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ABSTRACT 
Strawberry is the most widely grown of the berries, and the most economically important soft fruit. It has an interesting history. Fragaria 
vesca, known as the wood strawberry, a diploid species (2n=14) with hermaphrodite flowers, has small, aromatic fruit and is found in 
localised markets in Europe, northern Asia, northern Africa and North America. Additionally, many species of Fragaria L. (Rosaceae) 
occur throughout northern temperate regions with one species extending into South America. A range of ploidy levels is observed within 
the genus, with naturally occurring diploid, tetraploid, hexaploid and octoploid species and natural hybrids. The strawberry cultivated 
worldwide, F. x ananassa, is derived from the chance hybridisation between two octoploid (2n=56) native American species, F. virginiana, 
and F. chiloensis, both usually dioecious, in European botanic gardens. There is a well characterised collection of molecular markers in 
Fragaria species, used principally to develop a saturated genetic linkage map of diploid Fragaria. The map has over 600 transferable 
molecular loci from an interspecific cross between F. vesca and another closely-related diploid species, F. bucharica (FV×FB) and 
includes microsatellites (SSRs), T-DNA insertion site markers, gene-specific and STS markers, RFLPs and SCAR markers and single 
nucleotide polymorphism (SNP) markers. Comparative mapping studies have shown a high level of macrosynteny between the diploid 
and octoploid Fragaria genomes. 
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INTRODUCTION 
 
Since 1981, advances in structural genomics in Fragaria 
has been largely due to the improvement and availability of 
different types of molecular markers in Fragaria species, as 
well as markers developed in other Rosaceae species and 
transferred to Fragaria. Molecular markers arise from DNA 
mutations generated spontaneously, usually located in non-
coding regions, and their pattern of inheritance is valuable 
for applications such as breeding, fingerprinting and genome 
annotation. Substitutions on a single position, larger rear-
rangements (insertions or deletions) or number variations 
on tandem-repeated DNA sequences generate marks or 
labels that can be easily identified and tracked by DNA 
visualization assays. 

To select an appropriate marker, their different features 
should be taken into account. The stability of the mutation, 
as the euchromatic/heterochromatic position within the 

genome, critically determines the polymorphism rates. As 
EST-derived markers are usually well conserved in different 
taxa, they are a good choice for syntenic or phylogenetic 
studies, while genomic-derived markers offer more poly-
morphic loci between closely related individuals within a 
species. Genomic data or the in silico genomic resources of 
the species, accessing high technology, are crucial for the 
election of a marker, and while no sequence knowledge is 
necessary for arbitrarily-primed markers, it is needed for 
SSR, SNP, CAPS and STS markers. 
 
ISOENZYMES 
 
Isoenzymes are different molecular forms of a particular 
enzyme. They can be electrophoretically separated due to 
the specific migration pattern generated by the different 
electric charge and molecular weight. Hancock and Bring-
hurst (1978, 1979) published the first studies of variation in 
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phosphoglucoisomerase (PGI) and peroxidase (PX) enzymes 
in natural populations of F. vesca, F. chiloensis and F. vir-
giniana. PGI, leucine aminopeptidase (LAP) and phospho-
glucomutase (PGM) variation were first employed in the 
characterization of diploid and cultivated strawberry culti-
vars (Arulsekar and Bringhurst 1981; Bringhurst et al. 
1981). In their study on the inheritance pattern of PGI and 
LAP enzymes in cultivated strawberry, Arulsekar et al. 
(1981) showed for the first time that four active Pgi loci 
segregate following a disomic Mendelian pattern. Apart 
from some controversial studies, the diploidized nature of 
the octoploid Fragaria genome has been accepted by the 
scientific community (Ahmadi et al. 1990; Lerceteau-Köh-
ler et al. 2003; Sargent et al. 2009b). 

The association of a particular trait and an isoenzyme 
locus has never been observed in cultivated strawberry. Wil-
liamson et al. (1995) reported the inheritance of the yellow 
fruit colour and its linkage to the Sdh (shikimate dehydro-
genase) locus in an intraspecific F2 population of F. vesca 
Baron Solemancher x F. vesca Yellow Wonder, where SDH 
segregated in a 1: 2: 1 ratio, and fruit colour segregated 3 
red/1 yellow. A few months later, Yu and Davis (1995) iden-
tified an isozyme locus weakly linked to the non-runnering 
trait using the same diploid varieties as Williamson et al. 
(1995) as parental lines for several F2 and F3 offspring. Both 
traits were mapped by Davis and Yu (1997) in the first lin-
kage map of the diploid strawberry genome. 
 
RFLP (RESTRICTION FRAGMENT LENGTH 
POLYMORPHISM) 
 
With the advent of restriction enzyme technology (Smith 
1970), nucleotide sequence specific systems were developed 
worldwide. The first report on genetic linkage of restriction 
fragments in plants was done by Polans et al. in 1985. A 
robust, reliable and transferable technique, restriction frag-
ment length polymorphism (RFLP) provides mostly co-
dominant polymorphisms. It is not commonly used today, 
as it is time consuming, involves expensive, radioactive or 
toxic reagents and requires large quantity of high quality 
genomic DNA (Agarwal et al. 2008). Hybridization-based 
markers such as RFLP, have the advantage of being highly 
transferable between distantly related species. 

