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Abstract: Resistance to economically important diseases is one of the most desired traits to have in plant crops. The Fragaria genus
including 21 wild and cultivated species (Fragaria x ananassa), contains genetic sources of diseases resistance that are quite rich but
not fully exploited in breeding for resistance. Usefulness of different molecular techniques and high throughput technologies for
the dissection of genetic resistance mechanisms and the explanation of plant diversity in relation to pathogens at the DNA level are
described in this paper. The descriptions are based on the results of different studies on genome of Fragaria that were carried out in
many research institutions in the world. The proposed model of comprehensive exploration of the strawberry genome, summarized
with generating resistance markers and identification of genes involved with induction or regulation of plant response to pathogen
attack, appear to be very useful in breeding strawberry for resistance.
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INTRODUCTION
The genus Fragaria L., a member of the family Rosaceae and sub-family Potentilloideae includes 21 species distinguished by their ploidy level (Staudt 1989). The species are distributed almost everywhere, from the arctic to
the tropics. The diploid group is represented by F. vesca,
F. daltoniana, F. viridis and F. iinumae, the tetraploids and
hexaploids by F. orientalis and F. moschata, respectively,
whereas F. virginiana and F. chiloensis dispose an octoploid
chromosome set (Staudt 1989; Folta and Davis 2006).
Cultivated strawberry (Fragaria x ananassa Duch., 8n),
an accidental hybrid of two native species F. chiloensis and
F. virginiana (Darrow 1966) is one of the most important
small fruit crops. Due to an attractive taste and relatively
high content of bioactive compounds valuable for human
health, strawberries are a part of the diet of millions of
people (Maas et al. 1991, 1996; Tulipani et al. 2008). The
annual world production of these fruits has increased in
the last decade, from 3 to over 4 million tons. More than
70 countries are noted as significant strawberry producers
(FAOStat 2009). Strawberry is strongly affected by many
agrophages that cause significant losses in this spectacular fruit production (Zurawicz 2005). For this reason, the
development of strawberry cultivars resistant to diseases
that are economically important seems to be a promising
strategy. Cultivars resistant to diseases offer an opportunity for long-term disease control. Economical and environmental benefits are also possible because pesticide
application would be reduced. However, classical strawberry breeding is rather conservative due to difficulties
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in introgression of the resistance sources (Hancock and
Bringhurst 1980; Hancock and Luby 1993). The creation
of resistant cultivars needs new tools to act as assistance.
Molecular techniques and technologies that have
been introduced into plant sciences since the late 1980s,
make it possible to analyze the genome – from the simple
dissection of plant genetic variability to structural and
functional genomics, enhanced with bioinformatics. The
results of the study on Fragaria genus lean towards a prediction, that in the future molecular investigations will
play a key role in breeding for resistance. Consequently,
efficient control methods for strawberry diseases will be
elaborated.
Natural sources of strawberry resistance to diseases
Phenotypic variability of Fragaria plants in regard
to strawberry diseases has been broadly investigated.
Among wild species, resistance sources to Verticillium
wilt, black root rot, powdery mildew and crown rot were
found in F. vesca (Harland and King 1957; Gooding et al.
1981; Hancock and Luby 1993), immunity to powdery
mildew in F. moschata (Maas 1998), while some clones of
diversified F. chiloensis carry resistance to red stele, leaf
spot and powdery mildew (Hancock et al. 1989). Potential
resources of resistance in native octoploid species also include viral tolerance (Darrow 1966).
Many cultivated F. x ananassa varieties were also
characterized as the phenotypes resistant or tolerant to
respective strawberry diseases in field conditions (Maas
and Smith 1978; Melville et al. 1980; Hancock et al. 1990;
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Wing et al. 1995; Nelson et al. 1996; Bell et al. 1997; Shaw
and Gordon 2003; Mori et al. 2005; Particka and Hancock
2005; Zebrowska et al. 2006; Masny and Zurawicz 2008).
