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Abstract A genetic linkage map of apricot (Prunus
armeniaca L.) was constructed using AFLP and SSR
markers. The map is based on an F, population (76
individuals) derived from self-pollination of an F; indi-
vidual (‘Lito’) originated from a cross between ‘Stark
Early Orange’ and ‘Tyrinthos’. This family, designated as
‘Lito” x ‘Lito’, segregated for two important agronomical
traits: plum pox virus resistance (PPV) and self-incom-
patibility. A total of 211 markers (180 AFLPs, 29 SSRs
and two agronomic traits) were assigned to 11 linkage
groups covering 602 cM of the apricot genome. The
average distance (cM/marker) between adjacent markers
is 3.84 cM. The PPV resistance trait was mapped on
linkage group GI1 and the self-incompatibility trait was
mapped on linkage group G6. Twenty two loci held in
common with other Prunus maps allowed us to compare
and establish homologies among the respective linkage
groups.

Keywords Genetic linkage map - Prunus armeniaca -
Sharka resistance trait - Self-incompatibility - SSR - AFLP

Introduction

Apricot (Prunus armeniaca L.) ranks as the third most
agronomically important species of the stone fruit crops.
The main growing areas are China, the Mediterranean
European countries, Turkey and USA (Faostat 2001). The
worldwide apricot industry produces 2.3 millions of tons
of fruit per year; however, the spread of plum pox virus
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(PPV) or sharka has seriously reduced this production
level. PPV is the most important virus affecting stone fruit
crops in Europe and causes significant losses of fruit,
mainly in apricot and European plum. In the last few
years, PPV has become the most limiting factor for the
apricot industry and a severe problem for other Prunus
species. The eradication of infected source plants has
been not able to stop the disease in European countries
(Llacer and Cambra 1998) suggesting that effective
control of the disease will require PPV-resistant cultivars.

In order to solve this problem several breeding
programs aimed at introducing resistance to PPV were
initiated in France (Audergon 1995), Greece (Karayiannis
and Mainou 1999), Italy (Bassi et al. 1995) and Spain
(Egea et al. 1999; Badenes et al. 2002). All of them
introduce resistance to sharka by conventional breeding
methods from resistant sources, most of which are North
American apricots. Those cultivars resistant to PPV have
high chilling requirements for budbreak and are self-
incompatible, which dictates that the European apricot
breeding programs currently in progress will introduce
these traits into their native germplasms. Both these
characters are not desirable for the apricot cultivation in
the Mediterranean climate and thus need to be eliminated
in breeding programs. Therefore a major breeding goal is
to obtain new self-compatible cultivars resistant to PPV
with good agronomical and commercial quality for
utilization in the Mediterranean region and, within this
goal, the screening for detection of PPV resistance and
self-compatibility is the ‘bottle neck’ of the selection
process.

For instance, the methodology to determine sharka
resistance, first described by Audergon and Morvan
(1990) and later improved by Martinez-Gémez and
Dicenta (2000) and Moustafa et al. (2001), is a very long
procedure that uses ‘GF-305" peach seedlings as woody
indicators and involves several cycles of graft inoculation
(Dosba et al. 1991; Audergon et al. 1995), followed by
ELISA and PCR analysis (Olmos et al. 1997). On the
other hand, screening for self-compatibility by traditional
observation of pollen-tube growth (Burgos et al. 1997) is
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very time consuming and needs adult trees. Stylar
ribonuclease assay to detect self-compatible seedlings is
an alternative approach (Sassa et al. 1992; Boskovic and
Tobutt 1996; Boskovic et al. 1997; Tao et al. 1997,
Burgos et al. 1998; Boskovic and Tobutt 1999); however,
it also requires flowering trees to collect pistils. More
recently the molecular cloning and characterization of S-
alleles from almond (Ushijima et al. 1998) and cherry
(Tao et al. 1999) has provided a fast way of S-genotype
identification utilizing PCR. With appropriate sequences,
this approach could be used to solve the problem of
breeding for self-compatibility in apricot breeding pro-
grams, introgressing characters such as Sharka resistance.

Molecular marker-assisted selection (MAS) for PPV
resistance and self-compatibility would be very conve-
nient in terms of increasing breeding efficiency, and
genetic maps are a very useful tool to implement this
strategy. In Prunus several linkage maps have been
developed based on interspecific crosses of peach x
almond (Foolad et al. 1995; Joobeur et al. 1998; Bliss et
al. 2002) or intraspecific crosses of almond (Viruel et al.
1995; Joobeur et al. 2000), peach (Chaparro et al. 1994;
Rajapakse et al. 1995; Dirlewanger et al. 1998; Lu et al.
1998; Dettori et al. 2001) and sour cherry (Wang et al.
1998). Within the Prunus genus, apricot is the most
appropriate species for studies focused on marking PPV
resistance since there are no known sources of resistance
in peach, the genetically most highly characterized
species of Prunus. In apricot, a genetic linkage map that
included a sharka resistance locus was constructed by
Hurtado et al. (2002), and a similar locus was also
mapped by Salava et al. (2002) using bulked segregant
analysis. However, to integrate the information on apricot
resistance in different crosses and to merge this informa-
tion with the general Prunus map of Joobeur et al. (2000),
a saturated apricot map with co-dominant markers tightly
linked to the trait is necessary.

The objective of this study was to construct an apricot
linkage map including the most limiting traits for apricot
breeding efficiency: resistance to sharka and self-incom-
patibility. This map also includes SSR markers mapped in
other Prunus maps, allowing us to compare and establish
genome homologies with other Prunus species maps.

Materials and methods
Plant material

An apricot intraspecific F, population (N = 76) was generated by
self-pollination of an F; individual (’Lito’). ’Lito’, a self-compat-
ible (SC) cultivar resistant to sharka, derived from a cross between
‘Stark Early Orange’, a North American self-incompatible (SI)
cultivar resistant to sharka, and ‘Tyrinthos’, a Greek SC cultivar
susceptible to sharka. This progeny, designated as the ‘Lito’ X
‘Lito’ (L x L) family, is maintained at the Instituto Valenciano de
Investigaciones Agrarias (IVIA).