No RFLP probes have been developed in the Fragaria 
nuclear genome so far, but Prunus derived probes have 
been shown to be a valuable tool for mapping in Fragaria 
(Viruel et al. 2002). Vilanova et al. (2008) mapped 40 poly-
morphic Prunus EST-derived RFLP markers in the diploid 
Fragaria reference population when comparing strawberry 
and peach genomic structure. This comparison comprised 
71 common markers and revealed that only 24% of the 
probes gave poor or no hybridization in the Fragaria 
genome, suggesting that Prunus coding sequences are es-
sentially conserved in the strawberry genome. 
 
ARBITRARILY-PRIMED MARKERS 
 
With the establishment of PCR procedures in the late 1980s, 
PCR-derived techniques dramatically increased the avail-
ability of molecular markers, largely due to the simplicity of 
the procedures; nanogram (rather than microgram) quanti-
ties of DNA are required. Arbitrarily-primed marker sys-
tems such as random amplified polymorphic DNA (RAPD) 
and amplified fragment length polymorphisms (AFLP) 
normally generate a large number of dominant markers. 
They are based on different amplification patterns of small 
PCR fragments generated by short primer pair combinations. 
No knowledge of the DNA sequence for the targeted gene 
or genomic region is required, as the primers bind some-
where in the sequence, and therefore markers can be 
quickly amplified and detected in any organism. However, 
reproducibility is sometimes a problem with these markers, 
in particular RAPDs (Jones et al. 1997), and they are ex-
tremely difficult to transfer between different populations. 
DNA amplification fingerprinting (DAF) (Bentley and Bas-

sam 1996) and randomly amplified DNA fingerprinting 
(RAF) (Waldron et al. 2002) techniques, with higher an-
nealing temperatures used in the PCR, seem to be more 
reproducible and transferable than RAPDs. 

Despite these difficulties, RAPD markers were the 
method of choice for the identification of strawberry vari-
eties (Congiu et al. 2000), germplasm characterization 
(Kuras et al. 2004) and construction of linkage maps in 
diploid and octoploid species of Fragaria (Davis and Yu 
1997; Sugimoto et al. 2005; Sargent et al. 2009b). Linkage 
between RAPD markers and a trait in the cultivated straw-
berry was first reported using bulked-segregant analysis 
(BSA) of individuals resistant and susceptible to Phytoph-
thora fragariae (Haymes et al. 1997). The authors identi-
fied seven RAPD markers linked to the Rpf1 locus, which is 
one of the major sources of genetic resistance to red stele 
root rot, caused by the soil-born fungus P. fragariae. Two 
RAPD markers were also found to be linked to the ever-
bearing locus in octoploid strawberry in the first map-based 
association study in F x ananassa (Sugimoto et al. 2005). 

The major advantage of AFLP over the earlier arbit-
rarily-primed PCR protocols is that they generate a large 
number of segregating markers (Vos et al. 1995) mostly 
corresponding to unique positions on the genome so they 
can be exploited as landmarks in genetic and physical map-
ping. AFLP analysis is usually preferred for increasing 
marker density or to identify additional markers linked to 
specific chromosomal regions by BSA (Capomaccio et al. 
2009; Kamei et al. 2010). This technique was applied for 
the first time in Fragaria by Lerceteau et al. in 2003 during 
the construction of the first public linkage map on the cul-
tivated strawberry Fragaria x ananassa, and subsequently 
in related studies (Rousseau-Gueutin et al. 2008; Weebadde 
et al. 2008; Sargent et al. 2009b). 

ISSR (inter-simple sequence repeat) is a general term 
for a genome region between two adjacent microsatellite 
loci. These regions are often polymorphic between different 
species or varieties, and have been used to generate arbit-
rary primers. These primers are designed containing dif-
ferent SSR motifs, and PCR products result from the varia-
ble amplified region. The result is a mix of a variety of am-
plified DNA strands which are generally short but variable 
in length. The small genome size of the diploid Fragaria 
has led to the identification of variable ISSR regions (Kor-
bin et al. 2002; Albani et al. 2004). 
 
SCAR 
 
Arbitrary markers closely linked to agronomically interes-
ting traits can be converted to sequence characterised am-
plified regions (SCAR) for large scale use (Paran and 
Michaelmore 1993). To date, only three economically im-
portant traits have been successfully linked to a SCAR 
marker in Fragaria; SCAR markers are difficult to develop. 
However, published functional SCAR markers designed on 
gene sequences coding for different enzymes in other spe-
cies are being transferred to Fragaria (Palmieri et al. 2008). 
Haymes et al. (2000) successfully converted a RAPD mar-
ker into two SCARs, both linked in coupling phase to the 
Rpf1 gene. This association was shown to be highly con-
served among 133 Fragaria European and North American 
cultivars. Lerceteau-Köhller et al. (2005) studied the inhe-
ritance of resistance to one of the infectious agents causing 
anthracnose, Colletotrichum acutatum in 43 strawberry cul-
tivars. They obtained two AFLP-derived SCAR markers, 
closely linked to the Rca2 gene, which correctly predicted 
most of the resistant/susceptible genotypes (81.4% of the 
cultivars for STS-Rca2_417). In diploid Fragaria, three 
SCARs linked to the SFL locus (seasonal flowering locus) 
have been reported in F. vesca by Albani et al. (2004) using 
a BC1 progeny of 1,049 individuals. This locus is con-
sidered to be a floral repressor that is inactivated by short 
days and cool temperatures in the autumn but reactivated by 
winter cold (Battey et al. 1998). 
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CAPS 
 
