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39 NILs was identified using a set of single sequence repeat 
markers. The NILs had an average introgression of 32 cM 
(6 % of genome) and were phenotyped over several years 
in two locations. This collection segregates for agronomic 
characters, such as flowering, germination, fruit size and 
shape, and nutritional content. At least 16 QTLs for mor-
phological and reproductive traits, such as round fruits and 
vegetative propagation, and seven for nutritional traits such 
as sugar composition and total polyphenol content, were 
identified. The NIL collection of F. vesca can significantly 
facilitate understanding of the genetics of many traits and 
provide insight into the more complex F. × ananassa 
genome.

Introduction

Strawberry, one of the economically most important soft 
fruits, belongs to the Fragaria genus. This includes 23 
species with different ploidy levels, from diploid wild 
strawberries such as F. vesca to octoploid cultivated (F. × 
ananassa) and decaploid (F. iturupensis). Diploid species 
(2n = 2x = 14) can be used as models for genetic analy-
sis of cultivated strawberry, as synteny studies have dem-
onstrated that the octoploid genome is composed of four 
genomes that are essentially collinear and syntenic with 
the genomes of the diploid species (Vilanova et  al. 2008; 
Rousseau-Gueutin et al. 2008; Sargent et al. 2009). The ref-
erence linkage map of diploid strawberry was constructed 
from a cross between F. vesca ssp. vesca (FDP815) and 
F. bucharica with 68 single sequence repeat (SSR), one 
SCAR and six STS markers (Sargent et al. 2004) and three 
morphological traits: seasonal perpetual flowering, runner 
development and pale-dark green leaf color. Several ver-
sions increasing the number and source of markers have 
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been done (Sargent et al. 2006, 2008; Vilanova et al. 2008; 
Ruiz-Rojas et al. 2010) until reaching its genome anchor-
ing (Shulaev et al. 2011).

In this paper, we describe the development of a collec-
tion of near-isogenic lines (NILs) using two accessions 
of two diploid species: F. vesca, used as recurrent par-
ent, and F. bucharica, as donor parent. F. vesca, the most 
widely distributed diploid, has been reported as a principal 
contributor of the octoploid genomes (Rousseau-Gueutin 
et al. 2009). It includes the ‘woodland’ strawberry F. vesca 
ssp. vesca, a fruit of minor economic importance, found 
in the wild throughout the northern hemisphere and which 
has been described as a predominantly selfing species 
(Arulsekar and Bringhurst 1981). The other diploid species, 
F. bucharica, is a self-incompatible (Bošković et al. 2010) 
stolon-propagated species, belonging to the Asiatic group, 
probably of hybrid origin (Staudt 2006, 2008). These two 
species are phylogenetically close (Rousseau-Gueutin 
et al. 2008) but morphologically divergent, allowing fertile 
crosses between them, with a wide range of segregating 
phenotypes from the offspring. The selected F. bucharica 
accession was that used by Sargent et al. (2006) as one of 
the parents of the reference map for diploid strawberry.

NIL collections are important resources for analyzing 
complex characters. An NIL is identical to an original gen-
otype, except for a single DNA introgressed fragment from 
a donor line. Comparison of the phenotypes of an NIL and 
its recurrent parent means any significant difference can be 
attributed to genetic factors in the introgressed fragment. 
In addition, phenotyping can be done with high precision, 
as each NIL can be duplicated as many times as neces-
sary and grown under different environments, circumvent-
ing some of the major limitations of conventional mapping 
populations (Paterson et al. 1988; Eshed and Zamir 1995). 
A collection of NILs covering the whole genome of a spe-
cies can be considered a genomic library containing over-
lapping introgressions from a donor genome on a recipient 
or recurrent genome. NIL collections can also be used to 
introduce new genetic variability from wild species into 
elite cultivars (Tanksley and McCouch 1997; Zamir 2001), 
to study the genetic bases of heterosis (Melchinger et  al. 
2007; Fernández-Silva et  al. 2009), to study interactions 
between different QTLs and QTLs with the environment 
(Monforte et al. 2001), or as initial materials for map-based 
cloning (Frary et al. 2000; Fridman et al. 2000; Fujita et al. 
2013). Several NIL collections have been developed as 
genomic resources in Arabidopsis thaliana (Koumproglou 
et al. 2002; Keurentjes et al. 2007; Fletcher et al. 2013) and 
in crops such as wheat (Pestsova et al. 2001), lettuce (Jeu-
ken and Lindhout 2004) and melon (Eduardo et al. 2005). 
There are also partial collections covering specific genomic 
regions of Brassica oleracea (Ramsay et  al. 2000), rice 
(Wan et al. 2004; Zhang et al. 2009), maize (Szalma et al. 

