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8.1
Introduction

The genome composition of the octoploid (2n = 8x =
56), cultivated strawberry, Fragaria ×ananassa, is
among the most complex of any crop species. The
most recently proposed genome composition model
for the octoploid Fragaria species, AAA′A′BBB′B′
(Bringhurst 1990), implies the presence of up to four
distinct subgenomes (A, A′, B, and B′). The genomic
complexity of the octoploid species has prompted at-
tention to diploid relatives, such as Fragaria vesca
(2n = 2x = 14), as model systems for strawberry ge-
netics and genomics (Davis and Yu 1997; Sargent et al.
2004). Previous reviews have summarized the history
of strawberry breeding and genetics (Darrow 1966;
Galletta and Maas 1990; Hancock 1999) and initial
developments in strawberry biotechnology (Hokan-
son and Maas 2001). This review updates the state of
progress in the genetic and genomic characterization
and manipulation of the cultivated strawberry and its
respective diploid model system.

8.1.1
Origin of the Cultivated Strawberry

The genus Fragaria is comprised of 23 species var-
iously distributed throughout the northern hemi-
sphere and also extending southward along the west-
ern coast of South America and to Hawaii. Histori-
cally, several Fragaria species and novel hybrids have
been brought into cultivation in various parts of the
world, including F. chiloensis in South America, and
F. moschata and F. vesca in Europe (Darrow 1966;
Hancock 1999). However, the current economic sig-
nificance of all other Fragaria species combined is in-
significant compared to that of F. ×ananassa. There-
fore, use of the term “cultivated strawberry” in this

review will refer specifically to F. ×ananassa unless
otherwise qualified.

The origin of the cultivated strawberry traces
to the 1700s, when representatives of the octoploids
F. chiloensis and F. virginiana – previously brought
to Europe from South and North America, respec-
tively – were grown in proximity in European horti-
cultural gardens. Cross-pollination produced hybrids
that were quickly recognized for their unique and
desirable combinations of morphological and fruit
characteristics, and were brought into cultivation and
breeding (Hancock 1999). This recent origin makes
F. ×ananassa one of the youngest of contemporary
crop species. The cultivated species’ immediate oc-
toploid progenitors, F. chiloensis and F. virginiana,
may have arisen from a common octoploid ances-
tor (Potter et al. 2000); however, no lineage has been
established connecting the octoploids to any lower
ploidy level. Several diploid species have been sug-
gested as possible ancestors of the octoploid species,
including F. vesca, F. iinumae, F. daltoniana, and oth-
ers (Hancock 1999). The need for a comprehensive
phylogenetic treatment of Fragaria that identifies the
diploid ancestors of the cultivated species is becom-
ing increasingly acute, as researchers begin to develop
F. vesca and perhaps other diploid species as model
systems for strawberry genetics and genomics.

8.1.2
Systematics and Phylogenetics

The strawberry genus, Fragaria, belongs to the fam-
ily Rosaceae, subfamily Rosoideae. Fragaria has been
represented in two molecular phylogenetic studies of
the Rosaceae family (Morgan et al. 1994; Eriksson
et al. 1998), but these broad studies included only
one or two Fragaria species, respectively, and pro-
vided no insight into species relationships within Fra-
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garia. The monophyly of Fragaria is considered to be
well-supported (Potter et al. 2000), but species rela-
tionships within Fragaria have not been adequately
delineated. Molecular phylogenetic resolution within
Fragaria has been limited, in part, by the low lev-
els of variability detected in the nuclear ITS (internal
transcribed spacer of rDNA) and chloroplast DNA
(cpDNA) sequences that have been used for phyloge-
netic analysis (Harrison et al. 1997; Potter et al. 2000).

The Harrison and Potter studies provide an infor-
mative foundation for further, more detailed inves-
tigations of Fragaria phylogenetics. Significantly, the
Potter study draws attention to F. vesca, F. nubicola,
and F. orientalis, as possible progenitors to the octo-
ploids. However, neither study discerned the reticu-
late phylogenetic history expected for the octoploids,
or for hexaploid F. moschata. Of course, uniparentally
inherited cpDNA sequence alone cannot provide evi-
dence of phylogenetic reticulation. However, study of
the biparentally inherited, nuclear ITS sequence has
also failed to provide evidence of reticulate evolution
in the Fragaria octoploids. Although ITS has been
widely used for phylogenetic analysis at the specific
and generic level in angiosperms, concerted evolution
can homogenize ITS regions in allopolyploids, poten-
tially erasing the contribution(s) of all but one diploid
progenitor (Wendel et al. 1995). Perhaps this has been
the case for the ITS region in Fragaria octoploids.

8.1.3
Karyotype

The basic chromosome number in Fragaria is x = 7
(Ichijima1926).TherecognizedFragaria species com-
priseapolyploid series, including twelvediploid (2n =
2x = 14) species, four tetraploids (2n = 4x = 28), one
hexaploid (2n = 6x = 42: F. moschata), and four octo-
ploids (2n = 8x = 56). Synthetic octoploids have been
constructed via controlled, interspecific hybridiza-
tions accompanied by chromosome doubling, in an
effort to broaden the octoploid gene pool available to
strawberry breeders (Evans 1977; Bors 2000). The de-
caploid level has been obtained in controlled crosses
accompanied by chromosome number manipulation
(Scott 1951;AhmadiandBringhurst1992).Decaploids
referred to as Fragaria ×vescana were derived from
crossingF.×ananassa (2n = 56)with tetraploid forms
of F. vesca var. semperflorens (2n = 28) followed by
backcrossing to F. ×ananassa (Bauer 1993). Other
decaploids have been derived from crosses involv-

ing octoploid cultivars and diploids F. vesca or F. nil-
gerrensis (Mochizuki et al. 2002). Many other natural
or synthetic hybrids of various even and odd ploidy
levels have been described (Darrow 1966; Bringhurst
and Gill 1970; Staudt 1999; Staudt et al. 2003), reflect-
ing the broad potential for interspecific hybridization
both within and between ploidy levels in Fragaria.

Chromosomes are quite small in all Fragaria
species, and only minor variation in chromosome
morphology has been described (Ichijima 1926;
Senanayake and Bringhurst 1967; Iwatsubo and
Naruhashi 1989, 1991). Satellites have been observed
on one chromosome pair in five diploid species:
F. vesca, F. iinumae, F. nipponica, F. nubicola, and
F. daltoniana (Iwatsubo and Naruhashi 1989, 1991),
and chromosome morphology, per se, has provided
no basis for differentiating the subgenomes in the
octoploids.

8.1.4
The Strawberry Plant

A detailed description of strawberry morphology and
physiology is provided in Darrow (1966 – Chap. 18).
Strawberries are perennial, herbaceous, low-growing
plants. Strawberries are capable of vegetative propa-
gation via the production of runners (stolons), which
are trailing, above-ground stems that can take root at
their nodes to establish new, clonal daughter plants.
A runnerless mutant form is known in F. vesca. Straw-
berry leaves are generally trifoliate; however, pentafo-
liate leaves occur in the diploid species F. penta-
phylla, and are sometimes seen in other species as
well.

The fleshy red strawberry “fruit” is actually the ex-
panded receptacle of the strawberry flower. The true
fruit of strawberry are the seed-like achenes borne on
the surface of the receptacle. Each achene is derived
from an individual, monocarpelate pistil, and if suc-
cessfully fertilized contains a single seed. Strawberry
flowers typically have five white petals, exceptions in-
cluding higher petal number in some Asian species
(Staudt 1989, 2003, 2005) and pink flowers in certain
novelty varieties (e.g., ‘Pink Panda’). Typically, straw-
berry is a short day plant, flowering in response to
short day lengths and low temperature (Battey et al.
1998). However, day neutral forms have been iden-
tified in octoploid F. virginiana and diploid F. vesca
(Ahmadi et al. 1990; Brown and Wareing 1965; Sakin
et al. 1997). The day neutral (everbearing), or “Sem-
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perflorens” form of Fragaria vesca ssp. vesca is of Eu-
ropean origin, and is often termed the ‘Alpine’ form.

