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Prunus avium L. (diploid, AA, 2n¼ 2x¼ 16), Prunus cerasus
L. (allotetraploı̈d, AAFF, 2n¼ 4x¼ 32) species, and their
hybrid Prunus� gondouinii Rehd., constitute the most widely
cultivated cherry tree species. P. cerasus is supposed to be
an hybrid species produced by the union of unreduced
P. avium gametes and normal P. fruticosa gametes. A
continuum of morphological traits between these three
species makes their assignation difficult. The aim of this
paper is to study the genetic relationships between tetraploid
and diploid cherry species. In all, 114 genotypes belonging to
these species were analyzed using 75 AFLP markers.
The coordinates of these genotypes on the first axis of a

correspondence analysis allowed us to clearly distinguish
each species, to identify misclassifications and to assign
unknown genotypes to one species. We showed that there
are specific alleles in P. cerasus, which are not present in the
A genome of P. avium and which probably come from the F
genome of P. cerasus. The frequencies of each marker in the
A and the F genomes were estimated in order to identify A
and F specific markers. We discuss the utility of these
specific markers for finding the origin of the A and F genomes
in the allopolyploid species.
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Introduction

The most widely cultivated cherry trees belong to Prunus
avium L. and P. cerasus L. species. Along with P. fruticosa
Pall., these species and their interspecific hybrids
constitute the Eucerasus section of the Cerasus subgenus,
based on morphological criteria (Rehder, 1947; Kruss-
mann, 1978). This classification and the monophyletic
origin of the Eucerasus clade have been confirmed by
chloroplastDNA variation analysis (Badenes and Parfitt,
1995).

P. avium includes sweet cherries, cultivated for human
consumption and wild cherry trees grown for their wood
(Webster, 1996). This species is diploid (AA, 2n¼ 2x¼ 16)
and its natural range covers the temperate regions
of Europe, from the Northern part of Spain to the
Southeastern part of Russia (Hedrick, 1915). P. fruticosa,
the ground cherry tree, is a tetraploid wild species
(2n¼ 4x¼ 32) thought to be autotetraploid (FFFF), some-
times used as rootstocks for other Prunus species. This
species is widespread over the major part of central
Europe, Siberia and Northern Asia (Hedrick, 1915). P.
cerasus, the sour cherry tree, is cultivated for fruit, used in
jam or liquor. It is an allotetraploid species (AAFF,
2n¼ 4x¼ 32), thought to result from natural hybridiza-

tion between P. avium (producing unreduced gametes)
and P. fruticosa (Figure 1). This origin was first suggested
by Olden and Nybom (1968), who observed that artificial
hybrids between tetraploid P. avium and P. fruticosa were
very similar to P. cerasus. Isozyme analyses, genomic
in situ hybridization and karyotype analysis further
confirmed the hybrid origin of P. cerasus (Hancock and
Iezzoni, 1988; Santi and Lemoine, 1990a; Schuster and
Schreiber, 2000). The patterns of inheritance of seven
isozymes in different crosses of sour cherry indicated
that P. cerasus may be a segmental allopolyploid (Beaver
and Iezzoni, 1993). Recent studies based on cpDNA
markers detected two distinct chlorotypes in P. cerasus,
which strongly suggest that crosses between P. avium and
P. fruticosa have occurred at least twice to produce sour
cherry (Badenes and Parfitt, 1995; Iezzoni and Hancock,
1996; Brettin et al, 2000). Moreover, these results suggest
that, most of the time, P. fruticosa was the female
progenitor of P. cerasus, but in few cases P. avium was
the female parent, via the formation of unreduced
ovules. Triploid hybrids through the fusion of normal
gametes of P. avium and P. fruticosa occur naturally but
remain sterile. Moreover, they are not clonally propa-
gated by man since they exhibit many unfavorable P.
fruticosa traits (Olden and Nybom, 1968).
The duke cherries, which result from crosses between

P. avium and P. cerasus, are cultivated at a much smaller
scale. Different names have been given to this species
including P. acida Dum, Cerasus regalis, P. avium ssp
regalis, but the name used currently is P.� gondouinii
Rehd. (Faust and Suranyi, 1997; Saunier and Claverie,
2001). This species is allotetraploid (AAAF, 2n¼ 4x¼ 32),
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stemming from the fertilization of sour cherry by
unreduced gametes of sweet cherry (Iezzoni et al, 1990).
These hybrids are often sterile, due to disturbances
during meiosis, but they are clonally propagated by man.
The duke cherry trees present tree and fruit character-
istics intermediate between their progenitors.

