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ABSTRACT. Unlike other important crops analyzed so far for genetic diversity and population structure, the brief
history and particularities of the genetics of the cultivated strawberry (Fragaria ·ananassaDuchesne) have limited its
genetic characterization. The genomic composition and the pattern of inheritance have not been fully elucidated,
although a number of studies have suggested a highly diploidized genome. In this study, the similarity relationships
and structure of 92 selected strawberry cultivars with widely diverse origins have been established using simple
sequence repeat (SSR) markers derived from expressed sequence tags (EST-SSR markers). Genetic analysis
performed by the unweighted pair group method with arithmetic mean clustering revealed a distribution according
to both date of cultivar release and breeding for a specific climatic adaptation. Additionally, a model-based clustering
approach identified three populations among the strawberry cultivars with an overall FST value of 0.15 to 0.16. Both
analyses support a limited differentiation of modern cultivars, most probably as a consequence of the methodology of
strawberry breeding. Interestingly, the collection of strawberry cultivars here analyzed showed comparable genetic
differentiation to that observed in natural populations of Fragaria chiloensis (L.) Mill., one of its wild ancestors. Our
results suggest that breeding has produced a small but significant reduction on the genetic diversity of F. ·ananassa.
The panel of 10 EST-SSRs described in this work provided an extremely low probability of confusion (less than 10–11),
offering an efficient and accurate method for cultivar identification.

Strawberry is an important perennial fruit crop worldwide
with production in 2006 of over 4 million t (Food and
Agriculture Organization of the United Nations, 2008). The
cultivated strawberry is octoploid (2n = 8x = 56), and although
the genome constitution remains elusive, recent evidence
suggests an extensive diploidization (Rousseau-Gueutin et al.,
2008). The origin of strawberry traces back to the 18th century,
when natural hybridization in European horticultural gardens
took place between two New World octoploid species, Fra-
garia virginiana Duchesne and Fragaria chiloensis (Darrow,
1966; Hancock, 1999). Both wild species are products of
ancient polyploidization and natural selection (Hancock et al.,
1996). The recent origin of F. ·ananassa, together with other
characteristics of the genus such as a range of ploidy levels, the
hybrid origin of several species, and the combination of
discontinuous and continuous inheritance patterns, has ham-

pered the genetic characterization of this genus (Davis et al.,
2007; Folta and Davis, 2006; Galleta and Maas, 1990).

Genetic improvement of cultivated strawberry began shortly
after its origin, during the mid-18th century, but a rapid
expansion occurred during the past 50 years by diverse
breeding programs around the world (Hancock, 1999; Hancock
et al., 1996). The strawberry is highly heterozygous and
sensitive to inbreeding, being considered an outcrossing crop
(Shaw, 1997). For these reasons, breeding for new strawberry
cultivars requires pedigree selection, crossing of the best
genotypes, and further selection. Strawberry cultivars are then
vegetatively propagated through runners (or stolons) as clones.
More than 500 commercial cultivars are grown worldwide
(Galleta and Maas, 1990; Hancock, 1999). In Europe, �250
strawberry cultivars are currently registered or are in the
process (Community Plant Variety Office, 2008) and this
number is continuously increasing. Strawberries are grown
under different environmental conditions and as a result,
cultivars display variable adaptations (Hancock, 1999). Each
breeding program searches for cultivars adapted to specific
climatic conditions. However, the sources of variability within
the species are reduced to a limited number of initial cultivars.
Sjulin and Dale (1987) analyzed the pedigree of 134 North
American strawberry cultivars introduced between 1960 and
1985, showing that only 53 founding clones contributed to
its nuclear genomic content. Nevertheless, relatively recent
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introgressions from wild octoploid species have contributed to
improved diversity of the cultivated strawberry (Bringhurst and
Voth, 1984; Hancock, 1999). Strawberry breeding has become
an area of substantial economical importance, mainly as a result
of the royalties paid to breeders for protected cultivars. Current
methods for accurate detection of erroneous or illegal propa-
gation are time-consuming and expensive because they involve
the cultivation and morphological characterization of contro-
versial cultivars for 1 to 2 years under controlled conditions.
DNA fingerprinting can be implemented to assess cultivar
identity and hence to protect plant breeders’ rights.

A limited number of studies have used molecular
markers for the analysis of population structure in polyploids.
Only very recently was information on genetic diversity in F.
virginiana and F. chiloensis populations provided (Carrasco
et al., 2007; Hokanson et al., 2006). This is most likely the
result of difficulty in the analysis of polyploid species (Röder
et al., 1998). Simple sequence repeat (SSR) markers in the
genus Fragaria L. have been developed from diploid species
(Bassil et al., 2006a; Cipriani and Testolin, 2004; Hadonou
et al., 2004; James et al., 2003; Monfort et al., 2006; Sargent
et al., 2003, 2006) and octoploid species (Ashley et al., 2003;
Lewers et al., 2005; Rousseau-Gueutin et al., 2008; Shimomura
and Hirashima, 2006). These studies have shown a high
transferability of the SSR markers among Fragaria species
(see also Davis et al., 2006). Recently, the availability of
sequence data derived from gene discovery programs enabled
mining for SSRs in F. ·ananassa (Bassil et al., 2006b; Gil-
Ariza et al., 2006; Keniry et al., 2005; Lewers et al., 2005;
Sargent et al., 2006). These markers require minimal effort to
be obtained and can frequently be associated with functionally
annotated genes.

The strawberry germplasm collection located at Instituto de
Investigación y Formación Agraria y Pesquera (IFAPA)–
Centro de Churriana (Málaga, Spain) constitutes an extraordi-
nary source of genes for breeding programs because it contains
�500 accessions, 280 of which are F. ·ananassa cultivars from
different geographical areas and dated since 1849 (‘Vicomtesse
Hericart de Thury’). Available reports on the genetic charac-
terization of cultivated strawberry have included a low number
of cultivars (Arnau et al., 2002; Debnath et al., 2008; Degani
et al., 2001; Graham et al., 1996; Shimomura and Hirashima,
2006). The initial objective of this study was to determine the
capacity of 10 expressed sequence tag (EST)-derived SSR
markers, selected by their high discriminatory power, for
effective discrimination among strawberry cultivars. The
genetic diversity and organization of a representative sample
of the strawberry collection was evaluated. To determine the
impact of plant breeding on the available diversity for further
strawberry improvement, marker variability was investigated in
relation to different breeding periods.