Sex determination in strawberry varies among
species (Hancock 1999). Contemporary cultivars of
F. ×ananassa are hermaphroditic; however, gynodi-
oecy and/or trioecy have been reported in the octo-
ploid species F. chiloensis and F. virginiana (Ahmadi
and Bringhurst 1991; Staudt 1989; Ashman 2003), and
in tetraploid F. orientalis and hexaploid F. moschata
(Staudt 1989). A genetic model was proposed for tri-
oecy in the octoploids involving a sex determination
locus with three alleles (F, H, and M) (Ahmadi and
Bringhurst 1991). According to this model, females
are heterogametic (F/H or F/M), hermaphrodites
may be heterogametic (H/M) or homogametic (H/H),
and males are homogametic (M/M). The diploid
species are reportedly all hermaphroditic, except
for F. vesca ssp. bracteata, in which gynodioecy
also occurs (Ahmadi and Bringhurst 1991). Game-
tophytic self-incompatibility occurs in the diploid
species F. viridis, F. nubicola, F. mandshurica, F. nip-
ponica, F. yezoensis, F. gracilis and F. pentaphylla,
while diploids F. vesca, F. iinumae, F. nilgerrensis, and
F. daltoniana are self-compatible (Staudt 1989; Han-
cock 1999). Self-incompatibility is not known to occur
in the octoploid species.

8.1.5
Breeding

Detailed accounts of the history of strawberry do-
mestication and breeding are to be found in Dar-
row (1966) and Hancock (1999). Before obtaining the
first genotypes of F. ×ananassa in the 1760s, F. vesca
and F. moschata (Hautbois) were cultivated in Eu-
rope. F. viridis was also cultivated but was less impor-
tant than the former two species. In 1764, Duchesne
identified clearly the parentage of the modern, culti-
vated strawberry. This strawberry appeared as a vig-
orous, perfect hermaphrodite displaying fruit a little
smaller than the Chilean and with pineapple aroma.
Duchene suspected a cross between the Scarlet straw-
berry (F. virginiana) as pollen source, and the Frutil-
lar (F. chiloensis) (Darrow 1966). At the same period,
this new species was also reported in England and in
Holland.

The first breeding work on modern strawberries
was conducted in the middle of the 1800s, mainly
in England and in America. In the 1900s and
particularly after World War II, breeding programs

appeared in public institutions. In 1961, the pro-
tection of new plant varieties by an intellectual
property right (International Convention for the
Protection of New Varieties of Plants in Paris,
http://www.upov.int/index.html), allowed private
companies to develop their own breeding programs.
During the twentieth century, the efficiency of
strawberry production and the fruit quality were
drastically improved with the development of supe-
rior production environments and with the breeding
of cultivars specifically adapted to these superior
environments. In this context, the breeders have to
integrate the research in production physiology and
cultural practices in order to optimize their selection
strategies.

The methodology of strawberry breeding mainly
involves pedigree selection, since strawberry is highly
heterozygous as observed in other polyploid species.
Large genetic variability among strawberry progenies
is the major factor for the selection of desirable char-
acters. Traditionally, the best cultivars are crossed and
from their progenies, the best genotypes are selected.
The succession of crosses between the best genotypes
and the selection in the progenies constitute recurrent
breeding associated to pedigree selection in which the
choice of the parents and the choice of the best com-
bination are critical.

Selection for a new cultivar starts with the cross,
and ends with the release of the new cultivar, which
takes about 8–10 years. Usually, the process of the
breeding program is as follows. The first cycle is ob-
tained with controlled crosses among selected parents
chosen for their phenotype values in the considered
location. Since main characters of interest are quanti-
tativeones, thegenetic gain is achievedwith thechoice
of the best genotypes phenotypically selected for their
desirable traits, thenmakingnumerouscrosses topro-
mote the best combination of alleles. Selfing to fix
character is rarely used since inbreeding depression
is observed.However, selfing can reveal genetic poten-
tial of some genotypes to be used further as parents.
The first year of evaluation is performed on the basis
of seedling performance. Approximately, 1–3% of the
genotypes are kept and further evaluations are per-
formed on plots of runner plants. After a few years
of screening on the desirable characters, the selected
genotypes are evaluated in multi-location trials under
commercial conditions. Controlled tests are required
to analyse some characters in the breeding program,
i.e. disease resistance tests or simulation of fruit con-
servation test.
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Although some breeding objectives vary accord-
ing to the area of cultivation, traditional main breed-
ing objectives are the following (Rosati 1993): a pro-
duction of relative large berry size in order to limit
the cost of harvest, a firmer fruit with regular shape
and long shelf life, which is easy to harvest, an in-
crease in the total yield, an improvement in fruit
appearance (color, shape, brightness), and disease
resistances. When cultivars have to be adapted to
specific regions or to specific markets, specific ob-
jectives are included in the breeding programs such
as developing production for processing, time of
ripening (very early or very late ripening). Breed-
ing for good taste and flavor is also an impor-
tant objective to fit the quality market needs. The
evolution of cultural practices leads also to new
objectives such as resistance to powdery mildew
which is more important in greenhouse produc-
tion.

8.1.6
Nutritional Composition

Strawberries present many specific nutritional char-
acteristics known to have health benefits. They are
particularly rich in vitamin C (60 mg per 100 g fresh
fruit corresponding to 75% of the daily need), richer
thanoranges, andcontain ahighamountofpotassium
(180 mg per 100 g of fresh fruit). Besides these essen-
tial nutrients, strawberries contain a high content of
ellagic acid more commonly found in the form of
water-soluble ellagitannins. This phenolic compound
is known as a naturally occurring dietary antimu-
tagen and anticarcinogen (Maas and Galetta 1991;
Clifford and Scalbert 2000). In vitro, strawberry ap-
pears to exert a weaker antioxidant activity as com-
pared to other berries. They are rich in pelargonidin-
3-glucoside, the major strawberry anthocyanin, and
ascorbic acid, both of which are weak antioxidants
(Törrönen and Määttä 2002). However interesting re-
sults have been reported on beneficial effects of straw-
berries in experimental animals (e.g., Joseph et al.
1999).

8.1.7
Economic Importance

Globally, 214,118 Ha of strawberries were cultivated
in 2004, representing a worldwide production of

3,113,840 Mt (FAOSTAT data 2004). A large part of
the cultivated area is located in Europe (63.3% of
the total area), followed by Asia (14.8%) and North
and Central America (13.8%). However, Europe and
North and Central America have a comparable pro-
duction level with 1,164,650 Mt and 1,022,521 Mt.
The USA is the world’s leading strawberry producer
with 840,000 Mt. Spain ranks second (285,600 Mt)
followed by the Republic of Korea, Japan, Mexico,
Italy, the Russian Federation, Turkey, Poland and Ger-
many. During the last ten years, some countries like
Turkey, Morocco and Egypt have strongly increased
their production. Germany (109,824 Mt) and France
(93,591 Mt) are importing a large quantity of straw-
berries whereas Spain and the USA are exporting
a largepartof theirproduction (212,327and94,666 Mt
respectively).