Cleaved amplified polymorphic sequences (CAPS) are 
usually amplified from known gene sequences and digested 
with an appropriate restriction enzyme (RE). CAPS reveal 
the restriction fragment length polymorphisms caused by 
single base changes of SNPs, insertions/deletions, which 
modify restriction endonuclease recognition sites in PCR 
amplicons (Konieczny and Ausubel 1993). The technique is 
limited by mutations, which create or disrupt a restriction 
enzyme recognition site. To overcome this limitation, 
Michaels and Amasino (1998) proposed a variant of the 
CAPS method called dCAPS (derived cleaved amplified 
polymorphic sequence). In dCAPS analysis, a restriction 
enzyme recognition site which includes the SNP is intro-
duced into the PCR product by a primer containing one or 
more mismatches to template DNA (Neff et al. 1998). The 
modified PCR product is then digested with a restriction 
enzyme, with the resulting restriction pattern showing the 
presence or absence of the mutation. 

CAPS and dCAPS analyses are fast and simple for SNP 
genotyping compared to more expensive techniques such as 
resequencing or high resolution melting analysis (HRM). 
HRM analysis discriminates two homozygous PCR ampli-
cons containing a nucleotide variation, as well as their hete-
rozygote, using fluorescence dyes which can bind to the 
double stranded DNA without inhibiting PCR (Herrmann et 
al. 2006). This approach has been used in other Rosaceae 
crops as almond (Wu et al. 2008, 2009) and apple (Chagné 
et al. 2008), but no studies have been reported in strawberry. 

Kunihisa et al. (2005, 2009) used cluster-specific ampli-
fication with a set of 34 CAPS markers in F. x ananassa, 
corresponding to alleles of single diploid loci, and correctly 
identified 63 different cultivars using a minimum of nine 
CAPS markers. These markers are especially valuable, as 
markers detecting only a single locus are rare in F. x ana-
nassa. These CAPS are cluster-specific markers, as they 
were developed by allele-specific amplification based on 
the nucleotide sequence specificity, allowing the amplifica-
tion of only one of the four clusters or subgenomes in the 
whole F. x ananassa genome. 

A set of new CAPS and dCAPS have recently been re-
ported in the diploid strawberry F. vesca Hawaii 4 (Ruiz-
Rojas et al. 2010). Seventy four SNPs were identified and 
mapped on the Fragaria reference map, in order to locate 
the T-DNA insertions generated by Agrobacterium-medi-
ated mutagenesis. When a single dose transgenic plant was 
identified, thermal asymmetric interlaced PCR (hiTAIL-
PCR) was used to obtain the insertion flanking regions. 
These regions were used to design primers for the identifi-
cation of polymorphic SNPs in the parents of the Fragaria 
reference population and subsequently mapped in the popu-
lation using a CAPS-dCAPS approach. 
 

MICROSATELLITES 
 
Simple sequence repeats (SSR) or microsatellites are tan-
demly arranged short sequence motifs, which occur as inter-
spersed repetitive elements in all eukaryotic genomes 
(Tautz and Renz 1984). Microsatellites are among the most 
variable types of DNA sequence in the genome (Weber 
1990), as the polymorphisms derive mainly from variability 
in length rather than in the primary sequence. Given their 
extensive polymorphisms, transferability between popula-
tions and species and their technical simplicity, they became 
the marker of choice in Fragaria mapping during the last 
decade and subsequently in population genetics studies and 
cultivar identification. 

A set of more than 200 primer pairs amplifying poly-
morphic SSRs have been developed for Fragaria species 
(Table 1). Most of them have been reported in the diploid 
species such as F. vesca, F. viridis and F. bucharica (for-
merly F. nubicola; Sargent et al. 2006) and also in the octo-
ploid species F. virginiana, the cultivated strawberry F. x 
ananassa, and in other rosaceous species. Whilst SSRs are 
excellent markers for providing a linkage framework, they 
are primarily developed from non-coding regions of the 
genome and are generally not tightly linked to genes of 
known function or to traits of economic importance. 

In contrast to genomic SSRs, EST-derived microsatel-
lites potentially represent functional markers (Varshney et 
al. 2005; Zorrilla-Fontanesi et al. 2011) as they are present 
in expressed regions of the genome. Around 30% of the 
reported SSRs in Fragaria belongs to expressed regions, 
being especially valuable for germplasm characterization 
(Varshney et al. 2005) taking into account that EST-SSRs 
are not as efficient as genomic SSRs for distinguishing 
closely related genotypes (Gupta and Varshney 2000). 
Besides genetic mapping and diversity studies, Fragaria 
microsatellites have been used for transferability and com-
parative mapping in the Rosaceae (Lewers et al. 2005), 
characterization of a high molecular weight DNA BAC lib-
rary (Bonet et al. 2009) and the ongoing scaffold anchoring 
for the Fragaria genome sequence annotation project (Shu-
laev et al. pers. comm.). 
 
