (PVIPOh).

RESULTS

A novel host factor interacts with potyvirus VPg. Viruses
infect and multiply in their hosts through the deployment of a
relatively small number of multifunctional gene products. To
explore the diverse roles of potyvirus VPg (26), we screened
plant cDNA libraries in yeast using VPg as the bait. Since our
initial interest lay in the characterization of resistance genes
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FIG. 1. Cluster analysis of the PVIP-related genes from pea, N
bentharmiana, and Arabidopsis. Arabidopsis proteins translated from
ArSgdsle0 (PVIPL: 573 aa), Ar3g07780 (PVIPL; 566 aa), Atlgl4740
{protein 760 aa), At3go3500 (protein 1162 aa), and PVIPp (protein 503
aa) from P. sativien and PFTIPrb (protein 549 aa) from N. benthamiana
were aligned and clustered using the Clustal X program. Bootstrap
values within and outside brackets correspond to caleulations without
and with inserted gaps, respectively, to optimize the alignment. The
absence of a value indicates that the branch link is not supported by the
analysis.

100 (100)

from pea, we first used the VPg protein from PSbMV and a
cDNA library constructed from pea leaf mRNA. PSbMV VPg,
was fused to the GAL4 DNA-binding domain, whereas the pea
cDNA library was fused to the GAL4 activation domain. From
~7 % 10° independent yeast transformants, 10 classes of po-
tential interacting proteins were identified. Among them, one
protein interacted more than twice as strongly as the positive
control. This protein was studied further. The protein was
named PVIPp (for Porvvirus VPg-interacting protein from pea).
Based on nucleotide sequence and BLAST searches, PVIPp
appeared to be related to the products of a small gene family
in Arabidopsis (the genes Ar5g48160, Ai3g07780, Atlgl4740,
and Ar3gh3500). None of these proteins showed significant
homology with proteins of known function. PVIPp showed the
highest homology with At5gdsl60 and At3g07780 (Fig. 1).

To determine whether the interaction with PVIP was spe-
cific for pea and PSbMV VPg, other plant virus VPgs and other
plant PVIPs were tested using the YTHS. The VPg coding
sequences for the potyviruses Leimuce mosaic virus (LMV)
(strain 0) (24), TuMV, and TEV or related members of the
family Comoviridae, CPMV, TBRV, and GFLV, were cloned
into pGBTY. They were assayed for interaction with the prod-
ucts of Ar5ed81660, Ai3g07780, Atlgl4740, and Ar3g63500,
PVIPp; and a homologue of PFIPp isolated from N. benthami-
ana (PVIPnb), all cloned into pGAD424. The results (Table 1)
showed that VPg proteins of PSbMV, LMV, and TuMV, but
not TEV, interacted with products of Ar5g48160 and Ar3g07750
(named PVIP1 and PVIP2) and of PVIPp and PVIPnb. In
contrast, interactions with PVIP were not observed for the VPg
protein from CPMV, GFLV, or TBRV or for potyvirus VPg
with products of Arigl4740 and Ar3g63500. We also found that
while the interaction between potyvirus VPg and PVIP was
readily detected when transferred to the LexA YTHS, revers-
ing the fusion partners so that VPg and PVIP were fused to the
activation and DNA-binding domains, respectively, abolished
the interaction (data not shown).

PVIP-VPg interaction in yeast depends on sequences within
the N terminus of VPg. Deletion analysis was used to determine
the sequence limitations of the interaction between VPg and
PVIP. Two series of deletions for TuMV WVPg were con-
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TABLE 1. Analysis of the breadth of the interaction between
VPgs and PVIP in veast

Growth? of yeast transformed with pGAD424 containing prey’:
AD” Arl Ar2 Ard Ard PVIPp PVIPnb

BD” -
PSbMV -
TuMV -
LMV -
TEV -
CPMV - - - - - - -
TBRV
GFLV - - - - - - -

Bait

L+ 4+
I+ ++ 1
I
I
I+ ++ 1
I+ 4+ 1

@ Empty bait vector (confirming thar PVIP was unable 1o autoactivate tran-
scription).

®Empty prey vector (confirming that VPg was unable to interact with the
activation domain).

CALL A2, A3, Ard, ArSpdR160, A3g0TTE0, Arlgl4740, and Ar3gaasnd, re-
spectively.

# Growth of the yeast on selective media. Extent of the growth was equivalent
for all positive interactions. —, no growth.

structed and tested as fusions to the GAL4 DNA-binding do-
main in the YTHS, using pGAD-PVIPI and -PVIP2 as the
interaction partners. The first series contained deletions col-
lectively spanning the entire VPg sequence (Fig. 2). The N-
terminal 66 amino acids (aa), the central region (aa 67 to 138),
or the C-terminal 54 aa, respectively, were deleted from the
proteins encoded by pGBT-TwAl, pGBT-TuA2, and pGBT-
Tud3. The second deletion series (Fig. 2), pGBT-Tuld,
pGBT-TuAS, pGBT-TuAb, pGBT-TieAT, and pGBT-TuAS, re-
moved aa | to 16, 1 to 31, 27 to 42, 32 to 192, and 17 to 192,
respectively. Growth of the yeast transformants on selective
media showed that the interaction with PVIP1 and -2 was
absolutely dependent upon the first 66 aa of VPg (Fig. 2,
compare TuAl with TuA2 or TuA3). From the second deletion
series, this region could be subdivided to identify aa 27 to 42
{TuA®6) as not being required for the interaction while the
N-terminal 16 aa (TuAd and TuAS) were essential for the
interaction with either PVIP1 or -2. Interestingly, the deletions
TuA7 and TuAS, encoding only the first 31 and 16 aa, respec-
tively, exhibited interaction with PVIP2 but not PVIPL. This
showed that in the case of PVIP2, the first 16 aa of TuMV VPg
were not only necessary but also sufficient for the interaction.
A similar positive interaction was seen with PVIPp (data not
shown). Comparison of the interaction assay for PVIP1 with

TuMV VPg PVIP1 PVIP2
b ] + g
Al — e 166 = -
Al EEEEEES I 7138 + +
A’ 139192 + +
A ——— 1 - 1 = -
A5 — R 1 - 31 - -
Af T 2742 + +
A7 IR 32-192 - +
AR BB 17-192 - +

FIG. 2. Deletion analysis of the interaction of TuMV VPgwith PVIP1
and PVIPZ. TuMV wt VPg and two series of deletion mutants for TuMV
VPg (Al to A3 and Ad to AR) were tested for their interactions with PVIPL
and PVIP2 by yeast two-hybrid analysis. The positive (+) interactions
were all equivalent, and the data were scored qualitatively.
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those for TuAl (aa 1 to 66) and TuA6 (aa 27 to 42) suggests
that an additional component berween aa 42 and 66 is required
for the VPg-PVIP1 interaction to succeed.

Similarly, we tried to identify regions within PVIP that were
necessary for the interaction with VPg. Using PVIPL, a series
of four deletion mutants, together covering the entire PVIPIL
sequence, were constructed in the pGAD-PVFIPI vector. Mu-
tants pGAD-PVIPIAL -PVIPIA2, -PVIPIAZ, and -PVIPIA4
had aa 3 to 157, 157 to 283, 283 to 403, and 403 to 574 deleted,
respectively. No growth was detected with these yeast strains in
the presence of pGBT-TuMV VPg. Hence, we were unable to
identify a functionally discrete PVIP domain for the interac-
tion between VPg and PVIPL.

It is possible that the lack of detectable interaction reflected
the stability and accumulation of the fusion proteins rather
than a structural defect i either partner. Using antibodies to
PVIP and VPg, we attempted to detect the respective fusion
proteins in yveast expressing the Gald fusion proteins. These
proteins accumulate at very low levels (Clontech instruction
manual) and may not always be detectable. Nevertheless, both
PVIP and VPg fusions were detected for most of the expressed
constructs, but there was no correlation between detection of
the fusion protein and a positive interaction (data not shown).

A single amino acid differentiates the abilities of two VPgs to
interact with PVIP2. Sequence comparisons of TuMV and
three other potyviruses (FSbMV, TEV, and LMV) were made
for the two domains (VPg aa | to 16 and 42 to 66) that
controlled the interactions with the PVIP1 and PVIP2 proteins
{Fig. 3A). The comparison shows that both regions are highly
conserved among these potyviruses. To identify a residue(s)
critical for the interaction with PVIP. it was useful to compare
the sequence of TEV VPg, which showed no interaction, with
the other sequences. Within the N-terminal 16 aa, which was
sufficient for the interaction of TuMV VPg with PVIP2, 5
residues are identical and 2 are closely related for all four
viruses (Fig. 3A). Among the nine remaining residues, the only
consistent differences berween the VPg proteins of PSbMV,
TuMV, and LMV and that of TEV were a deleted glycine at aa
position 3 in TEV: position 12, where an aromatic amino acid
(F/Y) in TuMV, PSEMV, and LMV was replaced with methi-
onine in TEV; and position 14, where TEV contained an acidic
(E) rather than an uncharged (Q/N) residue. Site-directed
mutagenesis was used to individually insert each of these
changes into the sequence of TuMV VPg, and the muotants
{G3-, F12 M, and N14E, respectively) were assessed for their
interaction with PVIP1, PVIP2, PVIPnb, and PVIPp in yeast.
A reciprocal mutant, TEV VPg M12F, was also constructed
and tested. Mutations at positions 3 and 14 were benign with
respect to the interaction with all PVIP proteins (Fig. 3B). In
contrast, the FI2M mutation in TuMV VPg abolished inter-
actions with all PVIPs, whereas the reciprocal M12F mutation
in TEV VPg conferred the interaction with PVIP2 and PVIPp.
These results showed that FI12 plays a crucial role in the phys-
ical interaction between VPg and PVIPs and that for TEV,
M12 is the only lesion that prevents interaction with PVIP2
and PVIPp.

Mutations in VPg that block the interaction in veast corre-
late with reduced virus movement in planta. Interaction of two
proteins in the YTHS is not proof of a biological role in vivo.
We have also obtained evidence that the interaction is impor-

1. VIRoL.

A
TuMV 1 AKGKRQRQKLKFRNAR 16
LMV 1 GKGKRQRQKLRYRQAR 16

PSDMV 1 - -GKSKAKTLRFRQAR 14
TEV 1 GK-KNQKHKLKMREAR 15
tA* et el kk
TuMV 42 KGKSKGRTRG | GHKNRKF INMYGFD 66
LMV 42 KGKKSGKTKGMGTKNRRFVNMYGYN 66
PSbMV 40 KGKK SGKARGMGVKTKKFVNVYGFD 64
TEV 41 KGKRKGTTRGMGAKSRKF INMYGFD 65
LR QI IAIE F DPIdiw ] kel

B 1 2 p Nb
Tu wt AKGKRQRQKLKFRNAR + + + +
TuG3- AK-KRQRQKLKFRNAR + + + +
Tu F12M AKGKRQRQOKLKMRNAR - - - -
Tu NI4E AKGKRQROQKLKFREAR + + + +

Tewt GK-KNQKHKLKMREAR - - - -
Te MI2F GK - KNQKHKLKFREAR - + + -

FIG. 3. Analysis of amino acid determinants of VPg-PVIP interac-
tions. (A) VPg sequences from TuMV, LMV, PSbMV, and TEV were
aligned using the Clustal W program. Only regions 1 to 16 and 42 1o 66
are shown. ldentical () and related () amino acids for the four
sequences are indicated. Amine acid positions where TEV differed
from the other three with an unrelated residue are also identified (&),
{B) Mutational analysis of TuMV and TEV VPg proteins largeting aa
3,12, or 14, The TuMV point mutants Tu G3-, FI12M, and N14E and
the TEV point mutant Te M12F (shaded) were tested for interaction
with PVIP1 (column 1), PVIPZ (column 2), PVIPp (column p). and
PVIPnb (column Mb) using veast two-hvbrid analysis. Interactions in
veast were scored qualitatively: all the positive {(+) interactions were
seen as equivalent veast growth on selective media.

tant for virus infection. Based upon the results obtained from
the YTHS experiments, we tested the VPg F12M mutation in
the complete TuMV virus genome for its effect upon virus
multiplication. After stab inoculation to introduce Agrobacte-
rinm and the potential infection inta N benthamiana plants,
the plants were observed for 15 days. At 7 days postinoculation
{p.i.), all eight of the plants infected with the wild-type (wt)
TuMV showed systemic chlorosis, some necrotic flecking, leaf
distortion, and stunting {Fig. 4A). By 15 days p.i., all the plants
showed extensive necrosis or had died. In contrast, all the
plants inoculated with pGreen-TuF12M remained symptom-
less for 12 days p.i., developed weak chlorosis after 15 days p.i.,
and showed little growth reduction (Fig. £A). The accumula-
tion of viral RNA in these plants was assessed using dot hy-
bridization of RNA samples extracted from leaves harvested
over 13 days (Fig 4B). Viral RNA was detected readily in
inoculated and systemically infected leaves of plants inoculated
with pGreen-TuMV as early as 7 days p.i. (Fig. 4B). In con-
trast, in plants inoculated with pGreen-TuF12M, viral RNA
could not be detected in inoculated leaves and was first de-
tected in systemically infected leaves of plants only at 13 days
p.i. Since viruses show high efficiency in the selection of se-
quence variants, we checked that the virus appearing in
pGreen-TuF12M-inoculated plants had retained the inserted
mutation. Progeny viral RNA was analyzed by direct sequenc-
ing of RT-PCR preducts that spanned the VPg coding region
between nt 5718 and 6538 of the TuMV genome. In all eight
plants, the mutation had been retained, and no other muta-
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FIG. 4. Phenotypic assessment of the VPg FIZM mutation for
TuMV multiplication in N benthamiana. (A) Noninoculated (NI) N
benthamiana plants and plants stab inoculated with TubMV wi and
TubV FIIM were compared. At 12 davs p.i. plants infected with
TulMV F12M showed significantly fewer symptoms than those infected
with the wt TuMV. (B) Hybridization analvsis of total viral BNA
accumulation in plants illustrated in panel A. Stab-inoculated (Inoc.)
and systemically infected (svstemic) leaves were harvested 3, 5, and 7
and 5, 7.9, 11, and 13 days p.i.. respectively. Viral RNA accumulation
was substantially less for the TuMV F12M mutant than for wt TuMV.
(C) Hybridization analysis of minus-strand (top) and total (bottom)
viral RMAs in patches of N benthamiana leaves infiltrated to give
infections with wt TuMV (solid bars) or TuMV F12M (shaded bars).
Individual data points are expressed as arbitrary units relative to hy-
bridization with a probe for acrin RNA as an invariant standard. The
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tions were present in the VPg. These resulis showed that the
WPg F12M mutation directly or indirectly restricted TuMV
multiplication and/or spread.

To assess quantitatively the impact of the F12M mutation on
virus replication, infections with pGreen-TuMV and pGreen-
TuFI1ZM were established after infiltrating the cultures of
Agrobacterium into patches on the leaf lamina of N. benrhami-
ana. This strategy provides high-efficiency transient expression
of the transferred agrobacterium T-DNA in a large proportion
of the leaf cells (36). Leaf samples were harvested 3, 5, and 7
days p.., and the extracted RNA was analyzed for total or
minus-strand viral RNA using dot hybridization (Fig. 4C). Mi-
nus-strand viral RNA is an essential and unique component of
the replication mechanism for single-stranded viral RNAs. To-
tal viral RNA measurements could feasibly include progeny
viral RNA and RNA transcribed directly from the input cDNA
expression cassette. For the wt and mutant virus infections,
total and minus-strand viral RNAs were detected 3 days p.i
and increased substantially by 5 days p.i., but no further at 7
days p.i. Although there was variation among the individual
samples at different times, there was no significant difference
between wt and mutant virus infection for any of the times
analyzed.

To visualize directly the impact of the FI12M mutation on
virus movement, the wi and mutant virus constructs were
tagged with GFP. Leaf laminal tissues of N. bentharmiara were
infiltrated with suspensions of Agrobacrerium at high dilution
so that isolated foci of infection developed. The spread of the
foci was monitored 2, 3, 4, 5, and 6 days p.i. as GFP fluores-
cence (Fig. 5). No fluorescence was visible 2 days p.i. Over days
3 to 5, GFP lesions were visible for both the wi and mutant
virus, but the size and rate of expansion of the mutants were
significantly less (Fig. 5A to H illustrate typical infection foci).
At 6 days p.d., the wt infection had spread through virtually all
of the infiltrated leaf area and showed significant fluorescence
in the veinal tissues, including the petiole (Fig. ST and J). At the
same time, foci of infection for the FI2M mutant were visible
as abundant small patches of Auorescence, subjectively as
bright as for the wt infection. Some of these patches over-
lapped the leaf veins, but there was no evidence of spread
along the veins (Fig. SL and M). Systemically infected tissue at
6 days p.d. showed extensive tissue invasion of the veins and
lamina for the wt virus but no detectable spread of the mutani
virus (compare Fig, SK and N).

Reduoced PVIP expression in planta reduces symptom pro-
duction and virus accumulation. The results presented above
strongly suggest that VPg-PVIP interaction is important for
potyvirus multiplication. However, as potyviral WPgs are mul-
tifunctional proteins, it remained possible that the F12M mu-
tation could also have pleiotropic effects on one or more VPg
tunctions. To assess directly the importance of PVIP for poty-
virus infection, we generated Arabidopsis PVIPI and PVIP2
mutant lines (designated pvipl and pup2, respectively) using

mean data points for all the leaf samples are presented. The overall
mean value * standard deviation is given above each set. Because of
the different specific activities of the probes for different viral RNAs,
the upper and lower panels are not quantitatively comparable. *, only
three samples were available for mutant infections at 7 days p.i.
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1. ViRoL

FIG. 5. Differential local and systemic spread associated with the F12M mutation in TuMV VPg. Virus inocula pCB-TuMV-GFF (A to D and
I to K) and pCB-TuMVF12ZM-GFF (E to H and L to N) were introduced into infiltrated leaf patches with Agrebacteriim at a dilution appropriate
to give isolated infection foci. The leaves were photographed at 2 (A and E). 3 (B and F), £ (C and G), 5 (D and H). and 6 (L, J, L, and M) davs
p.i. Additionally, svstemic leaves from infected plants were examined 6 davs p.i. (K and N). Passage of the virus in vascular tissues (arrows) is seen
for the wt virus only (compare panels I and Jwith L and M) as fluorescence along the veinal tissues within and bevond the infiltrated area (1 and
Jj: compare these with veins from the same leaf { I) without fluorescence {arrowheads). Photographs taken under UV light and printed as grevscale
show bright (green) fluorescence against dark tissue background. Bar for panels A 1o H = 3 mm.

RNAi (35) and challenged them by virus inoculation. Arabi-
dopsis plants were transformed with an inverted-repeat con-
struct specific for either PVIPI or PVFIP2 RNA and capable of
forming a hairpin RNA after expression from the Caulifiower
mosaic virus 335 promoter. Activation of RNAI by the double-
stranded RNA leads to the rargeted degradation of homolo-
pous plant RNAs, Since RNAI is functionally dominant, we
expected all lines containing the transgene to show a depletion
of the target transcript.

The expression of PVIP1 or PVIP2 transcripts was examined
in 20 randomly chosen independent pvipd or prip2 RNAI lines
by duplex RT-PCR, using wubigeirin RNA as an invariant con-
trol. PVIPI or PFIP2 RNA was depleted to various extents in
the RNAI lines tested, whereas our internal control, the ubig-
witne transcript, showed no variation. We chose for further
analysis two independent pvip! and pvip2 lines that were most
cfficiently silenced for the corresponding PFIP, ie., lines in
which there was the least transcript accumulation (Fig. 6A).
These lines showed no major morphological differences from
wt plants except that they exhibited slightly slower growth
(data not shown). Three plants of each of these RNAI lines
were infected with pGreen-TuMV by stab inoculation. As for

infection of N. benthamiana, TuMV-infected, untranstormed
Arabidopsis showed leaf necrosis and stunting. In contrast, no
symptoms were visible on either the pwipl or pvip2 RNAI lines
(Fig. 6B). The level of progeny viral RNA in these plants was
assessed by dot hybridization. Viral RNA was readily derected
in systemic leaves of wi Arabidopsis at 23 days p.i. In contrast,
at the same time, viral RNA accumulation in pvip! and pwip2
RMNAi lines was not detectable (Fig. 6C) unless the autoradio-
graph was exposed for at least 20 times as long. when a faint
hybridization signal above background could be detected (data
not shown). In inoculated leaves, we were able to detect prog-
eny viral RNA in infected pvipl and pvip2 plants 5 days p.i.,
although at a significantly lower level than in wt plants (Fig.
6C). Since all of the leaves received equal bacterial inocula, it
is likely that most of the RNA detected for the wt inoculum
resulted from virus replicarion rather than transcription of the
input cDNA expression cassette

DISCUSSION

We have identified an interaction in the YTHS between the
WPg proteins of a range of poryviruses and a plant protein,
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A C Inoc
=+
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-+

pvipl wi pvip2 wi

wit
pviplil
pripl#2
pvipli3

M 1 2 3 45 6 7 8M

PVIPI PVIP2

pvip2#1

pvip2#2
pvip2#3

FI1G. 6. TuMV infection phenotypes on plants with reduced PVIPT or PVIP2 expression. Arabidopsis Col-0 plants were transformed with RNAJ
constructs (o target PFIP] or PFIP2 expression. (A) Duplicate samples from pvipl and pvip2 transgenic plants and wt plants were assessed for the
expression of PVIPT and PVIP2 using semiquantitative RT-PCR. Products from duplex RT-PCRs with primers for PFIP RNAs and ubiguitin RNA
(Ui as a control ) were analvzed by agarose gel electrophoresis. Plant lines selected for inoculation (illustrated in lanes 1 and 2 and lanes 5 and
fi) showed no detectable transcript accumulation compared with their wit parent plants (lanes 3 and 4 and lanes 7 and 5). Lane M shows DNA size
markers. (B} wt uninfected (N1} plants and wt, puip!, and pvip2? plants stab inoculated with wt TuMV. In contrast to the severe stunting seen with
TuMV infection of wt plants, no disease symptoms were seen on the puipd and pyip2 plants. (C) Hybridization analysis of viral RNA for the plants
illustrated in panel B. Leaves from noninfected (—) and infected (+) plants were analyzed for the presence of TuMV ENA. TuMV ENA was
readily detected in inoculated (Inoc: 5 days p.i.) and systemically infected (Syst: 23 days p.i.) leaves of wi Arabidopsis plants. Analysis of triplicate
samples from puipl and pvip2 plants showed reduced accumulation in inoculated leaves and no detectable accumulation in systemically infected
leaves. However, exposure of the autoradiograph for at least 20 times as long showed a low level of accumulation in systemically infected leaves
(data not shown).

PVIP. This interaction has also been confirmed in vitro (our
unpublished data). PVIP appears not o be essential for virus
replication but functions more as an ancillary factor for poty-
virus movement and the development of disease. PVIP is part
of a small gene family in Arabidopsis and has counterparts in
pea and N benthamiana. Alignment of all the PVIP-related
sequences (Fig. 1) shows that Atlgl4740 and At3g63500 form
a group discrete from PVIPs, data that reflect our YTHS
interaction analysis, in which no interaction between VPg and
these proteins could be demonstrated. Unfortunately, data-

base searches using the PVIP sequences failed to identify any
associated biological function. Furthermore, the phenotype of
the uninfected pupd and prip2 plants did not indicate an in-
terruption in any particular stage of growth and development
that might indicate a candidate function. Analysis of amino
acid sequence motifs did, however, identify a “PHD finger-
like” domain (34) present in all PVIPs analyzed. This domain
is characterized as a series of histidine and cysteine residues in
the order C4HC3 and is frequently associated with proteins
that have roles in transcriptional regulation through chromo-
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some remodeling (1). If this was true for PVIP, it would point
to a role for VPg in the nucleus. VPg has a nuclear targeting
sequence and has been shown to accumulate in the nucleus, at
least in the form of its immediate proteclytic precursor mole-
cule, nuclear inclusion a, or Nla, protein (3). Since potyvirus
infection can be associated with altered host gene expression
(17), the potential for the PVIP-VPg interaction to modulate
host transcription following infection is intriguing.

The impact of breaking the PVIP-VPg interaction using a
virus mutant or RNAI plants, pyip! and pvip2, was to reduce
disease symptoms significantly and to almost prevent virus ac-
cumulation in systemic uninoculated leaves. However, virus
multiplication was not abolished, making PVIP an unlikely can-
didate as a complete resistance factor (e.g., in genetic knock-
out plants). Following the initial identification of PVIPp, we
mapped the chromosomal position of PFIPp relative to that for
the resistance genes sbm-{ and sbm-3 in pea. The map posi-
tions for all three loci were completely different (unpublished
data).

VPg is attached to the 5" end of the viral RNA through a
covalent linkage to the tyrosine residues at position 64. Either
as VPg or as part of Nla, it has also been functionally impli-
cated in viral RNA replication and local or systemic virus
movement and as an avirulence determinant. During viral
RNA replication, VPg may act as a primer, but there is evi-
dence (16) that Nla also interacts with the NIb polymerase.
This interaction is dependent upon the C-terminal protease
domain of Nla rather than the N-terminal VPg region. The
structural determinants of virus movement have been deter-
mined for Tobacco vem moitlng virus and PVA and have been
shown to be associated with aa 110 to 115 and 116 or 118,
respectively (18, 22, 23). In the latter case, the specific amino
acids appeared to be a determinant of the host range (22, 23).
Although our deletion analysis identified a different (N-termi-
nal) region of VPg as the location of determinants of the
interaction with PVIP, there was little effect of the TuMV
F12M mutation on virus replication in infilirated leaf patches
and a stronger effect on the infection resulting from virus
movement. Hence, the local and systemic infection of N
benthamiana with TuMV F12M was substantially delaved. Sys-
temic infection of prip! and prip2 plants by wt TuMV was also
much delayed. Although replication in infiltrated leaf patches
was unaffected, there was a marked reduction in the accumu-
lation of the mutant virus {or wt TuMV on mutant plants)
following stab inoculation. On balance, we conclude that the
VPg-PVIP interaction has a predominant effect on virus cell-
to-cell movement, with longer-term consequences for systemic
movement. Using GFP-tagged wt and mutant virus, this effect
was visualized as a slower expansion of isolated infection foci
and reduced phloem loading, leading to systemic infection.

PVIP constitutes a small gene family in Arabidopsis. In ad-
dition to generating pyipd and pvip2 RNAI plants, we also made
pvipl puap2 double mutants (our unpublished data). These plants
were unsuitable for virus inoculation due to their extremely
small size, a phenotype not seen in either single-mutant line.
While this suggests that PVIPL and PVIP2 have redundant
functions, it raises the question of why the single-mutant lines
did not support virus multiplication and movement through
complementation. We interpret this as indicating that in 4ra-
bidopsis, VPg interacts with a PVIP1/2 heterodimer. PVIP1 and

1. VIRoL.

PVIP2 self- and cross-interact in the YTHS (our unpublished
data), and VPg can interact with itself in yeast (9, 19, 38).

A putative three-dimensional structure for the potyvirus
WPg has been published (20). The VPg amino acid sequence
showed the greatest structural homology to the folded struc-
ture for the enzyme malate dehydrogenase. This placed the
N-terminal 16 aa on the surface of the folded VPg (20). In this
location, F12 would be available for a surface interaction with
PVIPs. From a comparison of VPg sequences for several po-
tyviruses with TEV, we showed that F12 was crucial for inter-
action with PVIPs. Comparison of the VPg sequences for all
four potyviruses for the region aa 42 to 66 revealed that only
position 49 showed a consistent difference between PSbMV,
TuMV, and LMV and TEV. Here, a basic amino acid (K or R)
in TuMV. PSbMV, and LMV is replaced with a polar un-
charged amino acid (T) in TEV. We speculate that a basic
amino acid at position 49 might also be needed to achieve an
interaction with PVIPL, although this has not been tested. This
raises an important biological question about TEV VPg, which
did not interact with any PVIP proteins. If PVIP makes a
significant contribution to virus infection, how and why has
TEV avoided a requirement for this interaction? From an
alignment of the VPa sequences from 39 potyviruses (data not
shown), it appears that the F/Y-M transition at position 12 in
TEV is uncommon, and may be unique, among the potyvi-
ruses. Whether TEV has found an alternative means to gen-
erate the supportive potential of VPg-PVIP for infection or
whether the selection pressure to force the M12F change is too
weak in this virus remains to be determined.

ACKNOWLEDGMENTS

We thank Margaret Boulton and Sve Angell for critical reading of
the manuscript. We also thank F. Ponz, E. Johansen, J. Carrington,
C. Ritzenthaler, C. Fritsch, and G. Lomonossoff for providing cDNA
clones 1. Valkonen for providing PVA VPg antibodies, and Marc for
assistance with the PVIP phvlogenetic analysis.

During this work, P.D. was supported by an EMBO Fellowship, S.H.
was supported as part of the European Union Framework I'V project
no. B104-CTY7-2356, and F.R. was supported by INRA, Paris, France.
The John Innes Centre is grant aided by the Biotechnology and Bio-
logical Sciences Research Couneil.

This work was carried out under the United Kingdom Department
of the Envircnment, Food and Rural Affairs license PHL 185/4192,

REFERENCES

. Amsland, R, T. J. Gibson, and A. F. Stewart. 1993, The PHD finger: impli-
cations for chromatin-mediated transcriptional regulation. Trends Biochem,
Sci. 20:56-50.

. Aranda, M., and A. Maule, 19958, Virus-induced host gene shutoff in animals
and plants. Virology 243:261-267.