8.2
Genetic Characterization

8.2.1
Genome Composition

The first model of octoploid Fragaria genome
composition – AABBBBCC – was proposed by
Federova (1946). Cytological (meiotic pairing)
evidence also provided the basis for Bringhurst’s
initial, partially differentiated AAA′A′BBBB genome
composition model for the octoploid strawberry
species (Senanayake and Bringhurst 1967). Sub-
sequent genetic evidence, notably the absence of
any indication of polysomic inheritance patterns,
prompted the proposal of the prevailing, fully
differentiated AAA′A′BBB′B′ model (Bringhurst
1990). This last cytological formula implies that
the genome of F. ×ananassa is highly diploidized.
A recent study using CAPS (cleaved amplified
polymorphic sequence) markers detected only
disomic inheritance in F. ×ananassa (Kunihisa
et al. 2005). The diploidization of the wild octoploid
strawberry F. virginiana, one of the parents of the
cultivated species, was also suggested by studying
SSR (single sequence repeat) markers (Ashley et al.
2003). However, a final conclusion regarding the
diploidized status of the octoploïd genome requires
the analyses of markers spread over the whole
genome, as will be further detailed in the linkage
mapping section.
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8.2.2
Genome Size

C-value determinations based on flow-cytometric
measurement were reported for one representative
of F. vesca (1 C = 164 Mb), and for two F. ×ananassa
cultivars (1 C = 562 Mb and 1 C = 571 Mb) (Akiyama
et al. 2001), where 1 C is the DNA content of an un-
replicated haploid nucleus. In this study, Arabidop-
sis thaliana was used as a standard, and it was as-
signed a C-value of 125 Mb based on the length of the
Arabidopsis genome sequence (Arabidopsis Genome
Initiative 2000). However, when Bennett et al. (2003)
measured the A. thaliana C value via flow cytometry
(in comparison toaCaenorhabditis elegans standard),
they obtained a value of 157 Mb, which is about 25%
larger than the 125 Mb value determined on the basis
of genome sequencing. Using the A. thaliana flow-
cytometric C-value of 157 Mb as an appropriate stan-
dard for flow-cytometric analysis, the 164 Mb C-value
reported for F. vesca (Akiyama et al. 2001) should be
proportionately corrected upward by 25% to 206 Mb,
and the F. ×ananassa values of 562 Mb and 571 Mb
should be corrected to 708 Mb and 720 Mb, respec-
tively. Notably, if the two corrected octoploid C values
are divided by four to obtain an average C-value for
the “basic” (x = 7) subgenome size in F. ×ananassa,
the resulting values of 177 Mb and 180 Mb, respec-
tively, are less than the corrected 206 Mb size of the
F. vesca genome.

In a similar study using A. thaliana as refer-
ence (1C = 157 Mb), the diploid (F. vesca), hexaploid
(F. moschata) and octoploid (F. ×ananassa) geno-
types displayed genome sizes of 264 Mb, 731 Mb and
884 Mb, respectively (Denoyes-Rothan, unpublished
results). These values, which are corrected in accord
with the reference of Bennett et al. (2003), are slightly
higher than the corrected values of Akiyama et al.
(2001). In both the Akiyama and Denoyes-Rothan
studies, the evident diminution of the size of the oc-
toploid genome relative to the diploid one is sim-
ilar (12% and 16% less than the size expected if
the octoploid genome was four times the size of the
diploid one). This discrepancy prompts speculation
that the genomes originally contributed to the octo-
ploid species by their diploid ancestors were not of
uniform size – some being smaller than the 206 Mb
size of F. vesca. Alternately, the octoploid subgenomes
may have undergone some size reduction since the
origin of the octoploid species. This smaller size
could be due to events which followed the origina-

tion of a polyploid such as loss of DNA segments
(reviewed in Osborn et al. 2003). It is evident that
a comprehensive survey of C-values in the diploid
and polyploid species is needed to provide a basis
for future investigations of genome evolution in Fra-
garia.

8.2.3
Gene Nomenclature

This review provides a useful opportunity to consider
the statusof genenomenclature in strawberry.Nouni-
form nomenclatural guidelines have been established
for strawberry, and very few gene names have been
assigned. Nevertheless, some conflicts and inconsis-
tencies have occurred, drawing attention to the need
for development of a uniform gene nomenclature sys-
tem for strawberry.

The first use of gene names in strawberry was the
assignment of the symbols s, c, and r to the mono-
genic recessive traits, respectively, of perpetual flow-
ering, yellow/white fruit color, and non-runnering, in
F. vesca (Brown and Wareing 1965). In this instance,
the single-letter gene symbols correspond to the dom-
inant, wild type forms of the respective traits: seasonal
flowering (S), colored fruit (C), and runnering (R).
Subsequently, Guttridge (1973) employed the gene
symbol j with reference to the perpetual flowering
trait in F. vesca f. semperflorens cv ‘Baron Solemacher’,
one of the two everbearing varieties previously stud-
ied by Brown and Wareing (1965). Although not ex-
plicitly stated, the symbol j evidently referenced the
dominant, wild type “June bearing” (J) or seasonal
bearing form. More recently, Albani et al. (2004) in-
troduced the symbol SFL (SEASONAL FLOWERING
LOCUS) in relation to the locus governing seasonal
(SFL) versus perpetual (sfl) flowering in F. vesca f.
semperflorens. Again, although not explicitly stated by
the authors (Albani et al. 2004), the chosen gene sym-
bol referenced the dominant, wild type form of the
trait (seasonal flowering). Thus, three different gene
symbols, s, j, and sfl, have already been introduced for
what is probably a single locus conferring the mutant
form, perpetual flowering. This example emphasizes
the need for the establishment of a genetic nomen-
clature committee for strawberry at the earliest avail-
able opportunity. This committee should be charged
with establishing guidelines for gene nomenclature in
strawberry, and for resolving existing nomenclatural
conflicts. Of even greater benefit would be the adop-
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tion of a common nomenclatural system for all of the
species within the Rosaceae family.

8.2.4
Morphological Markers

Few monogenic morphological markers have been
identified in strawberry, in large part because of the
genetic and genomic complexity of the octoploid cul-
tivated species. At the diploid level, a few simply in-
herited traits have been described in the classical liter-
ature (reviewed by Brown and Wareing 1965), but few
genes have been named. Other than the c, s, and r loci
described in the previous paragraph, the only other
named morphological marker at the diploid level is
the arb (arborea) locus conferring a long stemmed
phenotype (Guttridge 1973). At the octoploid level,
very few simply inherited traits have been described
(Scott and Lawrence 1975; Galetta and Maas 1990)
or gene symbols assigned. A series of monogenic,
dominant determinants (Rpf genes) of resistance to
red stele disease (causal organism Phytophthora fra-
gariae var. fragariae) have been described by Van de
Weg (1997), and linkages to molecular markers have
been identified for three of these (Haymes et al. 1997;
Hokanson and Maas 2001). Another dominant gene,
Rca2, conferring resistance to Colletotrichum acuta-
tum (Denoyes-Rothan et al. 2005) has been described.
In contrast, quantitative variation has been assessed
in a plethora of traits and studies in F. ×ananassa
(reviewed in Galletta and Maas 1990). Despite their
major significance to strawberry breeding, quantita-
tive genetic studies that do not include a molecular
or mapping component fall outside the scope of this
review.

8.2.5
Isozymes and Molecular Markers

Hokanson and Maas (2001) carefully summarized ap-
plications of isozymes and the initial phase of molec-
ular marker (RAPD, RFLP, AFLP and first SSRs) devel-
opment in Fragaria. The investigations of PGI (phos-
phoglucoisomerase) isozymes by Bringhurst and co-
workers provided the first evidence that a single
gene could be represented by four distinct loci, all
of which could be expressed, in the octoploid straw-
berry (Arulsekar et al. 1981). RFLP (restriction frag-
ment length polymorphism) markers using probes

developed from Prunus were used for mapping in the
octoploid strawberry (Viruel et al. 2002). Among the
123 probes tested, 27 (22%) revealed polymorphism
whereas 60–75% revealed polymorphism in Prunus,
indicating a low overall level of variability in straw-
berry in the conditions of the study. RFLP markers,
which potentially reveal homologous loci, could be
very useful in the study of synteny between species of
the Rosaceae family.

AFLP (amplified fragment length polymorphism)
markers were utilized exclusively in construction of
the first published octoploid map (Lerceteau-Köhler
et al. 2003). RAPD (randomly amplified polymorphic
DNA) markers were employed in construction of the
first Fragaria linkage map, in F. vesca (Davis and Yu
1997). A remarkable aspect of this mapping study was
the development of a method of identifying codomi-
nant RAPD markers by heteroduplex analysis (Davis
et al. 1995) that resulted in placement of 11 codomi-
nant RAPD markers on the map. Nevertheless, con-
cern about the comparatively poor transferability of
RAPD markers between mapping populations (Sar-
gent et al. 2004), a concern that also applies to AFLP
and other anonymous marker types, has prompted
intensive attention to the development of sequence-
specific, PCR-based markers such as SSR markers for
strawberry.