GENE-SPECIFIC MARKERS 
 
In spite of the availability of expressed sequences in public 
databases, no gene-specific markers have yet been mapped 
in cultivated Fragaria. This is probably due to the octoploid 
nature of the genome, as the gene dose can interfere during 
the characterization of an expressed, and subsequently, 
highly conserved locus. For this reason, the intron-exon 
border structure, based on sequence similarity with the most 
highly conserved homolog gene in a model species, can be 
taken into account. Coding regions flanked by introns are a 
good choice for primer design of polymorphic sequence-

Table 1 Microsatellite markers developed in Fragaria species. 
Species Name No. SSRs Reference 
F. vesca EMFv 31 James et al. 2003; Hadonou et al. 2004 
F. vesca UDF 68 Cipriani and Testolin 2004; Cipriani et al. 2006 
F. vesca CFVCT 35 Monfort et al. 2006 
F. vesca ChFvM 22 Zorrilla-Fontanesi et al. 2011 
F. vesca fvp 6 Rousseau-Gueutin et al. 2011 
F. viridis EMFvi 22 Sargent et al. 2003 
F. bucharica (F. nubicola) EMFn 31 Sargent et al. 2006 
F. virginiana Fvi 7 Ashley et al. 2003 
F. x ananassa ARSFL, FAC 14.4 Lewers et al. 2005 
F. x ananassa UFFxa 14 Sargent et al. 2006 
F. x ananassa CFACT, CFA, EMFxa 24,5,8 Sargent et al. 2008 
F. x ananassa UAFv 14 Bassil et al. 2006 
F. x ananassa ChFaM 108 Gil-Ariza et al. 2006; Zorrilla-Fontanesi et al. 2011 
F. x ananassa Fa 4 Shimomura and Hirashima 2006 
F. x ananassa PBCESSRFXA 14 Keniry et al. 2006 
F. x ananassa fap 5 Rousseau-Gueutin et al. 2011 
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specific tags (STS), as the mutation rates are higher in the 
introns than in the exons. Because cultivated strawberries 
are octoploid, the fragments amplified by one primer pair 
can contain various sequences derived from up to eight 
chromosomes (Kim et al. 2001). Therefore, it is necessary 
to consider several sequences from each target gene to 
correctly predict polymorphisms from the sequence data 
(Kunihisa et al. 2005). 

Most studies on gene discovery have used the diploid 
species Fragaria vesca. The first gene specific marker in 
Fragaria, ADH, was developed by Davis and Yu (1997) 
from the alcohol dehydrogenase gene. They used an intron 
length polymorphism segregating in their mapping popula-
tion. Deng and Davis (2001) developed a candidate-gene 
approach to determine the molecular identity of the F. vesca 
c (yellow fruit) locus. They mapped intron-length polymor-

phic markers for 5 candidate genes and a transcription fac-
tor involved in anthocyanin biosynthesis pathways, using 
two diploid Fragaria populations. Sargent et al. (2007) 
located 29 loci for 24 genes in the diploid Fragaria genome 
using public EST databases, predominantly from Fragaria 
mRNA sequences, as a source for primer design. Many of 
their primer pairs were shown to be highly transferable, 
amplifying orthologous genes in other genera (Malus and 
Prunus). EST-derived markers have also been useful in syn-
teny analysis between Prunus and Fragaria, where 21 new 
markers have been developed from Prunus EST sequences, 
and mapped in the diploid reference Fragaria linkage map 
(Vilanova et al. 2008). 

Four more STS markers were mapped by Sargent et al. 
(2008) during the development of a bin mapping strategy. 
With the addition of two unlinked RNase loci (loci S and T) 

Table 2 Locus, gene annotation and map position of mapped genes in the Fragaria genome. 
Map Locus Gene annotation Position 

ABP1 Auxin-binding protein LG2 21,5 
ACO1 1-Aminocyclopropane-1-Carboxylate oxidase LG6 58,2 
ADH2 alcohol dehydrogenase LG2 16,9 
AKR1 Aldo-keto reductase superfamily member LG4 61 
ANS1,3 Anthocyanidin synthase LG5 9,2 
APX1 Cytosolic ascorbate peroxidase LG3 42,3 
ARP1 Auxin-repressed mRNA LG3 28 
BG-11 Beta-1,3-glucanase-1 LG4 60,4 
BG-21 Beta-1,3-glucanase-2 LG3 39,8 
CAD-11 Cinnamyl alcohol dehydrogenase-1 LG7 17 
CAD-21 Cinnamyl alcohol dehydrogenase-2 LG1 31,1 
CAD-31 Cinnamyl alcohol dehydrogenase-3 LG1 54,2 
CEL-11 Cellulase-1 LG4 75,3 
CEL-21 Cellulase-2 LG5 20,3 
CHI3 chalcone isomerase LG7 25,7 
CHS3 chalcone synthase LG7 17,3 
DFR1,3 Dihydroflavonol 4-reductase LG2 59,1 
DHAR5 DeHydro Ascorbate Reductase LG7 0* 
EKO1 Ent-kaurene oxidase LG2 14,8 
EXP-11 Expansin-1 LG4 19,0* 
EXP-21 Expansin-2 LG3 54,5* 
EXP-31 Expansin-3 LG7 33,3* 
F3H3 flavanone-3-hydroxylase LG1 43,1 
FvNES14 Nerolidol Synthase 1 LG3 12,5 
GAST1 GAST-like gene product LG2 52,5* 
LEAFY1 Leafy protein LG3 16,1* 
LOX1 Lipoxygenase LG4 27,8 
MET1 Metallothionein-like protein LG6 42 
MSR1 Methionine sulfoxide reductase LG5 27,5* 
MYB1 Transcription factor LG5 38 
PDC1 Pyruvate decarboxylase LG6 43,8 
PES1 Pectinesterase LG1 37,3* 
PGLM1 Phosphoglyceromutase LG6 28,4 
QR1 Quinone oxidoreductase LG6 76,1 
RAN3 Del-like regulatory gene LG5 14,8 
S Locus6 S-RNase LG1 36 
T Locus6 T-Rnase LG6 (7,3-15,2) 