2007), sorghum (Harris et al. 2007), tobacco (Lewis et al. 
2007), barley (Marcel et  al. 2007) and soybean (Kopisch-
Obuch and Diers 2006; Bolon et al. 2010).

The diploid strawberry NIL collection was phenotyped 
for a set of characters responsible for morphological and 
phenotypic characteristics of different parts of the plant 
and for characters related with the chemical composition 
of the fruit, which have allowed us to find the positions of 
a set of Mendelian genes and QTLs responsible for their 
variation. We propose this new resource as a tool for the 
broad Rosaceae community. It will be of use for the in-
depth study of the genetics of important characters in this 
family and to complement other resources which have been 
developed in F. vesca, such as the reference linkage map 
(Sargent et  al. 2006), the collection of mutants (Oosumi 
et al. 2010) and the whole genome sequence (Shulaev et al. 
2011).

Materials and methods

Plant materials and NIL development

One of the selected parental lines was F. vesca cv. Reine 
des Vallées (RV), a French, non-runnering, day-neutral, 
homozygous cultivated variety with long petioles, large 
leaflets, small flowers, and bright-red, long conic berries 
with a powerful aroma and low susceptibility to the com-
mon pests in strawberry crops. The other was F. bucharica 
(PI657844, also known as FDP601) (FB), one of the par-
ents of diploid strawberry reference map. It is a short-day 
variety with short petioles, small leaflets and large flowers. 
The berries, with no commercial value, are necked, round 
flattened on top, and dark wine-red. The F. vesca parent 
was chosen as the recurrent genome and F. bucharica par-
ent as the donor.

Pollen from an F1 individual of a cross between RV × 
FDP601 was used as the donor to pollinate an F. vesca 
individual. The resulting backcross 1 (BC1) seeds were 
germinated and DNA from the seedlings were extracted 
and genotyped using seven SSR markers (EMFvi072, 
EMFvi099, EMFv029, CEL-1, EMFvi018, EMFn228 and 
EMFv021) (Supplementary table 1). The seven markers are 
located in one of the extremes of the seven linkage groups 
of the diploid Fragaria reference map (Supplementary fig-
ure 1). Individuals with less than four introgressions were 
selected and then genotyped for seven additional SSR 
markers (EMFv025, EMFv003, EMFn207, EMFv007, 
EMFvi108, EMFv160BC and EMFv023) mapping to the 
other linkage group ends (see reference in Supplementary 
table 1). Individuals harboring <5 of these markers in het-
erozygosity, therefore containing at least the same num-
ber of introgressions, were selected and genotyped for a 
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minimum of 17 and up to 28 additional markers located 
in intermediate regions of the seven linkage groups (Sup-
plementary table 1), depending on the genetic composition 
of each line. This gave a set of plants with a low number 
of introgressions covering the whole genome of the donor 
parental line.

Selected BC1 plants were used as female parents for 
a second backcross with the F. vesca parental line. The 
resulting seeds were germinated and each family evalu-
ated for molecular markers located at the extremes of each 
introgression. A reduced group of plants per family was 
selected for further self-pollination until lines with single 
introgressions were obtained. Individuals resulting from a 
further round of self-pollination were screened with a set 
of 77 segregating loci (Supplementary table  1), well dis-
tributed across the genome, allowing characterization of 
the introgressed fragments and eliminating any plants with 
more than one introgression from the donor genome. The 
size of the introgressions and genome percentages were 
calculated by adding together the length between the two 
markers at the extreme of the introgression fragment, and 
half the distance of the two intervals between these markers 
and those flanking the introgression that were homozygous 
for the RV allele.

The crossing scheme for the development of the F. 
vesca–F. bucharica collection of NILs is presented in 
Fig. 1.

Molecular marker analysis and map construction

Tissue from young leaves was collected and disrupted by 
mechanical shaking using a tissue homogenizer. DNA was 
extracted using the method of Doyle and Doyle (1990) modi-
fied by the addition of 2 % PVP-40. For PCR, the DNA was 
quantified and 20 ng per reaction SSR and cleaved amplified 
polymorphic sequences (CAPS) markers were used to locate 
the introgressed regions. A set of 16 new SSR markers in the 
region of previously mapped RFLP markers (Vilanova et al. 
2008) was developed (Supplementary table 2) and mapped 
to obtain additional markers in map regions with insufficient 
coverage of SSR markers. The region was identified by com-
paring the Strawberry Genome Assembly version 8 [Genome 
Database for Rosaceae http://www.rosaceae.org (Jung et al. 
2014) with RFLP original sequences (http://www.rosaceae.
org) (Vilanova et al. 2008)]. Alignments were accepted when 
the estimated similarity between aligned sequences (RFLP 
and genome) was statistically significant (E value ≤0.05). 
New SSR motifs were located near to the aligned sequences, 
with the primer pairs designed using Websat (Martins et al. 
2009) and Primer3 (Rozen and Skaletsky 2000). To reduce 
the cost of marker detection, forward primers were modified 
by adding a 17 nucleotide M13-tail (5′ GTAAAACGACG-
GCCAGT 3′) to the 5′ extreme (Boutin-Ganache et al. 2001), 
allowing hybridization of any forward primer with a unique 
fluorescent-labeled primer in PCR.