Great morphological variation exists among P. avium,
P. fruticosa and P. cerasus species. Multivariate analysis on
sour cherry revealed continuous variation between the
P. avium, P. cerasus and P. fruticosa traits throughout the
geographic distribution of the species. In Western
Europe, P. cerasus trees look like P. avium, whereas in
Eastern Europe P. cerasus are closer to P. fruticosa (Hillig
and Iezzoni, 1988; Krahl et al, 1991). This continuum of
morphological characteristics makes species assignation
difficult when considering only phenotypic traits.

Genetic resource conservation, essential for future
breeding programs, requires a good characterization of
germplasm genetic diversity and a proper assignation of
individual genotypes to species. Molecular markers
supply tools to analyze genetic diversity in Prunus
species (Baird et al, 1996). They could be helpful by
giving an accurate and unambiguous assignation of each
genotype to a particular species. Isozymes have been
already used to characterize genetic diversity in P. avium
and P. cerasus, but the number of available isozymes is
limited and their polymorphisms are low (Santi and
Lemoine, 1990b). AFLP markers could be useful because
they are reproducible, they need no previous information
about the genome and they allow the detection of many
markers in few analysis (Vos et al, 1995; Jones et al, 1997).
They are well suited for studying unexplored species and
have already been used successfully to discriminate
different species with varying ploidy levels in Gossypium
and Oryza (Aggarwal et al, 1999; Abdalla et al, 2001).

The aim of this work was first to determine whether
AFLP markers could be useful in assigning each cherry
genotype accurately to one species (P. avium, P. cerasus or
P.� gondouinii). We also wanted to find specific markers
of the different genomes (A and F) of these cherry
species. These markers would be useful for comparing
the diversity of the A genome between P. avium and P.

cerasus and to identify the origin of the A genome in both
tetraploid species (P. cerasus and P.� gondouinii).

Materials and methods

Plant material
In all, 114 genotypes were studied: 68 P. avium genotypes
(33 cultivated and 35 wild) sampled throughout the
natural range of the species, 25 P. cerasus genotypes and 9
P.� gondouinii genotypes according to morphological
characters (Table 1). In total, 12 French genotypes which
had not been previously studied were not assigned to a
species. The 33 cultivated sweet cherry trees were old
cultivars, from 13 different countries. The 35 wild cherry
trees were from several European forests. Sour and duke
cherry trees and unassigned genotypes were from the
French germplasm, mainly maintained in INRA orchards,
at the ‘Unité Expérimentale d’Arboriculture de Bordeaux’.

AFLP analyses
Genomic DNA was extracted from young leaves, follow-
ing the method described by Viruel et al (1995). We
essentially followed the AFLP protocol developed by Vos
et al (1995) with minor modifications. DNA was digested
with EcoRI and MseI restriction enzymes. Digestion was
performed for 4h at 371C in a final volume of 17.5ml
containing 10mM Tris-Ac, 10mM MgAc, 50mM KAc,
5mM DTT, 25U EcoRI (Pharmacia), 4U MseI (New
England Biolabs) and 250ng of genomic DNA. Two
linkers, one for the EcoRI sticky ends and the other for
the MseI sticky ends, were ligated for 3h at 371C to the
digested DNA by adding 2.5ml of a mix containing
2.5pmol EcoRI linker, 25pmol MseI linker, 8mM ATP,
10mM Tris-HAc, 10mM MgAc, 50mM KAc, 5mM DTT
and 0.85U T4 DNA ligase (Pharmacia). This ligation
product was diluted five-fold. A first preselective PCR
amplification was performed using EcoRIþA and MseIþ
C primers in a 50ml mix of 20mM Tris–HCl (pH 8.4),
50mM KCl, 1.5mMMgCl2, 0.2mM of each dNTP, 30ng of
each primer, 1U TaqDNA polymerase (GibcoBRL) and 5ml
of diluted ligation product. The reaction was carried out in
a Perkin-Elmer 9600 thermocycler and the samples were
subjected to 28 amplification cycles with three steps of 30 s
at 941C, 60 s at 561C and 60s at 721C. The preamplification
products were diluted 10-fold and used as starting
material for the selective radioactive amplification.