DNA isolation

DNA was extracted from 50 mg of young leaves following the
CTAB method described by Doyle and Doyle (1987). Concentra-
tion was measured using an spectrophotometer (UV-1601,
Shimadzu Corp. Kyoto, Japan).

AFLP markers

DNA digestion, adaptor ligation and pre-selective and selective
amplifications were carried out according to the manufacturer’s
instructions (GIBCO BRL, Gathersburg, Md., USA) and standard
procedures (Vos et al. 1995). Selective amplification was carried
out using the [*P]-labeled EcoRI primer. Primer combinations
including three selective bases for one primer and two for the other
were selected. PCR reactions were mixed with 2.5 ul of formamide
dye (98% formamide, 10 mM of EDTA, 0.05% bromophenol blue
and xylene cyanol), heated at 95 °C for 5 min and immediately
cooled on ice. Two microlitres of each sample were loaded on a 6%
denaturing polyacrylamide gel (acrylamide-bisacrylamide 20:1)
containing 7.5 M urea. The samples were then electrophoresed at
70 W for 2 h. Gels were dried on Whatmann 3 MM paper in a
standard gel dryer for 1 h, and exposed to Kodak Biomax X-ray
films for 2—4 days.

SSR markers

We screened 64 SSRs from peach (Cipriani et al. 1999; Sosinski et
al. 2000; Testolin et al. 2000; Aranzana et al. 2002a) and five from
cherry (Sosinski et al. 2000) on the mapping progeny. PCRs were
performed in a GeneAmp PCR System 9700 thermal cycler
(Perkin-Elmer Corp. Calif.,, USA) following Aranzana et al.
(2002a). PCR products were separated by electrophoresis in 3%
Metaphor-agarose or 6% non-denaturing polyacrylamide gels,
stained with ethidium bromide (0.8 mg/ml) and visualized using
UV light.

Screening for sharka resistance

Evaluation of sharka resistance in the L x L family was performed
according to the biological test described by Moustafa et al. (2001).
In this experiment we used the PPV Dideron strain 3.3 RB
described by Asensio (1996) and 'GF-305" peach seedlings as
woody indicators. The virus presence was analyzed by visual
scoring of symptoms, ELISA-DASI, performed as described by
Lommel et al. (1982), and RT-PCR, performed as described by
Wetzel et al. (1991).

PCR detection of the self-incompatibility allele

The presence of the self-incompatibility allele was evaluated in the
L x L family using a partial degenerated primer AS1 [5'-
TTATTTCAATTTGTNCAGCAATGG-3'] and PRU-C4R [5'-
GGATGTGGTACGATTGAAGCG-3'] primers (Tao et al. 1999).
PCR was performed using a program of 35 cycles at 94 °C for 30 s,
54 °C for 45 s and 72 °C for 1 min and 15 s, with an initial
denaturing of 94 °C for 3 min and a final extension of 72 °C for
10 min. The PCR reaction mixture contained 1 x PCR buffer
(20 mM of Tris-HCI pH 8.4 and 50 mM of KCl), 2.5 mM of MgCl,,
0.2 mM of each dNTP, 0.25 uM of each primer, 30 ng of genomic
DNA and 1 unit of Tag DNA polymerase (Invitrogen, San Diego,
Calif., USA). PCR products were separated by electrophoresis in
1% agarose gels and DNA bands were visualized by ethidium
bromide staining using UV light. Molecular sizes were determined
by comparison with a 100-bp molecular-weight marker (Invitrogen,
San Diego, Calif., USA).



Linkage analysis

The linkage analysis was carried out using Joinmap 3.0 software
(Van Ooijen and Voorrips 2001) setting F, type data. In order to
evaluate the segregation ratio, the chi-square (y?) goodness of fit
test was performed using the *locus genotype frequency’ command.
Markers showing a distorted segregation ratio (P < 0.05) were
added to the map at the end. Initially, the linkage groups were
established using as a threshold a logarithm of odds (LOD) of
minimum 5.0 with the ‘LOD grouping’ command. Once the groups
were determined, the map was calculated using a maximum
recombination fraction 6 of 0.3 and a minimum LOD score of 1.0
with a threshold for removal of loci with respect to jumps in a
goodness of fit of 5.0. The framework obtained was then fixed
using the ‘fixed order’ command. Markers not placed in the
framework map were finally added using a minimum LOD score of
3.0 and a 6 of 0.4. The Kosambi mapping funtion (Kosambi 1944)
was used to convert recombination units into genetic distances.

Results

AFLPs

A total of 222 AFLP polymorphic bands were produ- ced
using 25 EcoRI + 2/Msel + 3 selective primer combi-
nations (Table 1) and 180 of them were mapped.
The number of markers identified varied according
to the primer combination used from two (EcoRI-AA/
Msel-CTC, EcoRI-AC/Msel-CAC and EcoRI-AC/
Msel-CTC) to 18 (EcoRI-AT/Msel-CTT). On average,
nine polymorphisms were scored per primer pair and
seven out of them were mapped. Segregation data were
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tested for deviation from the expected Mendelian ratio
(3:1) using the x? test. Only 17 (9%) loci gave distorted
segregation at P < 0.05, and five (3%) at P < 0.01.

SSRs

A total of 69 SSRs from different sources were screened
(Table 2). Segregation was demonstrated for 29 (42%) of
them, 35 (51%) did not show any polymorphism and five
(7%) did not amplify any fragment. Eight primer pairs
amplified two or three polymorphic loci each, thus
bringing to 39 the number of segregating SSR loci. In
total 29 SSR loci were mapped, 20 of them were
codominant and nine were dominant (Table 3). Seven
markers (24%) deviated significantly from the expected
F, segregation ratio (3:1 and 1:2:1), two (7%) gave
distorted segregation at P < 0.05 and five (17%) at
P < 0.01. The distribution of SSR loci was uniform,
ranging from one marker in G3, G7b, G8 and G11 to six
markers in G1. Four markers departed from the expected
size more than 50 bp (Table 3).