. Carrington, J. C., D D, Freed, and A, ). Leinicke. 1991, Bipartite signal
sequence mediares nuclear translocation of the plamt potyviral Nla protein.
Plant Cell 3:953-062,

. Chien, C.-T., P. L. Bartel, R, Sternglanz, and 5. Fields 1991, The rwo-tybrid
system: a method to identify and clone genes for proteins that interact with
a protein of interest. Proc. Nad. Acad. Scl USA BR:OD5TE-0582

. Clough, 5. ], and A. F. Bent, 1998, Technical advance. Floral dip: a simpli-
fied method for Agrobecteriiem -mediated rransformation of Arabidopsis thali-
ana. Plant 1. 16&735-T43,

6. Dovgherty, W. ., and B, L. Semler, 1992, Expression of virus-encoded
proteinases: functional and structural similarities with cellular enzymes, Mi-
crobiol. Rev. S7:781-822,

. Fellers, 1. ). Wan, ¥. Hong, G. B. Colling, and A, G. Hunt. 1998, In vitro
ineractions berween a poryvirus-encoded, genome-linked protein and RNA-
dependent RMNA polymerase. 1. Gen, Virol, 79:2043-2040,

2, Fields, 5., and O, Song. 1989, A novel genetic system (o detect protein-
protein interactions. Mature 340:245-246,

. Gua, Ik, M. L. Rojamaki, M. Saarma, and J. P. Valkonen. 2001, Towards 4

=

=]

e

"y

L

]

=]

68



VoL, 78, 2004

1.

1

o

12,

13.

14.

h

16,

17.

18,

19.

20.

2L

=g

23

proein ineraction map of potyviruses: protein interaction martrixes of tvo
potyviruses based on the yeast svo-lybrid system. J. Gen. Virol, 82:035-030,
Hellens, . P, IL A, Edwards, N. R. Leyland, 5. Bean, and P. M. Mullineau=.
2000, pGreen: a versatile and fAexible binary Ti vector for Agrobacterium-
mediated plant transformartion. Plant Mol. Biol. 42819-832

. Heng, Y. K. Levay, 1. F. Murphy, P. G. Klein, J. . Show, and A, G. Hunt.

1905, A poryvirus polymerase interacts with the viral coat protein and VPg
in yeast cells, Virology 214:150-166,

Keller, K. E., L. E. Johansen, . B. Martin, and B. 0. Hampion, 1993,
Poryvirus genome-linked protein (VPg) determines pea sead-borne mosaic
virus pathorype-specific virulence in Pisvm safiviem. Mol Plant-Microbe In-
teract. 10:124-130,

Keonin, E. V., and V. ¥V, Dalja. 1993, Evolution and taxonomy of positive-
strand RNA viruses: implications of comparative analysis of amino acid
sequences, Crit. Rev. Biochem. Mol Biol. 28:375430),

Lellis, A. Do K. IL Kasschouw, 5. A, Whitham, and J. C. Cornington. 2002,
Loss-of-susceptibility murants of Arshidopsis thalione reveal an essential role
for elF(is0)4E during potyvirus infection. Curr., Biol, 12:1046-1051.

. Léonard, 5., D). Plante, S. Wittmann, N. Daigneavlt, M. G. Fortin, and J.-T.

Laliberte, 2000, Complex formation berween poryvirus VPg and translation
eukaryotic initiation factor 4E correlates with virus infectivicy. . Virol 74:
TTA-TTAT.

Li, X. H. P. Valdez, R. E. Olvera, and ). C. Carrington. 1997, Functions of
the twhacco ewch virus RNA polymerass (NIb): subcellular transpon and
protein-protein interaction with VPg/proteinase (NIa). I Virol 711598
1607,

Maule, A. )., V. Leh and C. Lederer. 2002, The dialogue berween viruses and
hosts in compatible interactions, Curr, Opin. Plant Biol, 5:270-284,
Micolas, 0., 5. W. Dunnington, L. F. Getow, T. P. Pirone, and G. M. Hell-
mann 1997, Variations in the VPg protein allow a poryvirus m overcame ve
gene resistance in tobacco. Virology 237:452-450,

Oruetxebarria, L, I Guo, A, Merits, K. Mikinen, M. Saarma, and J. P
Valkenen, 2002, Identification of the genome-linked protein in virions of
Potate virus A, with comparison o other members in genus Potvwims. Virus
Res. T3:100-112.

Plochocka, D, M. Welnicki, F. Zielenkiewice, and W, Ostojo-Zagorski. 1996,
Threedimensional model of the poryviral genome-linked protein, Proc.
Matl Acad. Sci USA 93:12150-12154.

Puwpstinen, %, M.L. Rajamiki, K. L Ivanov, J. P. T. Valkonen, and K
Mikinen 2002 Detection of the poryviral genome-linked pratein VPg in
virions and its phosphorylation by host kinases. I. Vil T6:12703-12711.

. Rajumiki, M. L., and J. P. Valkonen. 1999, The 6K2 protein and the VPg of

potato virus A are determinants of systemic infection in Nicandra plysa-
loides. Mol Plant-Microbe Interact. 12:1074-1081.

Rajamiiki, M. L., and J. P. Valkonen, 2002, Viral genome-linked protein
(VPg) controls accumulation and phloem-loading of a poryvines in inocu-
lated porato leaves. Mol Plant-Microbe Interact. 15:135-149,

24

26,

2%
28,

29,

a7

a8,

POTYVIRUS VPg-INTERACTING PROTEIN 2309

. Redondo, E., K. Kravuse-Sakate, S-J. Yong, H. Lot, O, Le Gall, and T.
Candresse. 2001, Lettuce meosaic vimes pathogenicity determinants in suscep-
tible and tolerant letuce cultivars map o different regions of the viral
genome, Mol. Plant-Microbe Interact. 14:304-810.

5. Restrepo, M. AL, DL I Freed, and J. C. Carrington. 1990, Nuclear ransport

of plant potyviral proteins. Plant Cell. 2:987-508,

Revers, o 0. Le Gall, T. Candresse, and A. J. Maule. 1999, New advances

in understanding the molecular biology of plant/poryvirus interactions. Mol

Plant-Microbe Interact. 12:367-376.

Ricchmanmn, J. L., S, Lain, and J. A. Goreia, 1992, Highlights and prospects

of poryvius molecular biology. I, Gen. Viral. T3:1-16.

Ruffell S, M. H. Dussanlt, A. Palloix, B Moury, A. Bendahmane, C.

Robaglia, and C, Caranta, 2002, A patural recessive resistance gene against

potato virus Y in er corresponds o the eukaryotic initation factor 4E

(elF4E). Plant 1. 32:1067-1075,

Sanchez, I, D Mortines-Hervera, L Aguilar, and F. Ponz, 1998, Infectivity

of wrnip mosaic poryvirus cCDMA clones and transcripts on the systemic host

Arabidopsis thaliana and local lesion hosts, Virus Res, 85:207-210,

. Schaad, M. C., R J. Anderberg, and J. C. Carrington. 2000, Strain-specific
interaction of the obacco etch virus Nla protein with the translation initia-
tion factor elF4E in the veast two-hybrid system. Virology 2733002306,

. Schaad, M. €., and J. C. Carvington. 1996, Suppression of long-distance
maovement of tobacco ewch virus in a nonsusceptible host, I Virol 72556~
2561,

. Schaad, M. €., R. Haldeman-Cahill, 8. Cronin, and J. €. Carrington. 1996,
Analysis of the VPg-proteinase (NIa) encoded by obacco eich poryvirus:
effects of mutations on subcellular transport, proteolytic processing, and
genome amplification. J. Virol 7h:TI209-7048

. Schaad, M. C, A, D, Lellis, and J. C. Carrington. 1997, VPg of tobacco ewch
poryvirus is a host penoype-specific dererminant for long-distance move-
ment. J, Virol, T1:RA24-KA31.

. Schindler, U., H. Beckmann, and A, R. Cashmore. 1993 HAT2.1, a novel
Ambidopsis homeodomain protgin containing a conserved cysteine-rich re-
gion. Plant . 4:137-150

5. Smith, N. A, 5. P. Singh, M. B. Wang, . A. Stoutjesdijh, A. G. Green, and

P. M. Waterhouse, 2000, Gene expression: toal silencing by intron-spliced
hairpin RMAs, MNature #07:310-320,

. Voinnet, 0., P, Vain, 5. Angell, and D. C. Baslcombe, 1998, Systemic spread

of sequence-specific transgene RNA degradation in plants is initated by
localized introduction of ectopic promorerless DNA. Cell 95:177-187.
Wittmann, 5., H. Chatel, M. . Fortin, and J. F. Laliberté. 1997, Interaction
of the viral protein genome link of wrnip mosalc potyvirus with the trans-
latinnal eukaryotic initiation factor (iso) 4E of Arabidepsis thaliona using the
yeast two-hybrid system. Virology 234:84-02,

Yambao, M. L. M., C. Masuta, K. Nakahara, and L Uyeda. 2003, The central
and C-terminal domains of VPg of Clover vellow vein virws are important for
VPg-HCPro and VPg-VPg ineractions. 1. Gen. Virol. 84:2861-2860,

69



2.2. Recherche menée depuis 1999 suite au séjoustoimctoral

Lorsque jai réintégré I'équipe de virologie a Beadx en rentrant de mon séjour a
Norwich, je me suis attaché dans un premier tempsiraprégner des différents projets en
cours, qui avaient bien entendu évolué depuisilddi ma these, afin de me concentrer sur les
aspects qui nous paraissaient les plus promett®és. 2000, jai centré mon activité de
recherche sur d'une part, la production de nouveklunes de LMV recombinant (projet initié
par Elise Redondo durant sa thése soutenue aempst2001) afin de préciser la région du
génome du LMV impliquée dans le contournement degeg de résistance récessifsl, et
d'autre part, l'analyse du pathosystéemmbidopsis thalianAMV dont les premieres
expériences d'infection avaient été conduites patandresse. Ces deux aspects adhéraient
completement aux projets d'identification des déteants viraux et de plante impliqués dans
les interactions moléculaires plante/potyvirus sEs par notre équipe, en particulier dans le
cadre de la création de la Jeune Equipe INRA (&msben plus des chercheurs de I'équipe,
V. Decroocq, chercheur GAP, et V. Schurdi-Levranmhitre de conférence). De plus, mes
expériences passées m'avaient permis d’abordeessigement I'étude du virus lui-méme
(pendant ma thése) et celle de facteurs de plaetedant mon postdoc) impliqués dans les
interactions plante/potyvirus et il nous a semhét ta fait logiqgue que je m’intéresse et
m’investisse sur un projet dearactérisations génétique et moléculaire des aatiens
Plante/Potyvirus

La construction de clones recombinants entre lex élats de LMV étudiés pendant
ma thése a été initiée par Elise Redondo pendatttesa démarrée peu de temps apres mon
départ & Norwich. Elle a pu montrer que les déteamtis viraux du contournement des genes
molétaient localisés dans une région comprise eatfia du géne codant pour la protéine CI
et la région 3' non codante (Figure 1 pour voirganisation génomique des potyvirus). Afin
d'affiner la localisation de ces déterminants, paursuivi a partir de la fin 1999 ce travail
avec l'aide d’'une technicienne de I'équipe. Apraslques mois, et au fur et & mesure que le
projet "Arabidopsi$ prenait de I'ampleur, nous avons décidé que mueestissement dans ce
projet se limiterait au suivi des expériences sé&l6 par notre technicienne. Nous avons
produit plusieurs recombinants dont ceux échanglawiPg (domaine N-Ter de la Nla) et
ainsi augmenté la panoplie de LMV recombinantsatiigles au laboratoire. Ces outils ont
notamment servi de base pour la thése de Thomaau@wsoutenue fin 2004.

2.2.1. Développement et premiéres analyses du pasigsteme LMV/Arabidopsis
thaliana

Des expériences préliminaires réalisées par H. (Rdthologie végétale, INRA
Avignon) et T. Candresse avaient révélé que le Lpdvait infecterArabidopsismais sans
développement de symptéme et cela, quel que isoial de LMV utilisé. Lorsque jai pris ce
projet en main, T. Candresse avait réalisé un mneaniblage d'une cinquantaine d'accessions
d'’Arabidopsisen utilisant un isolat de LMV (LMV-E) marqué aviecgene GUS et avait mis
en évidence des accessions sensibles et résistantdsV .

Le fait que le LMV puisse infectekrabidopsisnous ouvrait des voies prometteuses
pour aller identifier des facteurs de plante impdig dans les interactions plante/virus,
facteurs encore mal connus a I'heure actuelle. Gohenplus les mécanismes d'interactions
entre plante et potyvirus semblent relativemenn lmienservés, les données fournies par ce
pathosystéme devaient pouvoir étre facilement téambles a des plantes d'intérét
agronomique. Arabidopsis offre en effet plusiewantages dont ceux d'avoir un cycle de

développement court et étre de petite taille. Maigout, il existe un nombre important
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d’accessions qui ont été collectionnées au seieméres de ressources génétiques et de
nombreuses populations issues de croisements diftéeentes accessionsAgdabidopsis
notamment sous forme de population F2 et de ligndammbinantes (RIL) ont été produites.
Ces derniéres sont produites a partir d’au moirsitéfécondations d’une population F2 et
génotypées avec un ensemble de marqueurs molésulgmlymorphes distribués sur
'ensemble du génome. Elles sont ainsi des outiissants pour réaliser la cartographie
génétique de genes. L'ensemble de ces matérigtepezlativement aisément l'identification
de génes par des approches de génétique clas€iqueplémentaire des approches de
génétique, la génomique d’Arabidopsis a aussi @ticplierement bien développéden effet,
non seulement son génome a été séquencé, maigclesigues récentes de génomigque
(microarrays) permettent d'envisager des analysbaud débit du transcriptbme de cette
plante en réponse a des situations variées. Erfirbdnques de mutants « knock-out » (KO)
sont aussi disponibles et il est devenu simpleedprecurer de tels mutants pour une grande
proportion des génes d’Arabidopsis.

Afin d'avoir des données les plus larges possiblasce nouveau pathosystéme, jai
entrepris le criblage de quelques dizaines d’agmessavec les isolats de LMV étudiés dans
notre équipe, LMV-0, LMV-E mais aussi LMV-AF199,oiat brésilien présentant des
propriétés biologiques différentes de celles de -M¥&t LMV-E et introduit au laboratoire en
1999. La révélation du virus dans les plantes $afssoit par un test histochimique GUS
lorsque les isolats LMV-0 et LMV-E marqués avecgkne GUS étaient utilisés, soit par
ELISA pour les tests avec LMV-AF199. Pour chacus tteis isolats testés, trois catégories
d'accessions ont été réveélées:

- une premiére catégorie ou le LMV n’est pas détectr feuilles inoculées (résistance
gualifiée de résistance locale liée au blocageadeéplication ou du mouvement de
cellule a cellule du virus),

- une deuxieme ou le LMV est détecté sur feuillexulées mais pas dans le reste de la
plante (résistance qualifiée de résistance systé@nii@e au blocage du mouvement a
longue distance du virus),

- et enfin une troisieme ou une infection de tolateplante est observée (infection
systémique).

De facon intéressante, ce travail a aussi permigddéler des différences d'infection
d'accessions d'un isolat de LMV & un autre et deselr les accessions d'Arabidopsis en 7
groupes de sensibilité. Ces données trés promegiaus seulement nous montraient qu’une
espece végétale n'ayant pas co-évolué avec ungmtbalonné (espece « naive ») et n‘ayant
pas été domestiquée par I'homme (maintien d’'ungelativersité génétique) pouvait réagir
tres différemment a ce pathogéne et ouvraient dgsppctives importantes pour aller
identifier des génes de plante contrélant ces plypas.

Dans le but d'dentifier la base génétique de aesgphénotypes de résistance
identifiés lors de ce criblage et de cartograpleisrgénes impliqués, j'ai entrepris l'analyse de
populations F2 et de RILs issues de croisement® exicessions sensible et résistant au
LMV. Je me suis tout d’'abord attaché a analyserpidgmilations issues du croisement entre
I'écotype Columbia (Col), qui présente une résctsalocale a LMV-0 et une résistance
systémique a LMV-AF199, et I'écotype Niederzenz )(Ngrésentant une résistance
systémique a LMV-0 et une sensibilité totale a LMW¥199. Cette analyse a permis, apres
avoir déterminer le phénotype d’infection de cepylations aprés inoculation avec ces deux
isolats de LMV, de déterminer la base génétigueeate?2 types de résistance mais aussi de
cartographier un des genes de résistance. Ainsgsliatance locale a LMV-0 semble étre
contrblée par un gene de résistance dominant, guge avons nommELM1 et cartographié
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sur le chromosome | a proximité du marqueur ngaR8Qésistance a LMV-AF199 semblait

étre contrblée par au moins deux genes de résistdominants, dont la cartographie

génétique n'a pas pu étre établie précisément iluddacaractére polygénique de cette
résistance. Mais nous reviendrons plus loin sutecedsistance suite a une découverte
intéressante a son sujet. Une partie de ce travait I'objet d'un projet de recherche de DEA
gue j'ai encadré au cours de I'année universi2gfig®-2001 (DEA de Thomas Guiraud).

La richesse du pathosysteme Arabidopsis/LMV stilusussi dans les différences de
comportement entre isolats de LMV. Ainsi, graceagnoplie de recombinants de LMV
construits au laboratoire, j'ai pu montrer l'imation de la protéine VPg dans la différence de
phénotypes observés sur Nd entre les isolats LMYl@qué pour le mouvement a longue
distance) et LMV-E (non bloqué).

L’ensemble de ces résultats ont fait l'objet d'ypoblication dans la revue MPMI
(Publication [11]) présentée ci-dessous.
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With the aim to characterize plant and viral factors in-
volved in the molecular interactions between plants and
potyviruses, a Lettuce mosaic virus (LMV)-Arabidopsis
thaliana pathosystem was developed. Screening of Arabi-
dopsis accessions with LMYV isolates indicated the existence
of a large variability in the outcome of the interaction, al-
lowing the classification of Arabidopsis accessions into
seven susceptibility groups. Using a reverse genetic ap-
proach, the genome-linked protein of LMYV, a multifunc-
tional protein shown to be involved in viral genome ampli-
fication and movement of potyviruses, was established as
the viral determinant responsible for the abhility to over-
come the resistance of the Niederzenz accession to LMV,
Preliminary genetic analyses from F2 and recombinant in-
bred lines available between susceptible and resistant
Arabidopsis accessions revealed the existence of at least
three resistance phenotypes to LMYV with different genetic
bases. One dominant resistance gene, designated LLM!, in-
volved in blocking the replication or cell-to-cell movement
of the LMV-0} isolate in the Columbia accession, was
mapped to chromosome I and shown to be linked to the
marker nga280. At the same time, genetic analyses of segre-
gating F2 populations were consistent with the restriction
of the systemic movement of the LMV-AF19Y isolate in
Columbia being controlled by two dominant genes and
with the complete resistance to all tested LMYV isolates of
the Cape Verde islands (Cvi) accession being conferred by
a single recessive resistance gene. Sequencing of the eu-
karyotic translation initiation factor 4E genes from the dif-
ferent LMV-resistant Arabidopsis accessions showed that
these factors are not directly involved in the characterized
resistance phenotypes.

The interaction between a plant and a virus may result in a
number of biological situations, ranging from complete sys-
temic invasion of the plant, usually accompanied by symptoms
(full susceptibility), to the inability of the virus to mount a pro-
ductive replication in the initially inoculated cells. A number of
intermediate situations in which the virus is blocked more or
less early in the plant invasion process also can be observed
(Hull 2002). Knowledge of the plant and viral factors involved
in the outcome of these interactions is crucial to further our un-
derstanding of the molecular determinism of key biological
processes such as viral host range or plant resistance. Impor-
tant advances have been made in recent years in the under-
standing of the molecular biology of the interactions between
potyviruses and their hosts (Revers et al. 1999). The genus
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Potyvirus is the largest of the plant virus genera and its mem-
bers cause severe losses to many crops (Shukla et al. 1994).
Potyviruses are aphid transmitted and some of them are also
seed borne. Their positive single-stranded RNA genome of ap-
proximately 10,000 nucleotides is polyadenylated at its 3' end
and covalently linked at its 5’ end to an approximately 25-kDa
virus-encoded protein (VPg). The genome encodes a polypro-
tein which is matured by three virus-encoded proteinases into
approximately 10 mature viral proteins (Riechmann et al.
1992). In several host—potyvirus pathosystems, the VPg has
been shown to be involved in overcoming host resistance genes
or in the ability to infect specific host plants (Borgstrem and
Johansen 2001; Masuta et al. 1999; Rajamiki and Valkonen
1999, 2002; Revers et al. 1999). This protein also has been
shown to interact with the eukaryotic translation initiation fac-
tor elF4E or its isoform elF(iso)4E (Léonard et al. 2000;
Schaad et al. 2000; Wittmann et al. 1997), which recently were
shown to play an important role in the potyviral cycle and to be
involved in recessive resistances to potyviruses in several hosts
(Duprat et al. 2002; Lellis et al. 2002; Ruffel et al. 2002; V.
Nicaise and S. German-Retana, unpublished data). Together,
these results suggest that, in different potyvirus—plant patho-
systems, common viral and host factors repeatedly seem to be
involved in determining the outcome of the interaction, under-
lying a conserved infection strategy in the genus Potyvirus, and
support the hypothesis that plants carrying recessive resistance
genes against viruses lack a function essential for a particular
step of the viral cycle (Fraser 1992). This conserved stralegy
may, in turn, explain why recessive resistance genes represent
approximately 40% of the known resistance genes to potyvi-
ruses (Provvidenti and Hampton 1992), whereas they represent
only approximately 20% for other virus groups (Fraser 1992).
However, up to now, only the ¢/F4E genes have been identi-
fied to have a direct role in the plant—potyvirus interactions.

Among the numerous other resistance genes controlling
potyvirus infection which have been characterized from a ge-
netic standpoint, only two dominant resistant genes, RTMI and
RTM2, restricting long-distance Tobacco etch virus (TEV)
movement, have been cloned in Arabidopsis thaliana and
shown to encode a jacalin-like protein (Chisholm et al. 2000)
and a small heat shock-like protein (Whitham et al. 2000), re-
spectively. These resistant genes, specifically expressed in a
sieve element (Chisholm et al. 2001), were shown to be spe-
cific for TEV because other potyviruses such as Pofato virus ¥
(PVY), Tobacco vein mottling virus (TVMV), and Turnip mo-
saic virus (TuMV) are able to infect Arabidopsis accessions
bearing these two genes (Martin Martin et al. 1999; Whitham
et al. 2000). Whether the products of these RTM genes act di-
rectly or indirectly to block the long-distance movement of
TEV still remains to be elucidated.
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In order to identify new viral and host factors involved in
potyvirus—host interactions, the high genetic variability of A.
thaliana (Alonso-Blanco and Koornneef 2000) and the molecu-
lar and biological variability of Lettuce mosaic virus (LMYV)
isolates (Krause-Sakate et al. 2002; Revers et al. 1997a) have
been exploited to identify Arabidopsis or LMV genetic deter-
minants governing the interactions between these two partners.
LMYV is the causal agent of lettuce mosaic, one of the most
devastating viral diseases in lettuce (Lacfuca safiva) world-
wide (Dinant and Lot 1992). Genetic resistance against LMV
in lettuce is based on the use of either of two allelic recessive
resistance genes, mol” and mo/? (Dinant and Lot 1992), re-
cently shown to correspond to allelic variants of the efF4E
gene (V. Nicaise and S. German-Retana, unpublished data).
The recent emergence of LMV isolates, collectively named
LMV-Most (Krause-Sakate et al. 2002), which combine resis-
tance-breaking and seed-transmission properties, has raised the
question of the durability of such recessive resistance genes in
crops and created the need for the identification of other resis-
tance sources against this virus.

In this study, screening of Arabidopsis accessions using
three LMV isolates revealed the existence of a large variability
in the outcome of LMV-Arabidopsis interactions. Viral and
plant determinants of these interactions then were analyzed
using reverse or forward genetic approaches.

RESULTS

Variability in LMV-AF199 susceptibility identified
among Arabidopsis accessions.

In order to determine whether A. thaliana is a host for LMV,
35 accessions were inoculated manually with LMV-AF199_ an
isolate belonging to the LMV-Most group (Krause-Sakate et al.
2002). After 3 weeks, no visible symptoms were observed on
plants, either on the inoculated leaves or on noninoculated
parts such as other rosette leaves or inflorescence tissues. In
order to evaluate the possibility of symptomless infections,
inflorescence tissues of all inoculated plants were analyzed by
enzyme-linked immunosorbent assay (ELISA) using a rabbit
antiserum raised against purified LMV (Table 1). Twenty-eight
accessions presented high ELISA values (at least 10-fold the
value of the mock-inoculated controls) and the presence of
LMV in the systemically infected inflorescence tissues was
confirmed both by back inoculation to susceptible lettuce
plants and by reverse transcriptase-polymerase chain reaction
(RT-PCR) amplification of the coat protein region of the LMV
genome from total RNA extracts (data not shown). In contrast,
seven accessions presented ELISA values similar to those of
the mock-inoculated controls even when the ELISA was re-
peated 4 to 6 weeks postinoculation (wpi). Back-inoculation
from all the ELISA-negative accessions to susceptible lettuce
plants confirmed the absence of systemic LMV accumulation
in these plants.

In all accessions showing systemic LMV accumulation, in-
fection by LMV-AF199 was detected at 25 days postinocula-

tion (dpi) and even as early as 15 dpi in all plants of the acces-
sions La-0, La-er, Ler, Ler-0, Pog-0, Mh-0, Shahdara, C24,
Ws, Bay-0, Sh-0, Tsu-0. and RLD.

The possibility of seed transmission of LMV in Arabidopsis
spp. also was examined. Approximately 200 15-day-old seed-
lings of the RLD, Ler, and Nd-1 accessions produced from
seeds obtained from LMV-infected plants were analyzed by
ELISA. All the ELISA were negative, demonstrating that LMV
either is not seed borne in Arabidopsis spp. or is transmitted
only at a very low rate, despite the fact that the virus was eas-
ily detected in seed pod tissues by ELISA (data not shown).

In order to further characterize the resistance phenotype of
the seven accessions for which LMV was not detected in up-
per, noninoculated parts, ELISA were performed on inoculated
leaves at 15 dpi (Table 1). Two accessions, Cvi-0 and Cvi-1,
seemed to be unable to accumulate LMV in the inoculated
leaves because the ELISA values obtained for these plants
were similar to those from mock-inoculated leaves. Upon
back-inoculation from the inoculated leaves of these two ac-
cessions to susceptible lettuce, no symptoms were observed. In
contrast, five accessions, Col-0, Col-3, Col-5, Wt-1, and LI-0,
were ELISA positive in inoculated leaves. Therefore, these re-
sults suggest that two levels of resistance control LMV-AF199
infection in the Arabidopsis accessions tested. The first level of
resistance, observed in the two Cvi accessions, seems to inhibit
LMV multiplication or cell-to-cell movement and will be re-
ferred to as “local resistance”, whereas the second level, ob-
served in accessions Wt-1, LI1-0, Col-0, Col-3, and Col-5, cor-
responds to an inhibition of long-distance viral movement and
will be referred to as “systemic resistance”.

Variability in susceptibility to other LMYV isolates
among Arabidopsis accessions.

In order to test whether the two levels of resistance observed
against LMV-AF199 also were active against other LMV iso-
lates, selected Arabidopsis accessions were inoculated manu-
ally with LMV-0 and LMV-E, two well-characterized LMV
isolates differing in their biological properties in lettuce
(Revers et al. 1997a, 1997b), and with LMV-0-GUSclvHC and
LMV-E-GUSHC, two GUS-tagged recombinant LMV isolates
derived from LMV-0 and from LMV-E infections ¢cDNA
clones, respectively (German-Retana et al. 2000; S. German-
Retana, unpublished data). Systemic LMV accumulation in in-
florescence tissues was determined by ELISA 3 wpi and local
LMV accumulation in the inoculated leaves was determined by
GUS histochemical staining assays 10 dpi. A global analysis of
these results showed that Arabidopsis accessions could be clas-
sified into seven classes, based on their behavior upon inocula-
tion with the three LMV isolates used (Table 2). Both LMV-0
and LMV-E were able to infect a more restricted set of acces-
sions than LMV-AF199, and all accessions showing resistance
against LMV-AF199 also showed resistance to LMV-0 and to
LMV-E, with the exception of Col accessions, in which a small
percentage of plants repeatedly were observed to systemically
accumulate LMV-E (Table 1). On the other hand, LMV-AF199

Table 1. Susceptibility of Arabidopsis thaliana to infection by Leftuce mosaic virus (LMV }-AF199*

Accession or mutant

Local accumulation® Systemic accumulation®

La-0, La-er, Ler, Ler-0, Pog-0, Mh-0, Shahdara, WS, Bay-0, Sh-0, Gre-0, C24, Chi-0, RLD, + +
Tsu-0, Kas-1, Oy-0, Kin-0, JI-1, St-0, In-0, Nd-0, Nd-1, Ge-1, Di-0, Vi-0, Zii-0, Aa-0
Wt-1. L1-0, Col-0, Col-3, Col-5, Col-0 nprl-1, Col-0 pad4-1, Col-0 eds4-1, Col-0 ndrl-1. + -

Col-Oetrl-1, Col-0jarl-1
Cvi-0, Cvi-1

2+ = LMV accumulation and — = no accumulation detected.