Materials and Methods

PLANT MATERIAL AND DNA EXTRACTION. A panel of 92 F.
·ananassa accessions from different breeding programs around
the world was chosen to represent the diversity within the
species in the germplasm collection at IFAPA–Centro de
Churriana (Sánchez-Sevilla et al., 2004) (Table 1). These
include representative strawberry cultivars from diverse ori-
gins: 40 from the United States, 20 from Spain, eight from
France, five from Italy, five from the United Kingdom, four

from Germany, three from Holland, two from Australia, one
from Belgium, one from Canada, one from Poland, one from
Russia, and one old European cultivar of unknown origin.
These accessions cover both a wide range of temporal and
geographical origins (since the 18th century until today) and a
representative group of pedigree-related recent cultivars, which
were selected to test the power of SSR markers in cultivar
identification. Cultivars were organized into breeding periods
based on release dates (pre-1949, 1950–1969, 1970–1980,
1981–1990, 1991–2000, post-2000) to facilitate the analysis
of diversity changes (Table 1). Breeding periods were defined
trying to group similar number of cultivars, although recent
cultivars with Californian pedigree were in excess as a result of
our objective of assessing the power of these SSR markers for
cultivar identification.

Young leaf material was harvested from single plants, frozen
in liquidnitrogen, and ground.BeforeDNAextraction, 120mgof
tissue was washed using 1.2 mL washing buffer (0.1 M Sodium
acetate, pH5, 20mM EDTA, 0.2M sorbitol, 1 MNaCl, 2% PVP-
40, 1% 2-mercaptoethanol). The sample was centrifuged at 3000
gn, the supernatant was discarded, and the procedure was
repeated twice. Total DNA was extracted from the washed
tissues using the DNeasy Plant Mini Kit (Qiagen, Valencia, CA)
according to the manufacturer’s instructions. DNA concentra-
tion and quality were evaluated in 0.7% (w/v) agarose gel
electrophoresis containing 0.5 mg�mL–1 ethidium bromide using
known concentrations (10 to 300 ng) of uncut lambda DNA
(Life Technologies, Gaithersburg, MD) as standard.

POLYMERASE CHAIN REACTION AMPLIFICATION AND

SEPARATION OF SIMPLE SEQUENCE REPEAT MARKERS. The SSR
markers used in this study were developed as previously
described (Gil-Ariza et al., 2006). Amplification, separation,
and visualization were carried out under the conditions
described in the same reference.

DIVERSITY ANALYSIS. A minimum of two independent poly-
merase chain reactions was performed for each DNA sample
until two data points were available for each SSR · cultivar
combination. In polyploid species, even with codominant
markers as SSRs, the dosage of alleles cannot be deduced with
certainty for some markers, because current technology does
not allow for estimating allele dosage from observed band
intensities. Consequently, allele frequency cannot be calculated
directly. An alternative approach has been used to interpret
polyploid banding patterns (Esselink et al., 2003). For primer
pairs identifying more than two bands per accession, banding
patterns observed at a particular locus were therefore recorded
as a presence/absence and are referred to as ‘‘allele pheno-
types.’’ However, four primer pairs identified one or two alleles
per accession and segregation was analyzed in two F.
·ananassa mapping populations to confirm a Mendelian
‘‘disomic’’ inheritance. A c2 test was performed to test the
goodness of fit at the 5% level. No genotypes expected under
polysomic segregation were obtained in any case and no
alternative segregation fitted at P $ 0.05. For ChFaM002, the
segregation was analyzed in a 74 F1 population obtained from
the cross ‘Ventana’ · ‘Festival’. The segregation type was AA
·BC (P = 0.182) for the expected genotypes (50%AB and 50%
AC). Marker ChFaM008 was polymorphic in the same pop-
ulation with a segregation type AC · BC (P = 0.471) to the
expected 25% AB, 25% AC, 25% BC, 25% CC segregation.
ChFaM021 was polymorphic in the two mapping populations
analyzed. The second consisted of a 95 progeny from a cross
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Table 1. List of Fragaria ·ananassa germplasm, organized into breeding periods based on release dates, used to evaluate the genetic diversity.z

Location/breedery Originx Year Parentage Likelihood

Breeding period 1 (pre-1949)

Josif Mahomet NA RUS NA NAw 2.28 · 10–20

Vicomtesse Hericart

de Thury

J.L. Jamin FRA 1849 Seeds of Keens

Seedling

3.98 · 10–15

Docteur Morere Berger FRA 1867 Palmyre · Duc de Malakoff 2.99 · 10–17

Africa NA Europe 1870 NA 7.56 · 10–18

Laxton’s Noble T. Laxton GBR 1884 Excelsior · Shraperless 2.33 · 10–12

Royal Sovereign T. Laxton GBR 1892 Laxtons Noble · King of the Earliest 6.28 · 10–13

Missionary Virginia USA 1900 NA 1.65 · 10–16

Howard 17 Massachusetts USA 1909 Crescent · Howard 1 6.51 · 10–14

Donner UC Davis USA 1945 Cal 145.52 · Cal 222 2.41 · 10–14

Cambridge Favorite Cambridge RS GBR 1949 (Etter seedling · Avant Tout) · Blakemore 4.80 · 10–19

Breeding period 2 (1950–1969)

Macherauchs Frühernte Müncheberg DEU 1951 Amerikanischer Sämling II (Geneva) · Deutsch

Evern (or reverse)

5.23 · 10–10

Regina Müncheberg DEU 1951 Amerikanischer Sämling II (Geneva) · Deutsch

Evern (or reverse).