The SSR markers mapped allowed us to establish
homologies with other Prunus maps: 15 SSRs were held
in common with the ‘Texas’ x ‘Earlygold’ map obtained
by Aranzana et al. (2002b), one with the ‘Ferragnes’ x
‘Tuono’ map (Joobeur et al. 2000), six with the ‘Prunus
persicae’ x ‘(Prunus ferganensis x P. persicae)’ map
(Dettori et al. 2001) and five with the ‘Goldrich’® x
‘Valenciano’ map (Hurtado et al. 2002) (see Fig. 2). We

Table 1 Summary of the AFLP markers segregating in the L x L population

Primer combination

Marker code

Total no. of polymorphic

No. of polymorphic

EcoRI-AA/Msel-CAA
EcoRI-AA/Msel-CAC
EcoRI-AA/Msel-CAG
EcoRI-AA/Msel-CAT
EcoRI-AA/Msel-CTA
EcoRI-AA/Msel-CTC

EcoRI-AA/Msel-CTT

EcoRI-AC/Msel-CAA
EcoRI-AC/Msel-CAC
EcoRI-AC/Msel-CAG
EcoRI-AC/Msel-CAT
EcoRI-AC/Msel-CTC

EcoRI-AC/Msel-CTG
EcoRI-AC/Msel-CTT

EcoRI-AG/Msel-CAA
EcoRI-AG/Msel-CAC
EcoRI-AG/Msel-CAG
EcoRI-AG/Msel-CTG
EcoRI-AG/Msel-CTT

EcoRI-AT/Msel-CAA
EcoRI-AT/Msel-CAC
EcoRI-AT/Msel-CAG
EcoRI-AT/Msel-CTC

EcoRI-AT/Msel-CTG

EcoRI-AT/Msel-CTT

Total

EAA-MCAA (x)*
EAA-MCAC(x)
EAA-MCAG(x)
EAA-MCAT(x)
EAA-MCTA(x)
EAA-MCTC(x)
EAA-MCTT(x)
EAC-MCAA(x)
EAC-MCAC(x)
EAC-MCAG(x)
EAC-MCAT(x)
EAC-MCTC(x)
EAC-MCTG(x)
EAC-MCTT(x)
EAG-MCAA(x)
EAG-MCAC(x)
EAG-MCAG(x)
EAG-MCTG(x)
EAG-MCTT(x)
EAT-MCAA(x)
EAT-MCAC(x)
EAT-MCAG(x)
EAT-MCTC(x)
EAT-MCTG(x)
EAT-MCTT(x)

bands bands mapped
4 4
12 9
11 9
12 9
17 14
2 2
8 6
14 10
2 1
4 3
16 12
2 1
5 5
7 5
10 9
9 9
6 5
5 5
4 1
4 4
15 14
17 16
15 11
3 3
18 13
222 180

#(x) identifies the polymorphic bands numbered according to their sizes (the bigger the size the smaller the number)
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Table 2 Origin and sources of SSR markers used to construct the linkage map of the L x L progeny

Acronym  Source SSR origin No. of SSR No. of SSR primer pairs No. of SSR loci
primer pairs used detecting > 1 locus mapped
UDP University of Udine (Italy) Peach 25 2 11
(Cipriani et al. 1999)
CPPCT IRTA (Spain) (Aranzana et al. Peach 29 1 11
2002a)
pch/ps Clemson University (USA) Peach and 15 1 7
(Sosinski et al. 2000) Cherry
Total 69 4 29

Table 3 Sumary of SSRs mapped in the L x L population

SSR marker Length®  Fragment Linkage e
size group

UDP96-005 (1) 155 130 Gl 0.2
UDP96-005 (2)¢ - 260 G5 24
UDP96-010 131 110790 G6 27.6%*
UDP96-015 174 200/190 G5 6.6*
UDP97-401 130 130/125 G5 2.9
UDP98-405 104 110/105 G7a 3.6
UDP98-406 101 105/95 G2 1.0
UDP98-409 129 190/185 G8 3.7
UDP98-410 (1) 146 130/120 G2 1.0
UDP98-410 (2)¢ — 280 G5 1.1
UDP98-412 129 110/90 G6 17.9%%*
CPPCT-2 (1)¢ 100 150 G3 0.1
CPPCT-2 (2)¢ - 120 G6 0.3
CPPCT-3 160 525/500 Gl 9.8%%*
CPPCT-5¢ 160 140 G4 1.0
CPPCT-8 161 185/180 G6 22
CPPCT-13 150 190/180 G5 5.9%
CPPCT-16 191 200/190 Gl 0.7
CPPCT-19 184 285/280 Gl 2.9
CPPCT-26 180 170/165 Gl 3.1
CPPCT-27 114 80/70 Gl 12.9%%*
CPPCT-33 151 165/155 G7a 0.6
pchems 2¢ 180 190 G7a 28.5%*
pchems 3 220 300/290 G7a 3.0
pchems 5 (1) 246 285/275 G6 0.8
pchems 5 (2)¢ - 200 G4 1.9
pchems 5 (3) - 175/170 G10 2.5
ps12a02 164 165/160 G4 2.1
ps05¢c034 - 200 G7b 1.6

4 Length of the fragment (bp) cloned by authors (Table 2)

b Fragment size (bp) obtained in the mapped progeny

¢ Chi-square of the goodness of fit to a 3:1 segregation in dominant
markers or to a 1:2:1 segregation in co-dominant markers (*P <
0.05; **P < 0.01)

¢SSR dominant markers

also mapped seven new SSR loci: pchcms5(2) in G4,
UDP96-005(2), UDP98-410(2) and UDP96-015 in G5,
CPPCT-2(2) in G6, pchcms3 in G7a and pchcms5(3) in
G10.

Self-incompatibility trait

The self-incompatibility trait was coded as a dominant
marker based on the amplified fragments obtained by
PCR using PD2-F and PRU-C4 primers. ‘Stark Early
Orange’, the SI parent, and ‘Lito’ showed one band

around 1.5 kb, ‘Tyrinthos’, the SC parent, did not present
any band and the L x L population showed segregation
(39 individuals had the band, 35 did not and two were
undetermined), therefore the amplified band would cor-
respond to a self-incompatibility allele (Fig. 1). This trait
deviated significantly (3> = 19.6 at P < 0.01) from the
expected segregation ratio for a single dominant locus
(3:1), but is in agreement with a 1:1 segregation (¥ =
0.26) according to the semi-compatible reaction produced
by selfing of a heterozygous F; at the S-locus. The trait
was mapped at a LOD score of 4.0 at the end of linkage
group G6 as was previously reported in almond by
Ballester et al. (1998) and in almond x peach by Bliss et
al. (2002).