FV x FB (Ruiz-Rojas et al. 2010) 

ZIP1 Zinc transporter protein LG6 52,4 
Ever Berry x Toyonoka (Sugimoto et al. 2005) EV7 Everbearing (OPE07-1-OPB05-1) 
Md683 x Senga Sengana (Haymes et al. 1997) Rpf18 Phytophthora fragariae resistance (OPO-08A-OPO-16A) 

ACO9 1-Aminocyclopropane-1-Carboxylate oxidase RG6-D 22, HA6-D 
ACP9 Acyl carrier protein HA6-D 
DFR9 Dihydroflavonol 4-reductase RG2-B 
bEXP-2049 Expansin HA3-A 
EXP-1859 Expansin RG4-D 
aEXP-1779 Expansin RG5-A, HA5-A 
b-EXP-2359 Expansin HA7-C 
EXP-2489 Expansin HA7-D, RG7-D 
aEXP-2459 Expansin RG7-C 
aLOX-374/3859 Lipoxygenase RG4-B 

Redgauntlet x Hapil (Sargent et al. 2009) 

bLOX-376/3799 Lipoxygenase HA4-B 
Gene locations are given in cM with respect to the origin of the linkage group for FV x FB genes, and linkage group or flanking markers are reported for octoploid Fragaria 
genes 
* The position is from a previous version of the map. 
1 Sargent et al. 2007. 2 Davis and Yu 1997. 3 Deng and Davis 2001. 4 Sargent et al. 2004. 5 Rousseau-Gueutin et al. 2009. 6 Boškovic et al. 2009. 7 Sugimoto et al. 2005.     
8 Haymes et al. 1997. 9 Sargent et al. 2009. 
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to the Fragaria linkage groups FG1 and FG6, both involved 
in the Fragaria RNase-based self-incompatibility system 
(Boškovi� et al. 2010), the total number of genes of known 
function in the Fragaria genome has been brought to 38 
(Table 2). 

Following a variant methodology, Davis et al. (2007) 
developed a new molecular marker type in Fragaria, called 
gene pair marker. As the genome size of the diploid straw-
berry is small (about 200 Mbp), genes are closely spaced: 
about 1 gene per 5.7 kb (Pontaroli et al. 2009). As a conse-
quence of the small intergenic distances, PCR primers tar-
geted to conserved exon sequences in two adjacent genes 
(the gene pair) can be exploited as a source of polymor-
phisms, by amplifying an entire intergenic region flanked 
by gene-defining exon sequences. The authors used this 
strategy to amplify the CDPK1-BHLH1 strawberry gene 
pair locus in other taxa, suggesting that gene pair markers 
can be especially useful in intergenic synteny studies or 
comparative linkage mapping in the Rosaceae family (Sar-
gent 2009a). 
 
LINKAGE MAPPING IN Fragaria 
 
The construction of linkage maps in polyploids has several 
limitations: There are a large number of possible genotypes 
for each polymorphism expected in a segregating popula-
tion, and these genotypes cannot always be identified 
readily by their banding phenotypes due to possible co-mig-
ration of fragments on gel electrophoresis. Furthermore, the 
genome constitutions (allopolyploidy versus autopoly-
ploidy) in many polyploids are not clearly understood, 
making it difficult to determine the patterns of inheritance. 
Despite evidence that F. x ananassa behaves as an allopoly-
ploid, the evolutionary history of the genus still remains 
unclear (Bringhurst 1990; Rousseau-Gueutin et al. 2008). 
The development of genetic maps in octoploid Fragaria 
species has lagged behind that of diploid species, where 
meiotic recombination events can be easily characterized 
and, consequently, the order of segregating loci can be 
clearly established. 

In the framework of the assessment of the synteny and 
colinearity between both diploid and octoploid genomes, 
more genetic maps have been developed using diploid spe-
cies, since Davis and Yu (1997) developed the first genetic 
map for Fragaria. This study, using an F2 mapping popula-
tion derived from a cross between an alpine (F. vesca ssp. 
vesca ‘Baron Solemancher’) and a non-alpine (F. vesca ssp 
americana ‘WC6’) parent, provided the position of 80 loci, 
most of them RAPD markers, in a 445 cM genetic map 
covering seven linkage groups. In the map there is also one 
morphological marker (the runnering locus, r), one STS 
marker for the ADH gene and the isoenzymes Pgi-2 and 
Sdh-1. Some of the markers developed in this work were 
used by Deng and Davis (2001) to anchor five genes and 
one transcription factor involved in anthocyanin biosynthe-
sis pathways to their hosting linkage group, using two F2 
populations of 40 individuals each, derived from two crosses 
of F. vesca ssp. vesca, var. ‘Yellow Wonder’ with F. nubi-
cola, and F. vesca ssp. bracteata with F. vesca ssp. vesca, 
var. ‘Yellow Wonder’. 
 