8.64 · 10–16

Senga Sengana Sengana DEU 1954 Sieger · Markee (or reverse) 4.41 · 10–15

Red Gauntlet SHRI GBR 1956 (Royal Sovereign · Howard 17) · Auchincruive

climax

1.05 · 10–16

Gorella Wageningen NLD 1960 Juspa · MDUS 3763 3.52 · 10–15

Manil (Domanil?) Glemboux BEL 1960 Souvenir de Charles Machiroux · Oberschlesien 3.53 · 10–11

Fresno UC Davis USA 1961 Lassen · Cal 42.8-16 4.06 · 10–12

Tioga UC Davis USA 1964 Lassen · Cal 42.8-16 9.85 · 10–10

Senga Precosa Sengana DEU 1966 Regina · (Sparkle · Eva Macherauch) 9.24 · 10–13

Sequoia UC Davis USA 1968 Cal 52.16-15 · Cal 51.S1-1 1.16 · 10–8

Primella Wageningen NLD 1969 Gorella · Macheraus Frühente 1.91 · 10–11

Breeding period 3 (1970–1980)

Gariguette INRA FRA 1972 (Pocahontas · Regina) · (Belrubi · Marieva) 4.14 · 10–11

Aiko UC Davis USA 1975 Cal 46.5-1 · Cal 59.51-11 5.41 · 10–7

Toro UC Davis USA 1975 Cal 37.20-45 · Sequoia 1.64 · 10–7

Favette Darbonne FRA 1976 (Souvenir des Halles · Regina) · (Pocahontas · Aliso) 2.30 · 10–11

Korona Wageningen NLD 1978 Tamella · Induca 1.00 · 10–13

Aptos UC Davis USA 1979 Tufs · Cal 65.64-601 2.71 · 10–8

Brighton UC Davis USA 1979 Cal 65.65-601 · Tufs 4.91 · 10–8

Douglas UC Davis USA 1979 Tufs · (Tioga · Sequoia) 7.91 · 10–7

Hecker UC Davis USA 1979 Cal 65.65-601 · Cal 66.96-101 3.61 · 10–12

Honeoye NYAES USA 1979 Vibrant · Holiday (or Tamella · Induka) 1.12 · 10–12

Pajaro UC Davis USA 1979 Sequoia · Cal 63.7-101 3.68 · 10–5

Breeding period 4 (1981–1990)

Dover UF-IFAS USA 1980 Florida Belle · USFL 71-189 7.20 · 10–8

Vantage NA CAN 1980 Tioga · Veestar 2.72 · 10–11

Allstar MDUS USA 1981 US 4419 · MDUS 3184 5.11 · 1010

Durval IVIA ESP 1981 Pajaro · Parker 1.45 · 10–5

Tufts UC Davis USA 1981 Cal 46.5-1 · Tioga 1.24 · 10–8

Addie ERSO-CRPV ITA 1982 Senga Pantagruella · MDUS 3816 2.03 · 10–9

Chandler UC Davis USA 1983 Douglas · Cal 72.361-105 2.79 · 10–8

Darboprim Darbonne FRA 1983 Senga Pantagruela · Tufs 1.38 · 10–13

Fern UC Davis USA 1983 Tufts · Cal.69.62-103 2.13 · 10–10

Parker UC Davis USA 1983 Douglas · (Tufts · Cal 63.7-101) 1.44 · 10–6

Selva UC Davis USA 1983 Cal 70.3-117 · Cal 71.98-605 2.21 · 10–11

Maraline Marionnet FRA 1987 Red Gauntlet · Sequoia 3.21 · 10–8

Oso Grande UC Davis USA 1987 Parker · Cal 77.3-603 6.75 · 10–7

Pandora East Malling GBR 1988 (Von Humboldt · Redstar) · Merton Dawn 3.38 · 10–14

Breeding period 5 (1991–2000)

Milsei (�Tudla) Planasa ESP 1990 Parker · Chandler 1.85 · 10–5

Linda Forli ITA 1991 (Tenira · MDUS 3184) · Dana 3.17 · 10–9

Camarosa UC Davis USA 1992 Douglas · Cal 85.218-605 2.03 · 10–6

Carezza CIV ITA 1992 Addie · Pajaro 1.16 · 10–9

Carlsbad UC Davis USA 1992 Irvine · Cal 85.218-605 2.39 · 10–8

Cuesta UC Davis USA 1992 Seascape · Cal 83.25-2 2.70 · 10–8

Darsidor Darbonne FRA 1992 Seduka · Aiko 6.15 · 10–13

continued next page
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Table 1. Continued.

Location/breedery Originx Year Parentage Likelihood

Laguna UC Davis USA 1992 Irvine · Cal 85.92-602 1.29 · 10–6

Vilanova IVIA ESP 1992 Aiko · Chandler 2.99 · 10–8

Cartdos Planasa ESP 1993 NA 4.47 · 10–7

Cartuno Planasa ESP 1993 Planasa 86-184 · Planasa 86-175 7.92 · 10–8

Redlands Hope Redlands AUS 1993 Parker · Redlands Promise 4.12 · 10–7

Redlands Star Redlands AUS 1993 NA 1.87 · 10–9

Teodora Forli ITA 1993 [Toro · (Belrubi · Titan)] · Douglas 9.23 · 10–12

Arena Planasa ESP 1995 Planasa 85-20 · Planasa 86-175 7.66 · 10–8

Medina IFAPA-INIA-IVIA ESP 1995 Z 45 · Parker 2.19 · 10–7

Missionary Hybrid Louisiana USA 1995 F. virginiana · Missionary 3.68 · 10–24

Darselect Darbonne FRA 1996 Elsanta · Parker 4.32 · 10–11

Sel. 232-2 IFAPA-INIA-IVIA ESP 1996 4-43 · Vilanova 7.29 · 10–8

Gaviota UC Davis USA 1996 Cal 87.112-6 · Cal 88.270-1 6.50 · 10–7

Marina IFAPA-INIA-IVIA ESP 1997 Cartuno · Camarosa 2.68 · 10–6

Plasirfre (�Tudnew) Planasa ESP 1997 Planasa 85-20 · Planasa 86-061 9.02 · 10–9

Ventana UC Davis USA 1997 Cal 93.170-606 · Cal 92.35-601 5.77 · 10–7

Aguedilla IFAPA-INIA-IVIA ESP 1998 Camarosa · 67.35 9.23 · 10–6

Carisma IFAPA-INIA-IVIA ESP 1998 Oso Grande · Vilanova 3.69 · 10–7

Pelican MDUS USA 1998 FL 82-1556P · LA 8311 2.68 · 10–10

Andana IFAPA-INIA-IVIA ESP 1999 (Garriguete · Parker) · (Vilanova · Ribera) 3.66 · 10–8