Sharka resistance trait

The sharka resistance was coded as a single trait based on
the resistance/susceptible phenotypes observed. From the
analysis, 46 individuals of the L. x L population were
resistant and 30 susceptible. This trait deviated signifi-
cantly (> = 85 at P < 0.01) from the expected
segregation ratio for a single dominant locus (3:1) and
was mapped at a LOD score of 4.0 in the group Gl, as
was previously reported by Hurtado et al. (2002) using a
segregating F; population derived from the apricot
intraspecific cross ‘Goldrich’ x *Valenciano’.

Genetic linkage map

The map is organized into 11 linkage groups covering
602 cM and is composed of 211 loci: 180 AFLPs, 29
SSRs and two agronomic traits (Fig. 2). Fifty two
additional markers remain unlinked (42 AFLPs and ten
SSRs).

Linkage groups were numbered according to the
nomenclature adopted by Joobeur et al. (2000), Dettori
et al. (2001) and Aranzana et al. (2002b), because of the
SSR loci held in common. G7b, a small linkage group
composed of three loci, shares an SSR locus (Ps05c03)
with the ‘Texas’ x ’Earlygold’ map (Aranzana et al.
2002b) and therefore it was assigned to group G7. Groups
G9 and G10 were named arbitrarily because they do not
include any previously mapped markers. Loci order was
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Fig. 1 PCR analysis of the self-incompatibility allele in the L x L
population. Amplified fragments were obtained by PCR from
genomic DNA using AS1 and Pru-C4R (Tao et al. 1999) primers.
The picture below shows the PCR result in L (’Lito’), their
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Fig. 2 Molecular linkage map obtained from the L x L F, progeny.
Group numbers are according to Joobeur et al. (2000). Dettori et al.
(2001) and Aranzana et al. (2002b) except groups number 9 and 10.
SSR loci are in bold and those of them underlined are anchor points
with the Aranzana et al. (2002b) map (a), Joobeur et al. (2000) map
(b), Dettori et al. (2001) map (c¢) and Hurtado et al. (2002) map (d).

compared with the previously constructed maps and was
maintained in all groups.

The average distance (cM/marker) between markers is
3.84 cM, considering only one marker in regions with co-
segregating markers, and 3.28 cM taking all markers into
account. The distance ranges from 1.7 cM in G4 to 5.3 cM
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parentals S (’Stark Early Orange’) and 7 ('Tyrinthos’), and in a
sample of four individuals of the L x L progeny (6, 8, 34 and 36).
Band size was determined by comparison with a 100-bp molecular-
weight marker (M) on the right
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SSR loci that can not be found in these maps are followed by (2) or
(3). The rest of the markers are AFLPs developed for this map. Loci
labelled with asterisks showed distorted segregations (*P < 0.05;
**P < 0.01). Self-incompatibility (Si) and Sharka resistance traits
are in italics. The cM distances are shown on the left

in G2. The largest gap (>20 cM) is located in G7a, and six
more gaps (>10 cM) are located on GI1 (1), G2 (1), G6
(1), G7b(1), G9(1) and G10(1). Twenty nine loci (14%)
showed distorted segregations (19, P < 0.05 and ten,
P < 0.01). Groups G1 and G6 have clusters of loci with
distorted segregations. We also found loci with skewed
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segregation in G3(3), G4(1) and G7a(2). Markers of
groups G2, G5, G7b, G8, G9 and G10 do not depart from
the expected Mendelian ratio.

Discussion

Molecular-marker analysis

We used AFLP markers to build the basic map backbone.
In order to obtain the highest number of scorable bands,
we selected primer combinations including three selective
bases for one primer and two for the other (EcoRI + 2/
Msel + 3). This combination had been previously reported
as the best alternative in the peach genome (Dirlewanger
et al. 1998). We found a total of 222 AFLP polymorphic
fragments and nine markers per primer combination on
average. This ratio is lower than that obtained by Hurtado
et al. (2002) evaluating an F; apricot population, probably
because the progeny analyzed in this case is an F,
generated by self-pollination. In addition, a lower rate
of polymorphism was found in peach (Dirlewanger et al.
1998) pointing out the narrower range of genetic
variability in the peach material. AFLP distribution in
this map is rather uniform and no clusters are evident, in
contrast to the results obtained by Haanstra et al. (1999) in
tomato, where AFLP markers developed with EcoRl/Msel
clustered in the centromeric regions of chromosomes.
Most of the AFLP markers (83%) showed the expected
normal segregation in the progeny which is a similar
percentage to that found in apricot by Hurtado et al.
(2002) and in peach by Lu et al. (1998) (88% and 85%
respectively) but higher than the one reported in Rosa
(63%) with the same restriction enzyme combination by
Rajapakse et al. (2001).

The cross-species transportability of SSRs within the
Prunus genus (Hormaza et al. 2002; Dirlewanger et al.
2002) allowed the detection of microsatellite markers in
the L x L apricot population with primer sequences
developed in peach and cherry (Cipriani et al. 1999;
Testolin et al. 2000; Sosinski et al. 2000; Aranzana et al.
2002a). Polymorphism detected in SSRs (42%) has been
similar to that obtained in apricot (46%) by Hurtado et al.
(2002) and Hormaza et al. (2002), but lower than those
obtained in peach by Dettori et al. (2001) and Joobeur et
al. (2000) (65% and 75% respectively). This is not
unexpected since the Joobeur and Dettori maps are based
on interspecies crosses, thus more likely to be exhibit
polymorphism. In addition, some markers coming from
other Prunus species gave no amplification (7%) (Cipri-
ani et al. 1999) and the L x L progeny analyzed is a self-
pollinated F, population with the consequent decrease in
variability. SSR loci were evenly distributed throughout
the map and 29 loci were present in ten out of the 11
linkage groups. The number of microsatellites varied
from zero to six per group and no clusters were evident.
These results are consistent with the uniform distribution
and the suitable genome coverage of SSR loci previously
observed in different species with more saturated SSR

based maps, in peach (Aranzana et al. 2002b), kiwifruit
(Testolin et al. 2001) and wheat (Roder et al. 1998).

