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Identification of QTL for resistance to plum pox virus
strains M and D in Lito and Harcot apricot cultivars
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Abstract Sharka is a severe apricot viral disease
caused by the plum pox virus (PPV) and is responsible
for large crop losses in many countries. Among the
known PPV strains, both PPV-D (Dideron) and PPV-M
(Marcus) are virulent in apricot, the latter being the
most threatening. An F1 apricot progeny derived from
Lito, described in the literature as resistant, crossed to
the susceptible selection BO81604311 (San Castrese
x Reale di Imola) was used to study the genetic control
of resistance to PPV. A population of 118 individuals
was phenotyped by inoculating both PPV-D and
PPV-M strains in replicated seedlings and scored for
3 years. An additional set of 231 seedlings from the
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same cross was also phenotyped for 2 years. SSR-
based linkage maps were used for quantitative trait
locus (QTL) analysis. A major QTL of resistance to
both PPV-M and PPV-D strains was found in the top
half of the Lito linkage group 1, where a QTL was
previously described in Stark Earli-Orange, the donor
of Lito resistance. The LOD score was considerably
enhanced when the recovery of plants from infection
was taken into account. The results obtained in Lito
were compared with those observed in a second apricot
cross progeny (Harcot x Reale di Imola) in which
QTL of resistance to sharka were also mapped in the
same linkage group 1 for both PPV strains. Several
models of resistance to sharka disease are discussed
considering the segregation frequencies, the QTL
alignment in the two maps and the information
gathered from the literature.

Keywords Breeding - Prunus armeniaca L. -
Sharka - QTL analysis

Introduction

Sharka is currently the most serious disease of apricots
and other stone fruit crops. The disease, caused by the
plum pox virus (PPV), has spread rapidly throughout
the world during the last 20-30 years and thousands of
hectares of orchards have been cleared in an attempt at
control. The cost worldwide of sharka management
during the last 30 years has been estimated to exceed
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EURI10 billion (Cambra et al. 2006). Several sources
of resistance have been identified in apricot germplasm
and are currently being used both to understand the
genetic control of the disease and to produce resistant
selections. In spite of the large body of literature
available, the genetic basis of sharka resistance in
apricots is still under debate. Individual reports indi-
cate that a single gene (Dicenta et al. 2000), two genes
(Moustafa et al. 2001) or three genes (Guillet-Bellan-
guer and Audergon 2001) are responsible. In addition,
polygenic resistance has been described in P. davidi-
ana (Decroocq et al. 2005; Marandel et al. 2009a), a
species closely related to peach [Prunus persica (L.)
Batsch.]. In a more detailed study Soriano et al. (2008),
analysed the segregation of resistance in four progenies
(two F1 progenies with Goldrich and two F2 progenies
with Lito as donors of resistance). They concluded that
all progenies differed significantly from the expected
ratio for a single dominant gene (1:1 inthe F1 and 3:1 in
the F2) and that the data better fitted a digenic model
with two dominant independent loci controlling PPV
resistance (expected and observed segregations were
1:3 in the F1 and 9:7 in the F2), except for the cross
Goldrich x Canino whose progeny better fitted a three
gene-based model.

The main problem in studying sharka resistance in
apricot is that the phenotypic evaluation of disease
symptoms in segregating progenies, beside being
expensive, tedious and time-consuming, sometimes
does not allow a reliable assignment to discrete classes
of resistance/susceptibility. The determination of the
number and localisation of the genetic determinants of
sharka resistance is therefore a priority in apricot
breeding programs, particularly in order to take
advantage of marker-assisted selection (MAS).

Mapping in stone fruit species is made easier by
the Prunus Reference Map based on the F2 progeny
from Texas (almond) x Earlygold (peach) cross
T x E (Joobeur et al. 1998; Aranzana et al. 2003;
Dirlewanger et al. 2004; Howad et al. 2005). This
reference map allows several maps of Prunus species,
such as peach, plum, and apricot, to be aligned given
the strict colinearity of genomes of those species
(Dirlewanger et al. 2004, http://www.bioinfo.wsu.
edu/gdr/MapView.php).