For selective amplification, EcoRI and MseI primers
with three and two additional nucleotides, respectively,
were used (Table 2), the first one being 33P-labelled using
T4 polynucleotide kinase. The PCR reaction was per-
formed in a 20 ml volume of 20mM Tris–HCl (pH 8.4),
50mM KCl, 1.5mM MgCl2, 5 ng [33P] EcoRI primer, 30 ng
MseI primer, 1U Taq DNA polymerase (GibcoBRL) and
5ml of diluted preamplified DNA. The selective ampli-
fication was carried out using the following cycling
parameters: 11 cycles of 30 s at 941C, 30 s at 651C, 60 s at
721C, in which the annealing temperature was lowered
by 0.71C per cycle, followed by 24 cycles of 30 s at 941C,
30 s at 561C and 60 s at 721C.

The PCR products, in which an equal volume of load
buffer (98% formamide, 10mM EDTA, 0.05% bromo-
phenol blue and 0.05% xylene cyanol) had been added,
were denatured 5min at 941C and immediately placed on
ice. In all, 2ml of each sample was loaded on a

Prunus avium
2n=2x=16

AA

Prunus fruticosa
2n=4x=32

FFFF
*

Prunus x gondouinii
=Prunus acida Dum

2n=4x=32
AAAF

Prunus cerasus
2n=4x=32

AAFF *

Figure 1 Hypothesis for the relationships between the four species
belonging to the Eucerasus section. *P. avium is thought to produce
diploid gametes. A and F are haploid genomes coming from P.
avium and P. fruticosa respectively.
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Table 1 (a) A priori species assignation, geographical origin and sample number of the cultivated and wild genotypes studied. (b) Names of
cherry varieties analysed and their species assignation according to their coordinates on the first axis of the factorial analysis

(a)a

P. avium priori assignations Geographical origin Sample number P. avium posteriori assignations

Cultivated cherry Wild cherry P. av P. gon P. cer

P. avium Czech republic 3 3
Canada 1 1
France 10 8 14 4
Germany 3 5 8
Georgia 4 4
Great Britain 2 2 4
Greece 2 2
Italy 3 5 5 3
Japan 1 1
Poland 1 1
Romania 2 3 5
Slovakia 1 1
Spain 5 3 2
Sweden 2 2
Switzerland 2 2
USA 1 1
Yugoslavia 2 1 1
Total 33 35 58 7 3

P. cerasus France 25 2 2 21
P.� goundouinii France 9 2 3 4
Undetermined genotypes France 12 2 4 6
Total 114

(b)

Variety names Origin a priori assignation a posteriori assignation

Bigarreau Pelissier France P. avium P. avium
Guigne noire Luisante France P. avium P. avium
Cœur de Bœuf France P. avium P. avium
Koromilokeraso Vitalou Greece P. avium P. avium
Petrokeraso Tragano Achaias Greece P. avium P. avium
Pivovka Czech republic P. avium P. avium
Chlumecka cerna Czech republic P. avium P. avium
Sakvicka Czech republic P. avium P. avium
Bigarreau Cœur de Noyon France P. avium P. avium
Knauffs Schwarze Germany P. avium P. avium
Karina Germany P. avium P. avium
Büttners Rote Knorpelkirsche Germany P. avium P. avium
Bedford Prolific P. avium Great Britain P. avium P. avium
Nutberry Black Great Britain P. avium P. avium
Camus France P. avium P. avium
Vittoria Italy P. avium P. avium
Maru Rubys USA P. avium P. avium
Van 2D 9–11 Canada P. avium P. avium
Amar 153 Yugoslavia P. avium P. avium
Bianca di Verona Italy P. avium P. avium
Sato Nishiki Japan P. avium P. avium
Arodel France P. avium P. avium
Kunzego Poland P. avium P. avium
Silva Romania P. avium P. avium
Roz Amar de Màrculesti (RAM) Romania P. avium P. avium
Ravenna Italia P. avium P. avium
Frühe Luxburger Switzerland P. avium P. avium
Webers Sämpling Switzerland P. avium P. avium
Marasca Yugoslavia P. avium P. cerasus
Gros Guin de Cœur France P. avium P.� gondouinii
Guigne Boissière France P. avium P.� gondouinii
Guin des Charentes France P. avium P.� gondouinii
Meynard France P. avium P.� gondouinii
Frumi Canada P. cerasus P. avium
Griotte jaune d’Ollins France P. cerasus P. avium
Ferracida France P. cerasus P. cerasus
Montmorency1 France P. cerasus P. cerasus
Montmorency2 France P. cerasus P. cerasus
Griotte de Moissac France P. cerasus P. cerasus
Griotte Layat France P. cerasus P. cerasus
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polyacrylamide gel (4.5% acrylamide/bisacrylamide 20:1,
7.5M Urea and 0.5�TBE) and were run at 95 W for 2h.
After electrophoresis, gels were dried on a standard slab
gel drier for 2h and exposed for 5 days to an X-ray film.
Each analysis was performed twice for each individual.