Self-incompatibility and sharka resistance traits

In the Rosaceae self-incompatibility is attributed to the
multi-allelic S-locus expressed gametophytically (Sonne-
veld et al. 2001). Molecular typing of S-alleles has been
achieved in cherry (Tao et al. 1999; Sonneveld et al.
2001; Wiersma et al. 2001) and almond (Tao et al. 1997;
Ushijima et al. 1998; Ma and Oliveira 2001) through the
identification and characterization of cDNAs correspond-
ing to stylar RNases. In apricot S-alleles have not been yet
identified and stylar ribonuclease assays have been used
to detect self-compatible seedlings in apricot (Burgos et
al. 1998) and other fruit tree species (Sassa et al. 1992;
Boskovic and Tobutt 1996; Boskovic et al. 1997;
Boskovic and Tobutt 1999). However, ribonuclease
assays require flowering trees for collection of a substan-
tial amount of pistils for protein extractions and separa-
tion by polyacrylamide gels, and this is very time
consuming. The identification of apricot S-alleles would
provide an easy way to characterize progenies by means
of PCR techniques. In this work we used primers based on
conserved regions of Prunus S-RNase sequences (Tao et
al. 1999) in order to amplify segregating fragments
corresponding to S-alleles in the L x L population. ‘Stark
Early Orange’ is an SI cultivar with unknown S-allele
genotype and ‘Thyrintos’ is an SC cultivar. The F;
(’Lito’) obtained from the cross between ‘Stark Early
Orange’ as female parent and ‘Thyrintos’ as male parent
is putatively heterozygous at the S-locus having a self-
compatibility allele (Sc) from the male parent and a self-
incompatibility allele (Si) from the female parent. PCR
amplification produced one band around 1.5 kb in ‘Stark
Early Orange’ and ‘Lito’ cultivars, but ‘Thyrintos’ did not
show any fragment suggesting that the amplified band
corresponds to the Si allele. The L. x L F, population
originated from selfing of an individual of the F; progeny
(‘Lito’) in a semi-compatible cross, as the Si pollen is
unable to fertilize the ovule, and only SiSc and ScSc
individuals in a 1:1 proportion can be produced. Follow-
ing this model the amplified fragment corresponding to
the Si allele segregated 1:1 in the L x L progeny (3> =
0.26), deviating significantly (y*> = 19.6 at P < 0.01) from
the expected segregation ratio for a dominant marker
(3:1). The Si locus was mapped at a LOD score of 4.0 in
the G6 linkage group as was previously reported by
Ballester et al. (1998) for almond. These authors evalu-
ated the self-compatibility in an almond cross measuring
fruit set, pollen-tube growth and stylar ribonuclease
activity. More recently Bliss et al. (2002) also mapped
the Si locus at the same linkage group in an almond x
peach population. In this case self-incompatibility was
determined by the PCR products obtained using primers
developed from S-alleles controlling this trait in almond.

The inheritance of resistance to PPV in apricot has
been studied by several authors but there is currently no



genetic model for this resistance. Currently, there are
three different published hypothesis suggesting that the
resistance trait is controlled by one (Dicenta et al. 2000;
Martinez-Gémez and Dicenta 2000), two (Moustafa et al.
2000a, b) or three genes (Guillet-Bellanguer and Auder-
gon 2000). Due to the difficulty of the evaluation of this
trait on a large-scale, only families with a limited number
of individuals have been studied until now. This fact
could explain the lack of agreement in the hypothesis of
inheritance. In this work we have evaluated the PPV
resistance in an F, population (76 individuals) derived
from selfing of the cultivar ‘Lito’ by means of the
improved methodology of Moustafa et al. (2000a; 2001).
‘Lito’ originated from the cross between ‘Stark Early
Orange’, a North American sharka resistant cultivar, and
‘Thyrintos’, a Greek sharka susceptible cultivar (Syrgian-
idis and Mainou 1991). The L x L population segregated
for this trait and therefore ‘Lito’ is assumed to be
heterozygous for the resistance locus/loci. From the 76
individuals analyzed by grafting, ELISA and RT-PCR, 46
were found resistant and 30 susceptible. This segregation
ratio deviated significantly (3> = 8.5 at P < 0.01) from the
expected for a single dominant locus (3:1) but fits (3> =
0.5) with a model for two dominant loci (9:7) supporting
the model of inheritance previously reported by Moustafa
et al. (2000a, b). The sharka resistance was tentatively
mapped as a single-locus controlled trait at a LOD score
of 4.0 in the G1 linkage group. This result is in agreement
with that previously reported in apricot by Hurtado et al.
(2002) using an F; population derived from the cross
between ‘Goldrich’, the source of PPV resistance, and
’Valenciano’ cultivars, suggesting that sharka resistance
has been assigned to the correct group.

Genetic linkage map

This map is the first one based on an F, apricot population
and incorporates 211 loci into 11 linkage groups. The
presence of seven gaps between 10 and 20 cM, the high
number of markers that remain independent (52) and the
identification of 11 linkage groups, three more than
the expected basic number of chromosomes of Prunus
(x = 8), suggest that an increase in the number of mapped
markers would improve the coverage of the genome.
However, this map covers 602 cM with an average
distance between markers of 3.28 (cM/marker) lower than
that obtained for most of the Prunus maps published
(Rajapakse et al. 1995; Viruel et al. 1995; Joobeur et al.
2000; Dettori et al. 2001; Bliss et al. 2002; Hurtado et al.
2002) except Joobeur et al. (1998) and Dirlewanger et al.
(1998). In addition, an average of 1.3 gaps of >10 cM per
Morgan was calculated and this result also indicates a
good coverage of the genome. The apricot genome length
estimated using the method of Meagher et al. (1988) was
between 800 and 1,200 cM and following Hulbert et al.
(1988) the methodology was 1,362 cM; therefore this
linkage map may cover from the 44% to 75% of the total
nuclear genome depending on the estimator. G1 and G6
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were the largest linkage groups and this result is in
agreement with those observed in most Prunus maps
(Joobeur et al. 1998; Aranzana et al. 2002b; Dettori et al.
2001; Bliss et al. 2002) and with cytogenetic data
suggesting the existence of a chromosome (G1) larger
than the rest in Prunus (Jelenkovic and Harrington 1972).

