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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,
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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. thaliana 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
(CMV), 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 yellow 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 P1/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



or on the particular PPV isolate being used: resistance at the
inoculation point (with no local virus multiplication detectable),
resistance to 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). Irrespective 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.

It 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 = 9.71 x 107) to weak (0.23, P = 9.2 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 (ACCI), 3 (ACC3),
and 5 (ACC)), 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. PSI1.1
maps on top of chromosome 1, near the nga59 marker. This
position is very close to that identified for the ACCI 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. PSI1.2 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 3.42%%% 43
SYMP 1.29 (£ 1.25) 3.4(£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 F  Heritability (%)
ACC 53.56 (+ 11.54)° 37.73 (£ 6.9) 34.31 14.37 to 86.52 9.48%#3# 75
SYMP 0 3 1.11 0.25t0 4 6.24 %% 65

4 #%% = gjgnificant at the 0.01% level.
b 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) x Landsberg erecta
(Ler) and in the Cape verde islands (Cvi) x 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 Plum pox virus Rankovic (PPV-R) isolate
SYMP 1 PSIL.1 ngaS9 3.7797 -0.3514 13.15
3 PSI3 m424 4.4367 -0.439 17.4
nga59 x m424 0.0339¢ 4.65
ACC 1 ACC1 ve006 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 ACC4 EC.306L 3.41 —-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 kK
2 PSI2 FD.150C 1.49876 0.894489 5.6 ok
5 PSI5 GH.117C 0.876126 1.6423 9.2 HkEE

% CHR = chromosome; LOD = logarithm of the odds ratio.

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

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

4 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 **** = (.005 and ****** = 0.005.
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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, PSI1.2,
cosegregating with the PVV4 marker, colocalizes with the
PSI1.1 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 PSI/.1 and PSII.2 are two
distinct loci.

QTL confirmation and fine mapping using 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 PSII is genetically linked to the PVV4
marker, LCN1-2.3, LCN1-2.4, and LCN1-2.5 should not con-
tain the Ler allele of PSI/, whereas LCN1-2.10, LCN1-2.11,
LCN1-2.12, and LCN1-2.16 should. Indeed, after inoculation
of this set of NILs by PPV-R, LCN1-2.3, LCN1-2.4, and
LCN1-2.5 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 PS/1.2 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 LCN1-2.3 and LCN1-2.10 locate PSI1.2 between
0 and 1,471 kbp at the long distal part of chromosome 1.

£
¥

::::i ’
N

PSI1.1 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 1 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 PSI5, the SYMP QTL identified on chromosome
5 with Cvi alleles increasing symptom severity (Table 2), two
NILs with a Cvi introgression in a Ler background, LCN5-4
and LCN5-7, 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

LCN1-2.5 [ N 0 58 13
LCN1-2.4 o 0 68 23
LCN1-2.3 0 40 + 14
LCN1-2.10 -:_E T 24+05 53+9
211
LCN1-2.11 = 28+04 50+9
LON12.12 T I .., 59+ 10
) I
LCN1-2.16 28+0.4 54+£10
: &5
Ler I
3 40.7 + 8.6

Fig. 3. Schematic representation of near-isogenic lines (NILs) showing chromosome 1 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 SRL1-52-10/1

Fig. 4. Representation of two near-isogenic lines (SRL 1-52-10/1 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.

202 / Molecular Plant-Microbe Interactions



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 PS5 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) ACCI and
ACC3 intervals overlap with the PSI1.1 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 rpvI 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
rpvl 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

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-UKI1 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 Arabidopsis 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% for 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.

LCNS-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 5.
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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 PSII locus and the use of NILs
for at least two other QTL. Besides PSI/, 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, PSII, 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/ 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 PSII allele and the Cvi PSI5 allele acts syner-
gistically with PSII, 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-O background. Based on the
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results obtained in both Cvi and Ler introgression lines, we
postulate that PSI/ 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, ACCI and ACC3, colocalize with PSII 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 affect 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 rpvl/rpv3 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 mottle virus (PVMV) infection in pep-
per. But in this case, PVMV 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 rpvl (Decroocq et al.
2006). rpvl 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.



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 total 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 Arabidopsis plants with
PPV-R was performed as previously described (Decroocq et al.
2006).

Two other potyviruses were also used: TuMYV, 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 NacCl, 1.47 mM
KH,PO,, 2.68 mM KClI, 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 = o%/[o?, + (c2./n)], where o7, 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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