Several apricot genetic maps have recently been
produced (Hurtado et al. 2002; Vilanova et al. 2003;
Lambert et al. 2004, 2007; Dondini et al. 2007; Lalli
et al. 2008; Soriano et al. 2008; Marandel et al.
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2009a, b) with the aim of mapping the genetic
determinants of sharka resistance in this species.

A first determinant was mapped on linkage group
1 (LGl) by using an F1 progeny of Goldrich x
Valenciano (Hurtado et al. 2002). Goldrich is known
to be tolerant to the pathogen while Valenciano was
described as susceptible (Martinez-Gomez et al.
2000; Dicenta et al. 2000). This preliminary result
was recently confirmed by a quantitative trait locus
(QTL) analysis carried out on another F1 progeny,
Goldrich x Currot (Soriano et al. 2008).

A major QTL was also identified in LG1 by the
analysis of F1 and F2 progenies of Stark Earli-Orange
(SEO; Lambert et al. 2004) and its offspring Lito
(Vilanova et al. 2003; Soriano et al. 2008). Minor
QTL were identified in the Polonais x SEO progeny
in LG3 and LG5 of both SEO and Polonais (Lambert
et al. 2007). The main QTL on LG1 was confirmed
by Sicard et al. (2008), who developed new micro-
satellite (SSR) markers flanking the QTL, and by
Lalli et al. (2008) in a backcross population of
SEO x Vestar, and was again confirmed by Soriano
et al. (2008) in the extended F2 Lito selfed progeny.
Most of the resistance determinants described above
were characterised using the PPV-D strain as a source
of inoculum and, at present, the only resistances
specific to the PPV-M strain are those reported in the
BC1 SEO x Vestar (Lalli et al. 2008) and in P.
davidiana (Marandel et al. 2009a).

The presence of QTL for sharka resistance in LG1
and LG3 has been also reported by Marandel et al.
(2009b) in the cultivar Harlayne (by analysing an F1
progeny derived from the cross Harlayne x Marlén).
In contrast to the above reports, a recombinant strain
of PPV (PPV-rec; Glasa et al. 2004) was used.

A recent survey of apricot germplasm of different
geographical origins (Zhebentyayeva et al. 2008)
suggested an introgression of Chinese germplasm
into the North American PPV-resistant gene pool.
These authors also suggested a different breeding
history of SEO and Goldrich-Harlayne lineages and a
possible introgression of genetic material from non-
domesticated apricots P. mandshurica, P. sibirica
var. davidiana and P. mume.

Several preliminary results have been published
concerning the genes involved. A cDNA-AFLP
approach pointing to changes in gene expression
profiles following PPV-D infection (Schurdi-Levraud
Escalettes et al. 2006) revealed a putative class III
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chitinase being repressed in infected plants of the
resistant cultivar Goldrich compared to the suscepti-
ble Screara, while a transketolase, a kinesin-like and
an ankyrin-like protein were clearly associated with
the susceptible interaction. SEO revealed very little
differential expression even in the early stages after
inoculation (Schurdi-Levraud Escalettes et al. 20006).

Marandel et al. (2009a, b) correlated the presence of
mRNA of genes coding for eukaryotic translation
initiation factors elF4E and elF(is0)4G with the
resistance QTL found in P. davidiana P1908. This
result seems to confirm previous data reported by
Decroocq et al. (2005) who described a co-segregation
of a Prunus elF(iso)4E with a major QTL of resistance
to sharka in peach. Similar findings were reported by
Sicard et al. (2008) in apricot. Several other reports
indicate that eI[F4E and elF(iso)4E genes, which seem
critical for plant growth (Duprat et al. 2002), are as well
required by potyvirus to carry on the infection (Ruffel
et al. 2002; Diaz-Pendon et al. 2004). Such an
occurrence has been found, for instance, in Arabidop-
sis (Duprat et al. 2002; Nicaise et al. 2007), lettuce
(Nicaise et al. 2003) and Capsicum (Kang et al. 2005).
This resistance model that deals with the inability of
the virus to find one or several plant genes required for
infection implies a recessive condition. If the evidence
reported by Sicard et al. (2008) and Marandel et al.
(2009a, b) is confirmed, the recessive condition of
several sources of resistance could explain part of this
trait, although this does not seem in agreement with the
data collected in other segregating progenies which
clearly indicate that PPV resistance is controlled by at
least one dominant gene.