Twenty two SSR markers act as anchor loci between
this map and other Prunus maps (Joobeur et al. 2000,
Dettori et al. 2001; Aranzana et al. 2002b; Hurtado et al.
2002) and they are distributed rather uniformly in the
genome. These common loci allowed the integration of
the apricot map with the general Prunus map (Joobeur et
al. 2000). We also detected seven new SSR loci that were
not placed in previous Prunus maps and could be useful
as anchor loci in the future. On the basis of the 15
common SSR loci the best correspondence was estab-
lished between this map and the T x E map (Aranzana et
al. 2002b). Most of the SSR common markers displayed
the same order in the different Prunus maps.

The percentage of markers showing distorted segrega-
tion (14%) is similar to those obtained in peach [15% in
Lu et al. (1998) and 18.5% in Dettori et al. (2001)], and
apricot [11% in Hurtado et al. (2002)] but much lower
than those in peach x almond maps [37% in Foolad et al.
(1995), 46% in Joobeur et al. (1998) and 45% in Bliss et
al. (2002)] probably because of the interspecific nature of
this cross (Bliss et al. 2002). Most of the distorted loci
were located on the G1 (55%) and G6 (14%) linkage
groups, and these regions with skewed segregations were
similar to those found by Dettori et al. (2001) in peach
and Joobeur et al. (1998) in almond X peach. In the G6
linkage group, distortion may be attributed to the self-
incompatibility allele as in the T x E map (Ballester et al.
1998; Joobeur et al. 1998). In fact, a strong selection
against the ‘Stark Early Orange’ alleles in the neighbour-
hood of the Si locus was observed and most of these
markers showed aberrant segregations. On the other hand,
more than a half of the distorted loci were located on G1
and they can be separated in two main clusters. The first
one includes markers of the female parent (‘Stark Early
Orange’) with a significant departure towards a lack of
recessive homozygotes, indicating that selection favoured
these alleles. The second one groups markers of the male
parent (‘Thyrintos’) showing an excess of recessive
homozygotes, indicating that selection in this case was
against these markers. As no plants from the L x L
population were lost in the field, distortions should not be
related to this kind of selection as was reported in almond
x peach by Joobeur et al. (1998). More probably the
selection occurred at the pre- or post-zygotic level against
lethal or sublethal genes linked to the markers under
selection.

The backbone of this linkage map is composed of
AFLPs that cover the apricot genome uniformly. To
complement this structure we used SSR markers that can
be easily transferred to other populations. SSR loci in
common with other Prunus maps enable integration of
different species map data and will facilitate construction
of a consensus map for the genus in the future. Two
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important agronomical traits were included in this map,
self-incompatibility, located on the G6 group, and sharka
resistance, tentatively placed on the G1 group. Both of
these are main objectives in the apricot breeding
programs developed since the beginning of the nineties,
illustrating the relevance of these traits in future research.
Saturation with additional codominant markers should be
pursued in the future to facilitate the implemention of this
map for MAS of these two important traits, and to
develop physical mapping strategies to identify and
characterize Sharka resistance genes.

Acknowledgements This research was supported by a grant from
the Ministerio de Ciencia y Tecnologia (AGL2001-1122-C02-02).
CCPCT primer sequences were kindly provided by Dr. P. Arts
IRTA, Cabrils, Spain. We thank Dr. L. Burgos from the CEBAS-
CSIC, Murcia, Spain, for his advice and technical assistance in the
self-incompatibility trait mapping. AFLP radioactive labelling was
performed in Dr. Ricardo Flores laboratory (IBMCP, UPV-CSIC,
Valencia, Spain). The authors thank José Martinez, Dolores
Archel6s and José Miguel Soriano, for their technical contributions.
S.V. was funded by a fellowship from the Ministerio de Ciencia y
Tecnologia of Spain.

References

Aranzana MJ, Garcia-Mas J, Carb6 J, Arts P (2002a) Development
and variability of microsatellite markers in peach. Plant Breed
121:87-92

Aranzana MJ, Pineda A, Cosson P, Ascasibar J, Dirlewanger E,
Cipriani G, Ryder CD, Testolin R, Abbott A, King GJ, lezzoni
AF, Ards P (2002b) A set of simple-sequence repeat (SSR)
markers covering the Prunus genome. Theor Appl Genet (in
press)

Asensio M (1996) El virus de la sharka (plum pox virus):
caracterizacion, diagnéstico y deteccién mediante anticuerpos
monoclonales especificos. Tesis Doctoral, Universidad Politéc-
nica de Valencia

Audergon JM (1995) Variety and breeding. Acta Hort 384:35-45

Audergon JM, Morvan G (1990) A rapid method for assessing the
sensivity of apricot to plum pox virus. XXIII Int Horticultural
Congress. Florence

Audergon JM, Morvan G, Dicenta F, Chastelliere MG, Karayiannis
I (1995) A method to determine the susceptibility of apricot
cultivars to plum pox virus. Acta Hort 384:575-579

Badenes ML, Martinez-Calvo J, Llacer G (2002) Estado actual del
programa de mejora genética del albaricoquero en la Comu-
nidad Valenciana. IV Congreso Ibérico de Ciencias Horticolas.
Céceres, Mayo 2001. Actas de Horticultura (in press)

Ballester J, Boskovic R, Batlle I, Ards P, Vargas F, de Vicente MC
(1998) Location of the self-incompatibility gene on the almond
linkage map. Plant Breed 117:69-72

Bassi D, Bellini D, Guerriero R, Monastra F, Pennone F (1995)
Apricot breeding in Italy. Acta Hort 384:47-54

Bliss FA, Arulsekar S, Foolad MR, Becerra V, Gillen AM,
Warburton ML, Dandekar AM, Kocsisne GM, Mydin KK
(2002) An expanded genetic linkage map of Prunus based on an
interspecific cross between almond and peach. Genome
45:520-529