Fig. 1   Crossing scheme for 
the development of a collection 
of NILs in F. vesca. Each box 
contains the number of indi-
viduals chosen after a process 
of marker-assisted selection 
(MAS). Orange boxes include 
the lines selected as final 
homozygous NILs in each gen-
eration. The red box includes 
the complete set of NILs. (color 
figure online)

http://www.rosaceae.org
http://www.rosaceae.org
http://www.rosaceae.org
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A new marker linked to the perpetual flowering locus 
in linkage group 6 (LG6) was designed to amplify a spe-
cific small indel. Using the method of Iwata et al. (2011), 
we sequenced a 1000 bp region on LG6, scaffold 0513102 
(Shulaev et al. 2011), that contained a 2 bp deletion in the 
F. vesca TFL homolog which causes a perpetual flowering 
phenotype (Koskela et al. 2012). Two FvTFL primers were 
designed to specifically amplify this deletion using Primer3 
(Rozen and Skaletsky 2000). The forward primer was 
TCGGAACCTCTAGCTGTTGG and the FvTFL reverse 
primer was GAGCTCATGTCCATTGCAGA.

PCRs were in a final volume of 10  µl containing: 10  ng 
of DNA, 1× PCR buffer (50 mM KCl, 10 mM Tris–HCl pH 
8.3, 0.001 % gelatin), 1.5 mM MgCl2, 0.2 mM dNTPs, 1 U 
of DNA polymerase AmpliTaq (Perkin-Elmer, IL, USA), 
0.15 µM forward primer, 0.2 µM reverse primer and 0.2 µM of 
M13 labeled primer, with an identical sequence to the added 
tail on the forward primers. The choice of dye label, 6-FAM, 
VIC, PET or NED (Applied Biosystems, CA, USA), depended 
on further multiloading capillary electrophoresis. PCR ampli-
fications were run on a PE9600 thermal-cycler (Applied Bio-
systems, CA, USA) as follows: 2 min of initial denaturing at 
94 °C; 10 cycles of 15 s at 94 °C, 15 s at annealing temperature 
and 30 s at 72 °C; 25 cycles of 15 s at 94 °C, 15 s at 50 °C and 
30 s at 72 °C, followed by a final extension of 5 min at 72 °C.

Amplicons were visualized by capillary electrophoresis 
in an ABI3130xl Genetic Analyzer (Applied Biosystems, 
CA, USA), run using 2 µl of a mix containing three differ-
ently labeled PCR products, 0.3 µl of LIZ-500 ladder and 
12 µl of deionized formamide. Data generated by capillary 
electrophoresis were analyzed using the GENEMAPPER 
software application (Applied Biosystems, CA, USA). For 
the four CAPS markers, PCR products were digested as 
described by Ruiz-Rojas et al. 2010, and electrophoresed in 
agarose gel. Segregation data of new markers were added 
to the segregation matrix of the FV×FB diploid Fragaria 
reference map (Sargent et  al. 2006; Vilanova et  al. 2008; 
Ruiz-Rojas et  al. 2010; Zorrilla-Fontanesi et  al. 2010). 
RFLP markers on the previously developed FV×FB map 
were excluded from the analysis.

Chi squared tests of goodness-of-fit, to an expected seg-
regation ratio of 1:2:1 for co-dominant markers and 3:1 for 
dominant markers, were carried out for new markers using 
the JoinMap® software (Van Ooijen 2006). Linkage analy-
sis was performed and the map constructed using MAP-
MAKER 3.0 (Lander et  al. 1987), applying the Kosambi 
mapping function. Linkage groups were constructed and 
marker order determined using a minimum LOD score 
threshold of 3.0. Markers selected for marker-assisted 
selection and new markers obtained are shown in Supple-
mentary figure  1. Graphical genotyping software GGT2.0 
(van Berloo 2008) was used to present the NILs and evalu-
ate the genome composition of the NIL collection.