Breeding period 6 (post-2000)

Plarionfre (�Chiflón) Planasa ESP 2000 Sel. 92-44 · Sel. 86-032 1.21 · 10–7

Festival UF-IFAS USA 2000 Rosalinda · Oso Grande 6.58 · 10–8

Naiad CIV ITA 2001 NA 1.11 · 10–6

Witney VPP USA 2002 Sel.89530506 · Sel.89542504 1.69 · 10–9

Camino Real UC Davis USA 2003 Cal 89.2307 · Cal 90.2533 2.11 · 10–6

Sabrosa (�Candonga) Planasa ESP 2003 Sel. 9238 · Sel. 86032 2.75 · 10–5

Plahuelfre Planasa ESP 2003 Sel. 9244 · Sel. 86032 3.27 · 10–6

Carmela Planasa ESP 2004 Sel. 86032 · Sel. 9261 3.86 · 10–7

Cisco FNM ESP 2004 NA 1.07 · 10–6

Commitment Berry Genetics USA 2004 NA 7.09 · 10–8

Endurance Berry Genetics,

Plant Science

USA 2004 NA 9.10 · 10–9

Galante California Giant USA 2004 Sel. C1 · Sel. NWFV 4.37 · 10–10

Galexia California Giant USA 2004 NA 9.77 · 10–8

Gloria California Giant USA 2004 Sel. A41 · Seascape 1.92 · 10–8

Honor Berry Genetics USA 2004 Camarosa · PS-1269 1.58 · 10–7

Macarena Planasa ESP 2004 Sel. 88-033 · Sel. 9150 5.35 · 10–7

Patience Berry Genetics USA 2004 Anaheim · PS-592 2.80 · 10–7

Pedrone FNM ESP 2004 NA 2.82 · 10–6

Salut Skierniewice POL 2004 Selva · Ducat 8.54 · 10–12

zCultivar name, location or breeder, country of origin, year of release, parentage, and probability of obtaining a particular allele phenotype with
the 10 loci (likelihood) are provided.
yNA= data not available; Berger = French breeder, first name unknown; UCDavis = University of California, Davis; Cambridge RS = Cambridge
Research Station, Cambridge, UK; Münchcheberg = Kaiser-Wilhelm-Institut für Züchtungsforschung, Münchcheberg, Germany; Sengana =
Sengana GmbH, Ahrensburg, Germany; SHRI = Scottish Horticultural Research Institute, Dundee, UK; Wageningen = Institute of Horticultural
Plant Breeding, Wageningen, The Netherlands; Gembloux = Center de Recherches Agronomiques, Gembloux, Belgium; INRA = Institut
Nationale de la Recherche Agronomique, Paris; Darbonne = Darbonne, Le Barp, France; NYAES = Cornell University, New York Agricultural
Experiment Station, Geneva, NY; UF-IFAS = University of Florida, Institute of Food and Agricultural Sciences, Winauma; MDUS = U.S.
Department of Agriculture, Beltsville, MD; IVIA = Instituto Valenciano de Investigaciones Agrarias, Moncada, Spain; ERSO-CRPV = L’Ente
Regionale Sviluppo Ortofrutticolo–Centro Regionale Produzioni Vegetali, Ancona, Italy; Marionnet = Marionnet, Soings-en-Sologne, France;
East Malling = East Malling Research. East Malling, UK; Planasa = Plantas de Navarra, Cintruenigo, Spain; Forli = Istituto Sperimentale per la
Frutticoltura, Sezione di Forlı̀, Italy; CIV = Consorzio Italiano Vivaisti, Ferrara, Italy; Redlands = Redlands Horticultural Research Station,
Cleveland, Australia; IFAPA-INIA-IVIA = Instituto de Investigación y Formación Agraria (Sevilla, Spain)–Instituto Nacional de Investigación y
Tecnologı́a Agraria y Alimentaria (Madrid, Spain)–IVIA; VPP = V.P.P. Corp., Oakland, CA; FNM = Fresa Nuevos Materiales, Huelva, Spain;
Berry Genetics = Berry Genetics, East Lansing, MI; Plant Science = Plant Science, Watsonville, CA; California Giant = California Giant,
Watsonville, CA; Skierniewice = Skierniewice Experimental Station, Warsaw Agricultural University, Warsaw, Poland.
xRUS =Russia; FRA = France; GBR =United Kingdom; USA =United States; DEU =Germany; NLD = The Netherlands; BEL =Belgium; CAN
= Canada; ESP = Spain; ITA = Italy; AUS = Australia; POL = Poland.
wNA = data not available.
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between two breeding lines: 232-2 · 1391-1. Segregation types
for each population were CC · CB and AC · CC and both fitted
the expected genotypes, 50% CC and 50% CB or AC,
respectively (P = 0.838 and 0.669, respectively). Marker
ChFaM005 was not polymorphic in either population. For
these diploid markers, gene diversity was calculated according
to the formula of Nei (1973): H = 1 –

P
pij

2, where pij is the
frequency of the jth allele for the ith locus. According to
Anderson et al. (1993), we referred to gene diversity as the
polymorphic information content (PIC).

An equivalent estimate of gene diversity, using allelic
phenotype data instead of genotype data, is referred to as
‘‘power of discrimination’’ (PD = 1 –

P
gk

2), where gk is the
frequency of the kth allelic phenotype obtained with the com-
bination of bands present at a particular locus (Kloosterman
et al., 1993). This statistic measures the ability of a marker to
discriminate between two cultivars. PD values were used to
calculate the confusion probability [C =

Q
(1-PDi), where PDi

is the PD value of the ith locus], which estimates the probability
that any two cultivars had identical SSR genotypes by chance
alone considering all loci (Tessier et al., 1999).

ANALYSIS OF POPULATION STRUCTURE. To assess the structure
of genetic diversity among cultivars, we used three comple-
mentary approaches: graphic clustering from similarity data, a
Bayesian model-based clustering method, and an analysis of
molecular variance (AMOVA).