® LMV accumulation in inoculated leaves as detected 10 days postinoculation by enzyme-linked immunosorbent assay (ELISA).
¢ LMV accumulation in non inoculated inflorescence tissue as detected 3 weeks postinoculation by ELISA.
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appears to be able to overcome local or systemic resistance ac- recombinants were constructed (Fig. 2). Infectivity of these

tive against LMV-E or LMV-0 in a number of accessions. recombinant clones was assayed in susceptible lettuce and the
Among the accessions tested. only Nd-O and Nd-1 differed recombinant regions were confirmed by RT-PCR and sequenc-
clearly in their susceptibility towards LMV-E and LMV-0, in ing. Then, lettuce plants infected with the recombinants were
that systemic infection by LMV-E was detected 3 wpi in both used as source of inoculum to test the ability of these recombi-
accessions, whereas LMV-0 systemic infection was never de- nants to systemically infect Nd-1 plants. For each recombinant,
tected, even up to 6 wpi by ELISA, back-inoculation to suscep- ELISA were performed 3 wpi using inflorescence tissues from
tible lettuce, or RT-PCR. The patterns of GUS histochemical three inoculated Nd-1 plants tested individually. Each experi-
staining of leaves of these Nd accessions after inoculation with ment was repeated at least twice. ELISA-positive plants were
LMV-E-GUSHC and LMV-0-GUSclvHC (Fig. 1) gave similar analyzed by RT-PCR coupled with restriction fragment length
results, indicating that resistance to LMV-0 in Nd-0 and Nd-1 polymorphism (RFLP) analysis of the amplification products
was not related to a decrease in replication or to slow cell-to- to confirm the identity of the recombinants (data not shown).
cell movement of this isolate. In the LMV-0- and LMV-E-re- Only OstafE, a LMV-0 clone carrying the LMV-E VPg, was
sistant accessions Di-0, Vi-0, Zii-0, Aa-0, Col-0, Col-3, Col-5, able to overcome the Nd-1 resistance to LMV-0, whereas the
Cvi-0, and Cvi-1, no GUS activity was detected in inoculated symmetrical recombinant, Estat(, and the other recombinants
leaves with either tagged virus, even upon stereomicroscope were not detected systemically in Nd-1.
examination, which should have allowed the detection of sin- Similarly, an LMV-0 recombinant in which the VPg coding
gle-cell infection foci resulting from a blockage of cell-to-cell region was replaced by that from LMV-AF199 also was able to
movement (subliminal infection) (Fig. 1). Similarly. no hyper- overcome the blockage in systemic movement observed in ac-
sensitive-like lesions were observed at the macroscopic level cession Nd-1 (data not shown), demonstrating that, for both
(data not shown). LMV-E and LMV-AF199, the resistance-breaking determinant
Analysis of the LMV-GUS inoculated leaves from suscepti- is localized in the viral VPg.
ble accessions revealed other differences, mostly in the number Amino acid sequence alignment of the VPg of the three
and size of the infection foci. Indeed, some accessions such as LMYV isolates (GenBank accession numbers X97704 for LMV-
Ler presented very few GUS spots or GUS spots of relatively 0, X97705 for LMV-E., and AJ278854 for LMV-AF199)
small size, whereas in other accessions, such as Mh-0, GUS showed only three positions (2,121, 2,169, and 2,177) at which
spots were consistently both more numerous and larger (Fig. the LMV-0 sequence simultaneously differed from those of
1). However, systemic infection was detected with a similar both LMV-E and LMV-AF199 (Fig. 3).
timing in all types of accessions (data not shown), suggesting
that the number and size of infection foci in inoculated leaves Local resistance to LMV-0 in the Columbia accession
does not directly control the kinetics of systemic infection. is controlled by LLMI, a dominant resistance gene linked
to the genetic marker nga280 on chromosome I.
The LMY VPg is involved in systemic infection The Columbia accessions showed a local resistance against
in the Nd accessions. LMV-0 (Table 2). A number of resources for genetic mapping
To further analyze the molecular interactions between Arabi- are available for this accession; therefore, the genetic analysis
dopsis spp. and LMV, Arabidopsis accessions belonging to of this resistance was undertaken, using an F2 population and
some of the classes described above were studied. The LMV FO recombinant inbred (RI) lines produced from a cross be-
molecular determinant responsible for the difference between tween Col-5 and Nd-1 (Holub and Beynon 1997) available
LMV-E and LMV-0 in the Nd-1 accession first was analyzed from the Nottingham Arabidopsis Stock Center (NASC).
by a reverse genetic approach using recombinants constructed To characterize the genetic basis of the LMV-0 local resis-
from infectious LMV-0 and LMV-E cDNA clones (Redondo et tance in Columbia, 96 plants of the F2 population were inocu-

al. 2001: Yang et al. 1998). The pair of recombinants, OxbaE lated with LMV-0-GUScIvHC and the inoculated leaves were
and Exba0 (Redondo et al. 2001), first was used to show that analyzed 10 dpi by a GUS histochemical assay. Similarly, 71

the 3' half of the LMV genome was involved in overcoming F2 plants were inoculated with LMV-0 and the inoculated
resistance to systemic invasion (Fig. 2). Because no LMV re- leaves were tested by ELISA at 15 dpi. In both experiments,
combinants were available for this part of the genome, new LMV-0 resistance segregated in a manner consistent with the

Table 2. Comparison of susceptibility of Arabidopsis accessions and mutants to infection by various Lettuce mosaic virus (LMVY) isolates

LMV-AF199 LMV-E LMV-0
Arabidopsis accession Local® Systemic® Local® Systemic® Local* Systemic®
La-0, La-er, Ler, Ler-0, Pog-0, Mh-0, Shadara + + + + + +
Nd-0, Nd-1 + + + + + —
Ge-1 + + + - + -
Aa0 + + - - -
Wi-1 + - + - + -
Col-0, Col-3, Col-5 + - + + - -
Col-0 mutants? + nt nt - -

Cvi-0, Cvi-1

LMV accumulation in inoculated leaves as detected 10 days postinoculation by enzyme-linked immunosorbent assay (ELISA), + = LMV accumulation
and — = any LMV accumulation detected.

P LMV accumulation in noninoculated inflorescence tissue as detected 3 weeks postinoculation by ELISA; + = LMV accumulation; — = no LMV
accumulation detected; + = indicates a situation in which viral accumulation was detected but only in a small fraction of inoculated plants; nt : non
tested.

¢ LMV accumulation in inoculated leaves by GUS assay following inoculation with a GUS-tagged recombinant virus: + = LMV-GUS accumulation; — =
no LMV-GUS accumulation detected; + = indicates a situation in which viral accumulation was detected but only in a small fraction of inoculated plants:
nt = not tested.

4 The Col-0 mutants are apri-1, pad4-1, eds4-1. ndri-1, etr -1, jarl-1.
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presence of a single dominant gene (71 resistant for 96 plants
with LMV-0-GUScIvHC, y* = 0.555 for a 1:3 segregation; 56
resistant for 71 tested plants with LMV-0, %* = 0.568). This
resistance locus was named LLM/ (local resistance to LMV).

In order to map LLM/. plants from the RI population were
inoculated with both LMV-0-GUSclvHC and LMV-0 and
tested in the same way as the F2 population. Of the 89 RI lines
tested, 45 were resistant and 44 were susceptible. These data
correspond to a ratio of the number of resistant versus suscepti-
ble lines of 1.02. which, again, is in agreement with a single
gene model as suggested by the F2 population analysis. Using
the molecular markers released on the NASC website and
additional markers from J. Beynon (unpublished), a recombi-
nation analysis revealed that marker nga280 located on chro-
mosome I was linked to LLM{ with a recombination rate of
12.5% between these two loci (Table 3).

To analyze the mechanism of this LMV-0 resistance, Col-0
mutants with altered defense responses in systemic acquired
resistance (SAR) or R gene-mediated signaling defense path-
ways (Dangl and Jones 2001; Glazebrook 2001) were tested
for their resistance to LMV-0 (Table 2). These included Col-0
plants with a mutation in the NPR1 gene (npr/-1), which are
unable to activate SAR and present enhanced disease suscepti-
bility (Glazebrook et al. 1996), and Col-0 plants with muta-
tions in genes belonging to the two known signaling pathways
downstream of nucleotide binding site-leucine rich repeat
(NBS-LRR) resistance genes NDRI1 (ndr{-{), PAD4 (pad4-1),
and EDS1 (eds4-1) (Glazebrook et al. 1996). In addition, Col-0
jasmonate-resistant jar/-/ plants (Staswick et al. 1992) and
Col-0 ethylene-insensitive efr/-1 plants (Bleecker et al. 1988)
also were tested. Four plants of each mutant were inoculated
with LMV-0 and LMV-0-GUSclvHC. GUS activity and ELISA
were performed at 10 and 15 dpi for LMV-0-GUSclvHC- and
LMV-O-inoculated leaves, respectively. Local resistance to
LMV-0 was not compromised in any of these mutant plant
lines; whereas, as a positive control in these experiments. the
Ler plants inoculated in parallel all were infected successfully.
These results support the hypothesis that the mechanism of lo-
cal LMV-0 resistance in the Columbia accession differs from
those controlled by the well-characterized defense pathways of
Arabidopsis spp.

To further evaluate the stability of the local LMV-0 resis-
tance in Columbia, Col-5 plants previously infected with Cu-
cumber mosaic virus (CMV) R strain, a virus belonging to the
genus Cucumovirus and able to suppress posttranscriptional

‘e -9
. - .
s
. * .

gene silencing (PTGS) (Lucy et al. 2000), were inoculated with
LMV-0. As a control, CMV-infected plants of the Ler and Nd-1
accessions also were inoculated with LMV-0. At 15 dpi, no
systemic LMV-0 infection was detected in the CMV-infected
Col-5 plants. whereas LMV was detected in CMV-infected Ler
and Nd-1 plants (data not shown). Thus, CMV infection did
not suppress resistance to LMV in the Columbia accession.
Identical results were obtained when plants were inoculated si-
multaneously with LMV and CMV on the same or on different
leaves (data not shown). To determine whether the block in lo-
cal LMV-0 accumulation results from the induction of a gen-
eral antiviral response, LMV-infected Col-5 and Ler plants
were inoculated with CMV 15 days after LMV inoculation,
and CMV accumulation was evaluated by ELISA 10 days later.
All plants were found to accumulate CMV, indicating that
LMYV resistance does not affect the susceptibility of the Co-
lumbia accession to CMV.

Given the LMV-0 infection phenotypes observed in the Col
(local infection blockage) and Nd (systemic infection block-
age) parents, the possibility existed that fully susceptible plants
could be recovered in the F2 or RI lines populations. In all, 10
F2 plants and 10 RI lines, for which LMV-0 was detected by
ELISA in inoculated leaves, were analyzed 3 wpi for systemic
LMV-0 accumulation in inflorescence tissues. None of these
plants were found to be systemically infected by LMV-0.

Preliminary genetic analysis

of the LMV-AF199 systemic resistance

in the Columbia accession and of the LMYV local resistance
in the Cvi accession.

The Columbia accession showed a systemic resistance to
LMV-AF199, whereas the Cvi accession showed a local resis-
tance to this isolate as well as to the other LMV isolates tested.
As a preliminary genetic analysis, two F2 populations pro-
duced from these accessions were analyzed. From the F2 popu-
lation (Col-5 x Nd-1) described above, 308 plants were inocu-
lated with LMV-AF199 and inflorescence tissue was analyzed
by ELISA 3 wpi. Of these, 23 plants (7.5%) showed systemic
accumulation of LMV-AF199, whereas the remaining 285
plants (92.5%) were found resistant. These data are consistent
with a segregation ratio expected for two nonlinked dominant
loci independently conferring resistance (x2 = 0.76 for a 15:1
segregation). In addition, this systemic resistance was evalu-
ated in the Col-0 mutant lines described above but was not
affected in any of these lines (Table 1).

Fig. 1. Lettuce mosaic virus-0-GUScIVHC multiplication in inoculated leaves of Arabidopsis accessions. GUS assays were performed 8 days

postineculation. Accession names are indicated under each leaf.
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Plants of an F2 population produced by a cross between Cvi-1
and Ler, an LMV-susceptible accession, were inoculated with
LMV-AF199 and analyzed by ELISA at 3 wpi. Of 194 plants
tested, 131 were susceptible (67.5%), suggesting that, in Cvi,
the local resistance is controlled by a single recessive locus (32 =
5.78 for a 3:1 ratio). Mixed infections with CMV produced and
analyzed as described above showed that the systemic resis-
tance in Columbia and the local resistance in Cvi are not sup-
pressed by a heterologous virus able to suppress PTGS. and
that LMV-AF199 inoculations in Columbia and Cvi do not
trigger a general antiviral defense effective against CMV (re-
sults not shown).

Eukaryotic translation initiation factors elF4E

and elF{iso 4E of Arabidopsis spp. are not directly involved
in the resistance mechanisms against LMYV identified

in the Nd, Col, and Cvi accessions.

Several recent studies have shown that the eukaryotic trans-
lation initiation factors eIF4E and elF(iso)4E interact with the
VPg of potyviruses (Léonard et al. 2000; Schaad et al. 2000;
Wittmann et al. 1997) and have implicated these genes in re-
cessive resistance mechanisms active against potyviruses in
Arabidopsis spp., pepper, and lettuce (Duprat et al. 2002; Lellis

s
G 2988 &
= NS B~ = .
= =< g‘_; S Systemic
a S5Ea £ infection
2 xXnI9D T in Nd-1
LMV-0 - -
HC- {JVPd
P1 Pro P3 Cl NIZ Nib JCP|
LMV-E- - o+
0OxbaE } -
Exba0 } +
OhindE { } -
OsphiE 1 | -
Estaf0 4 } -
OstafE 1 | 4 +

Fig. 2. Schematic representation of the genome of Leffuce mosaic virus
(LMV) and of the LMV recombinants constructed between LMV-0 and
LMV-E. Coding regions are indicated in white and gray boxes for LMV-
0 and LMV-E, respectively. The positions of cleavage sites between the
viral proteins are indicated by vertical lines. The name of each protein is
indicated between the two LMV genomes. Restriction sites used to
construct the recombinants are indicated at the top, with their position
along the LMV genome. The ability of each recombinant to infect
systemically accession Nd-1 is indicated on the right; + indicates a
positive systemic infection and - indicates no systemic infection
detected.
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et al. 2002: Ruffel et al. 2002; V. Nicaise and S. German-
Retana. unpublished data). In order to investigate the possibil-
ity that the eIF4E genes are involved in the LMV resistance in
Nd-1, in which the VPg is a resistance-breaking determinant or
in the LMV recessive resistance in Cvi-1, the Nd-1 and Cvi-1
elF4E and elF(iso)4E gene sequences were determined and
aligned with those of other Arabidopsis accessions (GenBank
accessions NM_117914 [Columbia elF4E], AYO086496
[WS/Ler elF4E], Y 10548 [Ler elF4E], NM_122953 [Columbia
elF(iso)4E]. AY056630 [WS/Ler elF(iso)4E]. and Y10547
[Ler elF(iso)4E]). Alignment of all these sequences showed
100% nucleotide sequence identity for each one of these genes.
This absence of allelic variation suggests that the e/F4E and
elF(iso)4E genes from the Nd-1, Cvi-1, and Col-0 accessions
are not the basis for the various forms of LMV resistance iden-
tified in this study.

DISCUSSION

In this study, the high natural genetic variability of A.
thaliana was exploited to establish an LMV-Arabidopsis
pathosystem. Indeed. the screening of Arabidopsis accessions
with three well-characterized LMV isolates, LMV-AF199,
LMV-E. and LMV-0, revealed variability in the susceptibility
to these isolates of the accessions tested. Approximately 80%
of the accessions tested with LMV-AF199 were found to be
fully susceptible; however, in all cases, the resulting systemic
infections were found to be symptomless and to develop more
slowly than infection in susceptible lettuce cultivars. Symp-
tomless and slower-infection phenotypes also were observed in
Arabidopsis spp. with TEV, another member of genus Pofyvi-
rus (Mahajan et al. 1998). In order to explain these differences
in symptom expression and infection timing, several hypothe-
ses can be proposed. Because viruses need a panel of host fac-
tors for the different steps of their cycle in plants, one hypothe-
sis is that the affinity between hosts and viral factors provides
a basis for genetic variation in the timing and extent of viral in-
fection. A second hypothesis is that one or some active defense
responses are overcome less efficiently by the virus in different
plant species, resulting in a delayed systemic infection. With
regard to this second hypothesis, RNA silencing has been
shown to be an antiviral defense system in higher plants
against which various viruses, including potyviruses, have de-
veloped viral-encoded suppressors (Voinnet 2001). In the case
of symptomless LMV and TEV infections in Arabidopsis spp..
suppression of RNA silencing may be less efficient, resulting
in the delayed and symptomless infection phenotype. This hy-
pothesis, however, is weakened by the mixed LMV-CMYV in-
fections reported here, in which no beneficial effect of the
presence of CMV could be noticed despite the known ability of
CMV to suppress the RNA silencing defense pathway (Lucy et
al. 2000).

Among the resistant accessions, at least two different resis-
tance phenotypes were identified. The first phenotype (local re-
sistance) was characterized by an absence of detectable viral
accumulation in inoculated leaves and the second (systemic re-
sistance) by a failure of LMV to accumulate in noninoculated
tissues. likely to result from a blockage in long-distance viral
movement.

By a reverse genetic approach, the LMV VPg was identified
as the viral determinant involved in overcoming the blockage
in long-distance movement of LMV-0 in accession Nd-1.
Among the three amino acid positions which differ between
LMV-0 and the two others LMV isolates, LMV-E and LMV-
AF199, position 2,121 (Serine in LMV-0, Glycine in LMV-E
and LMV-AF199) is located in the central region of VPg, in
which several mutations associated with the ability to over-
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come recessive resistances have been identified for several
potyviruses, such as TEV (Schaad et al. 1997), TVMV (Nicolas
et al. 1997), Pea seed-borne mosaic virus (Keller et al. 1998),
PVY (Masuta et al. 1999), and Potato virus A (PVA)
(Rajamiki and Valkonen 1999, 2002). As in the observations
reported here, no effect on the cell-to-cell movement efficiency
accompanied the systemic blockage of TEV in tobacco
(Schaad et al. 1997) or of PVA in Nicandra physaloides
(Rajamiki and Valkonen 1999) and in Solanum commersonii
(Rajamiki and Valkonen 2002). However, the precise function
of the VPg in these resistance mechanisms remains to be deter-
mined, as well as the identity of the host factor or factors
involved. In the case of N. tabacum. segregation analysis in an
F2 population indicated involvement of two nonlinked reces-
sive genes in the TEV resistance which have not yet been
cloned (Schaad and Carrington 1996). In the Nd-1 accession,
the genetic basis for LMV-0 resistance has not yet been estab-
lished, although the absence of systemic accumulation of
LMV-0 in Col-5 x Nd-1 F2 and RI line plants suggests that this
resistance could be a complex trait controlled by at least two
genes. Sequence determination of the e/F4E and elF(iso)4E
genes and comparison with other Arabidopsis accessions sug-
gested that these host genes are not involved in this resistance
to LMV-0.

With the aim to identify the genetic bases and the resistance
genes which control LMYV infection in the various Arabidopsis
accessions. genetic analyses of the local and systemic resis-
tance phenotypes observed were performed. For the local resis-
tance phenotype observed in Columbia with LMV-0, the
genetic analysis revealed the involvement of one locus desig-
nated LLA1. The LMV-0 resistance locus LLM/, identified in
Col-5. was mapped to chromosome I using Col-3 x Nd-1 RI
lines, and was found to be linked to marker nga280. In the re-
gion between markers GAPB and genea, which flank nga280,
several putative disease resistance genes were identified. Be-
cause of the dominant nature of LLM! and of the local resis-
tance phenotype it confers, it is tempting to speculate that
LLMI corresponds to one of the NBS-LRR genes (Dangl and
Jones 2001) belonging to the R gene cluster identified in this
region of chromosome I This hypothesis is strengthened by
two observations: i) that this cluster contains RPP7 as well as
homologues of RRPS (locus AT1G53350) and RPP/3 (locus
AT1g59218), three resistance genes whose function is known
to be independent of the well-known Arabidopsis resistance
pathways controlled by PAD4, NDR{, and EDSI (Glazebrook
2001): and ii) that the function of LLM[ was shown here to be
independent of these genes as well as of a number of other
genes (NPRI) or mediators (salycilate. ethylene. and jas-
monate) involved in Arabidopsis resistance mechanisms. How-
ever, unambiguous identification of LLM/ as a classical R gene
acting through the RPFP7 signaling pathway clearly will require
its identification through positional cloning or through a candi-
date gene approach.

Concerning the local resistance to all LMV isolates tested in
Cvi, the F2 population analysis suggests that a single recessive
locus is involved in the resistance phenotype. In addition, se-
quence comparisons of both e/F4E genes in several Arabidop-
sis accessions, including Cvi, revealed a complete identity
between all alleles. therefore excluding the role of these initia-
tion factors in the resistance to LMV in Cvi. These results sug-
gest that the susceptibility allele at this locus is either another
host factor required for the successtul completion for the poty-
virus cycle or a negative regulator of resistance. Alternatively.
it cannot be ruled out at this point that transcriptional. transla-
tional. or posttranslational defects of one or the other of the
elF4E isoforms could be involved in LMV resistance. Analysis
of RI lines produced from a cross between the LMV-suscepti-

ble accessions Ler and Cvi (Alonso-Blanco et al. 1998) should
confirm the involvement of such a recessive resistance gene
and facilitate its mapping and cloning,.

The genetic basis of the systemic resistance to LMV-AF199
in Columbia seems more complex because a two-gene model is
proposed. This resistance does not involve a macroscopically
visible hypersensitive response or a known resistance pathway,
and is not affected by CMV infection, an unrelated virus which
is able to suppress RNA silencing (Lucy et al. 2000). This re-
sistance system appears to be similar to the one which inhibits
long-distance movement of TEV in Col-3 (Mahajan et al.
1998, Whitham et al. 2000). In this accession, at least two
dominant genes, RTMI, which encodes a jacalin-like protein
(Chisholm et al. 2000), and RTM2, which encodes a small, heat
shock-like protein (Whitham et al. 2000), are involved in TEV
resistance. RTMJ was mapped near the top of chromosome I
(Mahajan et al. 1998) and RTM2 near the top of chromosome
V (Whitham et al. 1999). A more detailed genetic analysis of
the systemic resistance to LMV-AF199 in Columbia should
clarify whether the RTM loci are involved in this resistance.

To conclude, the data reported here support the idea that
screening of Arabidopsis accessions with different potyviruses
can reveal different sets of genes for which co-evolution be-
tween each virus and Arabidopsis accessions has led to the
establishment of a virus-specific infection phenotype. Indeed,
LMYV interactions with Arabidopsis accessions are different
from those of two other well-studied potyviruses. TEV (Mahajan
et al. 1998) and TuMV (Martin Martin et al. 1999). in this plant
species. Thus, genetic and molecular analysis of such patho-
systems. coupled with the wealth of genetic and genomic
resources now available for this plant, provide a very powerful
means to identify viral and host factors governing potyvirus—
host interactions.

LMV-0 GKGKRQRQKLRYRQARDNKVGTEVYGDDA
LMV-E ——————— M ————————
LMV-AF199 —————mmmmm e

LMV-0 TMEHY FGAAYTEKGKKS GKTKGMGTENRE
£ S —
LMV=AF199 === m e e e e K
LMY-0 FVNMYGYNPEDFSFIRFLDPLTGKTMDEQ
LMV-E e

LMV-AF199 ———mmmmmmmmme

LMV-0
LMV-E
LMV-AF199

LMV-0
LMV-E
LMV-AF199

LMY-0 LGAKTNNIAGYVDREYELRQTGEARVVAP
LMV-E —— e Frmmm e
LMV-AF199 —=I-—==——m P
LMY-0 ALIPKDNPITDEDIPVKHE
THMU=E eemeeceeeeere e

LMV-AF199 =mmm—mmmm e e

Fig. 3. Amino acid sequence alignment of the genome-linked protein of
isolates Lettuce mosaic virus (LMV)-0, LMV-E, and LMV-AF199. Bold
and italicized amino acids are positions at which the sequences of both
LMV-E and LMV-AF199 differ from that of LMV-0. Hyphens indicate
identical amino acids.
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MATERIALS AND METHODS

Plant materials, virus, and inoculation.

Seed of all Arabidopsis accessions, RI lines, and mutants
were obtained from NASC, except Bay-0 and Shahdara (gift
of O. Loudet, INRA, Versailles, France), RLD (gift of C.
Robaglia, CEA, Cadarache, France), the ndr{-{ mutant (gift
of B. Staskawicz. University of California, Davis. U.S.A.).
the F2 Col-5 x Nd-1 seed (gift of Y. Marco, INRA, Toulouse,
France), and the F1 Cvi x Ler seed (gift of M. Koornneef,
Wageningen University, The Netherlands). The lettuce cv.
Trocadéro, turnip (Brassica rapa), and Nicotiana tabacum
cv. Xanthi were used to propagate LMV isolates, TuMV, and
CMV, respectively. All plants were grown under greenhouse
conditions (16-h day length, 18 to 25°C) and maintained in
insect-proof cages after inoculation. Mechanical inoculation
of 4- to 5-week-old Arabidopsis plants was performed as
previously described (Revers et al. 1997a). Plants were re-
inoculated on different leaves 3 to 5 days later to ensure
infection. The LMV isolates LMV-0, LMV-E, and LMV-
AF 199 used in this study have been described by Revers and
associates (1997a and b) and Krause-Sakate and associates
(2002).

ELISA, RT-PCR, and GUS assay.

ELISA was performed as described by Revers and associates
(1997a). An ELISA result was considered as positive when its
value was at least three times the healthy controls value. RT-
PCR was performed using the primers NIb and P4 as described

by Revers and associates (1999), from semipurified total RNA
preparations (Bertheau et al. 1998).

Histochemical GUS staining was performed as described by
German and associates (2000).

Construction of LMV recombinants.

Construction of the two recombinants OxbaE and Exba0 has
been described by Redondo and associates (2001). For the re-
combinants OhindE, OsphiE, EstafO, and OstafE, restriction
sites (Fig. 2) were used to exchange the different regions be-
tween full-length infectious clones of LMV-0 and LMV-E. Par-
ticle bombardment was used to infect lettuce seedlings with
these full-length cDNA constructs, as described by Redondo
and associates (2001). Infected lettuce plants were further used
as the source of inoculum for the inoculation of Arabidopsis
plants. Identity of each recombinant was checked by RT-PCR
(Revers et al. 1997a). using semipurified total RNA prepara-
tions as described above and primers chosen to flank the junc-
tion regions of the exchanged fragments. The identity of the
recombinants finally was determined by RFLP analysis or
sequencing of these amplified fragments.

Cloning of the elF4E and elF{iso)4E ¢DNA
from the Cvi and Nd-1 accessions.

Total RNAs were extracted from 100 to 200 mg of rosette
leaf tissues using TRI Reagent (Sigma-Aldrich, St Louis). To-
tal cDNAs were synthesized from 5 pg of total RNAs using 15
units of AMV Reverse Transcriptase (Amersham Biosciences,
Uppsala, Sweden) and 1 pM oligo-dT in 50 pl, incubated for 1 h

Table 3. Percent recombination between molecular markers and Lettuce mosaic virus (LMV) resistance genes in Col-5 x Nd-1 recombinant inbred lines

Chromosome, Recombinant lines/total lines

marker Position (¢M)* Col-5/Nd-1* Ratio® for LLM 14 Recombination ( %) for LLM1¢
I

ngas9 2.90 42/50 0.84 36/85 36.7
nga63 11.48 41/52 0.79 39/86 415
50392 46.71 51/42 1.21 36/86 36.0
gapB 61.21 49/32 1.53 23/75 221
nga2&0 83.83 36/50 0.72 16/80 12.5
genea 88.90 357 0.53 24/81 21.12
adh 117.52 25/66 0.38 40/84 45.5
11

m246 11.03 30/48 0.63 40/72 62.5
PhyB 34.45 37/54 0.69 40/85 4.4
gpal 48.9 3232 1.00 35/58 76.1
nga36l 63.02 39/55 0.71 38/87 38.8
T9J23 92.0 42/49 0.86 35/84 357
I

ngal26 16.35 2272 0.31 45/87 53.6
ngal62 20.56 39/55 0.71 43/87 489
MMI24 48.45 51742 1.21 49/87 64.5
nga707 78.25 53/38 1.39 45/84 57.7
ngall2 87.88 37/28 1.32 33/60 61.1
v

TISALD 1.0 56/33 1.60 47/84 63.5
nga8 26.56 59/34 1.73 45/86 549
¢3883 64.15 41/34 1.20 33/69 45.8
ngal 107 104.73 43/50 0.86 37/86 37.8
\Y

nga225 14.31 42/33 1.27 36/71 514
CAT2 29.6 49/42 1.17 44/85 537
ngal39 50.48 43/45 0.96 42/82 525
nga76 68.4 43/39 1.10 41477 56.9
mi6l 98.19 31/49 0.63 45/75 75.0
MUD21 131.20 60/31 1.94 37/84 39.4

* Position obtained from the Nottingham Arabidopsis Stock Centre website.

b Each fraction represents, for a given marker, the number of lines showing the Col-3 phenotype versus the number of lines showing the Nd-1 phenotype.

¢ Calculated ratios of the fractions from the previous column.

4 Number of lines for which a recombination event was detected between a given marker and the LM V-0 resistance gene LLMI.
¢ Percent recombination calculated using the equation r = R/2(1 — R) (Haldane and Waddington 1931}, where R is the calculated ratio from the previous

column.
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at 42°C. PCR amplification was performed using 5 pl of total
cDNAs in 50+l reactions containing 0.5 units of Extra-Pol I
Taq ADN polymerase (Eurobio, Les Ulis, France), using 1 pM
of oligonucleotide primers. The primers 5 AGAAAGAGAAG-
CAGTTCGGAGAAACAATG (the nucleotides underlined
show the first codon of the coding region) and 5’ AATGCAAA-
GATTTGAGAGGTTTCA (the nucleotides underlined show
the stop codon) were used to amplify the complete coding
region of eIlF4E, and the primers ¥ CAGAAGAAAACTCAA-
CTGCGAAGAATATG and STCTGGCTTCACACTCGTTT-
CTTCA were used to amplify the complete coding region of
elF(iso)4E. The cycling conditions were 20 s of denaturation at
92°C, 30 s of annealing at 54°C, and 1 min of elongation at
72°C after an initial denaturation at 95°C for 2 min using an
iCycler thermal cycler (Bio-Rad Laboratories, Hercules, CA,
U.S.A.). The pGEM-T Easy vector system (Promega Corp.,
Madison, WI, U.5.A.) was used to clone PCR products. Auto-
mated DNA sequencing of at least three clones of each construct
or of noncloned PCR products was performed at Qbiogene (Evry,
France).