Only intense, polymorphic and reproducible bands
were taken into account to generate a binary matrix 0–1,
where 1 and 0 denote, respectively, the presence and the
absence of a band.

Statistical analyses
Species assignation: To properly assign based geno-
types to their species, a correspondence analysis based
on the AFLP markers was first performed on the whole
sample using the procedure CORRESP of the SAS
software (SAS Intitute, 1985). An a posteriori species
group was assigned to each genotype according to its
coordinates on the first axis of this analysis.

Variation of individual band number (IBN): As AFLP
markers are dominant, the phenotype [1] corresponds
either to the genotype (11) or to the genotypes (01) or
(10), whereas phenotype [0] is only due to the (00)
genotype. Let qi be the frequency of allele 0 at locus i in
one species. If we assume that this species can be

considered as being at Hardy–Weinberg equilibrium
(random mating, nonoverlapping generations, large
population size, mutation ignored and migration
overlooked), this allelic frequency qi can be estimated
by q̂q2i ¼ ½0� in a diploid species and by q̂q4i ¼ ½0� in an
autotetraploid species, where [0] is the frequency of the
phenotype [0] for the locus i. Allele frequencies were
calculated following this method for each locus in
diploid P. avium species.

Griotte du Nord France P. cerasus P. cerasus
Montmorency3 France P. cerasus P. cerasus
Acide Haut Rhin1 France P. cerasus P. cerasus
Acide Haut Rhin2 France P. cerasus P. cerasus
Acide Haut Rhin3 France P. cerasus P. cerasus
Cerise de Toussaint France P. cerasus P. cerasus
Grinque Montmorency France P. cerasus P. cerasus
Griotte précoce France P. cerasus P. cerasus
Montmorency pleureur de Sauvigny France P. cerasus P. cerasus
Iwa Poland P. cerasus P. cerasus
Sabina Poland P. cerasus P. cerasus
Lucyna Poland P. cerasus P. cerasus
Cerise acide Mimbielle France P. cerasus P. cerasus
Griotte de Moissac France P. cerasus P. cerasus
Montmorency4 France P. cerasus P. cerasus
Griotte du Lyonnais France P. cerasus P. cerasus
Griotte de Provence France P. cerasus P.� gondouinii
Guigne Boissière France P. cerasus P.� gondouinii
Anglaise Hative1 France P.� gondouinii P. avium
Anglaise Hative2 France P.� gondouinii P. avium
Cerise Olivet Hative France P.� gondouinii P. cerasus
Cerise Olivet Tardive France P.� gondouinii P. cerasus
Cerise Reine Hortense France P.� gondouinii P. cerasus
Belle Magnifique France P.� gondouinii P. cerasus
Cerise Impératrice Eugénie France P.� gondouinii P.� gondouinii
Gros guin noir de Gironde France P.� gondouinii P.� gondouinii
Maynard France P.� gondouinii P.� gondouinii
La Carrée France unknown P. avium
Petite joue vermeille France unknown P. avium
Belle de Varennes France unknown P. cerasus
Grosse cerise tardive France unknown P. cerasus
Grosse griotte France unknown P. cerasus
Triaux de Fondettes France unknown P. cerasus
Belle Magnifique France unknown P. cerasus
Cerise Royale Tardive France unknown P. cerasus
Cerise Cure1 France unknown P.� gondouinii
Cerise Cure2 France unknown P.� gondouinii
Guin des Charentes France unknown P.� gondouinii

aA posteriori species repartition of genotypes in the three species was determined according to their coordinates on the first axis of the factorial
analysis. For each species, total numbers are indicated in bold.