In the present work, both PPV-M and PPV-D strains
were used to phenotype two F1 apricot progenies,
namely Lito x BO81604311 (already described in
Dondini et al. 2007) and one from Harcot x Reale di
Imola. Their genetic maps were used to identify QTL
of resistance to both virus strains and to discuss the
nature of sharka resistance in apricot.

Materials and methods
Plant material
The apricot cultivars Lito and Harcot were selected

because of their different genetic origins and resis-
tance responses to PPV. Lito came from the cross

SEO (the donor of sharka resistance) x Early of
Tyrinthos. Harcot’s pedigree, as reported by Brooks
and Olmo (1997), is [(Geneva x Naramata) x Mor-
den 604 (Scout x McClure)] x NJA1 (Phelps x
Perfection) and the resistance to sharka should be
inherited from Perfection.

Two segregating F1 progenies were produced:

e Lito x BO81604311 (hereinafter L x B and
L x B extended) with 118 seedlings and 231
seedlings respectively;

e Harcot x Reale di Imola (H x R) with 98
seedlings.

Inoculation with PPV

A phenotyping protocol developed at the Diparti-
mento di Protezione delle Piante e Microbiologia
Applicata, Universita di Bari (DPPMA) was used to
evaluate resistance of the apricot populations to PPV
(Amenduni et al. 2004). All seedlings were grafted
onto Myrobalan 29C or GF305 rootstocks with 14
replicates, seven for the analyses with PPV-M strain
and seven for the PPV-D strain. Five of the seven
replicates were inoculated on the rootstock by double
chip budding, while the other two plants were not
inoculated, but retained as healthy controls. The virus
strains used as inocula were isolate 0019-GR of PPV-
M, found in Greece (Boscia et al. 1997), and isolate
0025-IT of PPV-D, found in Italy (Di Terlizzi et al.
1988). Both isolates are maintained on GF 305 in an
in vivo collection of PPV isolates at the DPPMA. The
trial took place in an insect-proof screen house at the
Centro di Ricerca e Sperimentazione in Agricoltura
“Basile Caramia” in Locorotondo (Apulia, Italy)
until the end of June, at 368 m above sea level, in a
hilly area characterised by a cool climate, suitable for
expression of visual viral symptoms and for analysis
for detection of PPV infections. Symptoms of the
disease were visually scored and ELISA analyses
were also performed. The success of the virus
inoculations was confirmed by the presence of
symptoms and by ELISA tests on the rootstocks.
L x B and H x R progeny were phenotyped for
3 years and the L x B extended progeny for 2 years.

Visual inspections were carried out weekly during
each growth cycle and leaf symptoms (vein clearing,
yellow rings, spots and blotches) were scored as 0
(absence of symptoms), 1 (very mild symptoms,
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mainly in the basal part of plant), 2 (moderate
symptoms on several leaves) and 3 (severe symptoms
on whole plant). Based on the scoring system
reported in the literature (Kegler et al. 1998; Dicenta
et al. 2000), the seedlings were classified as:
(a) resistant, that is a plant always negative to ELISA
and showing no symptoms; (b) tolerant, that is a plant
always positive to ELISA but showing no symptoms;
(c) susceptible, that is a plant in which PPV readily
multiplies and spreads (both rootstock and apricot are
symptomatic).

Resistance/tolerance of the seedlings was also
confirmed by top-grafting the apricot scions with
GF305 since the second vegetative cycle. In this case
the effective presence of the virus in the GF 305 was
visually checked and confirmed by both ELISA and
PCR.