Phenotyping and genetic analysis

NIL collection seeds were germinated in in vitro chambers; 
conditions’ set was: photoperiod 12  h/12  h light/dark and 
temperature 24  °C. Seeds were kept in petri-plates over 
humid filter paper until germination occurred (appear-
ance of the root and both cotyledons open). Four to eight 
plants of each genotype were transplanted to soil pots and 
grown under glasshouse conditions (photoperiod 12 h/12 h 
light/dark, day temperature between 22–24 and 17 °C dur-
ing night, relative humidity 40–50 %.) for 8 weeks at the 
Center for Research in Agricultural Genomics (CRAG) in 
Bellaterra (latitude 41°29′N, longitude 2°06′E). Two-month 
old plants were moved to shaded greenhouses in Cabrils 
(latitude 41°31′N, longitude 2°22′E, altitude 146 m above 
sea level, coastal Mediterranean climate) and at the Center 
of Torre Marimon (TM) in Caldes de Montbui (latitude 
41°36′N, longitude 2°10′E, altitude 203 m above sea level, 
pre-coastal Mediterranean climate). The shaded green-
houses were not provided with supplementary artificial 
light or heating, so plants were exposed to natural climatic 
conditions and photoperiod in north Spain (latitude 41°) 
from March to September (when the harvest was over). The 
agronomical practices were the usual for strawberry fruit 
production. The population was established over 3 years in 
Cabrils (2010–2012) and 2 years in TM (2011 and 2013). 
Fruits were collected in two different periods or harvests in 
May and July.

Qualitative morphological and phenotypic traits were 
evaluated visually in all seasons. All phenotypic data were 
provided as supplementary material. For floral traits, we 
evaluated the presence of pink spot on the petal base (PSP), 
extra petal number (EPN, above 5 petals), short and long 
floral stem (SFS and LFS, respectively), seasonal flowering 
or short-day flowering (SDF) as plants blooming only once 
a year in short day as F. bucharica parent, and a trait in 
plants flowering later than 1 year of germination (LLF for 
late–late flowering). For other plant traits, we evaluated the 
presence of runners (R), dwarfism (DWARF) and delayed 
germination (DOG, as more than 15 days later than in RV).

The basic requirement for accepting these traits was 
that they were stable throughout the studied seasons, and 
that all the lines containing the introgressed region had the 
same phenotype. Flowering time was measured as the num-
ber of days to produce the first flower after germination, 
with early flowering being shorter and late flowering longer 
than the flowering time for RV, in all lines with the same 
introgression.

For berry measurements, a number of 20 fruits per line 
were collected during the spring (May) and summer (July) 
of 2011 and 2012 and measured using ImageJ (Schneider 
et al. 2012; http://imagej.nih.gov/ij/). Fruits of F. vesca cv. 
Reine des Vallées were collected as the reference parent, 

http://imagej.nih.gov/ij/
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but not enough fruits of F. bucharica could be collected. 
Photographs were taken for all the collected fruits under 
standardized conditions and the longest straight line of the 
fruits measured lengthwise (length) and crosswise (width). 
We then divided the length by the width to obtain a param-
eter (called fruit index) that measured fruit shape (round 
fruits being close to 1 and long fruits having higher values). 
All the fruits collected from an NIL plant were weighed 
together and the average used as the value for fruit weight. 
Fruit traits were analyzed for five independent harvests, in 
2 years and at two locations (2011 and 2012 in May and 
July in Cabrils, and 2011 in May in TM).

Three biological replicates of 5 g of fruit from each gen-
otype, in 2011–2013, were collected for nutritional analy-
ses. The fruits were immediately frozen in liquid nitrogen, 
ground, divided into subsamples and stored at −80  °C 
until extraction. The sugars in the samples were ethanol 
extracted following the protocol described by Pérez et  al. 
(1997), and then quantified by HPLC (Agilent 1200 HPLC, 
Agilent Technologies, CA, USA) using a Zorbax Carbohy-
drate Analysis column (Agilent Technologies, CA, USA). 
Total polyphenolic content was determined by the Folin–
Ciocalteu method following the extraction and detection 
protocol described by Singleton et  al. (1999). Within the 
population, the distribution parameters for the fruit sugar 
content (fructose, glucose and sucrose) were quantified as 
mg/g of fresh weight, and the total polyphenol content as 
mg of gallic acid equivalents per gram fresh weight.