THE Fragaria REFERENCE MAP FVxFB 
 
With the advances in the production of transferable mole-
cular markers for map-based studies of the genus, such as 
SSR, in both diploid and octoploid species, Sargent et al. 
(2004a) constructed a reference linkage map for the genus, 
from a cross between F. vesca ssp. vesca f. semperflorens 
(FDP815) and F. bucharica (FDP601). The latter accession, 
commonly referred to as F. nubicola FDP601 (Lin and 
Davis 2000; Potter et al. 2000; Deng and Davis 2001; Sar-
gent et al. 2004a, 2004b; Davis et al. 2006; Monfort et al. 
2006; Sargent et al. 2006, 2007, 2008; Vilanova et al. 2008), 
was recently reclassified as F. bucharica, a closely related 
species, probably of hybrid origin (Staudt 2006). The map, 

previously designated as FVxFN, was renamed FVxFB. In 
its initial version, this map had 68 SSR, one SCAR, six STS 
markers and three morphological traits: seasonal/perpetual 
flowering, runner development and pale/dark-green leaf 
colour. 

Even considering the high level of distorted segregation 
ratios (54%, where 80% of skewed loci were biased towards 
an excess of alleles from the paternal crossing parent, F. 
bucharica), the map was adopted as a framework for ad-
ditional marker incorporation for map coverage of the dip-
loid Fragaria genome. In a collaboration of several labo-
ratories, a new set of 109 genomic and EST-derived SSR 
markers, developed in both diploid and cultivated straw-
berries, were located in this map by Sargent et al. in 2006, 
increasing the number of molecular markers to 182 (175 
SSR, 6 STS and one SCAR) to provide a comprehensive 
coverage of the diploid Fragaria genome with an average 
density of one marker every 2.3 cM. In 2007, Sargent et al. 
developed and mapped 29 functional markers from 24 gene 
sequences, greatly increasing the number of genes of known 
function mapped in the genus. Seventeen STS were mapped 
using the FVxFB population, and the remaining 12 were 
mapped in a BC1 population derived from a cross between 
F. vesca 815 and F. viridis 903 (Nier et al. 2006). 

In 2008, 40 RFLP and 29 EST-derived markers were 
located in the FVxFB map, in a comparative study of Pru-
nus and Fragaria genomes (Vilanova et al. 2008) and a new 
SSR, located in an uncovered region of linkage group four, 
was added to the reference map during the development of 
a ‘bin mapping’ strategy for Fragaria (Sargent et al. 2008). 
In a phylogenetic study on the relationships among Fra-
garia species, Rousseau-Gueutin et al. (2008) described a 
new STS marker for the DHAR gene. Rouseau-Gueutin et 
al. (2009) added four new SSR loci to the reference map 
and included some rearrangements in the relative position 
of several markers from four linkage groups during the 
assessment of the synteny relationships between diploid and 
octoploid genomes. 

Two loci encoding RNases (S and T) involved in the 
self-incompatibility mechanism have been described and 
mapped in the FVxFB map (Boškovi� et al. 2009). This 
mechanism includes at least two RNases and a complemen-
tary SFB pollen-expressed component. The authors showed 
that the presence of one of the active alleles at either RNase 
loci is sufficient to confer self-incompatibility in an ap-
propriate genetic background and that a non-RNase factor, 
which segregates independently, is necessary for self-in-
compatibility. 

Recently, a set of 74 CAPS and dCAPS markers derived 
from a T-DNA mutant insertion collection has been deve-
loped and incorporated in the FVxFB map (Ruiz-Rojas et al. 
2010). With the inclusion of these markers, the Fragaria 
reference map (see Fig. 1) coverage has been brought to 
529 cM, 18% more than that of Davis and Yu (1997), with 
310 molecular markers (172 SSR, 16 gene-specific STS, 40 
RFLP, 74 CAPS-dCAPS, seven EST and one SCAR) and 
three morphological traits distributed in seven linkage 
groups. 
 
BIN MAPING IN Fragaria 
 
Normally, linkage mapping populations consist of randomly 
selected individuals of a large progeny, where the dis-
tribution of the meiotic crossover sites (breakpoints) in the 
genome of the different individuals of the population pro-
vides a framework for the assessment of the molecular mar-
ker positions. However, when a typical mapping population 
is well characterized, it is possible to add new markers by 
selecting a few plants of the population (the most infor-
mative set of breakpoints), minimizing time and effort over 
conventional mapping strategy (Vision et al. 2000; Howad 
et al. 2005). This ‘selective’ or ‘bin mapping’ approach was 
recently adapted to the FVxFB map by Sargent et al. (2008). 
The defined bin set, with 6 F2 individuals plus one parental 
line and the F1 individual, was shown to be sufficiently 
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robust to locate 103 new markers (99 genomic and EST-
derived SSRs and four gene-specific markers originally des-
cribed as Prunus ripening genes) in one of the 46 mapping 
bins spanning the Fragaria genome, with an average length 
of 12.6 cM per bin. 
 