DNA extraction, marker analysis and map
construction

Genomic DNA was extracted from 200 mg of freeze-
dried young leaves collected in spring following the
protocol by Mercado et al. (1999) as modified by
Dondini et al. (2007). The Lito and BO81604311 maps
described in Dondini et al. (2007) were upgraded with
the analysis of six new SSRs that filled the largest gaps
on LG1. The new markers were aprigms 1, 2, 3, 10, and
16 (Vilanova et al. 2006) and MA0O67 (Yamamoto et al.
2005). A framework map of the LG1 based on 18 well-
distributed SSR markers was then transferred to the
L x B extended population.

A framework map was constructed for the H x R
population by genotyping the 98 individuals with a set
of regularly distributed markers from the series UDP
(Cipriani et al. 1999; Testolin et al. 2000), UDAp
(Messina et al. 2004), BPPCT (Dirlewanger et al.
2002), CPPCT (Aranzana et al. 2003), PaCITA (Lopes
et al. 2002), MA (Yamamoto et al. 2005), aprigms
(Vilanova et al. 2006; Lalli et al. 2008), UDA (Testolin
et al. 2004) and CPDCT (Mnejja et al. 2005).

Segregation analysis of individual loci, identifica-
tion of linkage groups and the linear position of
markers were carried out with JoinMap 3.0 (van
Ooijen and Voorrips 2002), which allows analysis of
markers showing different segregation patterns in the
one mapping population. Markers were first grouped
using a minimum log of odds (LOD) score of 5 for
the reference maps of Lito and BO81604311 and
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LOD 3 for the Harcot and Reale di Imola maps; all
markers were included even if they showed skewed
segregations. Kosambi’s function was used for cal-
culating map distances. Maps were drawn using
MapChart 2.0 (Voorrips 2002).

QTL analysis

The Kruskal-Wallis test and the Interval Mapping
analysis were performed using MapQTL 4.0 (Van
Ooijen et al. 2002) for QTL identification. Two sets of
phenotypic data were used for both PPV strains: the
first data set recorded the highest level of susceptibility
found in each seedling during the 3 years of observa-
tion. The second data set was created with the scoring
limited to the third season and therefore took into
account those seedlings that had recovered. In LGI,
only markers with the same statistical bases (no
missing data) were used for QTL analysis.

For the L x B extended population, phenotyping
for both PPV strains was limited to two seasons and
in this case recovery was not taken into account. The
“permutation test” (1000 permutations) was used to
determine the significance threshold of the LOD
score (corresponding to a probability higher than
95%) for a QTL to be considered significant after
Interval Mapping analysis.

Results and discussion

Phenotypic analysis of PPV resistance: scoring
classes and differences among PPV strains
and crosses

During the 3 years of phenotypic observations, seed-
lings were consistently classified into three classes
(resistant, tolerant and susceptible) on the basis of
symptoms and ELISA tests. Lito fell into the resistant
class, whereas Harcot was classified as tolerant.

Resistant seedlings, whose GF 305 rootstock did
not show symptoms, were not taken into account as
inoculation was considered unsuccessful. In the
L x B cross, there were 22 such seedlings amongst
those inoculated with PPV-D and four amongst those
inoculated with PPV-M but only three in the H x R
cross when inoculated with either strain.

The initial assessment considered the maximum
degree of susceptibility observed in any of the 3 years
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of the experiment. This means that seedlings classi-
fied in different categories in different years were
conservatively assigned to the worst class: 12 and
22% respectively of seedlings of the L x B popula-
tion inoculated with PPV-M and PPV-D were clas-
sified as resistant, 13 and 20% respectively as tolerant
and 75 and 58% respectively as susceptible (Fig. 1a,
b). The ratio of pooled resistant and tolerant classes to
susceptible seedlings was 25:75 for PPV-M and
42:58 for PPV-D, respectively. Both ratios are not
consistent with the expected 1:1 ratio for a mono-
genic dominant resistant trait. These results were
confirmed by the analysis of the L x B extended
population although it was evaluated for only 2 years.
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o 8 &3 8
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)
= 60
T 40
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X o0
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Fig. 1 a—f Evaluation of the degree of resistance to PPV (M
and D strains) of the individuals derived from the F1
populations Lito x BO81604311 (a-d), Lito x BO81604311
extended (e-f) and Harcot x Reale di Imola (g-h). Data
collected during 3 years (two for the LxB extended) have been
used to group all the seedlings into three classes: resistant
(asymptomatic and ELISA-negative), tolerant (asymptomatic

Collectively, these results confirm the data frequently
reported in the literature of a polygenic control in
apricot and other Prunus species.