Table 1 (continued)

Variety names Origin a priori assignation a posteriori assignation

Table 2 Sequences of the primers used for AFLP selective
amplification and number of reducible polymorphic bands analysed

EcoRI/MseI
primers

Primer sequences Number of
markers

EcoRI+AGG 50-GACTGCGTACCAATTCAGG-30 20
/MseI+CA 50-GATGAGTCCTGAGTAACA-30

EcoRI+AGG 50-GACTGCGTACCAATTCAGG-30 17
/MseI+CG 50-GATGAGTCCTGAGTAACG-30

EcoRI+AAC 50-GACTGCGTACCAATTCAAC-30 22
/MseI+CG 50-GATGAGTCCTGAGTAACG-30

EcoRI+AGA 50-GACTGCGTACCAATTCAGA-30 16
/MseI+CA 50-GATGAGTCCTGAGTAACA-30

Total 75
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We wanted to know whether an increase of IBN in
tetraploid P. cerasus species (AAFF), in comparison to
P. avium, a diploid species (AA), was simply due to
polyploidization or could be attributed to specific
markers belonging to the F genome. Indeed, autopoly-
ploidization increases IBN since the frequency of the
phenotype [1] is 1�qi4 in a putative autotetraploid
species, whereas this frequency is 1–qi2 in diploid species
for each locus. IBN was calculated as the sum of all
amplified bands [1] in each genotype considering all the
AFLP markers. To determine the effect of autopolyploi-
dization on the IBN, we simulated 500 autotetraploid
genotypes (AAAA), formed by the autotetraploidization
of P. avium with identical allelic frequencies qi to P. avium.
For each simulated genotype, the phenotype at each
locus i was randomly assigned to [0] or [1] with
probabilities q̂q4i and 1� q̂q4i , respectively, where q̂qi is the
estimated allele 0 frequency in P. avium. The mean value
of the IBN, in each species, is computed as

Pi¼75
1 ð1� q̂q2i Þ

in diploid species, and
Pi¼75

1 ð1� q̂q4i Þ in tetraploid
species, where i denotes the locus, q̂qi the allele 0
frequency in the species. We compared the IBN
distribution in P. avium, the ‘simulated’ autotetraploid
species, P. cerasus and P.� gondouinii.

Determination of genome-specific markers: To compare
genetic diversity in each genome, among species with
different ploidy levels, the determination of genome-
specific markers is needed. In an allotetraploid species
like P. cerasus (AAFF), markers could be present
specifically in one genome or in both genomes. We
cannot distinguish if the phenotype [1] in P. cerasus is due
to marker amplification in A or/and F genome. We
estimated allele frequencies of each marker in the A and
F genomes in order to detect A and F genome-specific
markers. Let qAi

be the frequency of the allele 0 in the P.
avium genome at the locus i and let qFi be the frequency
of the allele 0 in the F genome of P. cerasus brought by
P. fruticosa through allopolyploidization. Thus, markers
for which qFi ¼ 1 are specific to the A genome (no
amplification in F genome because the allele 0 is fixed),
whereas markers for which qAi

¼ 1 are specific to the F
genome markers. Assuming that P. avium is at Hardy–
Weinberg equilibrium, the allelic frequency qAi

was
estimated by q̂qAi

¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
½0�avium

p
; where [0]avium is the

frequency of the phenotype [0] in P. avium. Several
assumptions have to be made to carry on the estimation
of qFi , that is, to identify specific markers. We first
assumed that both P. avium and P. cerasus are weakly
spatially structured and that their allelic frequencies
are still close to their initial state (ie before the
allopolyploidization event). Under these hypotheses,
qAi

in P. avium and in P. cerasus should be closely
related. Thus, in P. cerasus, ½0�cerasus ¼ q̂q2Fi q̂q

2
Ai
, where

[0]cerasus is the frequency of the phenotype [0] in this
species. For each locus, qFi was estimated as
q̂qFi ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
½0�cerasus=q̂q2Ai

q
. Many q̂qFi were higher than 1,

indicating that the real frequency qAi
in P. cerasus is

lower than in P. avium for these loci; these markers are
clearly A genome specific and we considered that q̂qFi ¼ 1.
For each marker, we plotted the frequencies q̂qFi versus q̂qAi

.

Genetic diversity of the A genome in P. avium and P.
cerasus: P. cerasus comes from crosses between P. avium
and P. fruticosa. We wanted to know whether the genetic

diversity of the A genome is lower in P. cerasus than in P.
avium. To estimate genetic diversity in the two species,
we used average heterozygosity (He), also known as
gene diversity (Nei, 1978). Using only A genome-specific
markers, we computed He as Hei¼ 2qi(1�qi), where qi is
the frequency of allele 0 at locus i in the species studied.
In P. avium, such frequency is qAi

, whereas in P. cerasus,
this frequency is calculated by qAi cerasus ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
½0�cerasus

p
using only A-specific markers. For each species, we
calculated He as the mean of Hei. We computed
Hei avium�Hei cerasus for each locus and tested the mean
difference using a sign test.