The high cost of SSR marker development via ge-
nomic library screening – the source of the initial
wave of Fragaria SSRs (Nourse et al. 2002; Ashley et al.
2003; James et al. 2003; Sargent et al. 2003; Cipriani
and Testolin 2004; Hadonou et al. 2004; Lewers et al.
2005; Monfort et al. 2006) – has been drastically re-
duced by the advent of EST (expressed sequence tag)
database mining as a means of discovering SSR loci
within the rapidly growing body of publicly available
cDNA and genomic sequences for strawberry (Lew-
ers et al. 2005; Sargent et al. 2006). Lewers et al. (2005)
showed that SSRs developed from the genomic library
were only slightly superior to GenBank-derived SSRs
in their ability to detect polymorphisms. An antici-
pated advantage of SSRs was their portability at the
intra or inter-generic levels. In Lewers et al. (2005),
most of SSRs from various species of Fragaria am-
plified within the genus Fragaria. Differential pat-
terns of SRR marker transferability from octoploid
to various diploid Fragaria species are reported in
Davis et al. (2006), who also review the general is-
sues relevant to SSR marker transferability within
Fragaria. Preliminary studies on transferability be-
tween genera of the same Rosoideae tribe such as



Chapter 8 Strawberry 195

Rosa showed that about 30–50% of the microsatellites
amplified. However, this transference was very low
between genera from different tribes such as between
Fragaria and Prunus (Denoyes-Rothan, unpublished
results).

The CAPS technique (Konieczny and Ausubel
1993) has also been explored as a gene-based marker
technology for strawberry (Kunihisa et al. 2003, 2005).
In this method, PCR primers located in exon se-
quences flanking one or more introns are used to
amplify intron-containing sequences, and the amplifi-
cation products are subjected to restriction digestion
with the goal of detecting sequence polymorphisms
that are not readily detectable as intron length poly-
morphisms. This promising method offers the oppor-
tunity to conveniently map genes that do not contain
SSRs.

8.3
Linkage Mapping

Thefirst instancesof genetic linkage tobedescribed in
Fragaria each involve an isozyme marker and a single
gene morphological trait in F. vesca. In a cross be-
tween Alpine F. vesca cultivars ‘Yellow Wonder’ and
‘Baron Solemacher’, the yellow fruit color trait (c lo-
cus)was linked to theSDH(shikimatedehydrogenase)
isozyme locus, with a recombination frequency of
1.1% (Williamson et al. 1995). Analysis of several seg-
regating populations derived from crosses between
non-runnering, ‘Alpine’ cultivars and wild type run-
nering plants detected a linkage (∼18% recombina-
tion frequency) between the non-runnering (r) locus
and the PGI-2 (phosphoglucoseisomerase 2) isozyme
locus (Yu and Davis 1995).

The first Fragaria linkage map was also con-
structed in F. vesca (Davis and Yu 1997). This map
defined the expected number of seven linkage
groups, covered a total map length of 445 cM, and
consisted of 80 markers of which 75 were RAPD
markers. The remaining five markers were the
SDH and PGI-2 isozyme markers, which anchored
linkage groups I and II, respectively, the r locus,
the Adh (alcohol dehydrogenase) gene detected
molecularly as an intron length polymorphism, and
the c locus, which was not segregating in the cross
but was added to the map based upon its known
close linkage to the SDH isozyme locus (Williamson
et al. 1995).

A subsequent diploid linkage map (Sargent et al.
2004), based on the interspecific cross F. vesca ×
F. nubicola (Fv × Fn), consisted of 78 markers and
spanned a map distance of 448 cM, nearly identical to
the 445 cM length of the initial F. vesca map (Davis
and Yu 1997). The Fv × Fn map marked the begin-
ning of a shift toward use of SSR markers for mapping
in strawberry, and contained 68 SSR markers out of
a total of 78 markers mapped. The development of
this map is ongoing, and has been expanded to a 182
marker version by the addition of new microsatellite
loci (Sargent et al. 2006).

The first reported instance of linkage in the oc-
toploid strawberry was that of Haymes et al. (1997),
who used bulked segregant analysis (Michelmore
et al. 1991) to identify seven RAPD markers linked
to the Rpf1 gene for resistance to Phytophthora
fragariae (red stele) resistance in F. ×ananassa.
Two SCAR (sequence characterized amplified re-
gion) markers closely linked in coupling phase
to the Rpf1 gene were subsequently developed
and found to be widely associated with resistance
in a survey of 133 European and North Amer-
ican cultivars and breeding selections (Haymes
et al. 2000).

The first published octoploid map was that of
Lerceteau-Köhler et al. (2003) for F. ×ananassa. This
mapping study employed a two-way pseudo-testcross
strategy, combined with a single dose restriction frag-
ment (SDFR) analysis applied to 789 AFLP markers.
Due to the difficulty of accurately detecting repulsion
phase linkage in cases of polyploids with polysomic
inheritance, as described in Wu et al. (1992) and de-
tailed recently in Qu and Hancock (2001), a two-step
mapping procedure was applied (Grivet et al. 1996;
Fregene et al. 1997). In a first step, markers linked
in coupling phase were mapped into cosegregation
groups and in a second step the data matrix was
inverted to test the repulsion phase between mark-
ers allowing the definition of linkage groups. Sep-
arate female and male maps were constructed, and
had total map lengths of 1,604 cM and 1,496 cM, re-
spectively. The female map consisted of 235 markers
assigned to 30 linkage groups, or an average of 7.8
markers per group (Fig. 1). The male map consisted
of 280 markers assigned to 28 linkage groups, or 10
markers per group. Dividing the total map lengths
by the number of linkage groups yields average link-
age group lengths of 53.5 cM and 53.4 cM for the fe-
male and male maps, respectively, which is slightly
less than the average linkage group lengths of 63.6 cM
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Fig. 1. Linkage map of the female parent (Capitola) (Lerceteau-Köhler et al. 2003). Linkage groups were numbered in order
of descending size. Uncertain marker orders in the co-segregation groups (alternate orders not ruled out data LOD = 1) are
represented by a dotted line. The 3:1 segregating markers are underlined and not included in the count of groups with only two
markers. Linkage in the repulsion phase between two markers is represented by a dashed line (LOD = 3.0). Boxes represent linkage
groups in the repulsion phase. The genetic distance, in centimorgans, of each marker to its closest neighbouring marker is given
in parentheses
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Fig. 1. (continued)
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Fig. 2. Comparison of Fragaria vesca and F. ×ananassa linkage groups (LG). The genetic distances are expressed in map distances
(cM) according to Kosambi. Only microsatellites (SSRs) involved in comparisons of linkage groups are indicated (in underlined,
SSR from F. x ananassa and in italic SSR from F. vesca). The other markers (SSRs or AFLP) are indicated by dashes. Connections
between microsatellites located on the four homoeologues LG of F. ×ananassa and on their homologue LG in F. vesca are indicated
by continuous lines. Connections between microsatellites located exclusively on the four homoeologues LG of F. ×ananassa are
indicated by dotted lines

and 64.0 cM calculated, respectively, for the F. vesca
(Davis and Yu 1997) and F. vesca × F. nubicola (Sar-
gent et al. 2004) diploid maps described above, both of
which had about 11 markers per linkage group. How-
ever, since the octoploid map is not fully saturated,
the previous figures might be biased and a direct
comparison between the diploid and the octoploid
maps might be problematic. The analysis of repulsion
phase showed that most of the groups were in cou-
pling/repulsion phase reflecting a disomic behavior.
However, the presence of some large groups display-
ing only single dose markers in coupling phase sug-

gested that the entire genome might not be completely
disomic.