The nucleotide sequences were compared with other A.
thaliana elF4E and elF(iso)4E retrieved in GenBank using the
program Blast (Altschul et al. 1990) and aligned using
ClustalW (Thompson et al. 1994), which generates and uses a
distance dendrogram (Saitou and Nei 1987) to construct multiple
sequence alignments.
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Cette premiére phase de mon projet de recherchdasoaractérisation des interactions
Arabidopsis/LMV a aussi permis d'introduire cettenpe modéle dans les études menées au
laboratoire et est devenue I'espece de choix dam®cthbreux projets de notre équipe.

Cette nouvelle expertise que jai développée awrddbire concernant l'utilisation
d'Arabidopsis en virologie végétale, m'a aussi ieithe développer des collaborations avec
plusieurs équipes qui voulaient notamment testemalgtants d'Arabidopsis vis a vis de virus
de genre différent. Deux de ces collaborationsosé d'ailleurs traduites par des publications
(Publications [10] et [13) avec I'équipe d'Yves Marco (INRA Toulouse) d'upart, et les
équipes de Christophe Robaglia (Université Aix-MilyCEA Cadarache) et Carole Caranta
(GAP, INRA Avignon) d’autre part pour montrer dasette derniere étude qu'un mutant KO
d'Arabidopsis du gene codant pour elFiso4E étaistent a plusieurs potyvirus dont le LMV
mais restait sensible comme le sauvage a d'auttes appartenant a d'autres genres viraux,
démontrant le réle clef de ce facteur dans le cgelepotyvirus.

Mais surtout mon expérience réussie avec le pashésye Arabidopsis/[LMV m’a
conduit & m'impliquer dans le développement d’'utrapathosystéme Arabidopsis/potyvirus
concernant le virus de la Sharlym pox viruou PPV) en collaboration avec V. Decroocq,
qui étudiait jusqu’alors les interactions entre RR\des espéces végétales du gemuaus

2.2.2. Développement du pathosystéme PRAfAbidopsis thaliana

Le criblage d'un petit panel d’accessions d'Aralpsis avec le PPV a révélé une
diversité de réponse de la plante encore plus rigiavec le LMV, avec notamment la
description de phénotypes de sensibilité au PPVisiaaht des symptdmes, ce qui n'avait pas
été observé avec le LMV. Des différences entreaisode PPV ont aussi été mises en
évidence. Méme si des phénotypes de résistanckis@nia ceux obtenus avec le LMV ont
été observés avec le PPV, la plupart I'étaientdsgraccessions différentes. Cependant, nous
avons pu aussi identifier des résistances aux dieus sur les mémes accessions comme par
exemple sur Col. Nous pouvions alors nous demasidegs résistances observées chez une
méme accession étaient contrdlées ou non pamh&isie(s) géne(s) de résistance.

Dans le cas de Col, une résistance a un autre ipggy\e tobacco etch virugTEV),
présentant le méme phénotype de résistance quebskrvé pour le LMV (LMV-AF199) et
le PPV (PPV-EA et PS), avait précédemment été tais€ par 'équipe de J. Carrington. Il
s’agit d’'une résistance dominante contrdlée pamains 3 génes, nomm&TM1 RTM2 et
RTM3 Nous avons alors testé les lignées mutantessid génes, sensibles au TEV, avec les
isolats de LMV et PPV incapables d’'infecter Colsgstémie, et montré qu’elles étaient aussi
sensibles a nos 2 virus. Cela démontrait que latedke observée chez Col vis-a-vis du LMV
et du PPV, induisant le blocage du mouvement auerdjstance de ces virus, était aussi
contrdlée par les genes RTM. Cette découverte aqusussé a nous investir davantage sur
cette résistance que jévoquerais plus loin.

L'’ensemble des données obtenues avec le PPV aimsila mise en évidence de
limplication des genes RTM dans la résistance niggechez Col vis-a-vis du LMV et PPV
ont fait 'objet de lgpublication [14] présentée ci-dessous.
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Twelve Arabidopsis accessions were challenged with Plum
pox potyvirus (PPV) isolates representative of the four PPV
strains. Each accession supported local and systemic infec-
tion by at least some of the PPV isolates, but high variability
was observed in the hehavior of the five PPV isolates or the
12 Arabidopsis accessions. Resistance to local infection or
long-distance movement occurred in about 40% of all the
accession-isolate combinations analyzed. Except for Nd-1, all
accessions showed resistance to local infection by PPV-SoC;
in the Landsberg erecta (Ler) accession, this resistance was
compromised by sgf{ and rar{ mutations, suggesting that it
could be controlled by an R gene-mediated resistance path-
way. While most of the susceptible accessions were symp-
tomless, PPV induced severe symptoms on inflorescences in
C24, Ler, and Bay-0 as early as 15 days after inoculation.
Genetic analyses indicated that these interaction phenotypes
are controlled by different genetic systems. The restriction of
long-distance movement of PPV-El Amar and ol another
member of genus Potyvirus, Letfuce mosaie virus, in Col-0 re-
quires the RTM genes, indicating for the first time that the
RTM system may provide a broad range, potyvirus-specific
protection against systemic infection. The restriction to PPV-
PS long-distance movement in Cvi-1 is controlled by a single
recessive gene, designated rpv/, which was mapped to chro-
mosome 1. The nuelear inclusion polymerase b-capsid pro-
tein region of the viral genome appears to be responsible for
the ability of PPV-R to overcome rpvi{-mediated resistance.

Additional keyword: Sharka.

Sharka disease is the major limiting factor in stone fruit tree
production in Europe and North America. It is caused by Plum
pox potyvirus (PPV) and is one of the most serious viral diseases
in peach, apricot, and plum orchards. Losses from Sharka are
due primarily to precocious fruit drop and decreases in fruit
quality. The potential of PPV to severely affect the fruit tree
industry has prompted the European Union to classify it as a
quarantine pathogen (European Union council directive 2000/
29/EEC, annex II), while the United States federal government
has classified it as one of the top ten significant threats to U.S.
agriculture (Public Health Security and Bioterrorism Act of

Corresponding author: Véronique Decroocq;
E-mail: decroocq@bordeaux.inra.fr

#*The e-Xtra logo stands for “electronic extra™ and indicates the HTML
abstract available on-line contains supplemental material not included in
the print edition. A table lists the twelve Arabidopsis accessions and the
five PPV isolates used in this study and Figure | appears in color online.

2002, PPV belongs to the family Potyviridae. Apart from the
atypical El Amar (EA) isolate (Wetzel et al. 1991a) and the
sweet and sour cherry-infecting isolates (Crescenzi et al.
1997; Nemchinov and Hadidi 1996). most PPV isolates are
classified into two major strains, M (from the isolate Marcus)
and D (from the isolate Dideron) (Candresse et al. 1998). Re-
cently, a new atypical strain, W3174, was discovered, but its
origin is still unclear (James and Varga 2005).

Studies of the molecular mechanisms underlying the interac-
tions of PPV with its woody hosts have been hampered by the
difficulties inherent to the molecular genetic analysis of stone-
fruit tree species, in particular the extended generation times
and the length and space requirements of phenotypic tests.
Four years of monitoring after inoculation are needed to assess
the level of resistance or susceptibility of a given Prunus culti-
var. Standardization of the resistance tests has similarly proved
difficult because of delayed responses to inoculation, variability
of the virus, physiological state of the host plant, and inoculation
method.

In the past few years, the genetic and molecular advantages
of model plant Arabidopsis thaliana were exploited for the
identification of host factors contributing to virus infection.
For example, two genes, Tobamovirus multiplication I and To-
bamovirus multiplication 3 (Tom{!, Tom3), were identified from
a screen for A. thaliana mutants that show defective infection
by Tobacco mosaic virus (TMV) (Yamanaka et al. 2000, 2002).
Both TomlI and Tom3 are putative transmembrane proteins that
may serve as membrane anchors for the TMV replication com-
plex. Similarly, movement-defective mutants and the corre-
sponding RTM loci, which cooperate to restrict Tobacco etfch
virus (TEV) long-distance movement, were described (Mahajan
et al. 1998; Whitham et al. 1999). RTM|{ encodes a jacalin-like
protein, RTM2 shows homology to the plant small heat-shock
proteins with a predicted transmembrane domain (Chisholm et
al. 2000; Whitham et al. 2000), and an additional RTM loci
has been identified but not yet fully characterized. The mecha-
nism whereby the three RTM loci cooperate to restrict long-
distance movement is still unclear.

Through studies of the interaction of eukaryotic translation
initiation factors with viral proteins and genetic and reverse-
genetic analysis, eIF4E and elF(isoME were linked to the
potyvirus infectious cycle in various plant species (Duprat et
al. 2002; Gao et al. 2004; Kang et al. 2005; Lellis et al. 2002;
Nicaise et al. 2003; Ruffel et al. 2002: Stein et al. 2005). Our
own analyses demonstrated a cosegregation of the Prunus
elF(iso4E ortholog with a major quantitative trait locus (QTL)
of resistance to sharka in peach and apricot (Decroocq et al.
2005). To identify new host factors involved in plant-potyvirus
interactions, in particular with a potyvirus infecting perennial
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host plants, A. thaliana accessions were evaluated for their
susceptibility to a range of PPV isolates representing a large
part of the pathogen diversity.

Using this approach, we showed considerable variation in
the susceptibility to PPV infection of A. thaliana accessions.
Phenotypes ranging from complete invasion of the plant (ac-
companied or not by symptom-induction) to the inability of
the virus to mount a productive replication in the initially in-
oculated leaves were observed and the genetic bases of some
of these interaction phenotypes were analyzed.

RESULTS

Twelve Arabidopsis accessions of diverse geographical ori-
gin were inoculated with five isolates of PPV. Responses of
Arabidopsis to PPV were classified as susceptible (referred to
as S in Table 1) when the virus was detected in the uninocu-
lated inflorescence tissues by enzyme-linked immunosorbent
assay (ELISA) or by reverse transcriptase-polymerase chain
reaction (RT-PCR). While in most cases, the infected plants
remained asymptomatic, there were several accession-isolate
combinations in which symptoms were observed. such as re-
duction of plant growth. chlorotic stems, cauline, and rosette
leaves, severe inflorescence stunting, and distortion accompa-
nied or not with curling of the cauline leaves (Fig. 1). In Table
1. the severity of the observed symptoms is indicated by the
number of + signs. Plants in which both ELISA and RT-PCR
assays were negative for PPV detection in inflorescence tis-
sues were noted as resistant. Based on the results of PPV
detection by ELISA or RT-PCR in the inoculated leaves, resis-
tance phenotypes were further separated in resistance to local
infection (Ri, no virus detected in inoculated leaves) and resis-
tance to long-distance movement (Rsys, virus detected in in-
oculated leaves but not on distal uninoculated tissues). In pre-
liminary experiments, the plants classified as Ri were assayed
for PPV accumulation at 30 days postinoculation (dpi). but no
accumulation was detected. and therefore, sampling at such late
stages of Arabidopsis development was not routinely continued
and plants were sampled at 9 and 21 dpi.

PPV is able to systemically infect Arabidopsis thaliana.
Although the response of Arabidopsis accessions to the five
PPV isolates varied. all 12 accessions studied were infected by
at least one PPV isolate, with or without development of visible
symptoms (Table 1). However, none of the PPV isolates tested

was able to infect the AfelF{iso)4E-1 transposon-disrupted
mutant line (Duprat et al. 2002), suggesting that elF(iso)4E
plays an essential role during PPV infection in A. thaliana, as
already shown for other potyviruses (Duprat et al. 2002; Lellis
et al. 2002). Remarkably, the PPV-SaoC isolate was able to sys-
temically infect all tested accessions, while infection of
uninoculated tissues was never observed for the PPV-5oC iso-
late (Table 1). In fact, only the Nd-1 accession was able to sup-
port local replication of PPV-NAT isolate, while the virus was
never detected in the inoculated leaves of any of the other ac-
cessions tested. Although Ri is often associated with a hyper-
sensitive response characterized by localized cell death at the
infection site, a local lesion response was not macroscopically
observed in any of the experiments reported here (data not
shown).

In a number of accession-isolate combinations. PPV was only
detected (by ELISA or by RT-PCR) in the inoculated leaves,
indicating that the virus was unable to spread in the uninocu-
lated tissues. Such a phenotype was observed in most of the
accessions inoculated with the PPV-EA isolate. Absence of any
long-distance movement was also observed when Cvi-1 was
inoculated with PPV-PS and when Shahdara and Kas-1 were
infected with PPV-R (Table 1). In contrast, the C24 accession
was highly susceptible to PPV infection and developed severe
growth defects when infected with M, D, and EA PPV strains.
Severe symptoms were also observed when the Landsberg
erecta (Ler) accession was infected with the PPV-R isolate, and
slightly less severe ones were observed when Bay-0 was in-
fected either with the PPV-INAT or PS isolates (Table 1). Two to
three weeks after inoculation, chlorosis was observed on distal
uninoculated tissues, such as cauline leaves and inflorescences.
During later stages of infection. the plants exhibited severe
growth stunting and occasionally lethal necrosis (Fig. 1).

These results show that a high degree of variation exists in
the outcome of Arabidopsis-PPV interactions and that, in a
significant number of cases (40%, 24 out of 60 accession-isolate
combinations), some form of resistance against viral infection
was observed. The genetic bases of some of the phenotypes
observed were then analyzed using either forward or reverse
genetics strategies.

Genetic basis of symptom development
in the Ler accession infected with PPY-R isolate,

Limited information on the genetic bases underlying symp-
tom development in virus-plant pathosystems is available so

Table 1. Phenotypic varation of Arabidopsis—Phan pox poryvirus (PPV) interactions

PPV isolates®

Arabidopsis accessions NAT (In) R (I PS (M} SoC EA
C24 S+++ S+++ S+ Ri S+++
Landsberg erecta (Ler) S S+ S Ri S
BayO S++ S S++ Ri Rsys
ColD, Col-3, Col-5 S S+ S Ri Rsys
Ws, Ws-2 S S S Ri Rsys
Cvi-1 S S Rsys Ri S
Kas- 1, Shahdara S Rsys 5 Ri Rsys
Nd-1 S S S Rsys Rsys
Arabidopsis mutants in Col-0 background®

ArelFiso)4E-1 Ri Ri Ri Ri Ri
Arabidopsis mutants in Ler background”

sgtlb, rar-10 S nd 5 Rsys S
sgtlb f rar-10 S nd S Rsys S

* 8 = susceptible but symptomless; 5+ = mild symptoms appeared occasionally (1 or a few plants over 12 infected) and did not affect plant growth: S++ = an
mtermediate situation between the two extremes: S+++ = all plants infected developed severe growth defects leading, in most cases, to death at 3 10 4
weeks postinoculation; Ri = resistance to PPV inoculation; Rsys = resistance to PPV long-distance movement: nd = not determined.

b ArelF(iso)4E-{ was obtained by insertion of a transposon within the elF(iso)4E gene (Duprat et al. 2002).

* Provided by J. Parker (Max Planck Institute, Cologne, Germany) and coworkers.
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far. Whereas severe symptoms have been observed in Ler in
response to infection by PPV-R isolate. only very mild symp-
toms were observed in the Col-0 accession (Table 2 and Fig.
1). To determine the number of loci controlling severe symp-
tom development in the Ler accession infected by the PPV-R
isolate. we used a recombinant F2 population between Ler and
Col-0. Parental and F2 plants were scored for development of
symptoms and virus accumulation, as determined by ELISA.
The results showed that the ratio of symptomatic versus asymp-
tomatic plants did not fit with simple genetic models, suggest-
ing that several loci are involved in the control of this trait. A
total of 62 individuals out of 115 developed symptoms. which

Fig. 1. Symptoms exhibited by Arabidopsis thaliana accession Ler when
infected with Plum pox poryvirus (PPV)-R. A, Healthy plant 3 weeks after
moculation with PPY-R. B. Infected Landsberg erecta (Ler) plant with se-
vere symptoms and stunting, 3 weeks after inoculation. C, Close-up of A
showing healthy inflorescences. D, Close-up of Ler inflorescences infected
with the PPV-R i1solate and showing leaf curling and chlorosis and severe
mflorescence distortion.

is consistent with a %:7 segregation ratio, indicating that this
trait is controlled by at least two loci (P = 0.6134 to 0.5311:
Table 2). Some F2 individuals developed more severe symp-
toms than the Ler parental line: these plants showed severe
stunting and died within 21 dpi. This observation suggests that
the Col-0 parent might contribute with one or more supple-
mentary genetic factors enhancing or accelerating the severity
of the symptoms.

Analysis of local resistance
to inoculation by the PPV-50C isolate.

The Ri observed during the interaction between PPV-50C
and most ecotypes tested, failed to detect any virus in the inocu-
lated leaves, suggesting either a link with either R gene—medi-
ated resistance pathways or a nonhost passive resistance. The
first possibility was evaluated in the Ler accession by analyz-
ing the behavior of available mutant lines affecting two genes
identified as essential in R gene—triggered disease resistance,
RARI and SGT{ (Austin et al. 2002; Azevedo et al. 2002;
Tornero et al. 2002). Table 1 shows that, contrary to the wild-
type Ler accession, sgt/b and rar! mutants and the sgt/rarl
double mutant supported the local accumulation of the PPV-
SoC isolate. However, these mutants still failed to support
PPV-SoC systemic infection, indicating the existence in these
plants of two levels of resistance, one restricting local PPV-
SoC infection, compromised by the rar{ or sgfib mutations,
and the other. independent of these factors, acting to block the
long-distance spread of the virus.

Analysis of the resistance
to PPV-EA long-distance movement in Col-0.

Segregation data obtained for resistance to PPV-EA infec-
tion in the Col-0 x Ler F2 population was consistent with a
single dominant gene model (79:17 resistant/susceptible, P =
0.098, for a segregation ratio of 3:1). In A. thaliana, three domi-
nant loci have been shown to confer resistance to the long-
distance movement of another potyvirus. TEV, and were desig-
nated RTM for restricted TEV movement (Mahajan et al. 1998).
Mapping of the resistance trait associated with restriction of
PPV-EA systemic spread in the recombinant inbred lines (RIL)
of Lister and Dean (1993) allowed the identification of a single
region, in the upper part of chromosome 1 in the vicinity of the
RTM I gene (data not shown) (Mahajan et al. 1998). To analyze
the possible involvement of the RTM in the resistance to PPV-
EA, chemically induced rtm mutants (Mahajan et al. 1998,
Whitham et al. 1999) were challenged with the PPV-EA isolate
(Table 3). In all three mutants, PPV-EA was able to infect
uninoculated tissues and was readily detected in cauline leaves
and inflorescence tissues. In order to determine whether the
RTM loci are also required for restriction of the long-distance
movement of other potyviruses, the rfm mutants were inocu-
lated with the AF199 isolate of Leffuce mosaic virus (LMV),
which was previously reported to be unable to systemically
invade the Col-0 accession (Revers et al. 2003). Again, restric-

Table 2. Statistical inheritance analysis in selected Arabidopsis—Plum pox potyvirus (PPY ) interactions

Arabidopsis F2 populations PPV isolate Number tested Segregation Genetie determinism 12 (P valuey*

Symptom intensity (ratio of symptomatic over asymptomatic plants)

Col-0x Ler® R 115 62:53 9R:7S 0.6134
118 6355 9R:78 0.5311

Virus accumulation {ratio of resistant over susceptible plants)

Col-0 x Ler EA 96 79:17 3R:1S 0.0989

Cvix Ler PS 96 17:79 18:3R 0.0989

P values calculated for a ¥? of 1 degree of freedom resulted from a chi-square test of fit of the data to two dominant genes (9R:78), a single dominant gene
(3R:15), and a single recessive gene models (1R:35). When P > 5%, the hypothesis that the observed ratio of segregation is consistent with the expected

ratio cannot be rejected.

" The Col-0 x Landsberg erecta (Ler) F2 population was tested twice for symptom appearance,
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tion to long-distance movement was found to be abolished in
all three rfm mutants (Table 3). As further confirmation of the
involvement of the RTM system, a T-DNA insertion knockout
(KO) line for RTM2 in the Col-0 background was obtained
from the SALK collection, and homozygous mutant plants
were selected by PCR on genomic and complementary DNAs.
The rtm2 KO mutant showed no obvious morphological de-
fects. and the chemically induced rfm2 mutant (Whitham et al.
1999) allowed long-distance movement of PPV-EA and LMV-
AF199 (Table 3). The results indicated that the resistance of
the Col-0 accession to the long-distance movement of several
potyvirus isolates, including PPV-EA and LMV-AF199, is
conditioned by the RTM genes. In contrast, the Col-0 acces-

Table 3. Comparison of susceptibility of rta Col-0 mutants to infection by
three different potyviruses

Potyvirus isolate®

Arabidopsis accessions TEV-GUS® PPV-EA  LMV-AF19Y
Col-0 Rsys Rsys Rsys
rtmi-1, rmi-2° S S S
rim2-1° S S S
rtm3-1° nd S S

rtm2 nd S S

* TEV = Tobacce etch virus, PPN = Plum pox poryvirus, LMV = Letiuce
maosaic viris; nd = not determined.

® Ethylmethylsulfonate mutants and phenotypes when infected with TEV
(Whitham et al. 2000).

© T-DNA insertion line { SALK_010448).

2mm
—

Fig. 2. Green fluorescent protein (GFP)-tagged Plum pox potvvirus (PPV)-
PS movement is restricted te inoculated leaves of the Cvi-1 accession.
Photographs taken under UV light of A, and B, PPV-R GFP and C, and I},
PPV-PS GFP in Cvi-l-inoculated (A and C) and -uninoculated (B and D)
tissues. E, Control consisting of ArelF{iso4E-] mutant plants inoculated
with PPV-PS GFP. The photographs were taken at 8 (A, C, and E) and 21
(B and D) days postinoculation.
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sion was found to be fully susceptible to the PPV M and D
strains (Table 1), indicating that some PPV isolates are able to
overcome RTM resistance or are RTM independent.

Analysis of the resistance
to PPV-PS long-distance movement in Cvi-1.

The resistance that confines PPV-PS infection to inoculated
leaves in the Cvi-1 accession was analyzed in further detail.
PPV-PS replication does not appear to be inhibited. since the vi-
rus was detected by RT-PCR or by ELISA at 9 dpi in inoculated
rosette leaves (data not shown). The presence of infectious PPV
particles was confirmed by successful back-inoculation from
Cvi-1-inoculated rosette leaves to Nicotiana benthamiana
plants, which developed typical vein clearing and chlorosis PPV
symptoms (data not shown). Absence of virus in the upper
uninoculated tissues indicated that the PPV-PS long-distance
movement was disturbed.

Replication, local movement within the inoculated leaf, and
long-distance movement to distal tissues were assessed by in-
oculation of the Cvi-1 accession with a green fluorescent pro-
tein (GFP)-tagged PPV-PS recombinant isolate. Inoculation of

LG1

0.0 PVV4
5.5 AXR1
11.6 { EC480C HH335CCo

21.9 ~| |~ EC66C
228 —T [— GDB86L

28.8 ~] |- CH160LCo
20.1 ] [\ ccesLCol

38.3 ~J_|- AD121C
38.6 | |~ AD106LCo

46.1 Ge112L

544 ] |- GDA7L
56.6 —TT— EG113L11
60.0 —7 [~ CD8&9C
66.8 ~] |~ BF206LCo
69.7 ~—— CHz00C
75.2 ~| |~ EC88C

80.3 -\_ GD160C
83.5 \J | movi

86.5 ~] |- HH375L
86.8 <] ™ CH215L
93.5 —|_|- BF116C
96.1 —TT— GH157LCo

103.6 CC318C

107.2 CD173L17
111.6 GH127LCo
117.0 HH360LCo

Fig. 3. Map position of rpv/ on chromosome 1 of Arabidopsis thaliana Cvi-
| accession. The rpv! (restricted Plum pox virus) locus was mapped as a sin-
gle gene by MAPMAKER analysis and was positioned between GD160C
and HH375L on linkage group | (LGI). The figure was drawn with Map-
Chart and indicates the genetic distance on the left side (in ¢cM), the markers
on the right side, and the target locus rpv/ 1n bold and underlined.
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Cvi-1 with a GFP-tagged PPV-R recombinant or inoculation of
the AtelF(iso)4E-1 mutant plants served as controls. In the
Cvi-1 accession, the GFP-tagged PPV-R isolate replicated
within the inoculated leaves (Fig. 2A) and spread systemically
into the uninoculated tissues and inflorescences (Fig. 2B). In
contrast, the GFP-tagged PPV-PS isolate accumulated only in
the Cvi-1 inoculated leaves (Fig. 2C) and GFP fluorescence
was never detected in the uninoculated inflorescence tissues
(Fig. 2D). In control inoculated leaves of the AtelF(iso)4E-]
mutant, no GFP fluorescence was observed, irrespective of the
recombinant PPV isolate used (Fig. 2E).

Genetic analysis of the F2 progeny derived from a cross
made between Cvi-1 and Ler (Table 2) showed that restriction
of PPV-PS infection in Cvi-1 segregated as a single recessive
gene (segregation ratio of 1:3; P = 0.098). This Cvi-1 locus
was designated as rpv/ for “restricted plum pox virus.” Since
the rpv! resistance is recessive, while that conferred by the
RTM genes is dominant, restriction of PPV-PS long-distance
movement in Cvi-1 should correspond to a mechanism distinct
from the RTM-mediated pathway.

A mapping population of 162 RIL developed from a cross
between the Cvi-1 and Ler accessions (Alonso-Blanco et al.
1998) was used to identify the genomic region encompassing
rpvi. A single region for the position of rpv/ in the A. thaliana
genome was identified with the different statistical procedures
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assayed. It mapped as a single gene by MAPMAKER analysis
or as a single QTL by interval mapping and composite interval
mapping (CIM) using MultiQTL analysis. The rpv/ locus was
located on chromosome | between the GD160C and HH375L
markers (Fig. 3) and was recurrent over two different pheno-
typing scoring data sets (log of the likelihood ratio [LOD]
score of 12 by MAPMAKER analysis). One marker in this
region, HH375L., had the strongest correlation seen in the QTL
analysis (LOD score of 4.58 by CIM). Interestingly, while the
susceptible parental line Ler was asymptomatic when inocu-
lated with the PPV-PS isolate, the ability to develop symptoms
in response to PPV segregated as a single gene in the Cvi-1 x
Ler progeny (F2 population and RIL). This factor of sympto-
matology should be provided by the Cvi-1 accession but was
masked in the parental line by the resistance conferred by the
rpv] homozygous locus.

Five recombinant viruses constructed between infectious
pGPPV-PS and pGPPV-R full-length clones (Saenz et al.
2000) were used to locate the genetic determinant responsible
for breaking the rpv/ resistance by PPV-R. As shown in Figure
4, the R/Pa23es and R./Pzz[g,?sjj viruses, Cflrl'_\"ing the 5" and 3’
ends from PPV-R. were able to systemically spread on Cvi-1
plants, whereas the complementary recombinant viruses.
P/Rys1p360s and P/Rap 59677, in which the 5" and 3" sequences
come from PPV-PS. did not move outside of the inoculated
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Fig. 4. Schematic representation of the genome of Plum pox poryvirus (PPV) and of the R and PS PPV recombinant viruses tested on the Cvi-1 accession.
PPV-PS and PPV-R sequences are shown as open and filled boxes, respectively. Restriction sites used in the cloning are indicated. A genetic map of PPV,
indicating the positions of the encoded proteins, is shown at the top of the figure. Infectious clones and recombinants are fully described (Sdenz et al. 2000).
The names of the virus proteins are indicated in the genome map at the top of the fizure. HePro is the aphid transmission helper component-proteinase with a
gene silencing suppression ability; CI is the cylindrical inclusion protein with a role in cell-to-cell movement and an RNA helicase activity; VPg is linked to
the 5" end of the genome (circle); Pro is the major proteinase responsible for polyprotein processing; NIb is the RNA-dependent RNA polymerase; CP is the

capsid protein (Urcuqui-Inchima et al. 20013
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leaves, indicating that the ability of PPV-R to break the rpvi
resistance should either be located in the first 2,212 nt ([5'
noncoding region [NCR], P1, and part of the HcPro coding se-
quences) or in the 3" terminal region of the genome (from nt
7,677 to the end. corresponding to the end of the nuclear inclu-
sion polymerase b (Nib) and capsid protein [CP] coding se-
quences, plus the 3' NCR) or that both of these regions are
involved. R/P;s7; revealed that the 3' terminal region from
PPV-R is necessary to overcome the rpv/ resistance. However,
we cannot yet rule out the possibility of a role of the 5" part of
the PPV-R genome.

DISCUSSION

The results presented here demonstrate that A. thaliana is a
suitable host to search for genetic factors involved in control-
ling susceptibility or resistance to PPV infection. PPV isolates
exhibit very different behavior when infecting various A.
thaliana accessions, providing a wide panel of infection phe-
notypes ranging from complete local resistance to full suscep-
tibility, with systemic infection accompanied or not by severe
symptoms. A. thaliana is a small herbaceous plant with a short
life cycle that has become an excellent model for genetic stud-
ies. It is notably different from the usual PPV host plant Prunus
spp.. but the fact that several PPV strains and isolates infect
Arabidopsis plants with different efficiency provides an excel-
lent system to study PPV-plant interactions.