OCTOPLOID MAPPING 
 
Breeding for many traits in the cultivated strawberry could 
be enhanced through the use of molecular markers, but the 
octoploid nature of the genome provides a challenge to the 
development of traditional molecular breeding tools. Until 
2008, the absence of a public consensus linkage map meant 
marker assisted selection in strawberry was delayed with 
respect to other crops, with only reports of partial maps or 
markers linked to single traits. With meiotic behaviour 
clearly established and multi-allelic transferrable markers 
anchored to the octoploid and diploid Fragaria genome 
(Rousseau-Gueutin et al. 2008; Spigler et al. 2008; Sargent 
et al. 2009b), the assessment of accurate trait-marker lin-
kage relationships should be feasible in the near future. 

The first map-based association study in cultivated 
strawberry was carried out to identify markers for the ever-
bearing locus in the octoploid strawberry (Sugimoto et al. 
2005). An F1 progeny from a cross between ‘Ever Berry’ (a 
Japanese everbearing variety) and ‘Toyonoka’ (a June-
bearing variety) was used to identify the locus governing 
the flowering pattern. The flowering test gave the expected 
1: 1 ratio for everbears to Junebears, suggesting that the in-
heritance of the trait is controlled by a monogenic dominant 
gene. In order to locate this gene, the authors used 175 
RAPD primer pairs. With five out of 89 polymorphic frag-
ments relating to the everbearing locus, a 39.7 cM long lin-
kage group was constructed, with two markers flanking the 
everbearing gene, at 11.8 and 15.8 cM. 

In the first linkage map of the cultivated strawberry, 
derived from an F1 population of 113 individuals from the 
cross of the variety ‘Capitola’ and the clone CF1116 
[‘Pajaro’ x (‘Earliglow’ x ‘Chandler’)], using AFLP analy-
ses, Lerceteau-Köller et al. (2003) applied a two-step map-
ping procedure, previously reported by Grivet et al. (1996), 
to assign the linkage between the coupling- and repulsion-
phase markers. The authors identified a large cluster of mar-
kers segregating only in the coupling phase, and deduced 
that the meiotic behaviour of the octoploid Fragaria 
genome may not be as completely diploidized as assumed 
by several authors (Arulsekar and Bringhurst 1981; Ahmadi 
et al. 1990; Ashley et al. 2003). Their maternal map had 
235 markers distributed among 30 linkage groups covering 
1,604 cM and the paternal map was built with 280 markers 
assigned to 28 linkage groups, yielding a map size of 1,496 
cM. 

Transferable markers and new individuals were later 
added to this map (Rousseau-Gueutin et al. 2008), allowing 
the integration of most of the paternal and maternal linkage 
groups of Lerceteau-Köller et al. (2003) and demonstrating 
that the meiotic behaviour of the strawberry genome is 
mainly disomic. However, the absence of repulsion-phase 
markers in some linkage groups can only be explained by 
the existence of residual polysomic pairing that may still 
occur within the F x ananassa genome (Sargent et al. 
2009a). In this version, this map covers a genetic distance 
of 5,017 cM, defined by 162 transferable loci across both 
maps, 23 of which, shared between the two maps, were 
used for map integration. 

To identify the genetic control of day-neutrality in the 
commercial strawberry, an AFLP-based map was construc-
ted from a cross between ‘Tribute’, a day-neutral, and 
‘Honeoye’, a short-day variety. In an F1 population of 127 
individuals, 429 single dose restriction fragments (SDRFs) 

 
Fig. 1 The diploid Fragaria reference linkage map (FVxFB) derived from an F2 population obtained in an interspecific F. vesca 815 x F. bucharica 
cross. 
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were located on an integrated map of 1,541 cM with 43 lin-
kage groups. SDRFs are particularly useful for constructing 
genetic maps of polyploids when meiosis behaviour is 
unclear (Wu et al. 1992). Eight significant QTLs were iden-
tified, none of which explained more than 36% of the vari-
ation, as expected for a polygenic-inherited trait (Weebadde 
et al. 2008). 

The genetic mechanisms involved in sex determination 
were also investigated by a map-based association approach 
in the wild octoploid F. virginiana (Spigler et al. 2008). 
Using SSRs, the authors mapped sex determination as two 
qualitative traits, male and female function, both located in 
linkage group 41, separated by 6 cM. The existence of 
recombination events between the sex-determining loci, an 
important hallmark of incipient sex chromosomes, sug-
gested F. virginiana as a novel model system for the study 
of sex chromosome evolution. Their map covered a total 
distance of 2,373 cM on 42 linkage groups, much higher 
than the 28 expected linkage groups, including 212 trans-
ferable markers, 39 of which segregate in both the maternal 
and paternal maps, and were used for map integration. 
Skewed segregation was apparent in almost a third of the 
mapped markers, and many of the primer pairs used in this 
study produced alleles that mapped to more than one locus 
on the same linkage group. The authors suggested that this 
may have been due to changes within and between genomes 
of the highly heterozygous, polyploid genome of F. virgini-
ana, so representing alleles from the same genetic locus. 
This would reduce the number of transferable markers of 
the map to 161 (Sargent et al. 2009b). 