Recently, a comparison between the octoploid
(Lerceteau-Köhler et al. 2003) and the diploid (Sar-
gent et al. 2004, 2006) maps was initiated using mi-
crosatellites (Denoyes-Rothan, unpublished results).
The first step was the construction of an integrated
map in F. ×ananassa. The pattern of conserved link-
ages between F. ×ananassa and F. vesca allows the
assignment of linkage groups of F. ×ananassa as po-
tentially homoeologous and homologous to one link-
age group of F. vesca (Fig. 2).
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8.4
Gene Mapping

In the diploid species, F. vesca, gene mapping has ini-
tially focused on fruit and flowering aspects. A candi-
date gene mapping approach undertaken by Deng and
Davis (2001) discovered an association between the c
(fruit color) locus and the flavanone 3-hydroxylase
(F3H) gene in F. vesca. Molecular markers linked to
the F. vesca seasonal flowering locus were identified by
Albani et al. (2004). Initially, three ISSR (inter simple
sequence repeat) markers (Cekic et al. (2001) linked
to the seasonal flowering locus were identified, and
were thenconverted to sequence-specific SCARmark-
ers (Albani et al. 2004). SCAR2 cosegregated with the
seasonal flowering locus, which was in turn flanked
by SCAR1 (3.0 cM distance) and SCAR3 (1.7 cM dis-
tance). The identification of these and other mark-
ers linked to the flowering locus provides a start-
ing point for positional cloning of this important lo-
cus.

In F. ×ananassa, gene tagging has so far fo-
cused on disease resistances. As previously men-
tioned, RAPD markers and their derived SCAR mark-
ers linked to the Rpf1 gene for resistance to Phytoph-
thora fragariae (red stele) resistance have been iden-
tified in F. ×ananassa (Haymes et al. 1997, 2000). The
development by Haymes of RAPD markers closely
linked to the Rpf3 and Rpf3 red stele resistance
genes has also been reported (Hokanson and Maas

Fig. 3. A genetic map of the chromosome region containing
the Rca2, Colletotrichum acutatum, pathogenicity group 2, re-
sistance gene (Lerceteau-Köhler et al. 2005). The map is based
on 62 F1-individuals from the ‘Capitola’ × ‘Pajaro’ cross. AFLP
markers labeledwithanasterisk (∗)were successfully converted
into SCAR markers

2001). A bulked segregant analysis (BSA) was re-
cently used to identify molecular markers linked to
the Rca2 gene conferring resistance to Colletotrichum
acutatum pathogenicity group 2, which causes an-
thracnose in the octoploid strawberry F. ×ananassa
(Lerceteau-Köhler et al. 2005). Among the four AFLP
markers linked to the resistance gene, two were con-
verted into SCAR markers (STS-Rca2_417 and STS-
Rca2_240) and were located at 0.6 cM and 2.8 cM
from the resistance gene respectively. Studying the
presence of the STS-Rca2_417 marker in 43 cul-
tivars of F. ×ananassa showed that 81.4% of the
resistant/susceptible genotypes were correctly pre-
dicted. All these developed SCARs constitute new
tools for indirect selection criteria of disease resis-
tance genotypes in strawberry breeding programs
(Fig. 3).

A complementary approach to the identification
and mapping of resistance genes is the use of degen-
erate PCR primers targeted to conserved sites in the
NBS (nucleotide binding site) domain of many plant
resistance genes to isolate resistance gene analogs
(RGAs) (Leister et al. 1996; Kanazin et al. 1996; Yu
et al. 1996). Martinez Zamora et al. (2004) have re-
ported the isolation of RGAs from cultivated and wild
strawberries. Seven distinct families of RGAs were
described.

8.5
QTL Detection

Only a few QTL (quantitative trait locus) studies
have been published to date in strawberry. New ap-
proaches such as genetic association have been initi-
ated for studying the relationship between the under-
lying genotype and the observed phenotype. These
studies have their extension in the pedigree approach
(Van de Weg et al. 2005). The first QTLs published on
strawberry concerned fruit quality (Lerceteau-Köhler
et al. 2004) and were detected using a segregating pop-
ulation of 213 individuals of a cross between Capi-
tola and CF1116, two genotypes with many contrast-
ing fruit quality traits. A total of 34 traits involved
in fruit quality were evaluated, including develop-
mental and fruit aspect related traits, texture related
traits, fruit acidity, sugar and ascorbate concentra-
tions. Amino acid concentrations were quantified us-
ing one-dimensional proton NMR spectroscopy. Most
of the traits except the amino acid concentrations
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Fig. 4. QTL clusters for fruit quality traits (mal, malate; anth, anthocyanin; L/D, length/diameter ratio; dia, diameter; L and a,
external skin color parameters; SSC, soluble-solids content) detected on the CF1116 linkage map (Lerceteau-Köhler et al. 2004).
Analyses were conducted on two years data (1 and 2), and on year-adjusted data. The linkage groups M7 and M9 are in the
coupling/repulsion phase. Horizontal bar represents the percentage of phenotypic variation explained by a QTL. Vertical bar
represents the one-LOD support confidence interval

were evaluated during two successive years. A total
of 22 significant QTLs were detected by simple inter-
val mapping (LOD > 3.0) in year 1, four on the female
map and 18 on the male map, whereas 17 were de-
tected in year 2, ten on the female map and seven on
the male map. Only two QTLs could be detected both
years. When removing the year effect, 22 QTLs were
observed, eight on the female and 14 on the male map.
The percentages of phenotypic variance explained by
each QTL ranged from 6.5% to 16.0%. An example of
QTL cluster of fruit quality-related traits is given in
Fig. 4.

QTLs associated with C. acutatum and P. cactorum
resistances were also detected in the same population
(Denoyes-Rothanet al. 2004).Onehundredeightyfive
progeny were inoculated with C. acutatum by dipping
cold stored plants obtained from vegetative multipli-
cation in a conidial suspension adjusted to 2.106 coni-
dia per ml. Cold stored plants of the all progeny were
also inoculated separately by P. cactorum by inserting
anagardiskcontainingmyceliuminto thecrown.Each
inoculation was conducted twice, named experiments
1 and 2. For resistance to C. acutatum-pathogenicity
group 1, five QTLs with LOD scores ranging from 2.0
to 2.8 and spread over three female and two male

groups were mapped. The individual QTL effects (R2)
ranged from 5.8 to 12.2%. No QTLs common to ex-
periments 1 and 2 were detected. For resistance to P.
cactorum, five QTLs with LOD scores ranging from
2.0 to 2.6 and spread over two female and three male
groups were mapped. The individual QTL effects (R2)
ranged from 6.5 to 10.2%. Two QTLs, one on female
group (F19) and one on male group (M2a), were de-
tected in both experiments. No QTL for P. cactorum
resistance overlapped the QTLs for C. acutatum resis-
tance.

In both fruit quality and disease resistance QTL
studies, different putative QTLs were found depend-
ing on the technique, the year or the experiment.
These differences could be attributed to an environ-
ment variation or to a lack of accuracy in the nota-
tion. Therefore, before using QTLs in breeding pro-
grams, it is necessary to know in which conditions the
QTL is expressed. Since there was no QTL for the dif-
ferent studied resistances (C. acutatum-pathogenicity
groups 1 and 2, and P. cactorum resistances), a pyra-
midal strategy as suggested by Hospital and Char-
cosset (1997) should be considered for constructing
a durable resistance to both pathogens in a breeding
scheme.
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8.6
Marker-Assisted Selection

The identification of molecular markers linked to
QTLs, as well as to qualitative trait loci, enhances
the opportunity for use of marker-assisted selection
(MAS) in strawberry. Luby and Shaw (2001) have
specified criteria that can be used to assess whether
MAS will make economic sense in fruit breeding pro-
grams. Among these are the requirements for inex-
pensive marker technologies and for markers that
have highly robust marker-locus association. The ul-
timate test will be whether MAS can provide an eco-
nomical and substantially improved probability of
selecting superior individuals as compared with the
best conventional breeding and evaluation practices
(Luby and Shaw 2001). Already at least one commer-
cial strawberry breeder is utilizing molecular mark-
ers for MAS. RAPD-derived SCAR markers are being
used at Driscoll Strawberry Associates in California
to screen 1,500 – 30,000 seedlings per year for mark-
ers associated with day-neutrality and resistance to
Colletotrichum acutatum (T. Sjulin, personal commu-
nication).