Similar results with an excess of susceptible geno-
types were recorded for the H x R progeny, approx-
imately 80% of whose seedlings were recorded as being
susceptible to both strains of the virus (Fig. 1g, h).

The PPV-M strain appears to be more virulent at
least to the Lito progeny, as 12 seedlings classified as
resistant to or tolerant of PPV-D were scored as
susceptible to the PPV-M and only two seedlings
resistant to or tolerant of PPV-M were susceptible to
PPV-D. The same trend was confirmed in the L x B
extended progeny in which 36 seedlings resistant or
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h HxR PPV-D Max susceptibility
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and ELISA-positive) and susceptible (symptoms clearly
evident in the leaves). “Max susceptibility” indicates the
dataset by considering the maximum degree of susceptibility
observed in the 3 years of the tests (a, b, e, f). “With recovery”
indicates the dataset that takes into account the recovery in the
third year (c, d)
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tolerant to PPV-D were susceptible to PPV-M. This
difference in susceptibility to either strain was not
observed in the H x R progeny, in which only two
seedlings differed in their susceptibility to the two PPV
strains.

During the third year of phenotyping, 10 seedlings
of the L x B progeny susceptible to PPV-M became
symptomless and ELISA-negative. At the same time
another 12 susceptible seedlings became tolerant and
two tolerant seedlings became resistant. A similar
trend, but to a lesser extent, was also observed in
seedlings inoculated with PPV-D. This observation
suggests that several seedlings probably recovered
from infection. If recovery is taken into account, the
distribution of seedlings in resistant/tolerant and
susceptible classes becomes similar for inoculation
with the two PPV strains (Fig. 1c, d). Recovery from
PPV infection has previously been described in apricot.
Karayiannis et al. (2008) reported that seedlings of the
SEO x Bebecou progeny recovered the second spring
after inoculation. The authors suggested that recovery
from PPV symptoms was due to a type of resistance
carried by SEO, apparently different from both hyper-
sensitivity reactions and immunity.

In addition, Lambert et al. (2007) observed ten
individuals in the Polonais x SEO progeny that
showed important changes in virus accumulation
over time and eventually recovered. The same
phenomenon was also observed in Prunus davidiana
(Decroocq et al. 2005).

QTL for sharka resistance in Lito

The genetic map of Lito, upgraded after the first
publication (Dondini et al. 2007), currently covers
532 cM with 161 markers at a mean separation of
3.3 ¢cM (data not shown). In particular, the LGI1 is
covered by 27 evenly spaced markers spanning 91.1 cM
with an overall marker density of one marker every
3.4 cM, which reduces to 1.4 cM in the region bearing
resistance to sharka (from UDAp-463 to PaCITAS).
The QTL analysis gave similar results using either
the Kruskal-Wallis or the Interval Mapping algo-
rithms. A major QTL was observed corresponding to
the SSR UDAp-441 with a LOD score of 9.7
(accounting for 32.5% of the variance) when plants
were inoculated with the PPV-M strain and scored for
the maximum presence of symptoms. An adjacent QTL
corresponded to the MA067 marker witha LOD of 16.1
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explaining the 53.9% of the variance when the progeny
was inoculated with PPV-D (Table 1; Fig. 2). Both
results considerably exceeded the LOD threshold of
1.8 calculated by the permutation test. The LOD curve
shows a second minor peak corresponding to the SSR
PaCITA7 for PPV-M (LOD score 4.5, accounting for
16.7% of the variance) and the SSR aprigms8 (LOD
score 3.5, accounting for 15.5% of the variance) for
PPV-D (Table 1;Fig. 2). This second QTL should also
exceed the LOD threshold of 1.8 calculated by the
permutation test. The presence of QTL in addition to
the major one in LG1 has been also described in SEO
(Lambert et al. 2007) and Harlayne (Marandel et al.
2009b).