A new integrated octoploid-diploid Fragaria genome 
map was developed by Sargent et al. (2009b) from an F1 
population of 174 seedlings derived from a cross between 
two F. x ananassa cultivars, ‘Redgauntlet’ x ‘Hapil’, seg-
regating for interesting agronomic traits. The resultant map 
has 315 molecular markers (218 SSR, 11 gene-specific mar-
kers and 86 AFLP and RAPD markers) spanning 3,116 cM 
in 69 different linkage groups that could be associated to 
one of the 56 theoretical scaffolds by at least one anchor 
marker. It contains 230 transferable markers, 28 of which 
are shared between the two parental maps and were used for 
map integration. 
 
COMPARATIVE MAPPING 
 
Genome comparisons based on the map position of homolo-
gous sequences between closely related species can be used 
to construct robust phylogenies (Rokas et al. 2003) or to 
identify changes in genome structure (Deleu et al. 2007). 
When well-characterized sequence data are available, the 
conservation of synteny between different plant species can 
be detected even comparing members of different families. 
Genome comparisons based on the map position of homolo-
gous markers between distantly related species is quite 
limited (Rong et al. 2005), but this approach has been used 
to identify genome rearrangements and syntenic and exten-
sive colinear chromosomal regions in different plant species 
within a family (McClean et al. 2010; Wu and Tanksley 
2010). These comparisons can be very useful for breeding 
purposes. 

Diploid Fragaria species seem to be essentially colinear 
at the macrosynteny level when comparing the available 
maps constructed by interspecific crosses, such as F. vesca 
x F. bucharica or F. vesca x F. viridis (Nier et al. 2006). 
Sargent et al. (2007) used PCR-based methods for com-
parative mapping between Fragaria, Malus and Prunus, 
indicating that DFR and EKO are orthologous genes and 
that their hosting linkage group (LG2) could be homeolo-
gous to Malus LG15 and Prunus LG1. This relationship has 
been confirmed for Fragaria and Prunus genus by hybridi-
zation methods. Prunus and Fragaria reference maps were 
compared by analyzing the position of 71 anchor markers 
covering both genomes, and it was found that, in spite of 
the conservation of large chromosomal fragments as expec-
ted for confamilial species, many chromosomal rearrange-

ments, occurring since divergence of the two genera, sepa-
rate the Fragaria and Prunus genomes, supporting their 
distant position within the Rosaceae family. However, there 
is sufficient synteny between the genomes to allow the in-
formation on marker, gene or quantitative trait locus (QTL) 
position from one species to be used in studies in the other 
(Vilanova et al. 2008). Further comparisons between dif-
ferent Rosaceae genus is being carried out (Illa E, pers. 
comm.), and new DNA sequence data from high-throughput 
sequencing will permit a next generation of microsynteny 
studies in the Rosaceae very soon. 

Using transferrable markers for mapping purposes en-
ables the identification of homologous linkage groups 
between maps, allowing the selection of further markers 
from any other study to enrich the existing maps in areas 
not covered. Recently, the synteny relationship between the 
diploid and octoploid Fragaria genome has been estab-
lished by Rousseau-Gueutin et al. (2008) and Sargent et al. 
(2009b). Anchoring syntenic regions with transferable mar-
kers (most of them SSR), all the octoploid Fragaria linkage 
groups were identified on the diploid Fragaria reference 
map, according to their homologous groups, and the home-
ologous groups within the octoploid genome were identified 
by mapping marker loci derived from the same primer pair 
to different linkage groups on each of the parental maps. 
The authors observed almost complete conservation of mar-
ker order between the octoploid and diploid genetic maps. 
Except for an apparent duplication of the Fvi6b locus on 
homologues of diploid Fragaria linkage groups one and six, 
which may indicate an ancient chromosomal duplication or 
translocation event in Fragaria (Sargent et al. 2009b), no 
evidence of any chromosomal rearrangements between the 
diploid and octoploid maps has been reported. 
 
FUTURE PERSPECTIVES 
 
Although the architecture of the strawberry genome has 
been investigated over the last thirty years, the amount of 
genomic data has dramatically increased since 2005, with 
the advent of the High Throughput Sequencing Technology. 
It has been used for the construction of the first draft of the 
strawberry genome, which was released recently (Shulaev 
et al. 2011), marking another milestone in the extraordi-
narily fast moving field of plant genomics. Despite all the 
sequencing advances, very little is known about how to read 
the “book of life that is opening before us”, says Michael 
Egholm, one of the people responsible for next generation 
sequencing technology (Wadman 2008). 

New genomic resources in Fragaria are being construc-
ted worldwide: a collection of near isogenic lines (NILs) in 
diploid strawberry is coming out soon (Bonet J, PhD thesis 
2010); a collection of T-DNA insertional mutants is avail-
able (Ruiz-Rojas et al. 2010); transgenic lines for many in-
teresting traits are being investigated in different labora-
tories (Qin et al. 2008). The new resources are unexplored 
sources of phenotypic variation. Information on genome-
wide and transcriptome-wide variation in diverse germ-
plasms can be used in different studies, ranging from map-
ping interesting mutations to studying genome structure and 
function. Identification of alleles (including QTLs and 
eQTLs (expression QTLs) controlling phenotypes, genetic 
mechanisms such as genome-wide patterns of recombina-
tion, will benefit from the availability of saturate marker 
maps, to give a sound basis for marker-assisted selection 
procedures in strawberry production. 
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