The genetic similarity (GS) between cultivars was calcu-
lated with presence/absence data for each cultivar according to
Nei and Li (1979) where GS = 2nXY/(nX + nY), in which nX and
nY are the number of fragments present in cultivars X and Y,
respectively, whereas nXY is the number of fragments shared by
the two cultivars. This estimator was used for cluster analysis
using unweighted pair group method with arithmetic mean
(UPGMA) with the package Phylip 3.65 (Felsenstein, 1989).
Bootstrap analysis was performed with 5000 replicates. We
also used the Bayesian model-based clustering method imple-
mented in the software STRUCTURE 2.2 (Pritchard et al.,
2000). This method assigns each genotype to a number of
groups on the basis of the information given by molecular
markers. We used the basic admixture model with unlinked loci
and uncorrelated allele frequencies with the assumed number of
populations (K) varying from one to 10 and 10 replicate runs
per K value. There are different statistical methods that estimate
the number of clusters, or populations, that best adjusts to the
data. Thus, the probability that the examined cultivars (geno-
types, X) are grouped in the analyzed populations was calcu-
lated from Ln [P (X/K)]. For each assumed population
structure, we discarded the first 104 iterations as a burn-in
period and used the following 105 iterations to produce the
results of the group membership probabilities for individual
genotypes. The run showing the highest posterior probability of
data was considered for each K value. For diploid markers, we
introduced the data as standard codominant markers; for the rest
(polyploid markers), we introduced the data as dominant
markers according to the new version of the software (Falush
et al., 2007).

The genetic structure of strawberry cultivars was further
investigated by an AMOVA using the software ARLEQUIN
3.11 (Excoffier et al., 2005). The AMOVA analysis was
performed separately using presence/absence data for poly-
ploid markers and allele frequency for diploid markers (those
markers that showed only one or two alleles in each cultivar).

The significance of the partitioning of genetic variance among
groups was tested. Groups were defined according to clusters
obtained by the analysis using STRUCTURE 2.2 and also for
the six different breeding periods.

Results

SIMPLE SEQUENCE REPEAT MARKER DIVERSITY. A panel of 92
F. ·ananassa accessions was genotyped with 10 polymorphic
EST-SSRs allowing the identification of several alleles per
locus (Table 2). Four EST-SSRs (ChFaM002, ChFaM005,
ChFaM008, and ChFaM021) identified one or two alleles per
accession, whereas the other six EST-SSRs identified between
one and eight bands as previously reported with a reduced set of
cultivars (Gil-Ariza et al., 2006). These results are consistent
with allele amplification on single (one to two bands) or
duplicated/homoeologous (greater than two bands) loci in the
octoploid genome of F. ·ananassa. This may also reflect the
mixed behavior (disomic–polysomic) shown by other authors
in F. ·ananassa (Lerceteau-Köhler et al., 2003) and in F.
virginiana (Ashley et al., 2003). To investigate the genetic
nature of the markers used in our study, we analyzed the
segregation of primer pairs ChFaM002, ChFaM005,
ChFaM008, and ChFaM021 in two F. ·ananassa mapping
populations. Three of them showed Mendelian segregation
(disomic inheritance), being indeed diploid markers (as shown
in ‘‘Material and Methods’’). ChFaM005 primers generated a
single DNA band, thus being homozygous in both segregating
populations.

A total of 95 alleles were identified with an average of 9.5
alleles per locus (Table 2). Thirty-eight alleles (40%) were
present in a small proportion of cultivars (less than 10% of the
cultivars) and three alleles (3%) were present in most of them
(greater than 90%). None of the alleles was present in every
cultivar. Cultivars Africa, Cambridge Favorite, Docteur Mor-
ere, Donner, Missionary Hybrid, and Teodora presented one
exclusive allele each (ChFaM029.162, ChFaM023.180,
ChFaM014.179, ChFaM002.201, ChFaM008.155, and
ChFaM021.233, respectively). Allelic composition of 92 straw-
berry accessions analyzed is included in Supplementary Table
S1.

Gene diversity for diploid markers ranged from 0.52 to 0.68
(mean = 0.62) (Table 2). The PD for the different loci ranged
from 0.68 for ChFaM005 to 0.98 for ChFaM023 (mean = 0.88)
(Table 2). Using the 10 PD values, we calculated the total
probability of confusion to be 1.46 · 10–11. The likelihood of
obtaining a particular allelic phenotype within strawberry
cultivars ranged from 1.45 · 10–5 to 3.68 · 10–24 (Table 1).
Therefore, the selected EST-SSRs allowed unambiguous dis-
crimination of all the cultivated strawberry accessions ana-
lyzed.

GENETIC RELATIONSHIP AMONG STRAWBERRY CULTIVARS. Nei
and Li genetic similarity coefficients ranged from 0.21
(‘Primella’ versus ‘Aguedilla’) to 0.98 (‘Parker’ versus
‘Aiko’) with a mean value of 0.56 (± 0.12) and a mode value
of 0.67. Average similarity within different breeding periods
increased with time (0.45 to 0.66) (Table 3). The high level of
coancestry among strawberry cultivars, and among modern
cultivars in particular, is reflected in the coefficients of
similarity with values over 70% for many of the accessions.
Among the modern cultivars with Californian pedigree, the
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similarity ranged from 0.37 (‘Tioga’ versus ‘Maraline’) to
0.98 (‘Parker’ versus ‘Aiko’) with a mean value of 0.70 (Table
3). Graphic clustering using UPGMA arranged strawberry
cultivars into several small groups, which appear to be related
based on pedigrees (Fig. 1A). Modern cultivars with Califor-
nian pedigree were distributed at the top, had short branches,
and similarities over 73%. The most recent cultivars obtained
by the University of California, Davis or Spanish breeders,
having a similar pedigree, high coancestry, and analogous
climatic adaptation, were clustered at the upper part of the
dendrogram, whereas old European cultivars appear at the
bottom. The two most distant cultivars, Josif Mahomet and
Missionary Hybrid, were very different from the rest (with a
similarity to the next group of only 35%), supporting the idea
that they were introgressed with wild germplasm. In contrast
to the majority of the groups, there was strong support for this
cluster with a bootstrap value of 100%. The cultivars in the
middle of the tree include both intermediate old cultivars with
mixed pedigree and other cultivars with European or Amer-
ican pedigree. In general, genetically related cultivars (paren-

tal lines with their descendants) clustered together in the tree.
As an example, ‘Parker’ clustered together with ‘Douglas’, its
maternal parent, and with ‘Durval’ and ‘Tudla’, two direct
descendants.