The inheritance of resistance
When considering the suitability of the resistance
sources for breeding, four aspects have to be analyzed:
the degree, the durability, the specificity and the inheritance of the resistance trait. Most commonly, plants with
monogenically inherited resistance have been introduced
to breeding programs. This type of resistance in plants
is based on the activity of single R gene(s) that provide
total protection against the pathogen, including hypersensitive reaction with cell death around the site of plantpathogen interactions. On the other hand, polygenic
resistance is correlated with the activity of many additive genes providing partial, more durable and non-race
specific resistance. In consequence, the targeted selection
is very desirable but time-consuming and troublesome.
This is especially true, when race specific R genes, with
partial resistance effect, are present. As nothing is simple
in nature, it is possible for each type of resistance to be
represented by numerous genetic mechanisms.
Two monogenically inherited resistances of Fragaria
plants have been fully characterized. They are resistance
to red stele root rot (red core) caused by soil-borne fungus, Phytophthora fragariae, and resistance to anthracnose
caused by Colletotrichum acutatum. Mendelian segregation of resistance to red core in appropriate F1 populations, and the analysis of phenotypic interactions between numerous strawberry cultivars and pathogen
races from different geographical regions confirmed the
existence of race specificity typical for monogenic resistance (van de Weg 1989a). The mechanism of resistance
to red stele root rot is based on a gene-for-gene concept
(Flor 1956), with five virulence and five resistance factors
(van de Weg 1989a). The establishment of the GFG model
has canceled out the previous theory of polygenic inheritance (Scott et al. 1984) and explained the phenomenon
of the incomplete resistance. It was also a major step in
the explanation of the genetics of strawberry resistance to
P. fragariae, and identification of two highly effective and
race specific R genes: Rpf1 and Rpf2 (van de Weg 1997a,
b). A key point for the elucidation of mechanism(s) of
strawberry resistance to anthracnose was the distinction
of two pathogenicity groups of C. acutatum (DenoyesRothan and Baundry 1995). Plants infected with C. acutatum isolates belonging to group 2 pathogenicity showed
a high level of resistance controlled by a single dominant
Rca2 gene (Lerceteau-Kohler et al. 2002), at the same time,
a polygenically inheritanced resistance was observed in
plants infected with the isolates from group 1 pathogenicity. Strawberry resistance to black leaf spot also has
a monogenic character. Black leaf spot is a disease caused
by the fungus Alternaria alternata. The single locus of this
trait was identified in a study on numerous strawberry
cultivars and genetic mutants obtained in Japan (Takahashi et al. 1991; 1997).
Polygenic quantitative inheritance characterizes
strawberry resistance to anthracnose (Denoyes-Rothan
et al. 2005), Cactorum crown and leather rot (Denoyes-
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Rothan et al. 2004), grey mould (Barritt 1980; Popova
et al. 1985), Verticillium wilt (Zebrowska et al. 2006) and
bacterial angular leaf spot (Lewers et al. 2003) for which
C. acutatum (group 1 pathogenicity), Phytophthora cactorum, Botrytis cinerea, Verticillium dahliae, and respectively,
Xanthomonas fragariae are indicated as causative agents of
the diseases. In all these cases, the study on identification
of genome regions containing sets of genes that control
resistance and called quantitative trait loci (QTL), have
been undertaken.
No genetic and molecular dissections of host-pathogen interactions and inheritance character have been performed for other diseases that affect plants belonging to
the Fragaria genus.
Strawberry markers linked to disease resistance
The term “molecular markers” is applied to a large
number of different molecular techniques that detect
plant variability at the DNA level. Properly prepared
DNA markers tightly linked to the resistance genes can
assist plant breeders to improve their breeding outcomes.
This means improvement, from assessing genetic diversity of the germplasm used in breeding programs to
marker assisted selection of progeny (MAS) (Charcosset
and Moreau 2004). Particularly, markers of monogenic
traits are readily available, easy to map on plant chromosomes and relatively easy to apply to breeding. The availability of polygenic trait markers is more limited and still
controversial, due to the number of genes involved in the
plant defense process and because of their quantitative
character. Assuming that polygenic traits are controlled
by a number of QTL that are inherited in a Mendelian
fashion (Hospital and Charcosset 1997), the principles of
MAS should be the same as for the R genes. However, due
to the minor effects of QTL on the trait of interest, their
map positions are less precise than for R genes. Therefore,
well-chosen markers spanning the intervals defining map
positions are recommended (Gimelfarb and Lande 1995).