Boskovic R, Tobutt KR (1996) Correlation of stylar ribonuclease
zymograms with incompatibility alleles in sweet cherry.
Euphytica 90:245-250

Boskovic R, Tobutt KR (1999) Correlation of stylar ribonuclease
isoenzymes with incompatibility alleles in apple. Euphytica
107:29-43

Boskovic R, Tobutt KR, Batlle I, Duval H (1997) Correlation of
ribonuclease zymograms and incompatibility genotypes in
almond. Euphytica 97:167-176

Burgos L, Egea J, Guerriero R, Viti R, Monteleone P, Audergon JM
(1997) The self-compatibility trait of the main apricot cultivars
and new selections from breeding programs. J Hort Sci 72:147—
154

Burgos L, Pérez-Tornero O, Ballester J, Olmos E (1998) Detection
and inheritance of stylar ribonucleases associated with incom-
patibility alleles in apricot. Sex Plant Reprod 11:153—-158

Chaparro JX, Werner DJ, O’Malley DO, Sederoff RR (1994)
Targeted mapping and linkage analysis of morphological
isozyme and RAPD markers in peach. Theor Appl Genet
87:805-815

Cipriani G, Lot G, Huang W-G, Marrazzo MT, Peterlunger E,
Testolin R (1999) AC/GT and AG/CT microsatellite repeats in
peach [Prunus persica (L) Batsch]: isolation, characterization
and cross-species amplification in Prunus. Theor Appl Genet
99:65-72

Dettori MT, Quarta R, Verde I (2001) A peach linkage map
integrating RFLPs, SSRs, RAPDs and morphological markers.
Genome 44:783-790

Dicenta F, Martinez-Gémez P, Burgos L, Egea J (2000) Inheritance
of resistance of plum pox potyvirus (PPV) in apricot (Prunus
armeniaca L.). Plant Breed 119:161-164

Dirlewanger E, Pronier V, Parvery C, Rothan C, Guye A, Monet R
(1998) A genetic linkage map of peach (Prunus persica L.
Batsch) using morphological, RFLP, isoenzyme, RAPD and
AFLP markers. Theor Appl Genet 97:888-895

Dirlewanger E, Cosson P, Tavaud M, Aranzana MIJ, Poizat C,
Zanetto A, Ards P, Laigret F (2002) Development of mi-
crosatellite markers in peach [Prunus persica (L.) Batsch] and
their use in genetic diversity analysis in peach and sweet cherry
(Prunus avium L.). Theor Appl Genet 105:127-138

Dosba F, Denise F, Maison P, Massonié¢ G, Audergon JM (1991)
Plum pox virus resistance of apricot. Acta Hort 293:569-579

Doyle JJ, Doyle JL (1987) A rapid isolation procedure for small
quantities of fresh leaf tissue. Phytochem Bull 19:11-15

Egea J, Burgos L, Martinez-Gémez P, Dicenta F (1999) Apricot
breeding for sharka resistance at the CEBAS-CSIC, Murcia,
Spain. Acta Hort 488:153-157

Faostat (2001) Agriculture database. Web site: apps.fao.org/page/
collections?subset=agriculture

Foolad MR, Arulsekar S, Becerra V, Bliss FA (1995) A genetic
map of Prunus based on an interspecific cross between peach
and almond. Theor Appl Genet 91:262-269

Guillet-Bellanguer I, Audergon JM (2000) Inheritance of the Stark
Early Orange apricot cultivar resistance to plum pox virus. Acta
Hort 550:111-115

Haanstra JPW, Wye C, Verbakel H, Meijer-Dekens F, van den Berg
P, Odinot P, van Heusden AW, Tanskley S, Lindhout P,
Peleman J (1999) An integrated high-density RFLP-AFLP map
of tomato based on two Lycopersicon esculentum x L. penelli
F, populations. Theor Appl Genet 99:254-271

Hormaza JI (2002) Molecular characterization and similarity
relationships among apricot (Prunus armeniaca L.) genotypes
using simple sequence repeats. Theor Appl Genet 104:321-328

Hulbert SH, Ilott TW, Legg EJ, Lincoln SE, Lander ES, Michel-
more RW (1988) Genetic analysis of the fungus, Bremia
lactucae, using restriction fragment length polymorphisms.
Genetics 120:947-958

Hurtado MA, Vilanova S, Romero C, Abbott AG, Llacer G,
Badenes ML (2002) Genetic linkage maps of two apricot
cultivars (Prunus armeniaca L.) based on molecular markers.
Theor Appl Genet 105:182-191

Jelenkovic G, Harrington E (1972) Morphology of the pachytene
chromosomes in Prunus persica. Ann J Genet Cytol 14:317—
324

Joobeur T, Viruel MA, de Vicente MC, Jauregui MB, Ballester J,
Dettori MT, Verde I, Truco MJ, Messeguer R, Batlle I, Quarta
R, Dirlewanger E, Ards P (1998) Construction of a saturated



linkage map for Prunus using an almond x peach F, progeny.
Theor Appl Genet 97:1034-1041

Joobeur T, Periam N, de Vicente MC, King GJ, Ards P (2000)
Development of a second generation linkage map for almond
using RAPD and SSR markers. Genome 43:649-688

Karayiannis I, Mainou A (1999) Apricot breeding in Greece for
fruit quality and resistance to plum pox virus. Acta Hort
488:111-117

Kosambi D (1944) The estimation of map distances from recom-
bination value. Ann Eugen 12:172-175

Llacer G, Cambra M (1998) Thirteen years of sharka disease in
Valencia, Spain. Acta Hort 472:379-384

Lommel SA, McCain AH, Morris TJ (1982) Evaluation of the
indirect-linked immunosorbent assay for the detection of plant
viruses. Phytopathology 72:1018-1022

Lu ZX, Sosisnski A, Reighard GL, Baird WV, Abbott AG (1998)
Construction of a genetic linkage map and identification of
AFLP markers for resistance to root-not nematodes in peach
rootstocks. Genome 41:199-207

Ma RC, Oliveira MM (2001) Molecular cloning of the self-
incompatibility genes S/ and S3 from almond (Prunus dulcis cv
Ferragnés). Sex Plant Reprod 14:163-167