Results

Species assignation
A total of 75 polymorphic AFLP markers were detected
using the four primer pairs, as indicated in Table 2. On
the two first axes of the correspondence analysis based
on the 75 AFLP markers, three clear-cut groups appeared
(Figure 2). The first axis corresponds to 31.5% of total
inertia. The P. cerasus and P. avium genotypes mainly
compose the two extreme groups with some misclassi-
fied individuals. In the P. avium group, one Canadian
variety and one old French variety were a priori declared
as belonging to P. cerasus; two old French varieties were
previously classified as P.� gondouinii (Table 1). The P.
cerasus group contains three and four genotypes pre-
viously classified as P. avium and P.� gondouinii, respec-
tively. The intermediate group contains nine
misidentifications (seven presumed P. avium and two P.
cerasus), four undefined genotypes and only three
genotypes identified as P.� gondouinii. The coordinates
on the first axis of the factorial analysis allow to clearly
assign a posteriori each genotype to one species, that is, to
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Figure 2 Coordinates of correspondence analysis on 75 AFLP
markers of 114 genotypes on the two first axes. Symbols indicate a
priori assignation genotypes, based on morphological descriptors.
The two first axes represent 36.7% of total variation. Each genotype
with coordinates on the first axis lower than �0.3 is a posteriori
classified in P. avium species; each genotype with coordinates up to
0.3 is P. cerasus genotype, and each genotype with coordinates
between –0.3 and 0.3 is P.� gondouinii genotype.
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classify unknown genotypes in one species and to correct
misidentifications as summarized in Table 1. Each
sample having a coordinate on the first axis lower than
�0.3 was classified as P. avium species; each sample with
a coordinate higher than 0.3 was classified as P. cerasus
genotype. Between these two groups, intermediate
genotypes are classified in P.� gondouinii species. With
the 75 markers used, we detected five pairs of identical
genotypes: one pair of P. cerasus, two pairs previously
classified in P. avium (a posteriori P.� gondouinii) and two
pairs previously classified in P.� gondouinii (a posteriori P.
avium and P. cerasus). These five pairs have thus the same
coordinates on the two first axes of the factorial analysis
and are consequently merged in Figure 2.

The second axis, corresponding to 6.2% of total inertia,
gives information on intraspecific variation. An analysis
of the three species separately did not show clear genetic
structure in P. avium or in P. cerasus. However, among the
P.� gondouinii genotypes, we noticed three distinct
groups also distinguishable in the global factorial
analysis, one composed of Italian genotypes previously
classified as P. avium and the two others were French
varieties (data not shown). Using the a posteriori
classification, 61 markers (81.33%) of the 75 used are
polymorphic in P. avium, 55 markers (73.33%) are
polymorphic in P. cerasus and 52 (69.33%) are poly-
morphic in P.� gondouinii. Thus, the allelic richness is
highest in P. avium.

Variation of IBN among the different species
When using this a posteriori species classification, the
species means of IBN are very different between species:
28.8 and 50.2 for P. avium and P. cerasus, respectively, and
36.6 for the simulated autotetraploid species (AAAA), far
less than values from P. cerasus (data not shown). The
difference in IBN between this ‘simulated autotetraploid’
and P. cerasus means that the number of markers
observed in P. cerasus may not be explained by doubling
chromosome number alone but may be also due to
additional alleles, specific to the second genome of P.
cerasus, that is, the genome coming from P. fruticosa. This
supports the hypothesis of the allopolyploid origin of P.
cerasus and suggests that indeed specific alleles come
from the F genome. The P.� gondouinii genotypes have
a mean IBN value of 38.6, which is intermediate between
P. avium and P. cerasus IBNs.

Identification of genome-specific markers
To detect genome-specific markers, we plotted q̂qF versus
q̂qA, the estimated allele frequencies of the 75 markers in
the F and the A genomes, respectively. It was then
possible to distinguish five classes of markers (Figure 3):


 Class 1: When q̂qF � 1 and 0oq̂qAo1, these markers are
always absent in the F genome and polymorphic in the
A genome; these 25 markers are called A-specific
markers.