Statistical analyses were performed using the JMP®8.0.1 
statistical package (SAS Institute, NC, USA) and R 2.15.1 
(Development Core Team 2008) with the R-studio interface 
(Rstudio 0.92.501, Rstudio, MA, USA). Distribution of all 
traits among the population was evaluated by a Shapiro–
Wilk normality test, and the range of variation was also cal-
culated by skewness and kurtosis of the distribution for every 
trait and harvest. The mean value and the standard deviation 
for RV and for every line of the population were calculated 
for each trait and harvest. Correlation of the quantitative 
traits in different years was calculated separately for nutri-
tional characters. Means were compared with the recurrent 
parent by a Dunnett test with α ≤ 0.05 (Dunnett 1955). The 
QTL effects are presented in relation to the recurrent paren-
tal control. Qualitative traits and QTLs were mapped to a 
specific bin only when all the NILs carrying this bin had a 
significant effect on the phenotypic trait of study.

Results

Linkage map of FV×FB

The diploid strawberry linkage map of F. vesca × F. bucha-
rica F2 population (Sargent et  al. 2006; Ruiz-Rojas et  al. 

2010) was used to monitor the introgressions for the selec-
tion of the NIL collection. This map, including new mark-
ers developed here (14 SSRs and one CAPS) and exclud-
ing RFLPs, covered 541.3, 13.2  cM more than that of 
Ruiz-Rojas et al. (2010), and had 219 microsatellites, one 
SCAR, 22 STS, 53 CAPS/dCAPS, one SNP, one indel and 
one morphological marker. This map is presented in Sup-
plementary figure 1. Segregation distortions were observed 
on 48.8 % of the mapped markers (P ≤ 0.05), especially on 
LGs 2, 4, 5 and 7.

Some of the new loci on the map reduced the extension 
of the original FV×FB linkage groups because segregation 
changes from dominant in RFLP to codominant in SSR. 
The RFLP markers AC-32, AC-24 and AG-53 defined the 
top region of LG4 in the map of Vilanova et  al. (2008). 
The PCR markers developed here to replace these RFLPs 
(CFV-3135, CFV-3138 and CFV-3819, respectively) were 
located on the central region of LG4, in a cluster previously 
described by Sargent et al. (2004). In addition, the RFLPs 
MC-45 and Co-MET, replaced by CFV-3117 and CFV-
3217, were moved to the central positions of LG7, allow-
ing a 19.1  cM reduction of this group. There were minor 
rearrangements in the placement of some of the dominant 
marker loci presented by Sargent et al. (2006), due to a bet-
ter estimation of mapping distances with the addition of the 
novel codominant SSR loci (e.g., EMFv164 vs. CFV-164).

Development of the NIL collection

The BC1 seedlings (491 individuals) were analyzed for 
allele composition using seven SSRs, one for each link-
age group (see Supplementary table  1). On average, the 
observed heterozygosity at these loci was Ho  =  0.57. A 
set of 142 individuals (27.6 %) was selected for a second 
round of PCR for allele characterization of seven addi-
tional markers at the opposite end of LG. The average 
observed heterozygosity for these loci was Ho = 0.52. The 
marker showing the highest segregation distortion was 
EMFv160BC (χ2 = 31.11), located at the end of LG6 with 
maximum of heterozygosity. A group of 54 plants (38 %) 
was selected for further genome characterization. Twenty-
eight additional loci were analyzed and nine BC1 individu-
als, with introgressions covering the whole F. bucharica 
genome, were selected for a second backcross and segre-
gating families generated. From the nine BC1 individuals 
selected for their low number of introgressions and maxi-
mum genome coverage, only eight BC2 families were gen-
erated. The donor genome percentage of BC1 lines was 
35.2 %, on average, ranging from 25 to 49 % in 28 intro-
gressions, distributed as follows: eight introgressions on 
LG2, five on LG6, four on LG3, three on LG1, LG4 and 
LG7, and two on LG5. Whole introgressed linkage groups 
were selected for the seven linkage groups of the map 
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(35 % of the selected introgressions). These selected BC1 
lines had three or four introgressions per line. BC2 fami-
lies (498 individuals) were analyzed with markers that were 
in the extremes of, and inside for long introgressions, the 
introgressed fragments detected in their BC1 progenitors. 
A total of 50 markers were chosen to genotype all intro-
gressed regions (Supplementary table  1). Nine BC2 indi-
viduals were selected as introgression donors for further 
generations. Five individuals had only one introgression, 
one had two and three had three introgressions. The aver-
age percentage of F. bucharica fragments (in cM) on the 
selected BC2 individuals was 14.6  % (range 6.2–24.6  %) 
in 15 introgressions distributed as follows: three introgres-
sions on LG3 and LG4, two on LG1, LG2, LG5 and LG6, 
and a single introgression on LG7. Entire introgressed LGs 
were obtained for LG2, LG3, LG4, LG5, LG6 and LG7 
(37.5 % of the introgressions).