The infection of A. thaliana by many viruses has been previ-
ously reported. Many other viruses systemically infect Arabi-
dopsis accessions but show mild or no symptoms. A few of them
induce severe symptoms in infected organs. such as Turnip
crinkle virus (TCV) (Simon et al. 1992) and Turnip mosaic
virus (TuMV) (Martin-Martin et al. 1999), but they generally
display low variation in the severity of these symptoms. Con-
sequently. limited information is currently available on plant
genes that may condition symptom development in a suscepti-
ble host. In contrast, the results reported here highlight the
existence of wide, isolate- or accession-specific variations in
symptom severity in the PPV-Arabidopsis pathosystem. The
development of PPV-PS—induced symptoms in a Cvi-1 back-
ground appears to be controlled by a single locus, while symp-
tom severity in Ler infected with PPV-R is conditioned by at
least two genes. The genetic determinants of symptom devel-
opment in Ler infected with PPV-R and Bay-0 infected with
the PPV-NAT or PS isolates are currently under study, using
the Lister and Dean and the Bay-0 x Shahdara RIL progenies.
respectively (Loudet et al. 2002).

Variations in symptom severity may correspond to ditferent
processes. In particular, they may reflect variations in the timing
or intensity of virus accumulation or, alternatively, may result
from differential host behavior under comparable virus accu-
mulation conditions (tolerance). Preliminary results tend to indi-
cate that in the Cvi-1 x Ler progeny, symptomatic and asymp-
tomatic plants accumulate PPV-PS to essentially similar levels.
Some single loci controlling symptom development in A.
thaliana have been identified by genetic screens of Arabidop-
sis mutants or accessions (Fujisaki et al. 2004; Lee et al. 1996;
Park et al. 2002; Sheng et al. 1998) and, similar to the Cvi-1 x
Ler situation reported here, virus distribution and accumula-
tion were similar in symptomatic and asymptomatic plants;
none of these genes has been cloned so far. In contrast,
Dardick and associates (2000) showed that, although the
Shahdara accession supports rapid accumulation of TMV and
develops distinctive disease symptoms, full sensitivity is con-
trolled by at least two genes. One confers rapid virus accumu-
lation, while the other determines the severe symptom pheno-
type. This second situation could be parallel to the situation
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observed in Ler inoculated with PPV-R and in which prelimi-
nary results indicate that there could be at least a partial corre-
lation between virus accumulation and symptom severity.

Two Ler mutants debilitated for R gene—mediated resistance,
rard and sgi{b, were susceptible to PPV-SoC, suggesting that
the resistance to inoculation of Ler to this isolate is possibly
controlled by a dominant R gene. Dominant genes controlling
resistance to other viruses in A. thaliana have been described:
HRT for TCV (Cooley et al. 2000), RCY! for Cucumber mosaic
virus (Takahashi et al. 2001), and LLM/ for LMV (Revers et
al. 2003). Further analysis of other accessions showing Ri to
PPV and other mutants affected in the R pathway will be re-
quired to evaluate the generality of the relationship between an
Ri phenotype and one or more R genes. Indeed, many compo-
nents of the R-gene signaling pathways are also involved in
nonhost resistance independently of R genes.

The RTM mechanism restricting virus long-distance move-
ment was initially described as being specific to TEV (Chisholm
et al. 2000; Mahajan et al. 1998:; Whitham et al. 1999, 2000).
This conclusion was based on the observation that Arabidopsis
accessions RTM-restrictive for TEV. such as Col-0 or Ws-2,
were fully susceptible to isolates of several potyviruses such as
Potato virus Y (PVY), Tobacco vein mottling virus (TVMV),
or TuMV. In addition. experiments involving three different
isolates of TEV failed to reveal variability in their behavior
towards the RTM genes (Whitham et al. 2000). By contrast,
the results reported here demonstrate that the long-distance
movement of both PPV-EA and LMV-AF199 is restricted by
the RTM genes in the Col-0 accession. This interpretation is
indirectly supported by the observation that these isolates are
able to systemically infect Arabidopsis accessions known to
carry naturally permissive rfm alleles such as C24 or Ler. The
RTM-mediated resistance, therefore, appears to have a signifi-
cantly broader spectrum of action than was initially hypothe-
sized and could even potentially be envisioned as a broad-
specificity. Porvvirus-specific. long-distance movement restric-
tion system. In such a hypothesis. potyviruses such as PVY,
TVMV, and TuMYV, which are able to systemically invade ac-
cessions carrying restrictive alleles, such as Col-0. would be
interpreted as being able to overcome the RTM-mediated resis-
tance. A similar situation applies to the NAT. PS, and R iso-
lates of PPV, which are able to systemically spread on RTM-
restrictive accessions such as Col-0 and Wassilewskija (Ws
and Ws-2). Despite the cloning of the RTM/ and RTM2 genes
(Chisholm et al. 2000; Whitham et al. 1999, 2000), the one or
more mechanisms by which the RTM genes exert their restric-
tive effect on the potyvirus movement are still a matter of
speculation. The discovery that some potyviruses such as PPV
are able to overcome this resistance in an isolate-specific fashion
opens the way to the identification, through reverse genetics
approaches, of one or more viral resistance-breaking determi-
nants. This information should, in turn, help us to understand
the functioning of this original resistance system.

Another question that remains open is whether the block of
the long-distance movement of RTM-breaking isolates ob-
served in the Kas-1, Shahdara (PPV-R). and Cvi (PPV-PS)
accessions is related to the RTM system or represents yet other
genetic systems controlling potyviral invasion of A. thaliana.
In the case of the Cvi-1 accession, however, the inheritance
pattern reported here is consistent with a single recessive gene
(rpv{). which was mapped away from the known positions of
RTMI and RTM2. Although RTM3 has not yet been cloned,
preliminary mapping data indicate that it is located in a differ-
ent genome position than rpv/ (1. C. Carrington, personal
communication). Therefore, it appears very unlikely that the
rpvi resistance could be related to the RTM-mediated resis-
tance. Given the recessive nature of the rpv/ resistance, the
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most likely hypothesis is that, similar to the eIF4E-mediated
resistance, the RPV gene encodes a plant factor strictly re-
quired by the virus, in this case for infection of uninoculated
tissues. Such a situation would be similar to that reported by
Lartey and associates (1998). who described an A. thaliana
recessive mutant, vsm/, defective for Turnip vein clearing fo-
bamovirus long-distance spread. The preliminary investiga-
tions of the rpv/ resistance-breaking determinant carried by
the PPV-R isolate indicate that it is located either in the C-
terminal end of the NIb or in the CP. The results obtained so
far do not rule out, however, the possibility that multiple de-
terminants located in either the small genomic region identi-
fied, the 5" part of the PPV genome, or both might be in-
volved in this resistance-breaking phenomenon. The CP is
known to be essential for potyvirus long-distance movement
(Carrington et al. 1996; Dolja 1994 Urcuqui-Inchima et al.
2001). Since RPV/ is likely to encode a host factor involved
in PPV long-distance movement and therefore interacting,
directly or indirectly, with viral proteins involved in this
process, it seems reasonable to hypothesize that CP is the
viral resistance-breaking determinant. So far, very little is
known about plant factors contributing to viral long-distance
movement. The positional cloning of the rpv/ gene, which is
currently underway in our laboratory, should provide original
information on this largely unknown process of the potyvirus
infectious cycle.

One key question that will remain once Arabidopsis resis-
tance and susceptibility factors to PPV infection are identified
is whether this new knowledge will be transferable to other
pathosystems and, in particular, to its natural Prunus hosts.
Because of the limited number of proteins encoded by the
pathogen, the virus completely depends on the host factor to
complete its life cycle. Studying recessive resistance genes
provides a good opportunity to reveal host factors required for
susceptibility. Indeed, results obtained with eIF4E and its iso-
form (Decroocq et al. 2005) suggest that searching for reces-
sive genes that condition critical steps of the potyvirus infec-
tious cycle allow the identification of key factors that are
required for PPV infection, both in its herbaceous and peren-
nial hosts.

MATERIALS AND METHODS

Plant and virus materials.

All plants were grown under greenhouse conditions. Initial
seed stocks were obtained from the Nottingham Arabidopsis
Stock Centre (Loughborough, U.K.) or from the Institut Na-
tional de la Recherche Agronomique (INRA) Versailles collec-
tion. Each accession was grown and self-pollinated for one or
two generations before screening. PPV isolates were propa-
gated on N. benthamiana prior to Arabidopsis inoculation. The
LMYV isolate LMV-AF199 described by Krause-Sakate and
associates (2002) was routinely propagated on the lettuce culti-
var Trocadéro.

The Arabidopsis RTM2 T-DNA insertion line in the Col-0
background (SALK_010448) was obtained from the Notting-
ham Arabidopsis Stock Centre. Insertion mutant information
was obtained from the Salk Institute Genomic Analysis Labo-
ratory website. The T-DNA insertion site was confirmed by
PCR, using the T-DNA left border—specific primer LBal 5'-
TGGTTCACGTAGTGGGCCATCG-3" and RTM2-specific
primers LP10448 5'-TGATGACCTGAGACAAAAGAAGAG
A-3"and RP10448 5'-TTCTTGAAGCTTCTTTGCCGC-3".

Construction of pGPPV-R, pGPPV-PS, and the correspond-
ing recombinant clones was described previously (Sdenz et
al. 2000). The recombinant GFP-tagged PPV isolates used in
this work derived from the PPV-R cDNA clone pICPPV-NK-

GFP (Fernandez-Fernandez et al. 2001) and from the PPV-PS
c¢DNA clone pGPPVPS-RnGFPs (B. Salvador, P. Sdenz, J. B.
Quiot, C. Simdn-Mateo, and J. A. Garcia, unpublished results).

PPV inoculation procedure.

Before inoculation, inflorescences of 4- to 6-week-old Arabi-
dopsis plants were removed. Four plants of each accession
were hand-inoculated twice, two days apart, on the upper side
of three rosette leaves. Inoculum was prepared by homogeniz-
ing infected N. benthamiana leaves with three volumes of cold
citrate buffer (Na;Citrate 0.05 M, EDTA 0.5 mM, diethyldi-
thiocarbamic acid 0.02 M, pH 7.8). After each inoculation,
plants were rinsed with water and were maintained in as S3
level containment greenhouse. Samples of inoculated leaves
and new inflorescences were collected 9 dpi, and inflorescence
tissues were collected again at 21 dpi. Additional sampling
was also initially performed at 30 dpi, but since this sampling
time did not provide any additional information, this strategy
was not continued in later experiments (data not shown). For
infection with the PPV-R/PPV-PS chimeras, Arabidopsis
plants were inoculated with fresh sap from N. clevelandii
plants infected with progeny virus derived from RNA obtained
by in vitro transcription of the corresponding recombinant
plasmids (Sidenz et al. 2000).

PPV detection.

PPV replication in inoculated rosette leaves was assayed by
RT-PCR using the P1 and P2 primers (Wetzel et al. 1991b).
Total RNA was prepared following the method of Bertheau and
associates (1998). For RT-PCR reactions, 2.5 ul of total RNA
were added to 22.5 pl of a reaction mixture (TrisHCI, pH 9. 10
mM. KCI 50 mM, bovine serum albumin 0.2 mg/ml, Triton
X100 0.3%, MgCl, 1.5 mM, dNTP 0.25 mM. each primer 1
uM. ABgene Reverse-iTreverse transcriptase blend 1.5 U,
Invitrogen Tag polymerase 0.5 U). A reverse transcription of 15
min at 42°C was followed by 40 cycles of denaturation at 92°C
for 40 s, annealing at 56°C for 40 s, and extension at 72°C for
40 s. Infection on uninoculated inflorescence tissue at Y and 21
dpi was assayed by double antibody sandwich-ELISA using
PPV capsid antibody (M+D antibody, LCA Laboratory,
Blanquefort, France) and, if needed, was confirmed by RT-PCR.
Symptoms were scored visually from 15 to 21 dpi.

Three replicate measurements were made for each acces-
sion. In each replicate, leaves and inflorescences were collected
from four distinct plants of the same accession. F2 populations,
RIL, and mutants were tested similarly to the parental lines.
The ArelF(iso)4E-] transposon-disrupted mutant line (Duprat
et al. 2002; Lellis et al. 2002) was used as a negative control
and, at the time of sampling 9 days after inoculation, the inocu-
lum was detected neither by ELISA nor RT-PCR on inoculated
leaves of this line.

Mapping of the rpv{ locus.

The mapping population consisted of 162 RIL developed
from a cross between the Cape Verde Islands (Cvi-1) and Ler
accessions (Alonso-Blanco et al. 1998). The genetic linkage
map used contains 99 amplification and restriction fragment
length polymorphism markers. The chromosomal location of
the rpv{ locus was determined using the MAPMAKER program
version 3.0 (Lander et al. 1987), and markers were positioned
on the linkage map at a minimum LOD = 3. The genetic map
was drawn with MapChart software (Voorrips 2002). To confirm
the occurrence of one or more genomic regions, a quantitative
trait analysis using MultiQTL software was also performed
(Korol et al. 2001). Information on the DNA markers was ob-
tained from the Arabidopsis Information Resource (TAIR) data-
base and the European “Natural” cooperative database.
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Fluorescence detection of GFP-tagged PPV.

Cvi-1 plants 4 to 5 weeks old were mechanically inoculated
with GFP-tagged PPV isolates on the tip of four to five rosette
leaves as described above. Green fluorescence was scored on
inoculated leaves 4 to 14 dpi and at 19 to 21 dpi in uninocu-
lated organs. Fluorescence was observed using a fluorescence
stereomicroscope MZFL III (Leica Microsystems, Wetzlar,
Germany), equipped with a filter with an excitation window at
470/40 nm for GFP3 and B filters, a barrier filter at 525/50 nm
for GFP3, and 515 nm for the B filter.

NOTE ADDED IN PROOF

After partial sequencing, the authors noticed that the PS iso-
late maintained on N. benthamiana in Bordeaux and used ini-
tially to screen A. thaliana accessions (Table 1) does not corre-
spond to the PS sequence used to generate the infectious GFP-
tagged PS PPV and PS/R recombinants (Sdenz et al. 2000).
However, data presented in this paper are still relevant since
both isolates were compared on the Cvi-1 and Ler accessions
and displayed similar behavior (resistance versus susceptibility).
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2.2.3. Diversité phénotypique des interactions Aradopsis/LMV-PPV

La diversité des phénotypes d’infection identifédéscours du criblage d’'un petit nombre
d’accessions avec le LMV et le PPV nous a dondédid’explorer plus largement cet aspect.
En effet, cribler un panel d’accessions d’Arabidepsprésentant une diversité génétique la
plus large possible devait nous permettre d’idemmtifine large gamme de phénotypes en
particulier des phénotypes de résistance, chacuwapb étre potentiellement contrblés a
priori par des génes distincts. Cela pouvait daeurésenter une base de données dans la
guelle pourrait étre identifié un ensemble de gétesésistance, potentiellement exploitable
pour de la lutte génétique. Nous avons donc propsgos départements INRA de
rattachement (Santé des plantes et Environnemanteart, et Génétique et Améliorations
des plantes d’autre part) de financer une thése paploiter au mieux cette diversité
génétique d’Arabidopsis au travers du criblage €’oallection d’accessions avec des isolats
de LMV et de PPV. C’est ainsi qu’'avec V. Decroofaj, assuré I'encadrement scientifique
d'Ophélie Sicard (Thése de doctorat de I'UniverdtéSégalen Bordeaux2 ; Directeur de
these : Olivier Le Gall) de fin 2004 a fin 2007.

Au cours de cette these, Ophélie a criblé une ctidle de 24 accessions représentant une
large diversité génétique de I'espece (pres de #6%liversité génétique aprés analyse de
plusieurs marqueurs sur une collection de 265 ames effectué a 'NRA de Versailles,
McKhann et al., 2004) avec plusieurs isolats de LM\PPV. Ce criblage a permis de révéler
un ensemble important de phénotypes d’infectiomuie 2) qui représente une base de
données importante dans l'objectif d’'identifier diesteurs de I'héte impliqués dans les
interactions avec les potyvirus. Ainsi par exempks données ont montré que les infections
avec symptémes n'apparaissaient qu’avec le PPYaené relativement fréquentes au sein de
cette collection.

Compte tenu que trés peu de déterminants de lateymologie avaient été identifiés jusque
la, nous avons décidé de focaliser la suite dedsag d’Ophélie sur cet aspect.
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Figure 2 : Diversité phénotypique des interactiongntre Arabidopsis et PPV/LMV. Ri :
pas de multiplication virale ; Rsys: pas de mouseimsystémique ; S : sensible sans
symptome ; S+ : sensible avec symptémes ; R/Sstaése partielle ; Nd : non déterminé

PPV LMV
Accesslions R NAT EA PS Soc @) E AF199
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ND Ri ND Ri Ri
ND Rsys ND ND R/S
S Ri S S S
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S Rsys S S S
ND Ri ND ND R/S
ND Ri ND S S
ND Ri ND Ri Rsys
ND Ri S ND S
ND Ri S S S
ND Ri S S S
ND Ri S S S
ND Ri S S S
ND Ri ND S R/S

L’identification de déterminants de plante contnblda symptomatologie a été réalisée
par une analyse génétique en utilisant deux papuoktde RILs produites d’'une part entre
Col (produisant peu ou pas de symptdbme) et Landsleeecta (Ler, produisant des
symptomes séveres), et d’'autre part entre Capeevstdnd (Cvi) (ne produisant pas de
symptéme) et Ler. Il a ainsi été montré que le da@ra « symptémes » se manifestant sur Ler
apreés infection par le PPV était contr6lé par desde caractére quantitatif (QTL) qui ont pu
étre cartographiés. Ophélie a pu confirmer I'exiseede plusieurs de ces QTL en les isolant
des autres grace a des lignées quasi-isogeniquiés, (Bfoduites dans le groupe de M.
Koornneef (Université de Wageningen, Pays-Bas) guéoous avons collaboré.

Ces travaux ont fait 'objet de la publication sante dans la revue MPMP(blication
[15]). Comme ces données concernées le PPV, la paudaiia caractérisation de ces QTLs
a été prise en charge par V. Decroocq.

93



MPMI Vol. 21, No. 2, 2008, pp. 198-207. doi:10.1094/MPMI-21-2-0198. @ 2008 The American Phytopathological Society

e-Xtra*

Identification of Quantitative Trait Loci
Controlling Symptom Development
During Viral Infection in Arabidopsis thaliana

Ophélie Sicard,! Olivier Loudet,?> Joost J. B. Keurentjes,® Thierry Candresse,! Olivier Le Gall,’

Frédéric Revers,! and Véronique Decroocq’

TUMR Génomique, Diversité et Pouvoir Pathogéne, Institut National de la Recherche Agronomique (INRA)-Université
Bordeaux 2, IBVM, , BP81, 33883 Villenave d'Ornon, France; 2Station de Génétique et d’Amélioration des Plantes, INRA,
route de Saint Cyr, 78026 Versailles cedex; France ®Laboratory of Plant Physiology and Genetics, Wageningen University,

NL-6703 BD, Wageningen, The Netherlands
Submitted 24 July 2007. Accepted 12 October 2007.

In compatible interactions between plants and viruses that
result in systemic infection, symptom development is a ma-
jor phenotypic trait. However, host determinants governing
this trait are mostly unknown, and the mechanisms un-
derlying it are still poorly understood. In a previous study
on the Arabidopsis thaliana—Plum pox virus (PPV) patho-
system, we showed a large degree of variation in symptom
development among susceptible accessions. In particular,
Cvi-1 (Cape Verde islands} accumulates viral particules
but remains symptomless, Col-0 (Columbia) sometimes
shows weak symptoms compared with Ler (Landsberg
erecta), which always shows severe symptoms. Genetic
analyses of Col x Ler and Cvi x Ler F2 and recombinant
inbred line (RIL) populations suggested that symptom de-
velopment as well as viral accumulation traits are poly-
genic and quantitative. Three of the symptom quantitative
trait loci (QTL) identified could be confirmed in near-isog-
enic lines, including PSII (PPV symptom induction 1},
which was identified on the distal part of chromosome 1 in
both RIL populations. With respect to viral accumulation,
several factors have been detected and, interestingly, in the
Col x Ler population, two out of three viral accumulation
QTL colocalized with loci controlling symptom develop-
ment, although correlation analysis showed weak linearity
between symptom severity and virus accumulation. In addi-
tion, in the Cvi x Ler RIL population, a digenic recessive
determinant controlling PPV infection was identified.

Two basic types of interaction exist between a virus and its
host plant: i) a compatible interaction associated with plant inva-
sion and viral multiplication, followed in most cases by the in-
duction of symptoms, and ii) an incompatible interaction with
no or only limited viral multiplication or movement in the host
plant. Plant-virus interactions are relatively well documented,
but efforts have so far focused on resistance (or resistance-
breaking) mechanisms and on the identification of their genetic
determinants. Conversely, the one or more mechanisms control-
ling symptom development in plants are still largely unknown,

Corresponding author: V. Decroocq: E-mail: decroocq@bordeaux.inra.fr;
Fax: +0033-557122384.

*The e-Xtra logo stands for “electronic extra™ and indicates supplemental
material is published online. Three additional figures are available online.
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so that only a very patchy picture of the interaction between a
plant and a virus can be presented.

Genetic factors controlling symptoms in compatible plant-
virus interactions have been studied both on the host and on
the pathogen side. In the host, symptom development has been
reported to be controlled by either monogenic or polygenic ge-
netic determinants, dominant or recessive. For instance, the
symptom determinants in the pathosystems of A. rhaliana and
Tobacco ringspot nepovirus, Spring beauty latent bromovirus,
or Turnip mosaic virus (TuMV) were shown to be monogenic
and semidominant traits (Lee et al., 1996; Fujisaki et al. 2004;
Kaneko et al. 2004). Similar monogenic controls, however re-
cessive, were reported in the case of the symptom development
during infection of A. thaliana by Beet curly top virus and To-
bacco mosaic virus (Dardick et al. 2000: Park et al. 2002). On
Nicotiana tabacum infected with Cucumber mosaic virus
(CMYV), the genetic determinism of symptoms was shown to
be digenic and recessive (Takahashi and Ehara 1993). Finally,
even more complex mechanisms controlling symptom devel-
opment have been observed, with multiple contributing genes.
Such polygenic control is the case with the A. thaliana—Cauli-
flower mosaic virus pathosystem, for which three distinct
quantitative trait loci (QTL) have been identified (Callaway et
al. 2000). Similarly, quantitative symptom determinants have
also been identified in several other pathosystems such as pep-
per-CMV (Ben Chaim et al. 2001), tomato—Tomato vellow leaf
curl virus (Zamir et al. 1994), and Prunus davidiana—Plum
pox virus (PPV) (Decroocq et al. 2005). However, none of
these genes have been cloned yet.

The viral determinants involved in symptom development or
controlling symptom severity have frequently been observed to
be inhibitors of the plant RNA silencing antiviral defense sys-
tem (Dunoyer and Voinnet 2005; Vance and Vaucheret 2001;
Voinnet 2001). Such is, for example, the case for PI/HC-Pro, a
silencing suppressor of the potyvirus TuMV, which appears to
exert its effect through interference with the miRNA-con-
trolled developmental pathway, thus inducing developmental
abnormalities and symptom development in the host plant
(Dunoyer et al. 2004; Kasschau et al. 2003).

As detailed above, the model plant A. thaliana has often been
used for the identification of plant genetic factors involved in
plant-pathogen interactions. Recently, we have shown that PPV,
the causal agent of sharka disease in stone fruit trees, is able to
infect A. thaliana (Decroocq et al. 2006). A wide range of inter-
action outcomes were observed, depending on the host genotype
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or on the particular PPV isolate being used: resistance at the
inoculation point (with no local virus multiplication detectable),
resistance (o systemic viral invasion (with viral accumulation in
the inoculated leaves but not distantly from the inoculation
point), and full systemic susceptibility. Depending on the par-
ticular combination between a susceptible Arabidopsis accession
and the viral isolate, a broad range of reactions were observed,
from the absence of symptoms to severe symptom development.
Initial efforts toward the identification of one or more genetic
factors underlying this variability in symptom development indi-
cated that, when confronted by the PPV-R (Rankovic) isolate.
the difference in response between the Col-0 (Columbia) acces-
sion (mild symptoms) and the Ler (Landsberg erecta) accession
(severe symptoms) is controlled by at least two loci and segre-
gates as a quantitative trait (Decroocq et al. 2006).

The focus of the present study was the further characteriza-
tion of plant determinants controlling symptom development
as well as PPV accumulation in A. thaliana. For that, a quanti-
tative genetic analysis was performed within the Col x Ler F2
and recombinant inbred line (RIL) populations. A similar ap-
proach was followed using populations derived from the Ler
parent and Cvi-1 (Cape Verde islands), an accession that shows
only extremely limited symptom development. The use of
near-isogenic lines (NILs) allowed the confirmation of QTL
identified during the quantitative analysis. Finally, a digenic
and recessive resistance has been identified following the
analysis of the Cvi x Ler population. in which each parent
contributes one resistance genetic determinant.

RESULTS

Symptom occurrence
in Arabidopsis thaliana accessions infected with PPV-R.

To identify the genetic determinants controlling symptom
development and viral accumulation during PPV infection in
A. thaliana, a detailed phenotypic characterization of the most
promising Arabidopsis accession and viral isolate combina-
tions identified by Decroocq and associates (2006) was per-
formed. Two parameters were scored, i.e., the virus accumula-
tion in infected plants and symptom development. Approxi-
mately 2 weeks after inoculation up to 21 days postinoculation
(dpi), each inoculated plant was rated visually for symptoms
(SYMP). A score was given to the obtained phenotype follow-
ing a notation scale between 0 (no symptom but viral accumu-
lation) and 4 (Fig. 1). At three weeks postinoculation, virus
accumulation (ACC) was determined by optical density and a

1:100 dilution was performed in order to have a better value
distribution. The PPV-R isolate was selected because it results
in a wide range of infection phenotypes in different accessions
and because an infectious cDNA clone of this isolate is avail-
able, thus eliminating potential problems associated with ge-
netic drift of the isolate between experiments.

Upon inoculation with PPV-R, the three A. thaliana acces-
sions Ler, Col-0, and Cvi-1 differed substantially in symptom
development and virus accumulation. The Ler accession
showed the most consistent response. All of the 99 inoculated
plants developed severe symptoms (SYMP = 3.0 £ 0) and heav-
ily accumulated the virus in noninoculated inflorescence tissues
(ACC = 40.7 = 8.6% of the positive Nicotiana benthamiana
control). Plants of the Col-0 accession showed a more variable
phenotype but, overall, expressed much milder symptoms than
Ler (SYMP = 1.29 = 1.25). lirespective of the presence of
symptoms, all inoculated Col plants accumulated PPV-R but
with substantial variation in the accumulation level (ACC of
40.0 £ 35% of positive control). There was only a weak corre-
lation between symptom severity and viral accumulation (R of
0.42). The Cvi accession showed an extremely variable re-
sponse. Of 96 inoculated Cvi plants, 69 did not accumulate the
virus in the noninoculated tissues and, therefore, were consid-
ered to be resistant. In all other experiments performed. a simi-
lar fraction of the inoculated Cvi plants were found to fail to
accumulate the virus (discussed below). This observation was
in contrast with our previous data (Decroocq et al. 2006), in
which we reported Cvi to be a susceptible, symptomless host
of PPV-R. This discrepancy may be explained by the fact that
the noninfected plants observed by Decroocq and associates
(2006) were considered as inoculation escapes and were there-
fore discarded from further analyses.

Of the remaining 27 Cvi plants in which viral accumulation
was detected, only four developed weak symptoms (SYMP =
1.6 + 0.75), all other plants remained symptomless. In all ex-
periments performed in this study, these four Cvi plants were
the only ones that developed symptoms upon PPV-R inocula-
tion. The 27 PPV-R-accumulating plants had a mean ACC
value of 42.4 = 44.6% of the positive control and could be
separated in two groups: 12 plants accumulating the virus at
high levels (ACC = 86.0 £ 30% of control) and 15 accumulat-
ing the virus at a low levels (ACC = 7.5 = 3%). The four plants
that showed symptoms belong to the high-accumulating group.

[t should be noted that the SYMP scores are relatively stable
from one experiment to another but that the ACC values can
vary substantially. This variation may be a consequence of

Fig. 1. Various degrees of symptom severity in the Columbia x Landsberg erecta recombinant inbred line population. Similar phenotypes were observed in
the Cape Verde islands x Ler population. Healthy plants are on the left of each picture and inoculated plants, on the right. A, Plants exhibiting symptoms
scoring 1, one floral hamp with top incurvation, B, plants showing symptoms scoring 2. a majority of the floral hamps are curved but no or very low reduc-
tion size, C. plants showings a phenotype scored 3 with all hamps presenting incurvation and a strong reduction of their size. and D, plant corresponding to a
symptom score of 4, with heavily reduced hamp development and stunted hamp. E, Details of a symptomatic floral hamp.
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changes in environmental conditions, which may influence the
virus accumulation in the Arabidopsis host plants or even in
the N. benthamiana positive control. However, when evaluated
simultaneously, the difference in response of the various acces-
sions was always consistent and reproducible in various experi-
ments. PPV-R accumulation was always found to be higher in
Ler than in Col (discussed below), while comparable average
accumulation levels were reached in Ler and in Cvi (though
with a larger standard deviation for Cvi). However, the high-
accumulating subpopulation of Cvi clearly reached higher viral
titers than any other evaluated plant, despite the fact that these
plants displayed no or only mild symptoms.

Phenotypic variation in F2 populations.

In order to determine the genetic basis controlling the SYMP
and ACC traits, F2 populations derived from the Col x Ler and
Ler x Cvi crosses were inoculated with PPV-R, and SYMP
and ACC were scored on individual F2 plants. Both traits
showed a normal distribution (Supplemental Fig. S1) in the F2
Col x Ler population. In the Cvi x Ler F2 population, ACC
values were also normally distributed, but this was not the case
for the SYMP trait. In addition, no virus could be detected in
the inflorescence tissues of 12 of the 110 inoculated F2 plants.
Given the 100% infection rate observed in the plants of the Col
x Ler population and the resistance phenotype observed in part
of the Cvi PPV-R-inoculated plants, these 12 plants are
unlikely to be inoculation escapes but should rather be consid-
ered as resistant to PPV-R. The analysis of this resistance is
described below.