The first markers linked to strawberry monogenic
resistance were generated by Haymes and co-workers
(1997) in regard to red stele. Using sixty plants from a segregating population, bulked segregant analysis (BSA)
was carried out with almost six hundred RAPD primers.
Seven RAPD-PCR markers had distinct presence or absence of polymorphisms between the bulks. The markers
were mapped to within 1.7–13.9 cM of the Rpf1 gene and
some of them (e.g. M6) were converted into specific SCAR
markers useful for marker-assisted breeding (Haymes
et al. 2000). The next group of monogenic trait markers
was described for strawberry resistance to anthracnose.
The markers called mf1, mf2, mf3 and mf4 were generated
as a result of the PCR-AFLP dissection of four bulks that
represented two resistant and two susceptible progeny
groups (Lerceteau-Kohler et al. 2002; Guerin et al. 2003).
The mf4, that displayed well-isolated DNA band, was
transformed into dominant SCAR marker with a length
of 240 bp. This SCAR marker was present in all tested resistant cultivars except for ‘Sequoia’, for which crossover
event between the mf4 and Rca2 gene had probably taken
place (Guerin et al. 2003). Development of the next generation of SCAR markers such as STS-Rca2-417, and their
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location on ‘Capitola’ x ‘Pajaro’ linkage map have been
continued (Lerceteau-Kohler et al. 2002; 2005).
The authors investigating polygenic resistance in
strawberry have focused mainly on the characterization
of QTL, linkage mapping, and further studies - for integrating this information with functional genomics. Previously, five QTL linked to plant resistance to anthracnose
and five QTL linked to resistance to Phytophthora crown
rot were identified and mapped (Lerceteau-Köhler et al.
2002; Denoyes-Rothan et al. 2004). None of the QTL markers of polygenic resistance to anthracnose correlate to the
region of Rca2 (monogenic anthracnose resistance). It was
anticipated that the use of both types of markers, for
R gene and for major QTLs, will enable pyramiding the
resistance to provide a wider spectrum of C. acutatum
control in strawberry (Denoyes-Rothan et al. 2005).
New strategies in Fragaria genotyping
In the last decade several new strategies, such as circumstantial study on candidate gene and QTL-based
pedigree genotyping approach, bin mapping, and the use
of genomics technology to sequence genome and screen
expressed sequence tags (ESTs) through RNA assays,
have been developed to increase the efficiency of plant
variability detection.
First of all, the new technologies allowed for significant saturation of strawberry maps being a compendium
of knowledge about plant diversity. The pioneering linked
map based on random RAPD markers was constructed
for F. vesca (Davis et al 1995). Using over two hundred
progenies from cross ‘Capitola’ x CF1116 and over seven
hundred AFLP, SSR and SCAR markers for anthracnose
resistance, the French team constructed the linkage map
for F. x ananassa (Lerceteau-Köhler et al. 2002; 2003; Denoyes-Rothan et al. 2004). The new generation of strawberry maps are enhanced by additional microsatellite,
gene-specific intron polymorphism, cleaved-amplified
polymorphic sequence (CAPS) markers (Cipriani et al.
2006; Sargent et al. 2006, 2007).
Huge progress in the strawberry genotyping area was
assured by adaptation of new, high throughput nanotechnology, such as 454-sequencing and Illumina-Solexa sequencing, both based on sequencing by synthesis. At present, the available genomic sequence of F. vesca contains
1.75 Mb from 50 fosmid clones and is deposited in the
GenBank under Acc. No. EU024823-EU024872. Fragaria
Genome Sequencing Consortium works on sequencing
of cosmids and BACs, and according to the plan, about
3 Gb of genome coverage will be generated (Sosinski et
al. 2009). The sequenced genome as well as extensive EST
database developed from strawberry in USA (Folta et al.
2005), constitute a powerful source a candidate genes potentially involved in induction and regulation of plant
response to biotic factors. The EST collection was just utilized for identification of some candidate genes linked to
resistance to anthracnose (Casado-Diaz et al. 2006). Based
on published genome sequences of different plant species and degenerated oligonucleotide primers, MartinezZamora and co-workers (2004) isolated Fragaria resistance gene analogues (RGA) that belong to seven LRR
and NBS families. The genes were identified in F. vesca,

F. chiloensis and six F. x ananassa cultivars. A study conducted in the Research Institute of Pomology and Floriculture (RIPF), Skierniewice (Poland) in cooperation with
Fasteris Co., Zurich (Switzerland) showed suitability of
Illumina-Solexa high throughput sequencing for analysis
of mechanism of strawberry resistance to Verticillium wilt.