POPULATION STRUCTURE. We next investigated the popula-
tion structure in the 92 accessions using STRUCTURE 2.2.
This analysis estimates the most likely number of potential
clusters (K) by calculating the log probability of data for each
value of K. With the 92 cultivars selected in this study, the most
probable number of populations was three. The three popula-
tions are represented with different colors in Figure 1B. The
green population contains 44 accessions with ‘Camarosa’
representing this group because its genetic background contains
the maximum proportion derived from this population. It
corresponds to cultivars with Californian pedigree that are well
adapted to the Mediterranean/Californian environment and
with the majority belonging to the three most recent breeding
periods (released after 1980). The red population is composed
of 26 old accessions (most of them released before 1969) from
either European or American origin with ‘Missionary Hybrid’

Table 3. Number of alleles, proportion of total alleles, and average Nei and Li genetic similarity (GS) within the six different breeding periods and
three theoretical groups (red, blue, green) based on the software STRUCTURE 2.2 (Pritchard et al., 2000) determined from the analysis of 10
EST-SSR markers in 92 strawberry cultivars.

Groups Pre-1949 1950–1969 1970–1979 1980–1989 1990–1999 Post-2000 Red Blue Green

Cultivars (no.) 10 11 11 14 27 19 26 22 44

Alleles (no.) 86 75 68 70 72 56 94 70 66

Proportion

of total alleles (%)

93.48 78.94 73.68 71.58 85.26 60.00 98.85 73.68 69.47

Mean GS 0.45 0.47 0.54 0.58 0.63 0.66 0.45 0.60 0.70

Range of variation 0.70–0.30 0.72–0.34 0.85–0.31 0.91–0.34 0.86–0.25 0.85–0.46 0.72–0.22 0.81–0.39 0.98–0.37

EST-SSR = expressed sequence tag–simple sequence repeat.

Table 2. Motif, position within the expressed sequence tag (EST), allele size range (bp), and putative function based on homology to protein
databases for 10 EST-SSR loci.z

Locus Motif Position

Size range

(bp) Function

Ni

(no.)

NA

(no.) PICy

Nph

(no.)

FPH

(%) PD

ChFaM001 (GA)20 5# UTR 210–260 Aspartate and ornithine

carbamoyltransferase

2–7 16 58 8.70 0.97

ChFaM002 (TC)11 5# UTR 153–201 Tryptophan-Aspartate

repeat regulatory protein

1–2 7 0.68 16 26.09 0.84

ChFaM004 (GA)8 5# UTR 134–223 Anthocyanin regulatory

C1 protein

3–6 12 46 13.04 0.95

ChFaM005 (TC)19 5# UTR 146–162 Hypothetical protein 1–2 6 0.52 11 45.65 0.68

ChFaM007 (TC)13 5# UTR 152–179 Beta 1.3-glycosyltransferase-

like protein II

2–6 11 47 11.96 0.95

ChFaM008 (GA)11 5# UTR 149–158 Splicing factor 1–2 5 0.67 8 31.52 0.81

ChFaM014 (GA)18 5# UTR 143–179 Transcription factor 1–4 8 23 17.39 0.90

ChFaM021 (AT)13 ORF 215–237 Unknown protein 1–2 7 0.59 14 45.65 0.75

ChFaM023 (GA)14 ORF 145–180 Ferredoxin-thioredoxin

reductase

3–8 13 76 3.26 0.98

ChFaM029 (TG)8 ORF 147–184 Calmodulin 1–5 10 44 8.70 0.96

Total 95 343

Average 9.50 0.62 34.30 0.88

zThe diversity statistics evaluated in 92 strawberry cultivars were: number of alleles per individual (Ni), total number of alleles (NA), polymorphic
information content (PIC), number of unique allelic phenotypes (Nph), frequency of the most prevalent allelic phenotype (FPH), and power of
discrimination (PD).
yDetermined only for primers pairs that amplified up two bands per cultivar.
SSR = simple sequence repeat.
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and ‘Cambridge Favorite’ as representatives of this group. The
blue population, with ‘Selva’ as an example of this group,
comprised 22 cultivars from different breeding periods and
with admixture with the other two populations.

CHANGES IN MOLECULAR VARIANCE. Based on AMOVA,
significant variance differences were found among the groups
of strawberry cultivars established here. Overall, the results
were very similar using both diploid and polyploid marker data

Fig. 1. Genetic relationships among the 92 strawberry cultivars. (A) Dendrogram based on Nei and Li similarity matrix and unweighted pair group method with
arithmetic mean cluster analysis. Bootstrap values higher than 50% are placed on branches. (B) Group probabilities obtained for K = 3 by STRUCTURE 2.2
(Pritchard et al., 2000). Each bar represents the genetic background of a cultivar according to the proportion derived from each of the three different subpopulations.
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(Table 4). The highest percentage of allele variability was
caused by differences among cultivars (84.78% and 83.77% for
diploid and polyploid markers, respectively). Only 15.22% or
16.23% of the variation (depending on marker type) was caused
by differences among theoretical STRUCTURE 2.2 groups.
Breeding periods had a lower effect on the variation (8.70%
and 7.01% for diploid and polyploid markers, respectively).
The overall FST values were 0.15 and 0.16 with diploid and
polyploid markers, respectively, suggesting a limited but
significant differentiation between subpopulations and the
absence of clearly defined clusters. Genetic differentiation
was higher (0.17%) in the green group (California pedigree)
than in blue and red groups with ancient cultivars being the least
differentiated with an FST value of only 0.15 (Table 4). The
most recent breeding groups (1991–2000 and post-2000) had a
higher FST value (0.077 and 0.082, respectively) than previous
breeding periods (0.049 to 0.072) (Table 4).