Selected individuals were self-pollinated and the 
resulting seeds germinated to generate segregating fam-
ilies. Between one and four selfing generations were 
necessary to obtain homozygous lines with only one 
introgression and covering together almost all the donor 
parent genome. Depending on the genotype of its paren-
tal line, selfed offspring (2682 in total) were analyzed 
with different subsets of 77 SSRs (see Supplementary 
table  1) to select only the homozygous target regions. 

This fine characterization also allowed more exact loca-
tion of the introgressed regions. Lines in the BC2 off-
spring with LG6 introgressed fragments blossomed more 
than 1  year after germination, and NIL extraction was 
delayed relative to the rest of the population. In regards 
to the CFvCT017 marker, it has not yet been possible to 
obtain homozygosity from the progeny in line Fb6:71–
101  h. The introgressed region of line Fb6:30–39  h is 
only partially homozygous (see Fig. 2).

Segregation at six of the seven loci analyzed during the 
first stage of screening of the BC1 population was distorted 
(P < 0.05; n = 491). The top LG2 region (EMFvi099) and 
the distal part of LG5 (EMFvi018) had the most skewed 
segregations (χ2 =  170.96 and χ2 =  65.92 respectively), 
with a higher frequency of F. bucharica alleles in both 
cases. The linkage group with the lowest F. bucharica 
allele frequency was LG1 (only 27.4 % of the plants had 
F. bucharica genotypes at LG1 loci). Biased segregation 
ratios were detected also in BC2 families, especially for the 
markers located at the end positions of LG5 (91.8 % of F. 
bucharica genotypes). The lowest frequency of F. bucha-
rica alleles was observed for markers located on LG1 
(39.2 %). Significantly distorted ratios were also detected 
in the segregation of markers on LG2, LG3 and LG6.

The strawberry NIL collection consisted of a final set of 
39 homozygous lines and two heterozygous lines (Fig. 2). 

Fig. 2   Graphical genotypes of the F. vesca collection of 39 NILs and 
two heterozygous NILs. F. bucharica homozygous introgressions are 
shown in black and heterozygous introgressions in pink. The F. vesca 
genetic background is shown in green. The NIL names are indicated 
on the right. The first number indicates the LG carrying the introgres-

sion. The following two numbers, separated with a hyphen, indicate 
the marker position at the start and end point of the introgression in 
centiMorgans, respectively. Dotted NILs indicate the minimal set of 
lines covering the entire F. bucharica genome. (color figure online)
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Among these, 18 correspond to BC2S1 lines, four to BC2S2 
lines, seven to BC2S3 and ten correspond to BC2S4 (“Sn” 
is the nth selfing generation) lines. Assuming no double 
crossovers in the introgressed fragments, each NIL con-
tained a single homozygous introgression, with an average 
introgression size of 32.9 cM (6 % of the donor genome) 
(Table 1). Each linkage group was represented by an aver-
age of six NILs with overlapping introgressions. Only a 
19.3 cM region on LG1, defined by markers UDF002 and 
CFV-4021, was not covered by F. bucharica introgressions. 
Furthermore, lines covering a region of LG6 (Fb6:30–39 h 
and Fb6:71–101 h), which showed large period to flowering 
(more than 1 year), retained heterozygous introgressions.

Taking the collection of NILs of each linkage group into 
consideration, the ensemble of recombination breakpoints 
of the F. bucharica genome introgressed fragments defines 
a set of identifiable regions, or bins, defined by two con-
secutive breakpoints with no recombination between them. 
This population had 37 bins (4–7 per linkage group), with 
an average size of 14.2  cM per bin and ranging between 
3.2 and 65.7  cM. Each bin represents on average a small 
part, 2.6 %, of the genome (Table 1). A minimal subset of 
nine of these lines covering the whole genome (except for 
the missing fragment of LG1 and for the heterozygous LG6 
fragment) may be used to locate any segregating locus to 
its chromosome when resources are limited.

Analysis of morphological and phenotypic traits 
with the NIL collection

In Table 2, we present the results for all the harvests ana-
lyzed. The initial and final QTL positions indicate always 
the smallest region that could be assigned to a QTL, taking 

into account all the harvests where it was found to be sig-
nificant. All QTLs found were significant in overlapping 
NILs; the NIL carrying the shorter introgression (expressed 
in cM) is indicated. The effects of the QTLs are expressed 
as the percent mean variation between the lines carrying 
the QTL and the recurrent parent, RV. A single bin was 
determined for all qualitative morphological and pheno-
typic characters (Table 2A).