For both traits, transgressive segregation was observed in all
populations. In particular, a substantial number of plants (be-
tween one-quarter and one-third) of the F2 populations devel-
oped severe symptoms (Fig. 1, score 4 on the symptom scale),
whereas such symptom intensity was never observed in any of
the parents. These data suggest that SYMP and ACC are quan-
titative traits controlled by multiple genes.

Correlation, genetic effect, and heritability.

RIL populations derived from the Col x Ler (Lister and
Dean 1993) and Ler x Cvi (Alonso-Blanco et al. 1998b)
crosses were inoculated with PPV-R, and SYMP and ACC
were scored. For each RIL, the values obtained were averaged
over five (101 Col x Ler RILs) and four (156 Cvi x Ler RILs)
individual plants, respectively. For the Col x Ler population,
100% of the inoculated RILs showed viral accumulation. For
the Cvi x Ler population, 24 of the 156 RILs did not show de-
tectable virus accumulation and were classified as resistant to
PPV-R infection. Resistance is defined in this study by the
absence of the virus in noninoculated leaves and, therefore, the
absence of symptoms. These RILs were used for the analysis
of the resistance (discussed below) but were excluded from
further analysis of the SYMP and ACC traits, since the effect
of the virus on its host was biased. The correlation between
SYMP and ACC scores was evaluated for each RIL popula-
tion. In both crosses, the symptom severity showed only weak

correlation with viral accumulation (Supplemental Fig. S2).
Coefficients calculated with the statistical software R showed
average (0.48, P = 90.71 x 107 to weak (0.23, P = 0.2 x 107)
correlation in the Col x Ler and Ler x Cvi populations, respec-
tively. For example, in both populations, RILs could be
identified that have severe symptoms (SYMP score = 3) with
ACC scores of between 25 and 90% of the positive control.
Conversely, other RILs presented weak or no symptoms but a
high virus titer.

Fischer’s F-values and heritabilities, obtained from the analy-
sis of variance (ANOVA) on RIL population data, are presented
in Table 1. The genetic effect is highly significant for both traits
(P(f) < 0.0001) in the two populations. Heritabilities of 43 and
54% were obtained in the Col x Ler population for the ACC
and SYMP traits, respectively, indicating that approximately
half of the variation observed in the phenotype can be explained
by genotypic differences. For the Ler x Cvi cross, heritabilities
were even higher for both traits (75 and 65% for ACC and
SYMP, respectively).

QTL analysis.

The QTL analyses were performed on the Col x Ler and Cvi
x Ler RIL populations and using the quantitative values for the
SYMP and ACC traits described above as phenotypic data.

Concerning the Col x Ler population, three QTL were de-
tected for the ACC trait on chromosomes 1 (ACC/), 3 (ACC3),
and 5 (ACCS), respectively (Table 2, Fig. 2). The Ler alleles of
the ACCI and ACC3 QTL increased ACC values (positive addi-
tive effect), while the Ler allele of the ACC5 QTL decreased
ACC values (negative additive effect). The occurrence of mul-
tiple QTL with opposite additive effect segregating independ-
ently is expected to cause transgression above the parental Ler
phenotypic value (Table 2). The percentage of phenotypic vari-
ance explained by each QTL ranged from 9 to 17%. Two QTL
were found to contribute to the SYMP trait explaining respec-
tively 13 (PSII.1, PPV symptom induction, located on chro-
mosome 1) and 17% (PSI3, located on chromosome 3) of the
phenotypic variance. A weak epistatic interaction, significant
at o = 0.05, was detected between these two QTL. PSII./
maps on top of chromosome 1, near the nga59 marker. This
position is very close to that identified for the ACC/ QTL
(marker ve006), being only 12 c¢cM distant. The other SYMP
QTL, PSI3, colocalizes with the ACC3 QTL on chromosome
3, since it is linked to the same marker, m424.

In the Cvi x Ler population, only one QTL for the ACC trait
could be identified, ACC4 on chromosome 4, with a negative
additive effect (ACC values of Cvi are greater than those of
Ler). For the SYMP trait, because of the nonnormal distribu-
tion of the data in the Cvi x Ler F2 and RIL populations, a
Kruskal-Wallis rank-sum test was performed. Results identified
three contributing loci on chromosomes 1 (PSI1.2), 2 (PSI2),
and 5 (PSI5) (Table 2 and Fig. 2), with explained variances of
13.5, 5.6, and 9.2%, respectively. PS§1/.2 and PSI2 had positive
additive effect (SYMP values of Ler are greater than that of
Cvi) while PSI5 had a negative additive effect (SYMP values

Table 1. Phenotypic variation for viral accumulation (ACC) and symptom development (SYMP) in recombinant inbred line (RIL) populations

Trait Columbia ( Col) mean Landsberg erecta (Ler) mean  RIL mean  RIL range (min to max)  Fischer’s F*  Heritability { %)
ACC 40.34 (£35.8) 75.16 (£ 19.7) 58.01 13.01 to 98.8 342k 43
SYMP 1.29(x 1.25) 34 (£0.84) 2.94 0.25t0 4 4,73 54
Trait Cape verde islands (Cvi) mean Ler mean RIL mean  RIL range (min to max)  Fischer’s ¥ Heritability { %)
ACC 53.56 (£ 11.54)° 37.73(x6.9) 34.31 14.37 to 86.52 Q.48 %5 75
SYMP 0 3 .11 0.25t0 4 6.24% %% 65

& ##% = gignificant at the 0.01% level.
® Mean calculated with infected plant (with virus accumulation).
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Table 2. Quantitative trait loci (QTL) controlling viral accumulation ( ACC) and symptom development (SYMP) in the Columbia (Col) % Landsberg erecta

(Ler) and in the Cape verde islands {(Cvi) % Ler recombinant inbred line populations

Trait Chr* QTL name Nearest marker LOD score

Additive®

PEV*

QTL controlling symptom and viral accumulation in the Col x Ler population after infection with the Plin pox virus Rankovic (PPV-R) isolate

SYMP 1 PSI1.1 nga59 3.7797 -0.3514 13.15
3 PSI3 mé24 4.4367 —0.439 17.4
ngad9 x m424 0.03394 4.65
ACC 1 ACCI vell6 2.8513 —5.7044 9.66
3 ACC3 m424 4.2848 —8.3012 15.07
5 ACCS ngal39 3.287 7.5449 16.59
Trait CHR QTL name Nearest marker LOD score Additive® PEV*
QTL controlling viral accumulation in the Cvi x Ler population after PPV-R infection
ACC 4 ACCH EC.306L 341 —0.0583 11.84
Trait CHR QTL name Nearest marker Mean rank Ler Mean rank Cvi PEV® K*
QTL controlling symptom development in the Cvi x Ler population after PPV-R infection
SYMP 1 PSI1.2 PVV4 1.65495 0.773522 13.5 FEERES
2 PSI2 FD.150C 1.49876 0.804489 5.6 EEE
3 PSI3 GH.117C 0.876126 1.6423 9.2 FEEE

* CHR = chromosome: LOD = logarithm of the odds ratio.

" In the Col % Ler population, a negative value indicates the contribution of the Ler parent and in the Cvi % Ler population. this information is given by a
positive value.

* Percentage of variance (PEV) explained by the QTL.

9 Value given is the P value instead of the LOD score. at the 5% level.

¢ P value associated with the Kruskal-Wallis test: ##% = 0.01 ###+% = 0,005 and *##*%* = 0.005.

Ch 1
romosome Chromosome 3

PSI1.1 Y 0 0 PSI1.2
0
ACC 1 10 Chromosome 2 v 0
20 2 5 0 Q 56 10
30 30, 10 10. 30 20,
40 4 20 20 40 30
50 5 55 30! 50 .
B ¢ 40 40 § PSi2 60 50
70 7 & 50 5 80
. 5 60 = PSi 3 80 e
90 9 70 l l - 80
100 10 - Col xer ™ oC3
i e CvixLer Col der Cvixler
120 12
130 13
14
Col der Chromosome 5
Cvix Ler Chromosome 4 o 0
0 = 10 1
10 10 20 2
20 20 ACCS * i 3
30 ag ACC 4 40 4 T PSI35
40 " 50 5
50 &0 60 8
60 80 70 7
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80 an 90 9
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Fig. 2. Columbia (Col} x Landsberg erecta (Ler) (left chromosome) and Cape Verde islands (Cvi) x Ler (right chromosome) genetic maps showing quanti-
tative trait loci (QTL) for symptom severity (red square) and virus accumulation (green star). Vertical lines associated with each QTL denote the 2-LOD
(logarithm of the odds ratio) support interval. Approximate positions of resistance genes are indicated with a purple arrow. Units shown are in centimorgans,
and markers used to construct the genetic maps are depicted as blue closed circles.
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of Cvi are greater than those of Ler). Interestingly. PSI/.2,
cosegregating with the PVV4 marker, colocalizes with the
FPSI1.1 QTL detected in the Col x Ler RIL population. How-
ever, despite colocalization and similarity in additive effect, we
cannot rule out, at this stage, that PSII./ and PSI/.2 are two
distinet loci.

QTL confirmation and fine mapping vusing NILs.

To confirm and fine-map the PSI/ QTL located on top of
chromosome 1, seven NILs (Keurentjes et al. 2007), each con-
taining a different Cvi introgression in a Ler background, were
used (Fig. 3). As PSI/ is genetically linked to the PVV4
marker, LCN1-2.3, LCN1-2.4, and LCNI1-2.5 should not con-
tain the Ler allele of PSI/, whereas LCN1-2.10, LCN1-2.11,
LCNI1-2.12, and LCN1-2.16 should. Indeed, after inoculation
of this set of NILs by PPV-R, LCN1-2.3, LCNI1-2.4, and
LCNI1-2.5 did not develop any symptoms, despite the fact that
they accumulated the virus in their inflorescence tissues to
concentrations similar to those observed in the other four NILs
that developed severe symptoms (mean scores between 2.4 and
2.8) (Fig. 3). These results confirm the PSI1.2 QTL and demon-
strate a major effect of this QTL on the development of symp-
toms in response to infection by PPV-R. The distinct phenotypes
of the NILs LCNI1-2.3 and LCN1-2.10 locate FSI11.2 between
0 and 1,471 kbp at the long distal part of chromosome 1.

::::i ’
~. ’

PS11.1 was also confirmed by using a Col x Ler NIL called
SRL1-52-10/1. which contains a Ler introgression between 0
and 24 ¢cM on chromosome | in a Col background (Fig. 4). A
SYMP score of 2.8 £ 0.3 was recorded for this NIL, signifi-
cantly higher than the symptom score of the Col parent (1.4 =
1.1), while there was no significant difference in viral accumu-
lation (42.0 = 9% compared with 52.0 £ 24%).

The PSI3 QTL detected in the Col x Ler population, having
a positive additive effect, could be confirmed using the SRL3
NIL, which contains a 10-cM Ler introgression in a Col back-
ground (Fig. 4). The PPV-R—infected SRL3 NIL showed a sig-
nificantly higher SYMP score than that of the Col parent (3.2 =
0.4 compared with 1.4 = 1.1), despite the fact that virus accu-
mulation, with an ACC score of 45.0 = 10% for SRL3. was not
significantly different from that observed in Col (52.0 = 24%).

To confirm PS5, the SYMP QTL identified on chromosome
§ with Cvi alleles increasing symptom severity (Table 2), two
NILs with a Cvi introgression in a Ler background, LCN5-4
and LCNS-7, were inoculated with PPV-R. LCN5-7, which
carries a large Cvi introgression covering the QTL region, dis-
played extremely severe symptoms (mean SYMP score of 4.0,
with 7 of the 11 tested plants ultimately dying from infection.
which, in this study. was never observed in the Ler parent).
This score is significantly different (P(f) < 0.0001) from that
for LCN5-4, which carries a smaller, nonoverlapping Cvi

Symptom score  Viral

accumulation
LCN1-25 0 58 £13
LON124 [ 0 68 +23
LCN1-23 [ 0 40 £ 14
LCN1-2.10 — 5.4 SOE 5319
211
LeN1-2.11 T 28404 50 +9
212
LCN1-2.12 - 28+04 5910
LCNT-2.16 NN W ., 54 +10
= 'T§
: 3%
Cvi-1 [ ] 0 86 £30
L |
o 3 40.7+86

Fig. 3. Schematic representation of near-isogenic lines {NILs) showing chromosome | Cape Verde islands (Cvi) introgressions (in gray) in a Landsberg
erecta (Ler) background (in black) and their responses to Plum pox virus Rankovic (PPV-R) infection (symptom score and viral accumulation).

Col-0 SRL1-52-1011

Fig. 4. Representation of two near-isogenic lines (SRL 1-32-10/1 and SRL3) showing chromosome 1 and 3 Landsberg erecta introgressions (in black) in a
Col-0 (Columbia) background (in hatched black) and their phenotypic responses to Plum pox virus Rankovic infection, compared with the Col-0 parent.
Healthy plants are on the left and infected plants on the right. The red star indicates the approximate quantitative trait loci positions on chromosomes 1 and 3.
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introgression, or for the Ler parent (3 = (0 and 3 = 0.4, respec-
tively) (Fig. 5). The direct comparison of symptom develop-
ment in the two NILs thus confirms the PSI5 symptom QTL
and demonstrates the additive effect of the Cvi PSI5 allele in a
Ler background (Fig. 5), namely a dramatic increase in symp-
tom severity. The opposite effects for the various SYMP QTL
explain, at least partly, the transgression observed for the
SYMP phenotypic trait values in the Cvi x Ler F2 and RIL
populations.

Since the 2-LOD (logarithm of the odds ratio) ACC/ and
ACC?3 intervals overlap with the PSI/.{ and PSI3 SYMP QTL,
the phenotypic analyses of the SRL1-52-10/1 and SRL3 NILs
reported above were also used to try to confirm the two ACC
QTL. Since. in both cases. viral accumulation in the NILs was
not significantly different from that observed in the recurrent
Col-0 parent, we were not able to confirm the effect of any of
these two QTL. Similarly, the ACC4 QTL was not confirmed
in the PPV-R—infected LCN4-3 NIL (Keurentjes et al. 2007).

Resistance determinants in the Cvi x Ler population.

In the Cvi x Ler F2 population, 12 of the 110 inoculated
plants failed to accumulate PPV-R to detectable levels in their
inflorescence tissue. In the corresponding RIL population, 24
of the 156 RILs behaved similarly (discussed above). indicat-
ing that one or more resistance factors segregate in these popu-
lations. A first resistance determinant originating from the Cvi
parent was mapped on chromosome 1 between the CH.200C
and EC.88C markers, with a LOD score of 4.89 (Fig. 2). Inter-
estingly. it colocalizes with the rpv/ locus, conferring resistance
to the PPV-PS isolate, identified by Decroocq and associates
(2006) in Cvi. As expected from a recessive resistance model,
the Ler (susceptibility) allele at this position is strongly associ-
ated with susceptibility (of 88 RILs that have the Ler allele at
this position, 85 are susceptible to PPV-R as demonstrated by
detectable viral accumulation in the inflorescence tissue). On
the other hand, the Cvi allele is not correlated with resistance.
Of 46 RILs with the Cvi allele, 25 are susceptible and 21 are
resistant, indicating that a second genetic determinant may be
needed for resistance. Those data were confirmed by using the
frequency of resistant plants in each of the 156 RILs (data not
shown). Due to nonnormal distribution of the data, a nonpara-
metric test was performed and showed the closest linkage of
rpvi with the EC.88C marker (significance of 5 x 107).

Using the subpopulation of the 46 RILs carrying the Cvi
allele, a second determinant, named rpv3. originating from the
Ler parent, was mapped close to the EC-235L genetic marker
on chromosome 2, with a LOD score of 5.09. Again, the pre-
dictive value was high for the susceptibility allele at this locus
(of 56 RILs with the Cvi susceptibility allele, 50 are suscepti-
ble) but not for the resistance Ler allele (75 susceptible and 18
resistant). Analysis of the four genotypic classes for the two

LCN5-4

loci (Supplemental Fig. S3) suggests that the resistance is con-
ferred by the simultaneous action of at least two recessive
genes on linkage groups 1 and 2.

To determine if this resistance is PPV-specific, two resistant
and two susceptible RILs were inoculated with two other poty-
viruses, LMV-AF199 (for which Cvi is resistant and Ler
symptomless susceptible) (Revers et al. 2003) and TuMV-UK1
(Cvi and Ler are both susceptible and exhibit symptoms)
(Martin Martin et al. 1999). The two resistant RILs carried
resistance alleles at both loci controlling PPV resistance but
lacked the gene controlling resistance to LMV-AF199 infec-
tion described by Revers and associates (2003 ). The four RILs
displayed symptoms upon TuMV-UKI inoculation, and analy-
sis of viral accumulation indicated that they were symptomless
susceptible to LMV-AF199, demonstrating that this recessive,
digenic resistance does not confer broad-spectrum protection
against potyviruses (data not shown).

DISCUSSION

In this work, we have analyzed the genetic basis of symptom
development during viral infection in A. thaliana. F2 and RIL
populations originating from two different crosses were used
to evaluate the variability of symptom severity as well as of
virus accumulation in Arabidepsis inflorescences infected with
the PPV-R isolate. For both traits, the quantitative variations
observed were shown to be complex regulated. Quantitative
trait analysis allowed the mapping of a number of genetic de-
terminants for both traits in two RIL populations, Col x Ler
and Cvi x Ler.

With respect to symptom severity, two to three QTL were
reported, depending on the segregating population, while for
virus accumulation, one to three QTL were observed. The effect
of each QTL was moderate to medium (explained variance
ranging from 5.6 to 17.4%), but a high percentage of explained
phenotypic variance was observed when considering all the
covariants (total explained variance in the Col x Ler popula-
tion is 45% for SYMP and 38% tor ACC). These relatively low
explained-variances values are in agreement with the sig-
nificant but relatively low heritability values observed for both
traits, in particular in the Col x Ler population. These observa-
tions can be explained by several reasons that are not mutually
exclusive.

A first one is that the phenotyping strategy used did not
allow a sufficiently precise and reproducible evaluation of the
quantitative traits under study. In this context, it is noteworthy
that the large-scale evaluation of the Col and Cvi parents
showed significant plant-to-plant variability, in particular for
the ACC trait, as indicated by the large standard deviations ob-
tained. Moreover, from one experiment to another, substantial
variations in ACC values were observed for the parental lines.

LCN5-7

Fig. 5. Representation of two near-isogenic lines (NILs 46 and 55) showing chromosome 5 Cape Verde islands-1 introgressions (in gray) in a Landsberg
erecta background (in black) and their phenotypic responses to Plum pox virus Rankovic infection. For each NIL, healthy plants are on the left and infected
plants on the right. The red star indicates the approximate quantitative trait loci position on chromosome 3.

Vol. 21, No. 2, 2008/ 203

99



It is thus conceivable that a phenotyping performed under
more stable conditions than those available in the BL3-level
containment greenhouse required for PPV manipulation could
have allowed a more powerful QTL identification.

A second reason that could account for intermediate level
heritability values and low impact of the identified QTL is that
these traits are controlled by a larger number of genetic deter-
minants, each contributing only little to the overall trait. The
confirmation of some QTL by NILs does not support this hy-
pothesis. However, we cannot rule out the occurrence of many
more QTL that we failed to detect because of their small
effect.

Whatever the reason or reasons for the moderate to low ex-
plained variances of the QTL detected, the involvement of
these genetic determinants in the traits studied was confirmed
by independent detection in the two different recombinant
populations in the case of the PSI/ locus and the use of NILs
for at least two other QTL. Besides FSI/, no other QTL were
identified in both RIL populations, The simplest explanation is
that this could be due to environmental effect, since the popu-
lations were tested separately. Three types of QTL-environ-
ment interactions have been proposed to explain differential
QTL detection while using at least one similar parent (Li et al.
2003): i) some QTL are expressed in one environment and not
in another, ii) QTL can be expressed more in one condition
than in an other, or finally, iii) QTL can have opposite effects
in two different environmental conditions. However, another
explanation is that different genetic factors are polymorphic in
the two crosses or that effects are dependent on genetic back-
ground. Similarly, at least two other studies showed contrast-
ing effects of Ler alleles in distinct crosses (El-Lithy et al.
2006: Symonds et al. 2005).

The use of connected crosses has been proposed to increase
the genetic variability addressed and to test for epistatic inter-
actions between QTL and the genetic background. Such an ap-
proach allows increasing the power of QTL detection, owing
to a higher probability that a QTL will be polymorphic in at
least one cross. Despite those potentialities, we detected only
weak epistatic effect between the above QTL and in one single
population, Col x Ler. Similarly to what was observed in our
study, others reported poor QTL congruency when analyzing
six connected maize populations (Blanc et al. 2006).

A direct validation of the phenotypic effect of the three symp-
tom QTL, PST{, PSI3, and PSI5 was obtained using NILs.

The location of PSI/ was narrowed in Cvi-introgression
lines to a small segment of approximately 1,500 kb at the dis-
tal part of chromosome 1. Usually a QTL will account for only
a small fraction of the genetic variation as revealed by quanti-
tative analysis in the recombinant populations. This was con-
firmed in NILs, as shown for PSI3 and PSI5. However, surpris-
ingly, analysis of the introgression lines covering the PSII inter-
val revealed qualitative variation, since PSI/1 alone leads to
symptom development upon PPV infection. PSI/ accounts,
therefore, for a major part of the symptom trait and appears to
act independently from other loci. However, the low explained
variance suggests that symptom development can be dimin-
ished by other Cvi or Col loci.

On the contrary, we showed that the presence of the Cvi
PSI5 allele in NILs produced more severe symptoms than in
the parent Ler. Since Cvi is asymptomatic when infected with
PPV-R. we hypothesize that the presence of symptoms requires
at least the Ler PSI1 allele and the Cvi PSI5 allele acts syner-
gistically with PS//, causing the recombinant lines to exceed
the parental phenotypes.

Similarly, the quantitative effect of the PSI3 QTL on symp-
tom severity was demonstrated through the use of lines carry-
ing Ler introgressions in a Col-0 background. Based on the
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results obtained in both Cvi and Ler introgression lines, we
postulate that PS{1 and the PSI3 or PSI5 are functionally inte-
grated components determining symptom development and
severity.

This work also points out another interesting element that
concerns the relationship between the two traits studied. symp-
tom development and virus accumulation. It is commonly ac-
cepted that a positive correlation exists between fitness and
virulence that corresponds to the basic trade-off model
(Anderson and May 1982: Ewald 1983: Frank 1992; Nowak
and May 1994). In contrast, in our experimental populations,
we found little evidence of correlation between virus accumu-
lation and symptom severity, though at least two accumulation
QTL, ACC! and ACC3, colocalize with PSI] and PSI3, re-
spectively. In the Cvi X Ler population, no colocalization be-
tween SYMP and ACC QTL was detected. Noteworthy, some
Cvi x Ler RILS and NILs consistently presented a high virus
titer but no symptoms at all. Three models have been proposed
to explain possible association between two traits mapping to
the same genetic locus (Lebreton et al. 1995): i) two closely
linked QTL control the two traits independently, ii) one single
QTL controls both trait. iii) or one QTL controls one trait that
is causally associated to the other one. However, we could not
rule out one or the other model concerning the QTL controlling
symptom severity and virus accumulation on chromosomes 1
and 3.

Although multiple determinants for symptom development
and severity were detected, transgressive segregation resulted
in several RILs of the Cvi x Ler population that were fully re-
sistant upon PPV infection. The data presented here indicate
that both parents possess genetic determinants that atfect PPV
infection. Cvi shows intermediate susceptibility to PPV-R in-
fection, while Ler is fully susceptible. Therefore, the genetic
basis for the PPV-R resistance in the Cvi x Ler RILs is more
complex than can be explained by a single-gene model. Our
data points out to a recessive resistance conditioned by two
unlinked loci. one coming from Cvi and the other from Ler.
The nature of this resistance is still unknown. Since initially
PPV-R was detected in inoculated Cvi leaves (Decroocq et al.
2006), we hypothesized that this partial resistance was related
to an inhibition of PPV long-distance movement. However, in
a rpviirpv3 background, the mechanism leading to the digenic
resistance has not yet been described. It should be noted that in
two other model plants, tobacco and soybean, a similar digenic,
recessive mechanism that restricts virus long-distance movement
was described (Goodrick et al. 1991; Schaad and Carrington
1996). For example, Tobacco etch virus is able to establish
infection and move from cell to cell in inoculated leaves of
tobacco line V20 carrying two unlinked recessive genes, but
systemic infection in distal tissues is impaired (Schaad and
Carrington 1996). Recently, Ruffel and associates (2006) also
identified digenic, recessive determinants controlling the resis-
tance to Pepper veinal motile virus (PVMYV) infection in pep-
per. But in this case, PVMYV is restricted early during infection
in the inoculated leaves, and the resistance is linked to the
elF4E and elFiso4E eukaryotic initiation factors.

Since recessive genes that control these restriction pheno-
types are important to dissect the host requirements for virus
infection, positional cloning of Arabidopsis genes is currently
going on. One of them is mapping in the same region as the
previously mapped resistance gene rpv/ (Decroocq et al
2006). rpv! is controlling the resistance to PPV-PS infection.
and we hypothesize that it is also partially controlling infection
by PPV-R. The second recessive gene mapped at the bottom of
chromosome 2 and is holding from Ler. Neither the rpvi nor
rpv3 locus is colocalizing with the Arabidopsis elF4E and iso-
form copies.
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In this study, QTL mapping provided a means of identifying
specific host factors associated with symptom development
during virus infection. These results will be further coupled
with fine-scale mapping, followed by QTL positional cloning.
PSI1 will be our first candidate. It is also noteworthy that we
failed initially to detect PSI/ dominance over other QTL, de-
spite the significant major effect of PSI{ in NILs. This result
illustrates the limit of resolution typical of QTL studies and is
even more accurate when detecting loci explaining only a
small part of the trait variation.

MATERIALS AND METHODS

Plant materials.

F2 and RIL populations derived from the crosses between
Col-0 and Ler (Lister and Dean 1993) and between Cvi-1 and
Ler (Alonso-Blanco et al. 1998b) were obtained from the Not-
tingham Arabidopsis Stock Center (NASC) or from the Institute
for Agronomy Research (INRA)-Versailles collection. Plants
were grown in a BL-3 containment greenhouse under tempera-
ture- and humidity-controlled conditions (20°C and relative
humidity of 60%).

A total of 102 F2 individuals of the Col x Ler population
and six replicates (one mock-inoculated control and five inocu-
lated plants) for each of the 101 RILs derived from this cross
were phenotyped following PPV-R inoculation.

Similarly, 110 F2 individuals of the Cvi x Ler population
and five replicates (one mock-inoculated control and four in-
oculated plants) for each of 156 RILs derived from this cross
were also phenotyped consequently to PPV-R inoculation.
This experiment was performed using a complete random-
block design.

NILs derived from the Col x Ler cross and in which Ler ge-
nomic regions have been introgressed into a Col-0 background
were provided by M. Kearsey (University of Birmingham,
U.K.) or were obtained from the NASC (Koumproglou et al.
2002). NILs originating from the Ler x Cvi cross and in which
Cvi-1 genomic regions were introgressed into a Ler back-
ground have been developed at the Wageningen Agricultural
University (Alonso-Blanco et al. 1998a; Keurentjes et al.
2007). A rotal of 12 to 24 replicates of each NIL were tested by
inoculation with PPV-R.

Virus material.

The PPV-R isolate is available as an infectious cDNA clone
called pICPPV (Saenz et al. 2000). It was initially inoculated
by particle-gun bombardment and was then further propagated
in N. benthamiana. The inoculation of Arabidepsis plants with
PPV-R was performed as previously described (Decroocq et al.
2006).

Two other potyviruses were also used: TuMV, available as
an infectious clone of the UK1 isolate (Jenner et al. 2000) pro-
vided by F. Ponz (Centro de Investigacion y tecnologica del
Instituto Nacional de Investigaciones Agraria, Madrid) and
propagated on turnip, and LMV-AF199, available in our labo-
ratory (Krause-Sakate et al. 2002) and propagated in lettuce
(cv. Trocadéro). Both viruses were inoculated as for PPV,

Phenotyping.

RIL and F2 plants were monitored for the appearance of
symptoms and were scored 15 to 21 dpi. PPV symptoms con-
sist of inflorescence distortions with more or less severe stunt-
ing. In severe cases, yellowing or browning of the inflorescen-
ces is also observed. Scoring of symptom severity was per-
formed using a notation scale ranging from 0 to 4: 0 corre-
sponds to plants in which the virus is present but that show no
morphological differences as compared with the healthy plant:

1 to plants with no stunting but showing top incurvation on a
single floral hamp, 2 to plants presenting distortions on a ma-
jority of hamps but with only a slight reduction of their size, 3
to plants with distortions on all floral hamps and showing a
strong growth reduction, and finally, 4 to plants with complete
inhibition of floral hamp development and severe stunting of
the whole plant (Fig. 1). The scoring of F2 populations and
RILs was performed at least twice by two independent evalua-
tors. The final score used is the mean of these independent
scorings.

At 21 days after inoculation, virus accumulation in inflores-
cence tissues was evaluated for each individual plant, using a
semiquantitative double antibody sandwich-enzyme-linked im-
munosorbent assay (ELISA) assay with anti-PPV commercial
reagents (D+M polyclonal antibody, LCA Laboratory, Blan-
quefort, France). Optical densities were normalized using a
PPV-R infected, N. benthamiana positive control deposited on
every ELISA plate of an assay. In the case of RILs, the final
ACC value is the average of normalized measurements from
all PPV-infected replicates of each RIL. In order to obtain
more reproducible results and to eliminate potential interfer-
ence from plant substances, all assays were performed on a
1:100 dilution of crude plant extracts prepared by grinding the
plant tissues (1:4 wt/vol) in a phosphate buffered saline-Tween
polyvinylpyrrolidone (PVP) buffer (136.9 mM NaCl, 1.47 mM
KH,PO,, 2.68 mM KCl, 8.1 mM de Na,HPO,, 0.05% [vol/vol]
Tween 20, 21% [wt/vol] PVP 25K). Independently of the
evaluation of the viral concentration, this test allowed the con-
firmation of the presence of the virus in symptomlessly infected
plants (0 in SYMP scale), thus excluding potential inoculation
escapes.