Discussion

The use of 10 EST-SSRs loci, detecting 95 alleles, was
sufficient to discriminate among all the representative straw-
berry genotypes selected from our germplasm collection and to
analyze F. ·ananassa diversity. The number of alleles detected
per primer pair ranged from five to 16 with a mean value of 9.5
(Table 2). This value is similar to 7.3 and 16.1 described for
other EST-SSR markers in F. ·ananassa (Bassil et al., 2006b;
Keniry et al., 2005). A slightly lower number of alleles (6.6
bands per primer pair) was reported with genomic SSRmarkers
(Hokanson et al., 2006), but in this case, only five genotypes
were tested. A high number of alleles per locus was also shown
for genomic SSR markers analyzed in wild octoploid popula-
tions: 21.6 in different octoploid species of America (Hokanson
et al., 2006) and 13.5 alleles per locus in F. virginiana (Ashley
et al., 2003). However, the number of alleles reported in diploid
Fragaria species was always lower: 3.9 (James et al., 2003), 4.9

(Hadonou et al., 2004; Sargent et al., 2003, 2004), and 5.3
(Monfort et al., 2006) alleles per locus. The higher number of
alleles detected in octoploid strawberries likely arises from its
highly heterozygous and polyploid nature (Galleta and Maas,
1990). When compared with other polyploid species such as
wheat [Triticum turgidum L. ssp. durum (Desf.) Husn.] (5.7
alleles; Maccaferri et al., 2003) and sugarcane (Saccharum L.
spp.) (6.4 alleles; Pinto et al., 2004), the numbers found in
strawberry were also higher.

The probabilities of obtaining a particular allelic phenotype
using these 10 loci ranged from as low as 3.68 · 10–24 for
‘Missionary Hybrid’ to 1.45 · 10–5 for ‘Durval’ (Table 1). This
high discrimination occurred even between genotypes such as
‘Andana’, ‘Carisma’, ‘Camarosa’, ‘Marina’, ‘Chandler’,
‘Tudla’, ‘Durval’, ‘Oso Grande’, and ‘Parker’, all of them with
‘Douglas’ in their pedigree (Table 1). Calculated PIC based on
allelic frequencies varied from 0.52 to 0.68 for the four diploid
markers. Keniry et al. (2005) obtained PIC values ranging from
0.53 to 0.84 for EST-SSR markers, although these values may
be overestimated because the authors used 14 markers that
detected more than two alleles per accession. Previous studies
have shown that SSRs located in the 3#UTR of the EST present
greater levels of polymorphisms than those in the 5# UTR or in
the open reading frame (Gupta et al., 2003; Thiel et al., 2003;
Yong et al., 2004). The 10 EST-derived markers evaluated in
this study were located in the 5# UTR or in the coding region;
nevertheless, they showed a high level of polymorphism. The
high PD values and a combined probability of confusion lower
than one in 1011 suggest that these 10 SSR markers could be
highly useful for strawberry identification.

The high discriminatory power of this set of makers, even
between closely related cultivars, has also allowed the evalu-
ation of the genetic diversity and population structure of this
strawberry collection. Four of the SSR markers showed one or
two alleles per cultivar and disomic inheritance, allowing
classical analysis of allele frequencies. For the rest of markers,

Table 4. Analysis of molecular variance for 92 strawberry cultivars using 95 EST-SSR bands in three theoretical groups (red, blue, green)
obtained with STRUCTURE 2.2 software (Pritchard et al., 2000) in the six different breeding periods.z

Source of variation

df [diploid

(polyploid)

markers]

Sum of squares

[diploid (polyploid)

markers]

Variance components

[diploid (polyploid)

markers]

Percentage of

variation [diploid

(polyploid) markers]

Among theoretical groups 2 25.555 (114.946) 0.1999 (1.6739)*** 15.22 (16.23)

Within theoretical groups 181 (89) 201.581 (768.848) 1.1137 (8.6387)*** 84.78 (83.77)

Among breeding periods 5 22.076 (97.021) 0.1098 (0.6901)*** 8.70 (7.01)

Within breeding periods 178 (86) 205.060 (786.773) 1.1520 (9.1485)*** 91.30 (92.99)

Total 183 (91) 227.136 (883.793)

Genetic differentiation (FST) in theoretical groups (red, blue, green) obtained with STRUCTURE 2.2 in the six different breeding periods.

Analysis was performed with diploid and polyploid markers (in parentheses) separately.

Overall theoretical

groups [diploid

(polyploid) markers]

Red group

(polyploidy markers)

Blue group

(polyploidy markers)

Green group

(polyploidy markers)

0.15217 (0.16231)*** (0.1504)*** (0.1628)*** (0.1691)***

Overall breeding

periods

Pre-1949 1950–1969 1970–1979 1980–1989 1990–1999 Post-2000

0.08701 (0.07909)*** (0.0486)*** (0.0548)*** (0.0658)*** (0.0722)*** (0.0767)*** (0.0820)***

zAnalysis was performed with diploid and polyploid markers (in parentheses) separately.
***Significant at P < 0.001.
EST-SSR = expressed sequence tag–simple sequence repeat.
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alternative analyses were used. Interestingly, both approaches
gave very similar estimates of genetic diversity, revealing
evidence of moderate population structure among the 92
strawberry cultivars. The cluster analysis is a distance-based
method using the proportion of shared alleles to calculate
distances. This method is advantageous because it does not
overestimate the relatedness between individuals because band
absences are excluded from analyses and there are no assump-
tions of Hardy-Weinberg equilibrium. STRUCTURE 2.2 uses a
Bayesian clustering approach that probabilistically assigns
individuals to different groups based on their genotypes. For
organisms with ploidy greater than two, genotypic ambiguity
may exist even if all alleles are codominant. STRUCTURE 2.2
implements an algorithm that generates appropriate genotypes
given both this ambiguity and (optionally) the ambiguity
caused by recessive nulls, allowing dominant (polyploid)
markers to be used (Falush et al., 2007). The cluster analysis
did not separate the cultivars in apparent major groups but
arranged them in function of their ancestry, from recent
cultivars with Californian pedigree and adapted to Mediterra-
nean environments (joined with coefficients of similarity higher
than 78%) to the oldest ones with lower similarities among
them (Fig. 1A). STRUCTURE 2.2 distinguished three potential
populations (Fig. 1B). Two of them, the ‘‘green’’ and ‘‘red’’
populations, were separated in the dendrogram (Fig. 1A). The
‘‘green’’ group contained most of the cultivars obtained after
1980, which are the result of a very specific agroclimatic
adaptation and are more inbred with the number of alleles
reduced from 95 to 66 (more than 69% reduction; Table 3).
The ‘‘red’’ group represented the oldest and more diverse
cultivars (mean GS = 0.44) with a number of them generated
from backcrosses with wild ancestors. In contrast to the other
two groups, the ‘‘blue’’ group contained substantial intermixing
of genetic background. Cultivars assigned to this group
appeared in the middle of the dendrogram in the cluster
analysis (Fig. 1A). They may represent alternative genetic
combinations adapted to other environmental clues such as day
neutrality (because most day-neutral selections were in this
group).