When plant recovery was taken into account, the
LOD score of the main QTL in the L x B progeny
increased to 14.8 (accounting for 45% of the variabil-
ity) and the QTL peak shifted slightly from UDAp-441
to the pchcms4 marker (Table 1). LOD score and peak
position did not change with PPV-D. For the second
QTL the slippage was only for PPV-M and the peak
shifted slightly from PaCITA7 to CPPCT26 with a
comparable LOD score (Table 1; Fig. 2).

In the L x B extended progeny, the QTL peaked
near marker pchcms4 with a LOD of 21.9 and 37.2
respectively for PPV-M and PPV-D strains (LOD
threshold of 3.0). In the extended population, the
genes controlling resistance appear to be restricted to
a 5 cM region. The second QTL peaks in the region
of aprigms8 with a LOD score of 8.5 and 8.4 for
PPV-M and PPV-D respectively.

No QTL was detected in the susceptible parent
BO81604311.

To assess the impact of tolerance on the QTL
analysis, we tested the effect of scoring all tolerant
seedlings as either susceptible or resistant. In the
former case, the main QTL decreased significantly
for both strains, while in the latter case it was slightly
enhanced (data not shown). This would suggest that
tolerance is more correctly associated with resistance
rather than being taken as indicating incomplete
development of the disease.

The identification of a main QTL on LG1 of Lito is
in agreement with Vilanova et al. (2003) and Soriano
et al. (2008) who suggested the presence in Lito of a
single dominant gene modulated by the activity of
other minor genes. A single dominant gene inherited
by SEO, Lito’s mother, is also described by Rubio
et al. (2007) and Karayiannis et al. (2008) and in the
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Table 1 Probability of marker association to the resistance phenotype as determined by Kruskal-Wallis (KW) and Interval Mapping

(IM) analysis

Linkage group 1 PPV-M PPV-D

Map Locus Segregation Plus KwW M KwW M

cM type allele (bp) LOD % Expl LOD % Expl
LITO (max susceptibility)

9.5 UDAp-441 <abxaa> 129 41.5 9.7 325 48.2 12.7 45.6
13.0 MA067 <abxaa> 87 36.7 8.7 29.6 54.9 16.1 53.9
14.4 pchems4 <abxac> 232 329 7.6 26.5 49.7 14.0 48.9
47.0 aprigms 8 <abxac> 177 18.8 3.7 14.1 16.1 35 15.5
47.7 PaCITA 7 <abxcd> H 20.7 4.5 16.7 12.6 2.9 13.0
48.5 CPPCT26 <abxcd> H 18.9 4.1 153 13.7 32 14.3
LITO (after recovery)

9.5 UDAp-441 <abxaa> 129 50.4 13.6 423 44.5 124 45.0
13.0 MA067 <abxaa> 87 50.4 13.6 423 54.9 15.5 52.6
14.4 pchems4 <abxac> 232 53.7 14.8 45.0 49.7 13.4 47.4
47.0 aprigms 8 <abxac> 177 18.8 3.7 14.2 15.6 3.5 15.6
47.7 PaCITA 7 <abxcd> H 19.1 4.1 15.4 12.1 29 12.9
48.5 CPPCT26 <abxcd> H 20.3 4.5 16.6 13.0 3.1 14.0
LITO extended (max susceptibility)

17.9 pchems4 <abxac> 232 89.6 219 37.2 118.7 37.2 54.4
57.3 aprigms 8 <abxac> 177 39.5 8.5 16.5 37.0 84 16.3
Harcot (max susceptibility)

13.5 CPPCD042 <abxcd> H 12.7 3.1 14.2 13.7 3.5 15.7
22.7 UDAp-441 <abxcd> 245 12.6 2.7 154 11.1 2.7 17.1

Markers reported in bold are those with the highest LOD scores

Plus allele: the allele associated with resistance
% expl: percentage of variance explained by the QTL