Statistical analysis.

Data analysis was performed using the generalized linear
model (PROC GLM) of the SAS package (SAS institute, Cary,
NC, U.S.A.). ANOVA allowed the determination of the specific
effect of “genotype’ and broad-sense heritability, which is the
ratio between the genetic variance and the total phenotypic
variance and is calculated using the formula:

W = ot /[ % + (7e/m)], where & is the genetic variance,
o2, is the environmental variance, and n the number of repli-
cates. Frequency distribution and Pearson’s correlation coeffi-
cients were calculated using the statistical and graphical func-
tions of EXCEL and the statistical software R.

Genetic determinants mapping.

A set of 91 markers was previously scored in the Col x Ler
RIL population as displayed on the NASC website. They were
selected following two criteria. i.e., acceptable Chi square and
few missing data. For the Cvi x Ler linkage map, 99 markers
were chosen and extracted from the European Natural coop-
erative database. The RIL-derived genetic maps were constuc-
ted using MAPMAKER 3.0 software and the Kosambi map
unit function (Lander and Green 1987). MAPMAKER 3.0 was
also used to map monogenic determinants in the Cvi x Ler
RIL population.

Both Col x Ler and Cvi x Ler linkage maps served as the
basis for QTL analysis in QTL Cartographer for MS Windows
version 2.5 (Basten et al. 1994; North Carolina QTL Cartogra-
pher website). Interval mapping (Lander and Botstein 1989)
was first performed to determine putative QTL, and then, com-
posite interval mapping (Zeng 1994) was performed, scanning
the genome at 2-cM intervals and using a window size of 10
cM. Five markers were selected as cofactors under the forward
regression method. A 1,000-permutations test allowed estima-
tion of the LOD significance threshold for each trait, as de-
scribed by Churchill and Doerge (1994). A conservative LOD
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score of 2.7 was used as the threshold for detecting QTL sig-
nificance. The percentage of the phenotypic variation explained
by the QTL corresponds to the regression value R* taken at the
peak LOD score of the QTL.

In addition, in cases of nonnormal trait distribution, a non-
parametric Kruskal-Wallis rank-sum test was performed
(Lehmann 1975). An association between trait and molecular
markers was considered significant below the 1% level.

The program PROC GLM was used to perform a two-way
interaction ANOVA to detect significant QTL x QTL epistasis
via the corresponding marker x marker interactions and epis-
tasis.
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2.2.4. Bases génétiques, cartographie génétigue dbnage positionnel de génes de
résistance au LMV

A partir du moment ou nous avions identifié lorsadiblage d’accessions d’Arabidopsis
des phénotypes de résistance au LMV, notre interdtiait bien entendu d’identifier les génes
contrblant ces résistances. Les résistances qus imiaressent en premier lieu sont les
résistances récessives dont l'alléle de sensibilitde pour un facteur nécessaire au cycle
viral. En effet suite aux études qui ont conduitdantifier elF4E comme non seulement
produit de plusieurs genes de résistance récessezplusieurs especes végétales mais aussi
comme facteur de sensibilité nécessaire au cycdd (Robaglia et Caranta, 2006), ce type de
résistance est non seulement une source potentiellaouvelles résistances pouvant étre
transférée sur des espéeces végétales d'intérén@yique mais offrent également de par leur
nature un acces a une meilleure compréhensionntesagtions moléculaires plante/virus.
L’autre type de résistance qui nous intéresseawtitué des résistances dominantes bloquant
le mouvement a longue distance du virus. En detlerta résistance RTM, ces résistances
sont trées mal connues. Nous avons écarté d’emiddedsistances dominantes pour lesquelles
aucune multiplication virale n'est détectée. Ereeff est tres probable que ces résistances
soient contrdlées par des génes de type R, cestibeaucoup moins original, trés compétitif
et dont le transfert vers des espéces d'intér@&ragnique est plus délicat. Bien avant la these
d'Ophélie et le criblage qu'elle a réalisé sur tarec 24, jai analysé plus précisément 2
résistances, celle chez Cvi qui était active vissades 3 isolats de LMV testés, et celle sur
Col que jai introduit dans le paragraphe de 2.2.

2.2.4.1. Cartographie génétique du gerRLM1 chez Cvi

Lorsque jai démarré l'analyse génétique de lastésce chez Cvi, nous n'avions
encore pas de généticien dans l'équipe ni I'experttn manipulation des marqueurs
moléculaires. Jai a ce stade contacté un cert@imbne de groupe de généticiens
d’Arabidopsis pour obtenir des populations (F1, RR, etc.) mais aussi des conseils pour la
culture d’Arabidopsis et sur les sources d’inforioved disponibles.

Nous avons été trés excités lorsque jai analysé population F2 issue d’une
population F1 fournie par nos collegues de Wagemirgntre Cvi (résistant au LMV) et Ler
(sensible au LMV) puisque l'analyse indiquait ge¢te résistance était contrlée par un géne
de résistance récessif. Cependant en reproduisardlyilse sur un croisement réalisé au
laboratoire, jai finalement constaté que la résise était bien monogénique mais dominante
(nayant pas contrdlé la F2 de Wageningen, je peuaseles plantes F1 utilisées n’en étaient
probablement pas mais plutdét du parent sensible)nieau phénotypique, jai pu montrer
que cette résistance bloquait le mouvement du darss la plante puisque je ne pouvais
détecter le virus qu'au niveau des feuilles inoeslét seulement par RT-PCR. Jai tout de
méme entrepris la cartographie de ce gene (nomné&lRiour Resistance to éttuce_nosaic
virus 1) a l'aide de RILS et NILS et ai localisé géne dans le haut du chromosome 1.
Cependant faute de forces humaines suffisantedptege positionnel de ce géne n'a pas
encore abouti puisque j'ai choisi de porter nofferesur la caractérisation de la résistance
RTM avec en particulier le clonage positionne RIEM3

2.2.4.2. Clonage d®TM3

La résistance RTM étant active pour au moins tpoiyvirus (TEV, LMV et PPV) et
'équipe de J. Carrington ne travaillant plus searscijet, nous avons décidé de nous investir
dans une étude plus approfondie de cette résistance
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L’équipe de Carrington a montré que cette résigtagtait sous le contréle d’au moins
trois genes nommé&TM1, RTM2et RTM3 (pour restricted TEV movement, Mahajan et al.,
1998; Whitham et al., 1999). Sel®IM1 et RTM2ont été clonés et codent respectivement
pour une protéine « jacalin-like » et une protéayant un domaine de « small heat shock
protein » mais pour lesquelles aucune fonction aitagté attribuée (Chisholm et al., 2000,
Whitham et al.,, 2000). Il a été cependant montré gas deux genes étaient exprimés
uniquement dans les tissus du phloéme (Chisholah,e2001). Manquait donc le clonage de
RTM3

J'ai donc développé une collaboration avec J. @giwn qui était favorable a ce que ce
projet se poursuive dans notre équipe et qui mianiod’une part ses données préliminaires
de cartographie dBTM3 (cartographié dans un intervalle de 6 cM sur kmeiosome 3) et
d’autre part la population F2 utilisée pour la ographie, produite entre le mutarin3
(sensible au virus) et WS-2, porteur comme Cobde@sistance RTM.

En 2004, jai obtenu un financement pour recrutepastdoc (Hien Le, bourse Haigneré
de 18 mois de décembre 2004 a mai 2006)) afin dedér le clonage positionnel &M3
Apres le départ de Hien qui n'avait pu affiner &tographie du géne que dans un intervalle
de 2 cM, Patrick Cosson, ingénieur d’étude, recdd@s notre laboratoire en février 2006
pour ces compétences en génétigue moléculaire,ussyvi sous mon encadrement ce
clonage. RTM3 a été cartographié dans un intervalle compren@&ntg@nes. Pour son
identification, nous avons réalisé le séquencageese?2 génes chez le mutam3 ou une
mutation non synonyme a été identifiée dans le ¢¢Bg58350 (ceci fin 2007).

Pour valider que ce géne était bRMM3 nous avons utilisé 2 lignées knock-out (KO)
qui existaient pour ce géene (que nous avons gé@esygt séquencées pour étre sur de
'homozygotie de ces lignées ainsi que de la bansertion du T-DNA dans le gene) et qui se
sont bien avérées sensibles au LMV. De plus, naossacroisé ces lignées KO avec le
mutantrtm3 (test d’allélisme) et les F1 obtenues se sonti aé&igdlées sensibles au LMV.

At3g58350 code pour une protéine de 301 acides éamile type « Meprin and Traf
homology (MATH) domain-containing protein ». Cetfamille de protéines est surtout
connue chez les mammiféres, les protéines Trat ésmociées aux récepteurs du facteur de
nécrose tumorale (Tumor Necrosis Factor ou TNR@sméprines étant des métalloprotéases
(Sunnerhagen et al.,, 2002). Ces protéines partagerdomaine conservé d’environ 180
acides aminés présentant un repliement de 7-8 Prarttiparalleles et sont trouvés chez de
nombreux eucaryotes (Zapata et al., 2007). Ce dwrest situé entre les acides aminés 13 a
136 de RTM3. Un alignement du domaine MATH de RTM&c ceux de protéines TRAF
humaines met en effet en évidence des homologie®ggences au niveau des bifindes
domaines MATH entre RTM3 et les protéines TRAF (Fég 3A). En revanche, aucune
information de structure secondaire n’était indE@& niveau de la région C-terminale de
RTM3 dans laquelle une longue hélieeest prédite (Figure 3B). En analysant cette région
avec plusieurs programmes de prédiction de strestyrotéiques, jai pu identifier un
domaine coiled coil (CC) entre les positions 21898. Il est a noter que la mutation présente
dans le mutanttm3 est située dans ce domaine, ce qui signifieraé qa dernier est
nécessaire a la fonction de résistance de cettéipeqFigure 3B).
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Figure 3: Prédiction de la structure secondaire de la protéia RTMS3.

(A) Alignement de la séquence en acide amine duadleMATH de RTM3 avec 4 protéines
TRAF humaines. Les 8 feuillefsidentifiés dans TRAF2 (Park et al., 1999) soniqgods par
des fleches. Les nombres indiqués entre parenihésgient la position des acides aminés de
début et de fin des domaines MATH de chacune de®ipes. Les acides aminés conservés
entre RTM3 et au moins une protéine TRAF sont grisé

(B) Prédiction en utilisant 4 programmes différeatspartir du site NPS@ Web server
(Network Protein Sequence @nalysidy pdle bioinformatique lyonnais. Sec. Cons
correspond a la prédiction consensus.. “h” indigne hélice, “e” indique un feuillgt et “c”
indique un « random coil ». Les nombres au dessua déquence indiquent la position des
acides aminés dans la séquence de la protéine RI&@omaine « coiled coil » prédit entre
les positions 216 et 293 est indiqué par la doélbehe. La position de la mutation chez le
mutantrtm3 est indiquée a la position 284 (en rouge).

A

B1 B> Bs Ba
— —
TRAF2 (350-) DGVFI WKI SDFARKRQEAVAGRI PAI FSPAFYTSRYGYKMCLRI YLNGDGTGRGTHLSLF
TRAF1 (265-) DGTFLWKI TNVTRRCHESACGRTVSL FSPAFYTAKYGYKL CLRL YLNGDGTGKRTHLSLF
TRAF3 (414-) NGVLI WKI RDYKRRKQEAVMGKTL SL YSQPFYTGYFGYKMCARVYL NGDGMGKGTHLSLF
TRAF5 (384-) NGKLI WKVTDYKMKKREAVDGHTVSI FSQSFYTSRCGYRL CARAYL NGDGSGRGSHLSLY
RTMB  (6-) DKKI TWI'I KNFASLLSD- - - - - - - LI YSDHFVVG- - GCKWHLRAYPKG- - YNNANSLSLF
Bs Bs B7
— — — —
TRAF2 FVVMKGPNDAL L RAPENCQKVTL M- L DQ- NNREHVI DAFRPDVTSSSFQRPVNDWNI ASGC
TRAF1 1 VI MRGEYDAL L PWPFRNKVTFM_ L DQ- NNREHAI DAFRPDL SSASFORPQSETNVASGC
TRAF3 FVI MRGEYDAL L PAWPFKCQKVTL M. VDQGSSRRHL GDAFKPDPNSSSFKKPTGEMNI ASGC
TRAF5 FVVVRGEFDSL L QAPFRQRVTLM.LDQ- SGKKNI METFKPDPNSSSFKRPDGEMNI ASGC
RTMB LGVAVP- TSLPSGARRHTKFRLTLVNQ- - - L SDKL SQSKL NEL EQWFDEKT TNWEL SSMC
Bs
—
TRAF2 PLFCPVSKMEA- KNSYVRDDAI FI KAI VDLTGL (501)
TRAF1 PLFFPLSKLQSPKHAYVKDDTMFLKCI VETST  (416)
TRAF3 PVFVAQTVLENG- - TY! KDDTI FI KVI VDTSDL ( 565)
TRAF5 PRFVAHSVL ENAKNAY! KDDTLFLKVAVDLTDL ( 535)
RTMB P- - - - LNEI H- AKDSGFLLNGE- LK- I WEI KV (136)
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Figure 3 (suite) Prédiction de la structure secondaire de la protéia RTMS3.

B
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M.RC eeeehhhhhhhhhhh eeee eeeeee eeeeee
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Pr edat or hhhhhhhhhhhhhh eeeee eeeee
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_______________________________________________________________ >
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Jai pu identifier 71 génes pour lesquels la pr@écorrespondante contient un ou
plusieurs domaines MATH (Figure 4). Parmi ces ge@8scodent pour une protéine qui
posséde également un domaine CC (domaine plus Hieikeurs que la structure CC
proprement dite). De facon intéressante, jai palégent identifier une dizaine de protéines
homologues a RTM3 qui ne contenaient qu’'un dom&: sans domaine MATH, pour
lesquelles les genes correspondant sont situésd#enslusters comprenant des génes avec
domaine MATH et CC. AinsRTM3 est situé dans un cluster de génes comptant 1&sgéen
avec domaines MATH et CC, 5 genes avec un doma@heiiquement et un géne avec un
domaine MATH uniquement, suggérant que ces genesubndes événements de duplication
associés a des événements de délétion ou d’inselitidest donc d’ailleurs pas surprenant de
constater que les génes ayant des pourcentagemtitédles plus élevés av&TM3 font



partie de ce cluster. Un schéma présentant latsteudes protéines homologues & RTM3 est
présenté sur la figure 5.

A ce jour, aucune fonction n’a été attribuée agm®es (avec domaine MATH et/ou CC)
chezArabidopsis thalianal’implication deRTM3 dans le blocage du mouvement a longue
distance des potyvirus est donc la premiére fonat@annue de ce type de géne.

Un papier décrivant le clonage deRTM3 et incluant des aspects fonctionnels
présentés dans le paragraphe 2.4.3 devrait étre sois a PNAS dans les semaines a
venir.

Figure 4: Localisation des genes homologuesRIrM3 sur le génome d’Arabidopsis Carte
réalisée avec le « the chromosome map tool” du TAH® fleches noires indiquent les génes
codant des protéines avec des domaines MATH et €€fleches grises indiquent les genes
codant pour des protéines ne contenant que le dem@C. Les chiffres en haut des
chromosomes indiquent le numéro des chromosomeasbidopsis

&
=
]
S
T@

00730
——h_ﬁgﬂ 1390

A3903740
A3g0B190

&
ey
=

7/

TR R

AA

A3g11910

___A409770
S AdgOaTE0

- AZg25320
- Agz5330

___A1g313T
A 1g 3138
LAt 1g31ae0
“Aig3400

ft

o AIgIZET0
S AZgIZEE0

T
&
AA

azgaraooe— Il
S A2g44TI4¢—
~AZgardaene—

Ae5g52330

1958270

_ A1gB5050
A 1965150
~A1g65370

JdE2k

1960650
1360660

RTM3

A

RahEEYLESE

10€



Figure 5: Organisation schématique des protéines homologues RTMS3. En jaune : les
domaines MATH ; en rose : les domaines CC
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2.2.4.3. Caractérisation des bases génétiques d’eg résistances au LMV

Suite a mes travaux de phénotypage de quelquessimas d’Arabidopsis avec le LMV
publiés en 2003 et a ceux de la thése d’O. Sicgaitisés sur la collection des 24 accessions
de Versalilles, jai initié, en plus des travauxadetographie et de clonage BeM1etRTM3
la caractérisation génétique d’autres résistandetenaes. L'objectif de ces analyses
préliminaires était d'établir la base génétiquecds résistances, c'est-a-dire déterminer le
caractere récessif ou dominant de chacune degargss par 'analyse de populations F1
ainsi que d’établir si possible le nombre de génediqués a l'aide de populations F2 pour
nous permettre ensuite d’identifier les projetsld@mage positionnel.

Pour cela, nous avons produit des populations FFR &ntre ces accessions résistantes et
'accession Ler sensible a tous les isolats de LKM j'ai inoculées avec lisolat AF-199 de
ce virus. Ces données montrent qu’au moins deustaéses seraient de nature récessive. La
confirmation de ces données ainsi gqu'une cartogeagBnétique grossiere de ces deux
résistances est actuellement menée sous ma rebpiviagear Valérie Schurdi-Levraud (MC
Université Bordeaux2), assistée de Patrick Costondt Mélodie Bousquet (TR, recrutée
dans notre groupe en septembre 2008). Si nousrecwnfs le caractére récessif de ces
résistances, I'une d’entre elles (ou les deuxféémtintes et si force humaine suffisante !) fera
I'objet d’'un projet de clonage positionnel.

Pour nous aider dans ces analyses de cartographiéngs, nous sommes de plus en train
de développer un panel de marqueurs moléculairedsbsur des microsatellites. Nous les
choisissons de telle fagcon qu’ils soient répariistarvalle régulier sur 'ensemble du génome
d’Arabidopsis, qui soient le plus polymorphes gusgible afin de pouvoir les utiliser dans
des analyses de cartographie génétique entredegpdund nombre d’accessions d’Arabidopsis
gue possible, en particulier au sein de la corde#a collection de 'INRA de Versailles que
nous avons testée avec LMV et PPV. Ces marqueurs’awantage d'étre facilement
exploitables en laboratoire (révélation sur gedt@se la plupart du temps) et de permettre
de réaliser des cartographies génétiqgues grossiéedablement aux cartographies fines



conduisant au clonage positionnel des genes d@nt€re travail est conduit sous ma
responsabilité par P. Cosson et devrait étre valsg sous forme de publication début
2010

2.2.5. Analyse fonctionnelle de la résistance RTM
2.2.5.1. Identification d’alléles RTM non fonctionrels pour la résistance au LMV

Parallelement au clonage B8 M3 nous avons démarré des études visant a comprendre
comment ces genes fonctionnaient. Dans un preengrs, nous avons voulu savoir pourquoi
certaines accessions d’Arabidopsis n’étaient psisteites aux isolats viraux bloqués par les
genes RTM chez Col. Comme une mutation dans umgéless RTM semble suffisante pour
rendre inactive cette résistance, nous avons'figipdthése que dans les accessions sensibles
aux virus, au moins un allele d’'un des trois geRé® était muté et donc plus fonctionnel
pour cette résistance. Nous avons donc entrepsgdeencage des gerieIM1, RTM2 et
RTM3de la collection d’accessions de Versailles (Fegy. Si RTM1 ne présente pas un
grand nombre d’alleles distinct (4 alleles idegsji, RTM2 et RTM3 sont beaucoup plus
variables (12 alleles pour RTM2 et 11 pour RTM3).

Nous avons ensuite réalisé des tests de complénoent@u test d'allélisme) en
complémentant les mutants rtm avec l'allele comesg@nt (lorsque cet alléle était bien
entendu différent de l'allele de Col) provenant muaccession sensible. Pour cela, nous
avons donc produit des F1 entre mutant rtm et ames sensibles que nous avons inoculées
avec LMV-AF199. Si la F1 se révélait sensible, @gmifiait que I'allele rtm de I'accession
sensible navait pas complémenté le mutant rtmespondant et était donc un alléle ayant
perdu sa fonction de résistance. En revanche Billa’'avérait résistante alors l'allele rtm
n'avait pas perdu sa fonction de résistance. Gettdyse nous a permis de montrer que 2
alleles RTM1, 4 alleles RTM2 et 6 alleles RTM3 étaides alleles ayant perdu leur fonction
de résistance (Figure 6). De plus en fonction dpolsition des mutations dans ces alleles,
nous avons pu pour certains cas déduire I'impbeatle certains domaines des protéines
RTM dans la fonction de résistance. Ainsi le domajacaline ainsi que l'extrémité C-
terminale de RTM1, le domaine correspondant a angue structure en hélice alpha ainsi
qgue le domaine entre I'hélice et le domaine tramshranaire de RTM2 et les 2 domaines de
RTM3 semblent impliqués dans la résistance.

Pour confirmer que la perte de la fonction de tasie était bien liée aux mutations dans
la protéine et non liée a un probleme d’expressis, mesures de I'expression des 3 genes
RTM chez les accessions sensibles au LMV-AF199 eomours pour compléter ce travail.

Un manuscrit décrivant 'ensemble de ces donnéestesn cours de préparation
(soumission envisagée fin 2009).
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Figure 6: Séquences des protéines RTM1, RTM2 et RT8Id'un ensemble d’accessions d’ArabidopsisSeuls les acides aminés qui différent de la
séquence de Col et leur position dans les protédk¥edd de Col sont indiqués. La colonne « statutdigone si les alleles RTM sont des alleles de
sensibilité (Sens) ou de résistance (Res) suitaesix d'allélisme. nd= non déterminé (quand ad@essésistantes au LMV) ; del= délétion. La positi
des différents domaines des protéines RTM est urddicau dessus de la position des acides aminéactessions en gras sont résistantes au LMV.

RTM1:
< Domaine jacaline >
Accessions 11 29 56 62 65 93 132 139 169 statut
Col-0,Ws-2, Edi-0, Tsu-0Jta-0, Can-0, Bur-0,Alc-0, Blh-1, Mh-1,
Oy-0, Sha, Akita, Sakat&dl13, Jea Stw-0, Mt-0, Cvi-0, A S S F N N G D S Res
Gre-0, Pyl-1, St-0, Ge-0
BI-1, Ct-1, C24 Y C D | Sens
Kn-0 T Nd
Ler Stop Sens
RTM2:
e HSP--------- > helicea >

Accessions 11 28 71 94 127 135 176 188 225 232 23243 287 288 317 350 351 355 statut
Col-0, Jea, St-
0, Edi-0,Mt-0,
Ge-0, Can-Q
Bur-0, Mh-1, S S S S S Res
Oy-0,N13
Ler Res
Stw-0 Nd
Ilta-0 Res
BI-1, Sakata del del Sens
Sha, Blh-1, Sens
Pyl-1
Akita Sens
Cvi-0 N nd
Ws-2, Gre-Q N Res
Tsu-0
Alc-0, C24 N Res
Ct-1 N Sens
Kn-0 N F Nd
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Figure 6 (suite): Séquences des protéines RTM1, RTMet RTM3 d’'un ensemble d’accessions d’Arabidopsis

RTM3:
& Domaine MATH > Domaine CG >
&--insertion-—>

3 5 12 20 40 50 70 77 78 91 101 107 138 13% 1#59 176 183 216 261 274 293 statut
Col-0, Ler,
We.2 Joa F T L A S H LV N T S E T T N A S K Q C A Res
Kn-0, Stw-0,
lta-0, N13
Pyl-1, St-0 Y P G V G V I T A Q E K Nd
BI-1, Gre-0,
Sha. Akita Y P V ) E T K S  Sens
Mt-0, Ct-1
Sakata N P vV p E T K S Sens
Tsu-0,Alc-0 PV p | E T S  Sens
Edi-0, Mh-1, PV R P | E T Y Sens
Oy-0
Ge-0 P K N Nd
Can-0 P | Nd
Cvi-0 = Nd
Bur-0 K P = Sens
Blh-1 =] stop Sens
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2.2.5.2. Identification du déterminant viral impliqué dans le contournement de la
résistance RTM

Identifier le facteur viral impliqué dans le contoement de résistance est un élément
déterminant pour mieux comprendre le mécanisme cutd&e contrélant cette résistance.
Dans le cas de la résistance RTM, nous avons pelajgper deux approches, l'une avec le
PPV et l'autre avec le LMV, qui nous ont conduitgl@ntifier ce déterminant dans la région
N-terminale de la capside (CP). La stratégie déymle avec le PPV par V. Decroocq a
consisté a travailler avec des virus chiméres alste@mtre un isolat contournant et un autre ne
contournant pas la résistance RTM. De mon coté eveMV, assisté de L. Svanella (Al) et
P. Cosson (IE), jai exploité le fait qu'occasiotiement lors d’inoculation de Col, porteur de
la résistance RTM, des plantes apparaissaientbdesnsi ce virus. Apres une a deux phases
d’inoculation sur Col a partir de ces plantes itdes, jarrivais a obtenir 100% de plantes
sensibles, mettant en évidence la sélection deantaride LMV. Aprés séquencage de la
région N-terminale de la CP (et séquencage contplet des variants pour s’assurer que
d’autres mutations n’étaient pas en cause), noossaientifié une mutation ponctuelle chez
chacun des variants analysés engendrant un changemeacide aminé (Figure 7). Cette
position était tres souvent variable entre variaméss toujours située dans une méme région
d’'une dizaine d’acides aminés a proximité du ttid&\G, motif conservé dans la région N-
terminale des CP de potyvirus. Conjointement aupésagnces menées sur le PPV, ces
données mettaient ainsi en évidence le réle clefcete région de la CP dans le
contournement de la résistance RTM. Il est inténgsde noter ici que la CP, et en particulier
le domaine N-terminal, avait d'ailleurs été impkgudans le mouvement a longue distance
des potyvirus (Dolja et al., 1995).

Figure 7. Mutations identifiées dans différents variants de MV capables de contourner
la résistance RTM Seule la séquence en acide aminé de I'extrémit€riNinal de la CP
est représentée. «/» correspond a la jonctionQRib - indique les acides aminés
identiques a la séquence de LMV-AF199.

LM/- AF199  Q VDAKL DAGQGSKTDDKQ(NSADPKDNI | TEKGSGSGQVKKDDDI NAGLHGKHTI PRTKA
T Y o
LM- AFVAR2 -/ == =-mmm-- N- -----------------------------------------------
LMV- AFVARB /= ==cmmmmam- e

L'ensemble de ces données a fait I'objet d’'une pubhtion actuellement « sous
presse » dans MPMI

2.2.5.3. Etude des interactions protéine-protéinearipliquées dans la résistance RTM

Aprés avoir clondRTM3 et identifié la CP comme facteur viral du cont@ament de la
résistance RTM, nous avons récemment engagée deé&sienges pour tenter de mettre en
évidence des interactions entre les différentsetastde plante et viraux impliqués dans ce
mécanisme de résistance. L'approche la plus si@mieettre en ceuvre pour ce type d’étude
est l'utilisation du systeme double-hybride cheZeleure. Nous avons donc testé par cette
technique les interactions potentielles entre Ipsoines RTM et les CP du LMV et PPV.

Les résultats obtenus (Figure 8A) montrent que :
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- RTM1 interagit faiblement sur elle-méme, confirmaintsi les résultats publiés par
I'équipe de Carrington (Chisholm et al. 2001)

- RTM3 interagit fortement avec elle-méme
- RTM3 interagit fortement avec RTM1
- Le domaine CC de RTM3 interagit fortement sur l@me

- RTM2 n’interagit ni avec elle-méme ni avec les asitprotéines RTM ou les CP
virales

- Aucune des protéines RTM n’interagit avec les CPLMY ou PPV (CP issue
d’isolats contournant ou non contournant).

Ces premiers résultats d'interaction semblent eliqque les protéines RTM
pourraient former un complexe, composé au minimanRIM1 et RTM3. Ces données
d’interaction produites par le systéme double-lddrnt aussi été confirméas planta en
utilisant la technique de « Bimolecular Fluoresee@omplementation » (BiFC) sur cellules
d’épidermes d’oignons (Figure 9).

Afin dévaluer I'importance de ces interactions d#snécanisme de la résistance,
nous avons également testé les interactions emypetéine RTM3 issue du mutatm3 qui
du fait de la mutation est sensible au LMV, TEVRRV, ainsi que lallele RTM1 de
'accession Ler, identifié lors des tests d'alléles décrits ci-dessus comme étant un alléle
ayant aussi perdu sa fonction de résistance.

De facon intéressante, la forme RTM3 mutée n’est mlapable d’interagir avec
RTM1 mais reste capable d’interagir sur elle-mérigure 8B) alors que la forme RTM1 de
Ler reste capable d’interagir aussi bien avec RTiBavec elle-méme. Ces résultats
indiquent donc que linteraction RTM1-RTM3 est nesaire pour la résistance mais
indiquent aussi que la région C-terminale de RTMUtten étant non impliqué dans
l'interaction avec RTM3, intervient dans le mécamésde la résistance. Identifier le réle de
cette extrémité C-terminale de RTML1 est évidemmeetperspective fort excitante.

Ces dernieres expériences d’interaction avec RTM3muitantrtm3 ont été pour
l'instant uniqguement réalisées en double-hybridsosit en cours de réalisationplanta par
'approche BiFC.