The presence of runners has been extensively described 
(Sargent et al. 2004), and in our population could be clearly 
assigned to the region between cM 39 and 47 in LG2. F. 
bucharica donor parent is causal for runner trait presence. 
In this region, we also detected one or more genes involved 
with long floral stems, so that plants carrying this introgres-
sion from F. bucharica produced flowers that emerged from 
the vegetative mass of the plant. This effect was recessive, 
not visible in parental and F1 lines. The opposite was seen 
in lines carrying F. bucharica alleles between cM 29 and 39 
in LG5: these lines produced short floral stems so that the 
flowers and fruits remained within the leaf canopy of the 
plant, as with the F. bucharica donor parent.

F. bucharica has a very characteristic flower that usu-
ally has more than five overlapping petals, typically 8–10 
(Fig.  3). This particular phenotype can be seen in plants 
with introgressions in LG3 between cM 54 and 94. We also 
observed flowers with a pink blush in the inner part of their 
petals, a trait not shown by any of the parents but a little 
visible in hybrid F1 plants. This dominant trait was located 
in LG1 between cM 50 and 61.

We also identified one or more genes in the region 
between cM 15 and 29 of LG3 causing extreme dwarfism 
in plants (Fig.  4) and leading to death before flowering. 
Plants carrying homozygous introgressions in this region 
did not grow well under our greenhouse conditions, so we 
have never been able to reproduce them. This is a recessive 
trait, not present in parents.

Flowering time, seed germination, fruit weight and fruit 
shape were measured as quantitative traits. Their distribution 
among the NIL collection is summarized in Table  3A. The 
flowering time was studied in two consecutive years. We were 
able to identify two map regions that determined flowering 
time (Table 2B), one in LG6, between cM 0–11 (86 days after 
germination on average) as early flowering, and the other in 
LG5, cM 11–20 (144 days after germination on average) as 
late flowering. The seasonal flowering behavior typical of F. 
bucharica that blossom one time a year, opposite to the con-
tinuous flowering characteristic of RV, also segregated in the 
NIL population. We mapped this trait in LG6 at cM 30–38, 
in agreement with that published by Koskela et al. (2012) in 
plants with few flowering success. Another specific region 
for everbearing was mapped in LG5, cM 35–39; these plants 
blossom from March to June, as donor parent, and not ever-
bearing in autumn as F. vesca RV. In addition, we considered 

Table 1   NIL collection characteristics

a  Not considering whole LG introgressions

n cM %

Nb. NILs 39

Nb. heterozygous NILs 2

Nb. NILs covering whole LG 5

Total genome covered in intogressions 522.0 96.4

Genome covered in homozygosity 479.3 88.5

Genome covered in heterozygosity 42.7 7.9

Average NILs per LG 6

Average introgression sizea 32.9 6.1

Smallest introgressiona 3.2 0.6

Largest introgressiona 89.3 16.5

Nb. of BINs 37

Average BIN size 14.2 2.6

Smallest BIN 3.2 0.6

Largest BIN 65.7 12.1
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the germination time for every line in 2013 (Table 3A). In a 
first germination trial, germination was considerably delayed 
(around 40 days, compared with 14 days for RV) in a particu-
lar line carrying an introgression in LG5 (line Fb5:39–76). 
We repeated the experiment twice, using only a few lines 
with introgressions in LG5 (Fb5:20–76, Fb5:39–76, Fb5:41–
76, Fb5:50–76 and Fb5:0–76) and RV as the control. The 
same results were obtained in both additional trials (data not 
shown), and the delayed germination time was mapped to a 
short bin at LG5 cM 39–41.

Fruit size was phenotyped as a quantitative trait by 
measuring the length and width of fruits, and their ratio 

(the fruit index) that corresponds to shape of fruit. We 
observed that the population means were lower than the 
mean values for RV except for the first harvest (Table 3A). 
The mean fruit index values for both RV and the population 
were >1, indicating that the fruits were generally elongated 
(except for RV in the first harvest). However, the popula-
tion fruit index ranges showed that the phenotype among 
the NILs varied from rounded (0.5) to very elongated fruits 
(2.5) (Table 3A; Fig. 5). We mapped two QTLs for rounded 
fruits, as donor parent, stable through all five harvests and 
present in overlapping NILs (Table  2). The first one was 
in LG2, from cM 0 to 30 and the second one in LG4, cM 

Table 2   Position of Mendelian traits (A) and QTLs for quantitative agronomic traits (B)

Trait, name of QTL, effect percentage means average of trait value on NIL compared to RV trait value, bin position and markers flanking the 
bin, stability as number of harvests observed over total measured and the shortest NIL showing trait effect
a  Locus R (mapped at LG2: 45.2 cM)
b  Compared to population mean

Trait Name Effect % Effect LG Initial position (cM) Final position (cM) Stability Shortest NIL

(A)