 Class 2: When q̂qA ¼ 1 and 0oq̂qFo1, these markers are
always absent in the A genome and are polymorphic
in the F genome. These 14 markers are F-specific.


 Class 3: When q̂qF ¼ 0 and 0oq̂qA o1, these 10 markers
are fixed in the F genome and they are polymorphic in
the A genome.


 Class 4: There are five markers for which q̂qF ¼ 0 and
q̂qA ¼ 1. They are F genome diagnostic markers in our

sample, that is, they are always present in the F
genome and always absent in the A genome.


 Class 5: When 0oq̂qFo1 and 0oq̂qAo1, these 21
markers show polymorphism on both genomes.

With the A- and F-specific markers, the P.� gondouinii
genotypes analyzed are separated in three and two
groups, respectively, indicating that there could have
been at least three origins of the A genome and two
origins of the F genome in their hybrid species. This
suggests that crosses between P. avium and P. cerasus may
occur recurrently.

Comparison of genetic diversity in A genome between

P. avium and P. cerasus
Gene diversity (He) is 0.319 in P. avium and 0.173 in P.
cerasus using only the 25 genome A-specific markers. The
difference Hei avium�Hei cerasus is positive for 21 markers
among the 25 used, and is therefore highly significant
using a sign test (Po0.001).

Discussion

Species assignation
Using AFLP markers, the three species P. avium, P. cerasus
and P.� gondouinii are clearly distinguished according to
their coordinates on the first axis of the correspondence
analysis. This separation was confirmed using 725
genotypes of P. avium, representing the whole natural
range of this species (data not shown). Beaver et al (1995)
analyzed seven isozymes markers on 36 P. cerasus, P.
avium and P. fruticosa and their hybrids. They identified
F-specific markers and showed that the first principal
coordinate of the PCO clearly separates the diploid from
the tetraploid species, but we were not able to distin-
guish each species in the tetraploid species group.

AFLP markers are good tools for cherry species
identification, especially to clearly distinguish tetra-
ploids. Microsatellite markers have been recently deve-
loped in P. avium species (Schueler et al, 2003 ) or
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Figure 3 Frequencies of the absent allele (0) for the 75 AFLP
markers in P. avium genome (qA) versus in F genome in P. cerasus (qF).
Class 1 contains AFLP markers specific to the A genome, class 2
contains AFLP markers specific to the F genome. Class 3 contains
AFLP markers fixed in the F genome of P. cerasus and polymorphic
in P. avium and class 4 is composed of five markers always found in
the F genome of P. cerasus species but never in P. avium species.
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developed in other Prunus species and used in P. avium
(Wunsch and Hormaza, 2002). These microsatellite
markers are codominant and should be useful for the
study of genetic diversity in specific components of the
genome, particularly if primers which only amplify a
product from one particular genome can be found.

Several phenomena could explain the number of
misidentifications in our sample. Many cherry genotypes
in this study were old cherry trees, maintained in
national orchards and only few morphological traits
were observed for species assignment. Moreover, the
distinction between P. avium and P. cerasus species may
not be easy, especially during winter (Hillig and Iezzoni,
1988). The morphological continuum between P. avium
and P. cerasus could be due to the range of cold selection
among geographical areas (Iezzoni and Mulinix, 1992)
and to complex back-crosses occurring with the local
progenitor species (Beaver et al, 1995). The identification
of P.� gondouinii is still more difficult because of its
phenotypic variability, which ranges from P. cerasus to
P. avium morphologic traits.

Specific markers of the F genome have been identified
using the frequency of the different markers in both
genomes of P. cerasus. The diagnostic markers (desig-
nated 4 in Figure 3), always present in F genome of P.
cerasus and always absent in P. avium genome in our
sample, will now be helpful to detect if a genotype
contains the F genome. These could be used for species
discrimination, especially to sort P. avium from
P.� gondouinii. It would therefore be beneficial to
transform the AFLPs into SCAR markers, to allow
efficient analysis of a large number of genotypes (Xu
et al, 2001).

Genetic resources characterization, management and
conservation are essential for future breeding programs.
As species assignation based only on morphological
traits could lead to misidentifications, we demonstrated
that this assignation could efficiently be carried out with
AFLP markers. Moreover, the same AFLP analysis could
be used to fingerprint varieties and then to assess the
genetic diversity present in germplasms, to detect
redundant genotypes in order to constitute and conserve
a core collection.