8.7
Development of Genomics Resources

As of July 2005, approximately 7,000 strawberry ge-
nomic and cDNA sequence entries were listed in Gen-
Bank. By April 12, 2006, this number exceeded 20,000.
Although these numbers are small in comparison to
the GenBank entry lists for many crop species, they
represent a dramatic uptrend over the prior 2–3 year
period, before which the number of GenBank en-
tries was well under 1,000. Many thousands of ad-
ditional strawberry EST sequences are in the bioin-
formatics pipeline. DNA microarray technology has
been employed by only one laboratory, resulting in
the identification of genes involved in fruit ripening
and flavor, including genes SAAT (strawberry alcohol
acetyltransferase) (Aharoni et al. 2000), and FaNES1
(F. ×ananassa Nerolidol Synthase1) and related genes
(Aharoni et al. 2004).

Initiation of positional cloning efforts has been
hampered by the general unavailability of high molec-
ular weight genomic libraries for strawberry. BAC
(bacterial artificial chromosome) and fosmid libraries
have been constructed from F. vesca genomic DNA at

the University of Reading and the University of New
Hampshire, respectively, have yet to be described in
peer reviewed publication. However, initial sequenc-
ing of genomic fosmid clones from F. vesca (Davis,
unpublished results) suggests that gene density in
F. vesca is about 1 gene per 6 kb.

8.8
Conclusion and Future Prospects

Despite its genomic complexity, the small size of the
basic Fragaria genome makes the strawberry a fa-
vorable subject for genomics resource development.
The next few years should bring rapid progress in
strawberry genomics in several areas. These areas in-
clude linkage mapping, positional cloning, functional
genomics, and possibly the complete sequencing of
a basic strawberry genome. Much of the genomics
and mapping data being generated for strawberry and
other rosaceous crops is being coordinately assem-
bled and disseminated through the Genome Database
for Rosaceae (GDR). Details are available at the site
http://www.mainlab.clemson.edu/gdr/.

Second generation linkage maps at the diploid and
octoploid levels will be constructed using sequence-
specified, transferable markers such as gene-based
SSRs, CAPS, and other PCR-based marker technolo-
gies. Establishment of robust associations, and ideally
identities, between gene-based markers or candidate
genes and quantitative or qualitative trait loci will
promote the wider evaluation, and potentially adop-
tion, of MAS methods by strawberry breeders. The en-
hanced transferability of gene-basedmarkers, as com-
pared with the anonymous RAPD and AFLP markers
used for construction of the first generation diploid
and octoploid maps, respectively, will greatly facili-
tate map comparison between Fragaria species within
and between ploidy levels. Mapping with gene-based,
codominant markers in the octoploid will enhance
the opportunity to detect polysomic inheritance, if it
exists at all, in the octoploids.

The high gene density evident from preliminary
genomic sequence samples in strawberry favors ef-
forts to positionally clone genes known only by phe-
notype, particularly in the diploid model system.
However, for such efforts to move forward, routine
methods for constructing BAC libraries with inserts
in the∼150 kbrangeareneeded.Theprimaryobstacle
here is the isolation in large quantities of high qual-
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ity, high molecular weight DNA, which has proven
to be a particular problem in strawberry. Efforts to
overcome this obstacle are in progress.

EST resource development for strawberry still
lags far behind that of many other fruit crops, in-
cluding other rosaceous species such as apple and
peach. The advent of new technologies for economi-
cal, high-throughput, short-read sequencing of indi-
vidual cDNAmolecules in the absenceof cloning, such
as that recently introducedby theprivate company454
Life Sciences, promises to open up an enormous op-
portunity to expand the strawberry EST database, and
to extend the opportunity for strawberry microarray
analysis beyond the narrow private sector in which it
currently resides.

Finally, the prospect of obtaining the complete se-
quence of a basic strawberry genome looms inevitably
in the minds of strawberry genomicists. The less-than
200 Mb size of the basic (x = 7) strawberry genome
makes it by far the smallest genome of any rosaceous
crop species. An inbred line of the diploid model
species, Fragaria vesca, almost certainly a genome
contributor to the octoploids, would be an excellent
subject for complete genome sequencing.

References

Aharoni A, Keizer LCP, Bouwmeester HJ, Sun Z, Alvarez-Huerta
M,VerhoevenHA,Blaas J, vanHouwelingenAMML,DeVos
RCH, van der Voet H, Jansen RC, Guis M, Mol J, Davis RW,
Schena M, van Tunen AJ, O’Connell AP (2000) Identifica-
tion of the SAAT gene involved in strawberry flavor bio-
genesis by use of DNA microarrays. Plant Cell 12:647–661

Aharoni A, Giri AP, Verstappen FWA, Bertea CM, Sevenier R,
Sun Z, Jongsma MA, Schwab W, Bouwmeester HJ (2004)
Gain and loss of fruit flavor compounds produced by wild
and cultivated strawberry species. Plant Cell 16:3110–3131

Ahmadi H, Bringhurst RS (1991) Genetics of sex expression in
Fragaria species. Am J Bot 78:504–514

Ahmadi H, Bringhurst R S (1992) Breeding strawberries at the
decaploid level. J Am Soc Hort Sci 117:856–862

Ahmadi H, Bringhurst RS, Voth V (1990) Modes of inheri-
tance of photoperiodism in Fragaria. J Am Soc Hort Sci
115:146–152

Akiyama Y, Yamamoto Y, Ohmido N, Oshima M, Fukui K (2001)
Estimation of the nuclear DNA content of strawberries
(Fragaria spp.) compared with Arabidopsis thaliana by us-
ing dual-stem flow cytometry. Cytologia 66:431–436

Albani MC, Battey NH, Wilkinson MJ (2004) The development
of ISSR-derived SCAR markers around the SEASONAL
FLOWERING LOCUS (SFL) in Fragaria vesca. Theor Appl
Genet 109:571–579

Arabidopsis Genome Initiative (2000) Analysis of the genome
sequence of the flowering plant Arabidopsis thaliana. Na-
ture 408:796–815

Arulsekar S, Bringhurst RS, Voth V (1981) Inheritance of PGI
and LAP isozymes in octoploid cultivated strawberries. J
Am Soc Hort Sci 106:679–683

Ashley MV, Wilk JA, Styan SM, Craft KJ, Jones KL, Feldheim
KA, Lewers KS, Ashman TL (2003) High variability and
disomic segregation of microsatellites in the octoploid
Fragaria virginiana Mill. (Rosaceae). Theor Appl Genet
107:1201–1207

Ashman TL (2003) Constraints on the evolution of males and
sexual dimorphism: field estimates of genetic architecture
of reproductive traits in three populations of gynodioe-
cious Fragaria virginiana. Evolution 57:2012–2025

Battey NH, Le Meire P, Tehranifar A, Cecik C, Taylor S,
Shrives KJ, Hadley P, Greenland AJ, Darby J, Wilkinson
MJ (1998) Genetic and environmental control of flower-
ing in strawberry. In: Cockshull KE, Gray D, Seymour GB,
Thomas B (eds) Genetic and Environmental Manipulation
of Horticultural Crops. CAB International, Wallingford,
UK, pp 111–131

Bauer A (1993) Progress in breeding decaploid Fragaria x ves-
cana. 2nd Intl Strawberry Symp, Beltsville, Maryland, USA,
13–18 September 1992. Acta Hort 348:60–64