L’ensemble des données d’interactions présentéeseiiont incluses dans le papier
« RTM3 ».
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Figure 8 : Expériences de double-hybride avec les protéines RIT

A. Expériences d'interaction entre les protéinesMR%auvages. 6 répliguats de chaque
combinaison de co-transformation ont été repiqués reilieu —LT (contrble de co-
transformation), -LTH et —LTHA (milieux de séleatiales interactions). C- indique les
contrdles négatifs et C+ indiquent les contrélesitis. Les clones dans le vecteur pGAD-
T7 sont indiqués a I'horizontale et les clones dangecteur pGBK-T7 sont indiqués a la
verticale

B. Expériences d’interaction avec la protéine RTM8tée issues du mutanim3. Pour
chaque combinaison le premier clone indiqué ess darvecteur pGAD-T7 et le second
dans pGBK-T7. pGAD-T et pGBK-53 sont les contréfearnis par Clontech utilisés
comme controle positif. pPGAD et pGBK sont respemtient les plasmides vides pGAD-
T7 et pGBK-T7 utilisés comme contrdle négatif déirgction.

A
RTM3  RTM2 RTM1L RTM3  RTM2 RTM1L RTM3  RTM2 RTM1
RTMl‘.* 2T O @ ; 0ns
@ 59 30 . m
oo 000 a0 ¥
RMZ o5 ¢ 289 oco0@ ° % ,
o0 000 00 @ 008 0o, oo, %0 T
RV gpe o0 ©0& Geopo ece’ (009 ®ee
/ Co‘. g‘.c+‘ c.‘ ° ‘°/0+ . C-‘ e C+
toe og e ‘@@ LR
LT LTH -LTHA
B
RTMI/RTM3 @ ©® @@ @ pGAD/rtm3
RTMIRTM: 00 g0 @ ©O @ @ PGAD-T/PGBK-53
tm3/RTM3 @ © 0@ @ . RTML/pGBK
pGAD/RTM3 : RTM3/pGBK
RTM1/rtm3 rtm3/pGBK
RTM3IMm3 @@ @@ g pPGAD/pGBK

rtm3/rtm3 o Y o

-LTHA

Figure 9 : Expériences d’interaction entre les protéines RTMEt RTM3 en BiFC. Images
réalisées en microscopie confocale (avec un Le@& $P2) avec 'objectif x40 de cellules

d’épiderme d’oignon co-transformées par biolistigieexcitées a 514 nm afin d’observer
la YFP.

RTM3/RTM3 RTM1/RTM1 RTM1/RTM3
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2.2.6. Analyse du transcriptdme de plantes infectégar des potyvirus

En paralléle de I'approche génétique qui consistdlex du phénotype au géne, jai
aussi développé au laboratoire une approche d'semaly transcriptdme de plantes infectées
par des potyvirus. Ce projet a été développé fib22én collaboration avec Carole Caranta
(GAP INRA Avignon) afin d’analyser et comparer l&=mnscriptomes de la tomate et
d'Arabidopsis infectées par un méme potyvirus,idesvde la marbrure du tabac (TEV). Les
principaux objectifs de ce projet étaient :

* L’identification de génes dérégulés d'une part Ifiafection virale et d'autre part en
relation avec la symptomatologie;

» La caractérisation de la cinétique de régulationetedeux types de genes;

» L'’identification de régulations transcriptionnellesommunes a deux dicotylédones
différentes, ou au contraire propres a l'une ckegiles;

e La cartographie et étude de conservation de syndes genes régulés par I'infection
virale chezArabidopsis thalianat chez la tomate ;

» Evaluer une corrélation entre la cartographie degemes et celle de genes et QTL connus
en relation avec l'infection par un potyvirus.

Nous avons pu bénéficier pour ce projet Aratom (pdRAbidopsis et TOMate) d'un
financement postdoctoral de décembre 2002 a nowedf3 par le Ministére de la recherche
(recrutement de Xiaoyan Feng, postdoc chinoiseaqoértagé son séjour entre Avignon et
Bordeaux), et d’'une aide financiere de quelquespk#/enant de I'Action Transversale
Structurante Tomate de I'INRA. Apres avoir idertiiu moins une souche de TEV infectant
les deux espéces végétales et avoir réalisé laqueéd’infection de cette souche virale dans
ces plantes, nous avions décidé de mener successiv® approches pour lidentification de
genes dérégulés au cours de l'infection, la tecknide cDNA-AFLP, réalisée a Avignon et
I'hybridation de microarays, réalisée a Bordealugs hybridations des microarrays de tomate
ont été réalisées au niveau de la plateforme dergiéue fonctionelle a 'IBVM et celles
d’Arabidopsis a 'INRA d’Evry. L’analyse a été effeiée a la fois sur feuilles inoculées et sur
feuilles supérieures. Environ 600 génes dont I'egpion était modifi€ée ont été détectés chez
la tomate et plus de 1600 chez Arabidopsis dont 80f4euilles inoculées et seulement 10%
au niveau des feuilles supérieures, ceci chez éex @speces étudiées. Un petit nombre
seulement de génes communs aux deux especes aerdifés, en partie lié a la proportion
beaucoup plus faible des génes totaux de tomatésmqtée sur les microarrays utilisées. Les
modifications d’expression de quelques genes antvalidées chez la tomate par RT-PCR
semi-quantitative lors du stage de DESS de MaudrRign 2004.

Suite au bref séjour de X. Feng, ce projet n"agi@smmeédiatement poursuivi faute de
moyen humain et il na été repris qu'a partir deO&0par V. Schurdi-Levraud (MC
Bordeaux2), a un moment ou elle a du réaliser amgbment thématique.

Nous avons décidé, non pas de réaliser une validdis données de microarrays par
une approche classique de gRT-PCR sur quelques,garas de valider ces données en
répétant des analyses de microarrays sur plusg@im®systémes potyvirus/Arabidopsis. Par
cette approche nous pouvions ainsi valider un pdeegenes retrouvés en commun dans
plusieurs pathosystéemes lors d’infection avec degmvpus. Pour cela, nous avons de
nouveau hybridé des lames CATMA d’Arabidopsis elaboration avec TURGV d’Evry a
partir d’ARN totaux issus de feuilles inoculées @l TEV (virus utilisé lors de la premiére
expérience), le LMV et le PPV sur la méme accesdidrabidopsis, Ler. L'analyse a révélé
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d’'une part qu’'une grande proportion des genes dé&gdors de la premiere expérience avec
le TEV l'était aussi dans cette deuxieme expérieate’autre part que plusieurs dizaines de
genes dérégulés étaient identifiés en commun @ar pathosystemes analysés (Figure 10).

Afin de distinguer parmi ces genes dérégulés ceomt da dérégulation est une
conséquence de l'infection virale de ceux qui antdle actif lors de l'infection, nous avons
opté pour analyser plusieurs dizaines de lignées. KIgs lignées correspondent
principalement & des genes dérégulés identifiés de 3 pathosystémes décrits et aussi
identifiés dans des travaux publiés. Pres de T@#dg ont été récupérées et génotypées. Nous
nous heurtons malheureusement depuis 1 an a ulepr@le phénotypage de ces lignées. En
effet, nous avons choisi pour une lecture simpleldénotype sur feuille inoculée d’utiliser
un virus étiqueté avec le géne GUS permettant widenéet quantifier les foyers d’infection.
Des essais avec le TEV-GUS ou le PPV-GUS montreatsyr Columbia (parent dont sont
issues les lignées KO), le nombre de foyers d’tidacvarie de 0 a 2 en moyenne ce qui est
faible pour une comparaison significative avec lipges qui seraient devenues résistantes
(indiguant que le gene muté est essentiel poufetiion virale). Nous sommes en train de
modifier les parametres d’inoculation en concertraatamment linoculum viral pour
espérer avoir un phénotype d’infection efficace &al. Ces données seraient en effet
particulierement utiles pour pouvoir raisonnabletmigien valoriser ce travail, sachant que
peu d'études de transcriptomique publiées ont ptésges données d’analyse de lignées KO
de genes dérégulés.

Si I'analyse de ces lignées KO ne montre aucundidatfon directe d’'un ou plusieurs
genes dérégulés lors de I'infection virale, nousrpans clore ce projet. En revanche, si nous
identifons au moins un géne montrant, suite aalfgse du KO correspondant, son
implication potentielle dans linfection virale (K@sistant au virus) ou dans les réactions de
défense (KO avec une sensibilité accrue), nouslai@verons une analyse approfondie de
ce(s) gene(s).



Figure 10 : Répartition des genes dont I'expressioast modifiée lors d’infection virale
par le TEV, LMV et PPV. Le nombre entre parenthéses qui suit le nom ites eorrespond
au nombre total de genes dérégulés pour un virnsédo

TEV (1294)

252 LMV (1311)

PPV (561)

TEV (1375)

248 LMV (1396)

PPV (491)

Geénes induits

Génes réprimés
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Projet :

Etudes des interactions
moléculairesArabidopsis
thalianapotyvirus : étude du
mouvement a longue distance




Suite au criblage d’accessions d’Arabidopsis avwd MV et le PPV, nous avons
identifié un panel de résistance dont le phénotgpecaractérise par une absence de
mouvement a longue distance des virus bien qu’uniiptication virale soit détectée dans
les feuilles inoculées. Mise a part la résistan@®MRsur laquelle jai investi une partie des
forces de mon groupe, aucune autre résistance tigoeen’a pour linstant été caractérisée
par d’autres équipes (Scholthof, 2005 ; Gomez.e8D9). L'étape méme du mouvement a
longue distance des potyvirus est actuellement i@k connue sans qu’aucun facteur de
plante impliqué dans ce processus biologique Bigitidentifié jusqu’a présent (Gomez et al.,
2009).

Le projet que je me propose de développer visemai @ poursuivre et a développer un
ensemble d’approches (génétique, biologie molémulat biochimique) dans l'objectif
d’identifier des facteurs de I'hdte impliqgués dales mouvement a longue distance des
potyvirus et de déterminer la fonction de ces farteafin d’élucider le ou les mécanismes
moléculaires qui gouvernent cette phase du mouvemelongue distance a la fois lors
d’interaction compatible (infection virale) que dod’interaction incompatible (blocage de ce
mouvement). Cette thématique comme celles dévedspgdans le reste de I'équipe s’inscrit
dans le champ thématique 4Génomique fonctionnelle et biologie intégrative des
interactions biotiques autour de la plante cultivé®P3 « Mécanismes du pouvoir pathogéne
des bioagresseurs et réactions de défense des(hbtetes, insectes) » du département SPE
de I'INRA.

1. Caractérisation génétique de résistance bloquame mouvement a longue distance
du LMV

Identifier par clonage positionnel d’autres factede résistance sera un axe majeur du
projet. Comme présenté dans la partie 2.3.3., ndaerons les résistances qui bloquent le
mouvement systémique du LMV, gu’elles soient domiiea ou récessives.

Nous avons déja établi la base génétique d’'uneiepariportante des résistances
identifiées lors du criblage de la core24 avec LMNF199 avec en particulier I'identification
de 2 résistances récessives. Nous poursuivrons catactérisation génétique, en particulier
pour savoir si ces résistances sont gouvernéetepanémes genes ou des genes distincts.
Dans le cas des résistances dominantes, nous@taldi ces résistances sont dépendantes ou
indépendante des génes RTM en analysant des piopslafF2 a l'aide de marqueurs
moléculaires & proximité de ces génes.

Nous envisageons également de caractériser detar&sis sur une deuxiéme collection
d’accessions d’Arabidopsis pour laquelle des mgdlide SNP ont été développés pour des
analyses de cartographie (Clark et al., 2007).

Il est évident que méme si potentiellement cesyapalouvrent un nombre important de
projet de clonage positionnel, nous ne ciblerorsauelques génes. En effet, a la fois la taille
modeste de I'équipe ainsi que la possibilité dedadiser des analyses qu’a moyen débit, ne
permet pas d’envisager plusieurs clonages simutiané De ce fait, nous nous attacherons
dans un premier temps a l'une des 2 résistancesgsi®es identifiées dans la core 24.

Nous continuerons également a analyser la baseigénéle la résistance RTM sur Col-
0. En effet, le criblage d’une banque de mutanCCdé€0 par I'équipe de Carrington avait
révélé 3 genes RTM. En analysant une populatiopli2 des RILs entre Col-0 et 'accession
Nd, sensible a LMV-AF199, une cartographie prélama met en évidence l'implication de
trois géenes. Si un de ces genes a pu étre cartograproximité deRTM3 les 2 autres ne
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sont absolument pas liésRIM1et RTM2 Cela laisse donc supposer qu’au moins 2 autres
genes différents des 3 génes RTM identifiés seraiessi impliqués dans la résistance RTM.
De ce fait, nous réaliserons une analyse de diffésepopulations F2 produites entre Col-0 et
des accessions sensibles au LMV afin de voir ssnmauvons révéler par cette approche
d’autres genes RTM.

Pour cette partie, sont impliqués V. Schurdi-LedraMC Université Bordeaux2,
généticienne de formation, P. Cosson, IE, expergérétigue moléculaire et M. Bousquet,
TR, impliguée dans le phénotypage des populatidhmbidopsis.

2. ldentification de facteurs de plante impliqués dns le mouvement a longue
distance des potyvirus : le projet « Viromouv »

En France, trés peu de groupe travaillent sur levement a longue distance des virus
de plante. Deux équipes travaillent sur des viuissgnt restreint aux tissus vasculaires et qui
appartiennent au genkolerovirus I'équipe de Véronique Brault, travaillant danéquipe
« virologie-vection » de TUMR « santé de la vigetequalité du vin » & 'INRA de Colmar et
'équipe de Véronique Ziegler-Graff travaillant dafiéquipe « virologie intégrative » a
'IBMP a Strasbourg. Je leur ai proposé une collabon afin de proposer un projet au
programme de génomique de 'ANR en 2008. Ce pinjétilé « Identification de facteurs de
I'h6te impliqués dans le mouvement a longue distashes virus de plante » a été retenu et
jen assure la coordination. Ce projet a démarrbud@009 et se terminera fin 2011.
L'objectif est d'identifier des facteurs des tisspBloémiens impliqués dans I'étape du
mouvement a longue distance de nos 2 modeéles vialwMV pour les potyvirus et le Beet
western yellow virus (BWYV) pour les polérovirus etilisant des approches biochimiques et
moléculaires.

Ce projet est structuré en 5 phases :
Phase 1 : Production d’'une banque ADNCc de celluledmpagnes d’Arabidopsis

Il s’agit ici en utilisant une technique de micregkction laser d’isoler des cellules
compagnes (cc) marquées a la GFP (exprimé a ldide promoteur spécifique des ces
cellules dans I'accession Col-0, lvashikina et 2003), d’en extraire les ARN totaux et de
synthétiser une banque d’ADNc dans un vecteur @elpbride. Cette phase est réalisée a
Strasbourg dans le cadre d’'une thése ayant démamérs 2009.

Nous avons également prévu de réaliser un séquengagsif de l'ordre de 15 000
clones de cette banque afin d’avoir une connaigsahes précise de l'identité des génes
exprimeés dans les tissus phloémiens.

Phase 2 : criblage avec le systeme double-hybride ¢h banque d’ADNc de cc a
l'aide d’appats viraux

En utilisant le systéeme double-hybride chez la deyunous criblerons cette banque
ADNc en utilisant pour chacun des deux virus lestgines virales pour lesquelles
l'implication dans le mouvement a longue distanégéadémontrée. Dans le cas du LMV qui
me concerne, ce criblage sera réalisé avec la CFR1d et la VPg (Revers et al., 1999).

Une fois une premiére liste de candidats étabiie suce criblage (apres confirmation
des interactions en double-hybride et test de Bpiéeide I'interaction), nous développerons
une ou plusieurs approches visant a confirmer efgdtion in planta (par co-
immunoprécipitation, BiFC, etc.).

Phase 3 : Identification de génes phloémiens dérdda lors de l'infection virale
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Les ARN totaux de cc seront extraits a partir gef@s saines, infectées par le LMV
et infectées par le BWYV et seront utilisés poubrider des microrrays d’Arabidopsis
(lames CATMA, collaboration avec I'équipe de JP &ea I'INRA d’Evry). A I'issue de ces
analyses, nous dresserons une liste de génes trégucours de l'infection avec chacun des
deux virus, en dressant éventuellement une listgét®s communs aux deux virus testés.
Ensuite, une sélection de quelques dizaines desggara effectuée pour une validation de la
dérégulation par gqRT-PCR. Nous prendrons en chaerdeaux les génes dérégulés lors de
l'infection avec le LMV.

Phase 4 : Identification de facteurs de I'h6te intagissant avec les virions

Nous envisageons de développer plusieurs approgbes tenter d’identifier des
facteurs d’Arabidopsis qui interagissent directenaec les virions.

Une premiéere approche consistera a révéler de®ipest qui co-purifient avec le
virus. Des résultats préliminaires semblent montjee des protéines de plante restent
accrocher au virus durant la purification. Si c’lestas, nous montrerons par divers approches
s’il y a bien interaction spécifique entre partesilirales et ces protéines de plante

Une deuxieme approche consistera a fractionnedifférentes méthodes des extraits
de protéines totales d’Arabidopsis produits a parfihflorescences dans lesquelles les tissus
phloémiens sont relativement abondants et de eéales far-westerns avec du virus purifié.

Enfin une troisieme approche que nous développeresis de réaliser une
chromatographie d’affinité en utilisant du virusrifié@ sur lequel nous ferons passer de
I'extrait de plante.

Pour I'ensemble de ces approches, si des facteunglathte interagissant avec les
virions sont identifiés, nous tenterons de révdieda colocalisation de ces protéines avec le
virus en combinant des marquages avec des fluoreplad de 'immunolocalisation.

Phase 5 : Analyse fonctionnelle des candidats iddfigs

La phase finale du projet consistera a démontrenayuque ces différents facteurs
interagissant avec les virions ou les facteursuxiranpligués dans le mouvement a longue
distance ont un réle actif dans cette étape dueoxichl.

Pour cela, nous travaillerons soit avec des ligné@scorrespondant aux genes qui
codent pour ces facteurs si elles sont disponitbitsavec des lignées obtenues par RNAI.
Ces lignées seront donc inoculées avec LMV et BWat\hous suivrons l'infection virale
pour savoir si dans ces lignées le mouvement aubmlistance de ces virus est bloqué ou
non.

bY

Si nous arrivons a identifier de tels facteurs, m@xaminerons de plus pres leur
localisation cellulaire et subcellulaire, leur exggion en condition saine et infectée, éléments
qui permettront de déboucher sur de nouvelles étsde ces facteurs afin d’apporter des
éléments de compréhension sur leur mode d’actios amouvement a longue distance de
nos virus modeles. Ces études seront développéesriparement au projet Viromouv.

Pour réaliser ce projet, je suis assisté de L. rSa® a 60% sur ce projet, en
particulier sur la phase 2, de B. Doublet, TR e¥Michon, CR1, tout deux sur la phase 4 et de
V. Schurdi-Levraud sur la phase 3. Deux M2 et inésé sont également prévus.

3. Etude fonctionnelle des facteurs de I'héte imglués dans le mouvement a longue
distance des potyvirus



A ce jour, seuls les facteurs de résistance RTMébdtclonés et nous poursuivrons
naturellement I'analyse fonctionnelle de ces facteiin de mieux comprendre le mécanisme
moléculaire du blocage du mouvement a longue distales potyvirus qui peut ouvrir des
pistes pour la compréhension méme du mouvememigaidodistance de ces virus.

Parmi les questions auxquelles nous aimerions d¥ppau moins trois me semblent
prioritaires :

1. Dans quel type cellulaire et au niveau de qaeigartiment cellulaire, le blocage du
mouvement a longue distance des virus se met ea pla

2. Avec quel(s) facteur(s) de plante les particuleisales (ou complexe
ribonucléoprotéique) dont le mouvement est blogquéragissent-elles ? (Facteurs/complexe
RTM ? autre facteur ?)

3. Les protéines RTM forment-elles véritablementcamplexein plantaet dans quel
compartiment cellulaire sont-elles localisées ?

L’hypothése de travail sur laquelle nous nous agpuis est celle d’'un complexe
RTM, composé d’au moins RTM1 et RTM3 d’apres nosirdes d’interaction protéine-
protéine en double-hybride et en BIiFC, qui poursgtjuestrer les particules virales. Cette
interaction pourrait s’établir via la région N-tamale de la CP, puisque nous l'avons
identifte comme la région impliguée dans le comiement de la résistance RTM,
empéchant ainsi le virus d’atteindre les tubedésibu phloéme et donc de mouvoir a longue
distance. On peut facilement imaginer que ce coxepRTM soit associé a une membrane
puisque RTM2 possede un domaine transmembranas@n aextrémité C-terminale. Mais
comme pour linstant aucune interaction n'a étéék&y entre protéine RTM et CP
(uniguement testé pour l'instant en double-hybrid®) peut également imaginer que d’autres
facteurs cellulaires assurent le lien entre vitusoenplexe RTM.

Pour répondre a ces questions, différentes exp@&sesont envisagées :

- Production des protéines RTM en fusion avec diffesrefluorophores qui vont
permettre de réaliser soit en systéeme épidermegrmbmi ou agroinfiltration de
feuilles de tabac:

o De la localisation et co-localisation des 3 praéiRTM (a I'aide notamment
de marqueurs moléculaires ciblant les difféerentsygartiments cellulaires).
Ces expériences devraient nous indiquer en pagtiicsil RTM2 est associé a
des membranes et si les 3 protéines RTM co-localise

o Des études d’interaction via des approches de FypgFlim (éventuellement
couplé a du BiFC pour révéler une interaction elese3 protéines)

- Test d’interaction entre CP du LMV et protéines RTdr BiFC sur cellules
d’épidermes d’oignon (en émettant 'hnypothese qusgateme levure, toutes les
modifications post-traductionnelles apportées eargdrotéines testées ne sont pas
équivalentes a celles se produisamtplanta expliquant I'absence d’interaction
CP-RTM en double-hybride)

- Révélation d’interaction entre virus et protéineBMRpar far-western a partir de
protéines RTM purifiées en systéme bactérien eirds purifié.

- Immunomarquage du LMV pour identifier le site dwdage du virus dans les
tissus phloémiens d’Arabidopsis

- Co-localisation du LMV avec les protéines RTM atpat' Arabidopsis produisant
les protéines RTM fusionnées a la GFP et dont &aseg sont exprimés sous
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contrble de leur propre promoteur (lignées displesitpour RTM1 et RTM2, en
cours d’obtention pour RTM3).

Nous possédons également une banque d’ADNc darectieur double-hybride pGAD-
T7, produite a partir de protoplastes de cellute®gagnes d’Arabidopsis (ce qui ne sera pas
le cas de la nouvelle banque produite dans le cdmrojet Viromouv qui évitera de passer
par ce stade stressant d’isolement des celluleétaieg), fournie par V. Brault. Nous avons
initi€ un criblage de cette banque avec RTM1 ddoptitjue d’identifier des facteurs
cellulaires impliqués dans le mécanisme de la tasie RTM, voire directement dans le
processus du mouvement a longue distance si on Brgpbthése que le complexe RTM
pourrait aussi priver le virus de facteurs nécessai ce mouvement, en les piégeant et de ce
fait les empéchant d’interagir avec les particwiesles. Parmi les protéines péchées par cette
approche, nous avons identifi€ RTM1. Cette donmddirene l'interaction de cette protéine
sur elle-méme et d'autre part démontre que noulrbbien des protéines des tissus
phloémiens.

Nous étendrons le criblage de cette banque ou liemeduite dans le cadre du projet
Viromouv, des que celle-ci sera disponible, avedMRTet RTM3 mais aussi avec la CP
puisque cette protéine est a la fois un facteal viécessaire au mouvement a longue distance
des potyvirus mais également le déterminant deocomément de la résistance RTM. Le
criblage avec la CP étant programmé dans le pxéjeimouv a partir d’'une CP d’isolat de
LMV infectant Col-0 (donc contournant la résistad®EM), nous réaliserons également un
criblage avec une CP de LMV ne contournant paédstance RTM (Ces CP ne différant que
par un seul acide aminé dans la région N-termindigus espérons ainsi observer un
différentiel d’interaction entre ces deux CP quupont déboucher sur lidentification de
facteurs clefs impliqués soit dans le mécanisméad@ésistance soit dans le mécanisme du
mouvement proprement dit.

En fonction du nombre de candidats identifiés besces criblages par double-hybride,
de la spécificité des interactions obtenues eaderiction connue ou putative des protéines,
une sélection de candidats nous paraissant lesiiiressants sera réalisée. Nous testerons
pour ces candidats si les interactions observéedoeble-hybride se produisent aussi
planta par des approches évoquées plus haut (BiFC, CBIIR). Si c’est le cas, des lignées
KO ou silencées correspondant & ces candidatstseomulées avec le LMV pour voir si une
infection systémique se met en place. Si des catglslaverent étre directement impliqués
dans le processus de la résistance RTM ou daneue@ament a longue distance, cela ouvrira
de nouvelles perspectives d'études fonctionnekeses facteurs.

Pour accomplir cette partie, jai déposé un supttliese auprés de I'école doctorale
« sciences de la vie » de Bordeaux2 pour la rer2689/2010 mais cela va dépendre du
classement des étudiants ayant choisi ce sujedloincours de I'école doctorale, dans la
mesure ou je n'ai pu avoir de financement (cettéiggehormis le criblage de la banque de cc
par la CP de LMV, n'est pas intégré a Viromouv).Safer est aussi largement investi sur
cette partie.

L’ensemble de ces données devrait apporter des eatémsignificatifs pour la
compréhension de ce mécanisme de résistance etédanimme du mouvement a longue
distance des potyvirus. L’identification de telscteurs impliqués directement dans ces
processus biologiques est non seulement importiatepoint de vue fondamental puisque
cela apportera des éléments majeurs pour une oreilleompréhension des interactions
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moléculaires plante/virus mais revét égalemenntarét plus appliqués. En effet ces facteurs
de plante seront des cibles privilégiées pour ldilisation en lutte génétique chez des
especes d’intérét agronomique. Cela passera phntification des orthologues chez ces
especes d'intérét puis par la génération d’alldsésistance soit en exploitant la biodiversité
de l'espéce soit par criblage de collection de miistabtenus par TILLING.

Enfin il est concevable de penser que l'identifmatde tels facteurs puisse apporter des
éléments de connaissance sur leur réle putative tamphysiologie normale de la plante
notamment dans le transport de macromoléculesldanissus vasculaires.
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BILAN DE MON ACTIVITE DE RECHERCHE

L'analyse de pathosystémes Arabidopsis/potyvirussdaquelle je me suis engagé
depuis 2000 a ouvert la voie vers des projets dtifleation d’'un nombre important de génes
impliqués dans les interactions plante/potyviruselffet depuis que jai introduit Arabidopsis
dans nos études, plusieurs chercheurs du labaraintrdéveloppé des projets en utilisant le
couple Arabidopsis/[LMV comme modeéle d’étude au drawde diverses approches qu’elles
soient moléculaires, biochimiques ou génétiquesteto dans I'objectif de décortiquer les
mécanismes moléculaires qui gouvernent les interacplante/virus.

De mon coté en étant virologiste moléculaire a &seb jai pu, grace a des
collaborations multiples, notamment avec des géieéis, développer au laboratoire des
projets de caractérisation génétiqgue de génesaaeplCela s’est traduit par I'aboutissement
d'un premier clonage positionnel qui est celui dngRTM3 Ce premier clonage nous a
permis de mettre en place une méthodologie et dearau point un dispositif expérimental
pour mener a bien ce type de projet. J'ai de p&mgficié d’'un renforcement, bien que tardif,
enITA(1IE et1 TR en 2006 et 1 TR fin 2008) garmet forcément d’étre beaucoup plus
efficace en termes de rendement.

La disponibilité de moyen humain suffisant fut earéement un frein important a un
développement plus rapide de ces projets et paséguent un frein a une production
scientifique plus importante. En effet jusqu’en @08ucune aide technique n’a pu venir en
soutien sur mes projets car tout simplement au geinnotre groupe composée de 6
chercheurs, nous n‘avions qu’une IE et un TR (ER1dédié aux purifications de protéines).
Le message de renfort du dispositif humain estnepdissé au sein de notre hiérarchie qui
s’est traduit par des recrutement en 2006 et 2008.

Il a aussi été relativement difficile d'attirer désudiants sur cette thématique de
génétique. Le probléme de recrutement d’étudiaetss’arrange d’ailleurs pas malgré la
proposition de sujets en lien avec des étudesifom@lles que ce soit en thése ou en M2.

Devenir trés attractif semble étre la clef de lassite a la fois pour attirer du monde et
pour faire financer sa recherche. Quel challengen!lespérant que cela suffise ! Et je suis
bien conscient que cela passera par une produsti@mtifiue de qualité, en publiant en
particulier dans des journaux a IF plus élevés g@dl qui est une revue ou jai publié la
plupart de mes derniers papiers. J'espére étrie .om chemin avec la publication prochaine
du clonage de RTM3 et les résultats qui sortir@st grojets en cours

Collaborer plus intensément sera aussi crucialee partie du succés du projet
Viromouv auprés de 'ANR est pour moi liée au pasrdat affiché avec les équipes de
Colmar et de Strasbourg puisque la soumission meges précédentes de projets sur des
thématiques proches mais sans partenaire n'avat i@ couronnée de succes. Les
collaborations locales en particulier avec les esuttquipes de I''BVM et les plateformes
technologiques (génotypage, imagerie, etc.) seaamsi un atout important. Il faudra aussi
s’ouvrir au niveau européen en tentant autour depeejets les quelques équipes travaillant
sur les interactions plantes/virus. A conditionnbentendu que les virus de plantes soient
parmi les priorités de 'Europe !

Dans ce contexte, il est clair que dans le cadrprdjet que je présente il faudra aussi
faire des choix sur les génes et facteurs végé&tandier, chacun ouvrant potentiellement sur
autant de nouveaux projets (clonage, études fanwites, etc.). Il me faudra tenir compte
pour cela a la fois des moyens humains et finasid&ponibles mais aussi du contexte et de
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la politique scientifique conduite a la fois loaalent (équipe de virologie, IBVM, région) et
nationale (département SPE, INRA, ministére ddl&)te
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