Origin of P. cerasus
The difference in distribution of the IBN in P. cerasus
compared to a simulated theoretical autotetraploid
(AAAA) indicates that P. cerasus is an allotetraploid
containing another genome that is differentiated from the
A genome. This fact is in agreement with previous
studies indicating that the P. cerasus origin was a cross
between P. avium and P. fruticosa (Olden and Nybom,
1968). The presence of 46 genome-specific markers and
only 29 markers detected in both the A and F genomes
demonstrates that these two genomes are quite divergent
but also that some regions of these genomes are
conserved, which is in accordance with the segmental
allopolyploidy proposed by Beaver and Iezzoni (1993).

The reduction of genetic diversity observed in the
genome A of P. cerasus in comparison with P. avium is
probably due to the constitution of P. cerasus involving
only a part of P. avium genetic diversity. However, in
this work, mainly French sour cherry trees were
analyzed. Therefore, these results have to be confirmed

using a representative sample of whole P. cerasus genetic
diversity.
The original habitat of wild P. cerasus is currently

unknown and is difficult to determine because many
feral forms have escaped from orchards. It is not
possible, therefore, to determine a priori which popula-
tions of P. avium contributed to the A genome of P.
cerasus. The national ranges of P. avium and P. fruticosa
overlap around the Caspian Sea and Asia Minor; wild P.
cerasus could be assumed to have appeared in this
sympatric area (De Candolle, 1883; Hedrick, 1915). The
genome-specific markers detected in our study could be
very useful for studying the evolution of one genome
among different species with different ploidy levels. We
tried to use A genome-specific markers to study the
origin of the A genome of P. cerasus, that is, to determine
which population(s) of P. avium has contributed to the
constitution of P. cerasus. Our inability to unambiguously
define the origin of the A genome of P. cerasus is probably
due to the low number of P. avium genotypes in our
sample, which is not large enough to represent the whole
genetic diversity of this species. Moreover, the low
geographic differentiation in P. avium makes this deter-
mination difficult (Mariette et al, 1997; Mohanty et al,
2001).
The formation of P. cerasus and P.� gondouinii species

both involved unreduced P. avium gametes. These
abnormalities during meiosis occur at low frequencies
and could be affected by genetic and environmental
factors (Iezzoni and Hancock, 1984, 1996; Ramsey and
Schemske, 1998). Nevertheless, we found two different
groups of P.� goundouinii using A genome-specific
markers. This suggests that the frequency of unreduced
gamete production is sufficient to have led to two
distinct hybridization events.

Detection of genome-specific markers
There are some limitations in our definition of genome-
specific markers. Our sets of specific markers are stable
with many P. avium samples (unpublished data), but the
classification of markers was based on some unproven
assumptions. The genetic diversity of P. avium has been
shown to be weakly spatially structured (Mariette et al,
1997; Mohanty et al, 2001), but we have no data about
impacts on the genetic diversity of any population
bottleneck which could have accompanied the consti-
tution of P. cerasus, nor the genetic drift since this
constitution. Moreover, Beaver et al (1995) suggested
that P. fruticosa, P. cerasus and P. avium share a common
gene pool and/or are continually sharing alleles through
introgression.
In each species, the genotypes studied in our sample

did not represent the whole intraspecific genetic diver-
sity. For example, P. cerasus analyzed in our sample were
collected in French orchards and could originate from the
same pool of progenitors. That is probably why the
correspondence analysis, with only A and F genome-
specific markers, respectively, did not reveal the clear
genetic structure in P. cerasus, which has previously been
reported (Iezzoni and Hancock, 1996).
To confirm that F genome-specific markers come from

P. fruticosa, samples of this species should be genotyped.
It would then be easier to classify each set of markers
according to their presence or absence in each diploid
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species and in tetraploid species carrying the same
genome: a procedure which has been successful in
Gossypium (Abdalla et al, 2001).

A large number of crosses between species could occur
within the genus Prunus and particularly within the
subgenus Cerasus (Iezzoni et al, 1990; Webster, 1996).
Backcrosses between P. cerasus and its progenitors exist.
The four species P. avium, P. fruticosa, P. cerasus and
P.� gondounii are often involved in many crosses with
other species, even those from other botanical sections.
For example, P. fruticosa could cross with Prunus
canescens (Rehder, 1947). It would be very interesting to
study all the Prunus subgenus Cerasus species, in order
to analyse the genetic relationships between them and to
have a better knowledge of the crosses involved.
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