Bennett MD, Leitch IJ, Price HJ, Johnston JS (2003) Compar-
isons with Caenorhabditis (approximately 100 Mb) and
Drosophila (approximately 175 Mb) using flow cytom-
etry show genome size in Arabidopsis to be approxi-
mately 157 Mb and thus approximately 25% larger than the
Arabidopsis genome initiative estimate of approximately
125 Mb. Ann Bot (Lond) 91:547–557

Bors RH (2000) A streamlined synthetic octoploid system that
emphasizes Fragaria vesca as a bridge species. PhD Thesis,
Univof Guelph, Ontario, Canada

Bringhurst RS (1990) Cytogenetics and evolution in American
Fragaria. HortScience 25:879–881

Bringhurst RS, Gill T (1970) Origin of Fragaria polyploids.
II. Unreduced and doubled-unreduced gametes. Am J Bot
57:969–976

Brown T, Wareing PF (1965) The genetical control of the ever-
bearing habit and three other characters in varieties of
Fragaria vesca. Euphytica 14:97–112

Cekic C, Battey NH, Wilkinson MJ (2001) The potential is ISSR-
PCR primer-pair combinations for genetic linkage analysis
using the seasonal flowering locus in Fragaria as a model.
Theor Appl Genet 103:540–546

Cipriani G, Testolin R (2004) Isolation and characterization of
microsatellite loci in Fragaria. Mol Ecol Notes 4:366–368

Clifford MN, Scalbert A (2000) Ellagitannins – nature, occur-
rence and dietary burden. J Sci Food Agri 80:1118–1125

DarrowGM(1966)TheStrawberry.History,BreedingandPhys-
iology. Holt, Rinehart and Wilson, New York, USA

Davis TM, Yu H (1997) A linkage map of the diploid strawberry,
Fragaria vesca. J Hered 88:215–221



Chapter 8 Strawberry 203

Davis TM, Yu H, Haigis KM, Mcgowan PJ (1995) Template mix-
ing–amethodof enhancingdetectionand interpretationof
codominant RAPD markers. Theor Appl Genet 91:582–588

Davis TM, DiMeglio LM, Yang R, Styan SMN, and Lewers KS
(2006). Assessment of SSR marker transfer from the culti-
vated strawberry to diploid strawberry species: functional-
ity, linkage group assignment, and use in diversity analysis.
J Am Soc Hort Sci (in Press)

Deng C, Davis TM (2001) Molecular identification of the yellow
fruit color (c) locus in diploid strawberry: a candidate gene
approach. Theor Appl Genet 103:316–322

Denoyes-Rothan B, Guérin G, Lerceteau-Köhler E, Risser G
(2005) Inheritance of Resistance to Colletotrichum acuta-
tum in Fragaria x ananassa. Phytopathology 95:405–412

Denoyes-Rothan B, Lerceteau-Köhler E, Guérin G, Bosseur S,
Bariac J, Martin E, Roudeillac P (2004) QTL analysis for
resistances to Colletotrichum acutatum and Phytophthora
cactorum in octoploid strawberry (Fragaria x ananassa).
Acta Hort 663:147–151

Eriksson T, Donoghue MJ, Hibbs MS (1998) Phylogenetic analy-
sis of Potentilla using DNA sequences of nuclear ribosomal
internal transcribed spacers (ITS), and implications for
the classification of Rosoideae (Rosaceae). Plant Syst Evol
211:155–179

Evans WD (1977) The use of synthetic octoploids in strawberry
breeding. Euphytica 26:497–503

FAOSTAT (2004). http://faostat.fao.org/faostat. Last update Dec
2004

Federova NJ (1946) Crossability and phylogenetic relationships
in the main European species of Fragaria. (Compt. Rend.
Doklady) Acad Sci USSR 52:545–547

Fregene M, Angel F, Gomez R, Rodriguez F, Chavarriaga P, Roca
W, Tohme J, Bonierbale M (1997) A molecular genetic map
of cassava (Manihot esculenta Crantz). Theor Appl Genet
95:431–441

Galetta GJ, Maas JL (1990) Strawberry genetics. HortScience
25:871–879

Grivet L, D’Hont A, Roques D, Feldmann P, Lanaud C,
Glaszmann JC (1996) RFLP mapping in cultivated sugar-
cane (Saccharum spp.): genome organization in a highly
polyploid and aneuploid interspecific hybrid. Genetics
142:987–1000

Guttridge CG (1973) Stem elongation and runnering in the
mutant strawberry, Fragaria vesca L. arborea Staudt. Eu-
phytica 22:357–361

Hadonou AM, Sargent DJ, Wilson F, James CM, Simpson DW
(2004) Development of microsatellite markers in Fragaria,
their use in genetic diversity analysis and their potential
for genetic linkage mapping. Genome 47:1–14

Hancock JF (1999) Strawberries. CABI Publishing, New York,
USA

Harrison RE, Luby JJ, Furnier GR, Hancock JF (1997). Mor-
phological and molecular variation among populations of
octoploid Fragaria virginiana and F. chiloensis (Rosaceae)
from North America. Am J Bot 84:612–620

Haymes KM, Henken B, Davis TM, Van de Weg WE (1997)
Identification of RAPD markers linked to a Phytophthora
fragariae resistance gene (Rpf 1) in the cultivated straw-
berry. Theor Appl Genet 94:1097–1101

Haymes KM, Van de Weg WE, Arens P, Maas JL, Vosman B, Den
Nijs APM (2000) Development of SCAR markers linked to
a Phytophthora fragariae resistance gene and their assess-
ment in European and North American strawberry geno-
types. J Am Soc Hort Sci 125:330–339

Hokanson SC, Maas JL (2001) Strawberry biotechnology. Plant
Breed Rev 21:139–180

Hospital F, Charcosset A (1997) Marker-assisted introgression
of quantitative trait loci. Genetics 147:1469–1485

Ichijima K (1926) Cytological and genetic studies on Fragaria.
Genetics 11:590–603

Iwatsubo Y, Naruhashi N (1989) Karyotypes of three species of
Fragaria (Rosaceae). Cytologia 54:493–497

Iwatsubo Y, Naruhashi N (1991) Karyotypes of Fragaria nubi-
cola and F. daltoniana (Rosaceae). Cytologia 56:453–457

James CM, Wilson F, Hadonou AM, Tobutt KR (2003) Isola-
tion and characterisation of polymorphic microsatellites
in diploid strawberry (F. vesca L.) for mapping, diversity
studies and clone identification. Mol Ecol 3:171–173

Joseph JA, Shukitt-Hale B, Denisova NA, Bielinski D, Mar-
tin A, McEwen JJ and Bickford PC (1999) Reversals of
age-related declines in neuronal signal transduction, cog-
nitive and motor behavioural deficits with blueberry,
spinach, or strawberrydietary supplementation. J Neurosci
19:8114–8121

Kanazin V, Marek LF, Shoemaker RC (1996) Resistance gene
analogs are conserved and clustered in soybean. Proc Natl
Acad Sci USA 93:11746–11750

Konieczny A, Ausubel FM (1993) A procedure for mapping
Arabidopsis mutations using co-dominant ecotype-specific
PCR-based markers. Plant J 4:403–410

Kunihisa M, Fukino N, Matsumoto S (2003) Development of
cleavage amplified polymorphic sequence (CAPS) mark-
ers for identification of strawberry cultivars. Euphytica
134:209–215

Kunihisa M, Fukino N, Matsumoto S (2005) CAPS markers im-
proved by cluster-specific amplification for identification
of octoploid strawberry (Fragaria x ananassa Duch.) cul-
tivars, and their disomic inheritance. Theor Appl Genet
110:1410–1418

Leister D, Ballrova A, Salamini F, Gabhardt C (1996) A PCR-
based approach for isolating pathogen resistance genes
from potato with potential for wide application in plants.
Nat Genet 14:421–429

Lerceteau-Köhler E, Guérin G, Laigret F, Denoyes-Rothan B
(2003) Characterization of mixed disomic and polysomic
inheritance in the octoploid strawberry (Fragaria x
ananassa) using AFLP mapping. Theor Appl Genet
107:619–628