Martinez-Gémez P, Dicenta F (2000) Evaluation of resistance of
apricot cultivars to a Spanish isolate of plum pox potyvirus
(PPV). Plant Breed 119:179-181

Meagher RB, McLean M, Arnold J (1988) Recombination within a
subclass of restriction fragment length polymorphisms may
help link classical and molecular genetics. Genetics 120:809—
818

Moustafa TA, Badenes ML, Martinez-Calvo J, Llacer G (2000a)
Studies on plum pox virus (sharka) resistance in apricot. Acta
Hort 550:117-120

Moustafa TA, Badenes ML, Martinez-Calvo J, Llacer G (2000b)
Hipoétesis sobre la herencia y el mecanismo de resistencia al
virus de la sharka en albaricoquero. Xth Congreso de la
Sociedad Espaiola de Fitopatologia, Valencia, Octubre 2000,
pp 15

Moustafa TA, Badenes ML, Martinez-Calvo J, Llacer G (2001)
Determination of resistance to sharka (plum pox) virus in
apricot. Sci Hort 91:57-70

Olmos A, Cambra M, Dasi MA, Candresse T, Esteban O, Gorris
MT, Asensio M (1997) Simultaneous detection and typing of
plum pox virus (PPV) isolates by Heminested PCR and PCR-
ELISA. J Virol Methods 68:127-137

Rajapakse S, Belthoff LE, He G, Estager AE, Scorza R, Verde I,
Ballard RE, Baird WV, Callahan A, Monet R, Abbott AG
(1995) Genetic linkage mapping in peach using morphological,
RFLP and RAPD markers. Theor Appl Genet 90:503-510

Rajapakse S, Byrne DH, Zhang L, Anderson N, Arumuganathan K,
Ballard RE (2001) Two genetic linkage maps of tetraploid
roses. Theor Appl Genet 103:575-583

Roder MS, Korzun V, Wendehake K, Plaschke J, Tixier MH, Leroy
P, Ganal MW (1998) A microsatellite map of wheat. Genetics
149:2007-2023

Salava J, Krska B, Wang E, Polak J, Kominek P, Reighard GL,
Miller W, Dowler W, Abbott AG (2002) Bulked segregant
analysis and construction of a linkage map in apricot (Prunus
armeniaca L.) crosses segregating for resistance to plum pox
virus. Plant, Animal and Microbe Genomes Xth Conference,
San Diego, California, January 12-16, 2002

247

Sassa H, Hirano H, Ikehashi H (1992) Self-incompatibility-related
RNases in styles of Japanese pear (Pyrus serotina Rehd.). Plant
Cell Physiol 33:811-814

Sonneveld T, Robbins TP, Boskovic R, Tobutt KR (2001) Cloning
of six cherry self-incompatibility alleles and development of
allele-specific PCR detection. Theor Appl Genet 102:1046—
1055

Sosinski B, Gannavarapu M, Hager LD, Beck LE, King GJ, Ryder
CD, Rajapakse S, Baird WV, Ballard RE, Abbott AG (2000)
Characterization of microsatellite markers in peach [Prunus
persica (L.) Batsch]. Theor Appl Genet 101:421-428

Syrgianidis GD, Mainou AC (1991) Deux nouvelles varieties
d'abricotier resistances a la maladie 4 virus de la sharka (Plum
pox) issues de croissements. In: Deuxiéme rencontre sur
I'abricotier. Avignon, France. EUR 15009R

Tao R, Yamane H, Sassa H, Gradziel TM, Dandekar AM, Sugiura
A (1997) Identification of stylar RNAses associated with
gametophytic self-incompatibility in Almond (Prunus dulcis).
Plant Cell Physiol 38:304-311

Tao R, Yamane H, Sugiura A (1999) Molecular typing of S-alleles
through identification, characterization and cDNA cloning for
S-RNAses in sweet cherry. J Am Soc Hort Sci 124:224-233

Testolin R, Marrazzo T, Cipriani G, Quarta R, Verde I, Dettori MT,
Pancaldi M, Sansavini S (2000) Microsatellite DNA in peach
(Prunus persica L. Batsch) and its use in fingerprinting and
testing the genetic origin of cultivars. Genome 43:512-520

Testolin R, Huang WG, Lain O, Messina R, Vecchione A, Cipriani
G (2001) A kiwifruit (Actinidia spp.) linkage map based on
microsatellites and integrated with AFLP markers. Theor Appl
Genet 103:30-36

Ushijima K, Sassa H, Tao R, Yamane H, Dandekar AM, Gradziel
TM, Hirano H (1998) Cloning and characterization of cDNAs
encoding S-RNases from almond (Prunus dulcis): primary
structural features and sequence diversity of the S-RNases in
Rosaceae. Mol Gen Genet 260:261-268

Van Ooijen JW, Voorrips RE (2001) JoinMap 3.0, software for the
calculation of genetic linkage maps. Plant Research Interna-
tional, Wageningen, The Netherlands

Viruel MA, Messeguer R, de Vicente MC, Garcia-Mds J,
Puigdoménech P, Vargas FJ, Ards P (1995) A linkage map
with RFLP and isozyme markers for almond. Theor Appl Genet
91:964-971

Vos P, Hogers R, Bleeker M, Reijans M, van de Lee T, Hornes M,
Frijters A, Pot J, Peleman J, Kuiper M, Zabeau M (1995)
AFLP: a new technique for DNA fingerprinting. Nucleic Acids
Res 23:4407-4414

Wang D, Karle R, Brettin TS, Iezzoni AF (1998) Genetic linkage
map in sour cherry using RFLP markers. Theor Appl Genet
97:1217-1224

Wetzel T, Candresse T, Ravelonandro M, Dunez J (1991) A
polymerase chain reaction assay adapted to plum pox potyvirus
detection. J Virol Methods 33:355-365

Wiersma PA, Wu Z, Zhou L, Hampson C, Kappel F (2001)
Identification of new self-incompatibility alleles in sweet
cherry (Prunus avium L.) and clarification of incompatibility
groups by PCR and sequencing analysis. Theor Appl Genet
102:700-708