The sixty thousand out of 1.7 million sequences were recognized as differentially expressed on the first day after
plant inoculation with V. dahliae, and over one hundred
tags were chosen for further study on potential candidate
genes in both, resistant and susceptible genotypes (Korbin, unpublished data).
Recombinant technology has been explored for improvement of disease resistance characteristics in strawberry since the 1990s. Transgenic strawberries transformed via Agrobacterium tumefaciens with a thaumatin
II gene (Schestibratov and Dolgov 2005) and a pectate lyase gene (Jimenez-Bermundez et al. 2002) enhanced their
resistance to grey mould. Resistance against the fungal
pathogen Sphaerotheca humuli was enhanced in transgenic
strawberry expressing a rice chitinase gene (Asao et al.
1997). Chalavi and co-workers (2003) observed enhanced
strawberry resistance to Verticillium wilt after plant transformation with chitinase gene isolated from Lycopersicon
chilense. Schart (2004) produced genetically modified
strawberry which is less susceptible to grey mould, using cisgenic strategy that is based on plant modification
with its own F. x ananassa genes. However, the results of
these experiments stayed in the labs because of the rather
negative public perception towards genetic modification
of plants designed for consumption in fresh form. On the
other hand, the elaboration of regeneration and transformation systems, including the choice of genotype, explants and proper media (James et al. 1990; Nehra et al.
1990; Gruchala et al. 2004, Landi and Mezzetti 2006), became fundamentals of GM-based strategy for confirmation of candidate gene role in respective plants.

CONCLUSION
Strawberry is susceptible to many diseases, with high
costs in terms of yield losses and pesticide treatments.
New EU regulations are headed towards the use of resistant plant material and sustainable crop management
practices. Meanwhile, strawberry cultivars fully resistant to any disease have not been bred so far, nor have
wild Fragaria species been extensively characterized as
a source of resistance (Schwab et al. 2009). In this situation, the deep molecular-based characterization and wide
exploitation of gene pools, and their introgression and
pyramiding in new genotypes, can be a key strategy for
generating strawberry with durable resistance, desirable
for new horticulture. For further molecular dissection of
the resistance sources within the Fragaria genus, developing collaborative research communities working on proper genetic systems (diploid inbred lines and large diversified germplasm) with precise genetic and physical maps,
big genomics resources (EST database, cDNA libraries),
with strong biochemical knowledge and bioinformatics
support, are still necessary (Fig. 1).
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Fig. 1. Comprehensive study on plant response mechanism and molecular markers linked to strawberry disease resistance
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POLISH SUMMARY
MOLEKULARNE PODEJŚCIE DO ZJAWISKA
ODPORNOŚCI NA CHOROBY ROŚLIN
Z RODZAJU FRAGARIA
Odporność na choroby jest jedną z najbardziej pożądanych cech roślin uprawnych. Rodzaj Fragaria, obejmujący 21 gatunków zarówno dzikich, jak i hodowlanych
(Fragaria x ananassa), zawiera bogate, choć nie w pełni
wykorzystane w hodowli odpornościowej, zasoby genowe. W oparciu o różne badania genomu Fragaria, prowadzone w wielu ośrodkach naukowych na świecie, opisano przydatność różnych technik molekularnych i technologii, wysokoprzepustowego sekwencjonowania dla analizy genetycznych mechanizmów odporności i wyjaśniono różnorodność roślin na poziomie DNA, w odniesieniu
do patogenów. Zaproponowany model kompleksowej
eksploracji genomu, zakończony wygenerowaniem markerów cechy odporności i identyfikacją genów zaangażowanych w indukowanie odpowiedzi rośliny na porażenie
przez patogena, byłby niezwykle użyteczny dla hodowli
odpornościowej truskawki, ale realizacja takiego programu wymaga współpracy wszystkich zainteresowanych
zespołów badawczych.