Lerceteau-Köhler E, Moing A, Guérin G, Renaud C, Courlit S,
Camy D, Praud K, Parisy V, Bellec F, Maucourt M, Rolin



204 T. M. Davis et al.

D, Roudeillac P, Denoyes-Rothan B (2004) QTL analysis
for fruit quality traits in octoploid strawberry (Fragaria x
ananassa). Acta Hort 663:331–335

Lerceteau-Köhler E, Guérin G, Denoyes-Rothan B (2005) Identi-
fication of SCAR markers linked to Rca2 anthracnose resis-
tance gene and their assessment in strawberry germplasm.
Theor Appl Genet DOI 10.1007/s00122-005-0008-1

Lewers KS, Stayan SMN, Hokanson SC, Bassil NV (2005) Straw-
berry GenBank-derived and genomic simple sequence
repeat (SSR) markers and their utility with strawberry,
blackberry, and red and black raspberry. J Am Hort Sci
130:102–115

Luby JJ and Shaw DV (2001) Does marker-assisted selection
make dollars and sense in a fruit breeding program?
HortScience 36:872–879

Maas JL, Galetta GJ (1991) Ellagic acid, an anticarcinogen in
fruits, especially in strawberries, a review. HortScience
26:10–14

Martinez Zamora MG, Castagnaro AP, Diaz Ricci JC (2004) Iso-
lation and diversity analysis of resistance gene analogues
(RGAs) from cultivated and wild strawberries. Mol Genet
Genom 272:480–487

Michelmore RW, Paran I, Kesselli RV (1991) Identification of
markers linked to desiease-resistance genes by bulked seg-
regant analysis: A rapid method to detect markers in spe-
cific genomic regions using segregating populations. Proc
Natl Acad Sci USA 88:9828–9832

MochizukiT,NoguchiY, SoneK(2002) Processingquality of de-
caploid strawberry lines derived from Fragaria x ananassa
and diploid wild species. Proc 4th Intl Strawberry Symp,
Tampere, Finland, July 9–14. Acta Hort 567:239–242

Monfort A, Vilanova S, Davis TM, and Arús P (2006) A new set
of polymorphic Simple-Sequence Repeat markers (SSRs)
from a wild strawberry (Fragaria vesca) are transferable to
other diploid Fragaria species and to Fragaria x ananassa.
MolEcol Notes 6:197–200

Morgan DR, Soltis DE, Robertson KR (1994) Systematic and
evolutionary implications of rbcL sequence variation in
Rosaceae. Am J Bot 81:890–903

Nourse SM, Fickus EW, Cregan PB, Hokanson SC (2002) Devel-
opmentof simple sequencerepeat (SSR)molecularmarkers
in strawberry. In: Hokanson SC, Jamieson AR (eds) Straw-
berry Research to 2001. ASHS Press, Alexandria, Virginia,
USA, pp 48–53

Osborn TC, Pires JC, Birchler JA, Auger BDL, Chen ZJ, Lee H,
Comai L, Madlung A, Doerge RW, Colot V, Martienssen RA
(2003) Understanding mechanisms of novel gene expres-
sion in polyploïds. Trends Genet 19:141–147

PotterD,Luby JJ,HarrisonRE(2000)Phylogenetic relationships
among species of Fragaria (Rosaceae) inferred from non-
coding nuclear and chloroplast DNA sequences. Syst Bot
25:337–348

Qu L, Hancock JF (2001) Detecting and mapping repulsion-
phase linkage in polyploids with polysomic inheritance.
Theor Appl Genet 103:136–143

Rosati P (1993) Recent trends in strawberry production and
research: an overview. Acta Hort 348:23–44

Sakin H, Hancock JF, Luby JJ (1997) Identifying new sources of
genes that determine cyclic flowering in Rocky Mountain
populations of Fragaria virginiana ssp glauca Staudt. J Am
Soc Hort Sci 122:205–210

Sargent DJ, Hadonou AM, Simpson DW (2003) Development
and characterisation of polymorphic microsatellite mark-
ers from Fragaria viridis, a wild diploid strawberry. Mol
Ecol Notes 3:550–552

Sargent DJ, Davis TM, Tobutt KR, Wilkinson MJ, Battey NH,
Simpson DW (2004) A genetic linkage map of microsatel-
lite, gene-specific and morphological markers in diploid
Fragaria. Theor Appl Genet 109:1385–1391

Sargent DJ, Clarke J, Simpson DW, Tobutt KR, Arús P, Mon-
fort A, Vilanova S, Denoyes-Rothan B, Rousseau M, Folta
KM, Bassil NV, and Battey NH. 2006. An enhanced mi-
crosatellite map of diploid Fragaria. Theor Appl Genet DOI
10.1007/s00122-006-0237

Scott DH (1951) Cytological studies on polyploids derived from
tetraploid Fragaria vesca and cultivated strawberries. Ge-
netics 36:311–325

Scott DH, Lawrence FJ (1975) Strawberries. In: Janick J, Moore
JN (eds) Advances in Fruit Breeding. Purdue Univ Press,
USA, pp 71–97

Senanayake YDA, Bringhurst RS (1967) Origin of Fragaria Poly-
ploids. I. Cytological analysis. Am J Bot 54:221–228

Staudt G (1989) The species of Fragaria, their taxonomy and
geographic distribution. Acta Hort 265:23–33

Staudt G (1999) Systematics and Geographic Distribution of
the American Strawberry species (ed). Univ of California
Publications in Botany, Vol 81, 174 p

Staudt G (2003) Notes on Asiatic Fragaria species: III. Fragaria
orientalis Losinsk, and Fragaria mandshurica spec. nov.
Bot Jahrb Syst 124:397–419

Staudt G (2005) Notes on Asiatic Fragaria species: IV. Fragaria
iinumae. Bot Jahrb Syst 126:163–175

Staudt S, DiMeglio L, Davis T, and Gerstberger P (2003) Fra-
garia x bifera Duch.: Origin and Taxonomy. Bot Jahrb Syst
125:53–72

Törrönen R, Määttä K (2002) Bioactive substances and health
benefits in strawberries. Acta Hort 567:797–803

Van de Weg WE, Voorrips RE, Meulenbroek EJM, Kodde LP,
Jansen J, Bink MCAM (2005) Pedigree genotyping: A new
pedigree-based approach to QTL identification and allele
mining. 5th Intl Strawberry Symp, 5–10 Sept 2004, Coolum,
Australia

Van de Weg WE (1997) A gene-for-gene model to explain in-
teractions between cultivars of strawberry and races of
Phytophthora fragariae var. fragariae. Theor Appl Genet
94:445–451

Viruel MA, Sanchez D, Arús P (2002) An SSR and RFLP linkage
map for the otcoploid strawberry (Fragaria x ananassa).
In: Plant, Animal and Microbe genomes X conf, San Diego,
CA, USA, P 660



Chapter 8 Strawberry 205

Wendel JF, Schnabel A, Seelanan T (1995) Bidirectional in-
terlocus concerted evolution following alloployploid spe-
ciation in cotton (Gossypium). Proc Natl Acad Sci USA
92:280–284

Williamson SC, Yu H, Davis TM (1995) Shikimate De-
hydrogenase allozymes – inheritance and close link-
age to fruit color in the diploid strawberry. J Hered
86:74–76

Wu KK, Burnquist W, Sorrells ME, Tew TL, Moore PH, Tanksley
SD (1992) The detection and estimation of linkage in poly-

ploids using single-dose restriction fragments. Theor Appl
Genet 83:294–300

Yu H, Davis TM (1995) Genetic linkage between runnering and
Phosphoglucoisomerase allozymes, and systematic distor-
tion of monogenic segregation ratios in diploid strawberry.
J Am Soc Hort Sci 120:687–690

Yu YG, Buss GR, Maroof MA (1996) Isolation of a superfamily
of candidate disease-resistance genes in soybean based on
a conserved nucleotide-binding site. Proc Natl Acad Sci
USA 93:11751–11756