H: heavier allele of Lito or Harcot

“Max susceptibility” is the maximum level of susceptibility of the seedling replicates during the 3 years of evaluations that has been

used for QTL analysis

“after recovery” means that the susceptible seedlings that became resistant during the third year have been grouped in the resistant

class

“Lito extended” indicates the second large LxB progeny phenotyped for 2 years

latter paper a 1:1 segregation ratio is reported. In our
work, if recovery is considered as a type of resistance
to the pathogen, the ratio between the group that
includes resistant, tolerant and recovered individuals
and the group that is susceptible approaches 1:1.
All the L x B resistant or tolerant seedlings show
the UDAp441 allele in coupling with resistance while
the 71.1% of the seedlings susceptible to at least one
strain are carrying the allele in repulsion (data not
shown). Analogously to the L x B extended prog-
eny, 92% of both resistant and tolerant plants shared
the UDAp441 “plus allele”, that is the allele of the

resistant parental haplotype, while 74% of susceptible
plants carried the “minus allele” (in this case the
percentages were 93 and 79% respectively using
pchcms4 as marker). These results suggest that these
markers should be considered for use in MAS to
greatly reduce the number of seedlings that have to be
phenotyped and, consequently, to save time, space
and the costs of the artificial inoculation test.

Other QTL for sharka resistance such as those
described in the LGs 3 and 5 of SEO by Lambert
et al. (2007) or in the LG3 of Harlayne (Marandel
et al. 2009b) were not detected in the present work.
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Fig. 2 QTL for sharka resistance identified on the linkage
group 1 of cultivar Lito (Lito from the progeny LxB; Lito
extended from the progeny LxB extended). The probability of
the association of the markers to the “resistance trait” (after
Interval Mapping analysis) is indicated as LOD score (PPV-M
in black and PPV-D in grey). The continuous lines indicate the

QTL for sharka resistance in Harcot

Two frames of SSR-based maps have been con-
structed for the parental lines Harcot (478 ¢cM with 69
SSR markers) and Reale di Imola (464 ¢cM with 51
SSRs) in order to cover evenly the eight chromo-
somes of the apricot haploid genome (data not
shown). LG1 in Harcot is 143 ¢cM long and has been
oriented and aligned to that of Lito with markers
CPPCT16, UDAp-441, MA067, UDP005, CPPCT?34,
PaCITA7, CPPCT26, BPPCTO11 and UDAp-410
(Fig. 2). Several SSRs that mapped in the LG1 of
Lito were not polymorphic in H x R progeny and
could not be used. In spite of this, probably due to
low genetic diversity between the two parents Harcot
and Reale di Imola (Geuna et al. 2003), 20 SSRs have
been mapped in the Harcot LG1 by testing many new
markers isolated from different Prunus species.
QTL analysis revealed a weaker QTL in the same
position as in Lito in the LGl (Table 1; Fig. 3).
Kruskal-Wallis  analysis  identified the SSR
CPDCT042 (K index of 12.6 and 13.7 for PPV-M
and PPV-D strains respectively) and UDAp-441 (K
index of 12.6 and 11.1 for PPV-M and PPV-D strains
respectively) as peaks of putative QTLs, but Interval
Mapping did not reach the LOD threshold determined
by permutation tests. Weak QTL peaks with LOD
scores below the threshold were also observed in the

@ Springer

QTL analysis by using the maximum level of susceptibility of
the seedlings observed in 3 years of observations. The dotted
lines indicate the LOD scores calculated by using the
phenotypic data with recovery. Cross-hatched lines indicate
the LOD threshold. Arrows indicate the position of QTL

LGs 6 and 7 in positions where minor QTL were
described in P. davidiana (Decroocq et al. 2005;
Marandel et al. 2009a). The low significance of these
putative QTL is probably due to the small population
size coupled with the very low number of resistant/
tolerant plants. The differences observed inthe L x B
and H x R populations probably reflect the different
behaviour of Lito and Harcot in response to PPV
infections, the former being resistant and the latter
tolerant.