AMOVA partitions observed variation within and among
population components using genetic distances. The method
was originally designed to analyze codominant data, but
polyploid data can be treated as molecular haplotypes. This
analysis further demonstrated that most of the diversity of F.
·ananassa cultivars was attributed to differences among
genotypes. Nevertheless, 15.22% (or 16.23% with polyploid
markers) of the variation was attributed to differences among
theoretical STRUCTURE 2.2 populations. The effect of
breeding dates on the variation was even lower (8.70% or
7.01% depending of the SSR markers; Table 4). In wild F.
chiloensis ssp. chiloensis accessions, most genetic variation
was also found within populations, whereas the variance
between the two botanical forms, F. chiloensis ssp. chiloensis
forma patagonica Staudt and F. chiloensis ssp. chiloensis
forma chiloensis Staudt, cultivated by aboriginal people of
Chile, was just 14.9% (Carrasco et al., 2007). After two
centuries of strawberry breeding, the collection of cultivars
shows comparable genetic variation or structure to one of its
wild ancestors. The overall FST value was �0.16 for F.
·ananassa indicating a slight degree of differentiation in the
collection. Specific FST estimates for each population indicate
that modern Californian/Mediterranean cultivars are slightly

more differentiated (�0.17) than the other two groups (with
0.16 and 0.15 for the ‘‘blue’’ and ‘‘red’’ populations, respec-
tively; Table 4), indicating a reduction of genetic diversity in
these cultivars, most probably as a consequence of the
recurrent selection to this agroclimatic environment. From a
temporal point of view, there was a clear decrease in the
number of alleles and an increase of genetic similarity in more
recent breeding periods (Table 3). However, the low genetic
differentiation (FST) in these groups (�8%; Table 4) indicates
that breeding periods did not play a major role in the genetic
structure.

The EST-SSR markers used in the present study will allow
accurate cultivar certification in strawberry during the propa-
gation in nurseries and also at different key points in the
commercialization process. Increasing the number of markers,
expanding the analysis to all the germplasm collection, and also
adding morphological data will allow the finding of marker trait
associations by LDmapping (Lynch andWalsh, 1998). Overall,
the results presented here demonstrate the usefulness of SSRs
for strawberry germplasm characterization. In addition, the
exploitation of EST-derived SSRs, because they reveal varia-
tion in transcribed regions of the strawberry genome, has the
advantage of dealing with markers more stable than highly
variable genomic SSRs. This study suggests that 200 years of
breeding has produced a small reduction in the genetic diversity
of cultivated strawberry. Certainly, the use of clones of wild
species in the development of cultivars released since 1960
in North American public breeding programs has contributed
to the maintenance of the genetic diversity (Sjulin and Dale,
1987) and may explain how plant breeders have been able to
continue to make significant improvements in strawberry
breeding. In addition, this study provides useful information
on cultivars that constitute a potential source of variability for
the species.
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Clavero, J.M. López-Aranda, R. Bartual, and J.J. Medina. 2004.
Strawberry germplasm collection at CIFA-Malaga (Spain). Acta
Hort. 649:119–122.

Sargent, D.J., J. Clarke, D.W. Simpson, K.R. Tobutt, P. Arus, A.
Monfort, S. Vilanova, B. Denoyes-Rothan, M. Rousseau, K.M.
Folta, N.V. Bassil, and N.H. Battey. 2006. An enhanced micro-
satellite map of diploid Fragaria. Theor. Appl. Genet. 112:1349–
1359.

Sargent, D.J., T.M. Davis, K.R. Tobutt, M.J. Wilkinson, N.H. Battey,
and D.W. Simpson. 2004. A genetic linkage map of microsatellite,
gene-specific and morphological markers in diploid Fragaria. Theor.
Appl. Genet. 109:1385–1391.

Sargent, D.J., A.M. Hadonou, and D.W. Simpson. 2003. Development
and characterization of polymorphic microsatellite markers from

346 J. AMER. SOC. HORT. SCI. 134(3):337–347. 2009.



Fragaria viridis, a wild diploid strawberry. Mol. Ecol. Notes 3:550–
552.

Shaw, D.V. 1997. Trait mean depression for second-generation inbred
strawberry populations with and without parent selection. Theor.
Appl. Genet. 95:261–264.

Shimomura, K. and K. Hirashima. 2006. Development and character-
ization of simple sequence repeats (SSR) as markers to identify
strawberry cultivars (Fragaria · ananassa Duch.). J. Jpn. Soc. Hort.
Sci. 75:399–402.

Sjulin, T.M. and A. Dale. 1987. Genetic diversity of North American
strawberry cultivars. J. Amer. Soc. Hort. Sci. 112:375–385.

Tessier, T., J. David, P. This, J.M. Boursiquot, and A. Charrier. 1999.
Optimization of the choice of molecular markers for varie-
tal identification in Vitis vinifera L. Theor. Appl. Genet. 98:171–177.

Thiel, T., W. Michalek, R.K. Varshney, and A. Graner. 2003.
Exploiting EST databases for the development and characterization
of gene derived SSR-markers in barley (Hordeum vulgare L.). Theor.
Appl. Genet. 106:411–422.

Yong, X., M. Rong-Cai, X. Hua, L. Jian-Ting, and C. Ming-Qing.
2004. Development of SSR markers for the phylogenetic analysis of
almond trees from China and the Mediterranean region. Genome
47:1091–1104.

J. AMER. SOC. HORT. SCI. 134(3):337–347. 2009. 347