No QTL was detected in the susceptible parent
Reale di Imola.

Conclusions

A genomic region containing genes of resistance to
sharka disease has been identified in apricot in the top
half of LG1. In that region, a major QTL of resistance
to both PPV-M and PPV-D strains was mapped in
Lito and probably in Harcot, where a low LOD score
was recorded.

A QTL of resistance to PPV-D strain was located
in the same region of Goldrich (Hurtado et al. 2002;
Soriano et al. 2008), SEO (Lambert et al. 2007;
Sicard et al. 2008) and its offspring Lito (Vilanova
et al. 2003; Soriano et al. 2008), while the resistance
to the PPV strain M, the most aggressive in apricot,
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Fig. 3 Putative QTL for KW
sharka resistance identified
on the linkage group 1 of 15 10 5

the apricot cultivar Harcot.
The probability of the
association of the markers
to the “resistance trait”
(after Kruskal-Wallis [KW]
and Interval Mapping
analyses) is indicated as
KW index and LOD score
respectively (PPV-M in
black and PPV-D in grey).
Arrows indicate the position
of the putative QTL

)

was only reported in SEO by Lalli et al. (2008) and in
this paper. These results are consistent with those of
Marandel et al. (2009b), who used a PPV-rec strain.

The segregation ratios of resistant and susceptible
genotypes are not easily calculated because of the
complex behaviour of the plant—pathogen interaction.
Resistant and susceptible seedlings were easily
identified because of the clearcut distinction between
these two classes: resistant seedlings were always
asymptomatic and negative to the ELISA test, while
susceptible trees showed clear symptoms of disease
and were positive to the ELISA test. However, there
are also tolerant individuals that showed no pheno-
typic symptoms but were recorded as positive by the
ELISA test.

Even if the tolerant and resistant seedlings are
considered together, the segregation ratio was not 1:1,
as would be expected for the segregation of a single
dominant R gene heterozygous in the donor parent. A
consistent bias towards an excess of susceptible
individuals was always found, ranging from 58 to
80%. For this reason the character was treated as of
quantitative nature.

The scenario was complicated by the recovery of
some plants, initially classified as susceptible but
becoming resistant or tolerant during the third year of

Harcot LG1 LOD
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scoring. When resistant, tolerant, and such recovered
seedlings were pooled together, the ratio of these to
susceptible plants approached 1:1. This explains why
such a large part of the phenotypic variability is
accounted for by a single QTL in the LG1. Other
potential QTL either explained a very small part of
the variance or were below the LOD threshold. The
markers closer to the QTL peaks would already be
suitable for marker-assisted breeding. Those plants
that recovered should be retained in breeding pro-
grams only after careful consideration because such
plants, although tolerant or resistant long-term, could
be a source of virus infection in the field. However,
they could be grown in regions/countries where PPV
cannot be eradicated.

From a physiological point of view, resistance of
apricots to sharka is based neither on an immunity
mechanism (non-host resistance) nor a hypersensitive
response (HR) triggered by recognition genes (Dangl
and Jones 2001, 2006). According to the literature, it
is due either to the absence of initiation factors
needed by the virus for its replication (Duprat et al.
2002; Sicard et al. 2008; Marandel et al. 2009a, b) or
to the inability of the virus to replicate rapidly, which
does not require specific R genes. The first model is
based on recessive genes and does not fit our data

@ Springer
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while the second one is more likely but the genes
involved are more difficult to determine in terms of
either number or function.

Studies of sharka resistance are easily affected by
the small size of populations and the difficulties in
scoring the mode of resistance (reviewed in Soriano
et al. 2008). We were able to assess at least in
Lito x BO81604311 a relatively large population of
349 individuals that allowed the unequivocal identi-
fication of a major QTL in the LG1 of several apricot
accessions. We also initiated the screening of a
random-shear BAC library of Lito with the markers
surrounding the QTL region. Preparing a physical
map of the region of interest will be the next step in
the positional cloning of the gene(s) involved in
sharka resistance.
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