 Runners Ra Presence of runners – 2 39 (Fvi11) 47 (EMFn134) All Fb2:39–47

 Floral stem length LFS Longer floral stems – 2 39 (Fvi11) 47 (EMFn134) All Fb2:39–47

SFS Shorter floral stems – 5 29 (FvH4093) 39 (CFVCT024) All Fb5:20–76

 Pink petals PSP Pink spot on petal base – 1 50 (UFF02F02) 61 (CFV164) All Fb1:50–61

 Petals number EPN >5 petals/flower – 3 54 (CFVCT022) 94 (CFVCT012) All Fb3:54–94

 Seasonal flowering SDF Short-day flowering – 5 35 (UDF006) 39 (CFVCT024) All Fb5:20–76

 Flowering LLF Flowering >1 year later – 6 30 (EMFn117) 38 (EMFn017) All Fb6:30–39

 Plant size DWARF Dwarf plants – 3 15 (VT398) 29 (UDF017) All Fb3:8–94

 Germination DOG Delay of germination – 5 39 (CFVCT024) 41 (UDF009) 3 Fb5:39–76

Trait QTL name Effect % Effect LG Initial position (cM) Final position (cM) Stability Shortest NIL

(B)

 Fruit shape FRS_2 Rounded fruit −24 2 0 (EMFvi099) 30 (BFACT002) 5/5 Fb2:0–30

FRS_4 Rounded fruit −35 4 58 (CEL1) 78 (ChFaM23) 5/5 Fb4:58–78

FES_5 Elongated fruit 25 5 0 (CFV3072) 11 (CFV3132) 4/5 Fb5:0–11

 Weight FLW_1 Smaller fruit −70 1 50 (UFF02F02) 61 (CFV164) 3/3 Fb1:50–61

FLW_4 Smaller fruit −79 4 58 (CEL1) 78 (ChFaM23) 2/3 Fb4:58–78

 Flowering EFb Early flowering −30 6 0 (ARSFL007) 11 (EMFn228) 2/2 Fb6:0–5

LF Late flowering 36 5 11 (CFV3132) 20 (CEL2) 2/2 Fb5:11–76

Fig. 3   Flower phenotypes. From left to right, flower morphology of, F. bucharica, the hybrid and NILs Fb1:50–61 and Fb3:54–94
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58–78, accounting for 24 and 35 % of the total variation, 
respectively (Table 2B). An additional QTL for elongated 
fruits mapped to LG5 cM 0–11, accounting for 25 % of the 
variation and stable in four out of five seasons (Table 2B).

Also two QTLs explaining more than 70  % of fruit 
weight reduction were detected, one in LG4, cM 58–78, 
on the same region of fruit shape QTL, and another was 
observed in LG1, cM 50–61 where fruits are smaller but 
elongated.

QTLs of nutritional content in the NIL collection

Results for genetic analysis of fruit nutritional characters 
are summarized in Table 3B. Measured parameters showed 
a normal distribution over most of the harvests.

The sugar composition of the fruits was mainly based 
on fructose and glucose, with fructose more abundant in 
almost all the analyses. Fructose, glucose and total sugar 
content showed a very high correlation within each har-
vest (always above 0.9). These correlations existed also 
between harvests and between locations with the exception 
of Cabrils 2012 and TM 2013 harvests (data not shown). 
Sucrose, a minor sugar in fruit, where its accumulation is 
very variable, had little significant correlation with other 
sugars for each harvest, and no significant correlation over 
the different years. All the analyzed harvests showed that 
RV accumulates more sugars than the NIL collection mean. 
However, the ranges of the population were very extreme 
and some lines surpassed the mean sugar values of RV 
(Table 4B). Values for the F1 individual were collected in 
2013. These fruits had lower levels of fructose and glucose 
than RV.

As a result of the analyses, a QTL resulting in a decrease 
of fructose, glucose and total sugar content was mapped in 
LG2, cM 45–63 (Table 4), accounting for 35, 45 and 35 % 
of the total character variation for these characters, respec-
tively. This QTL was detected in all 3 years. For fructose, 

we found one additional QTL decreasing also its content 
(in LG3  cM 54–94), and for glucose we found also one 
additional QTL decreasing content (in LG5, cM 41–50). 
Sugar content was not measured in F. bucharica but results 
in F1 fruits point to donor parent as causal of decrease.

There was a significant correlation of the total polyphe-
nolic content among all the harvests, and the population 
and RV values were very similar within every harvest (data 
not shown). There was, however, no correlation between 
the sugar and the polyphenol content: the 2012 harvest 
had the highest concentration of fruit sugars and the low-
est total polyphenol content. Two regions were associated 
with the variation in total polyphenolic content. One region 
was in LG2 cM 0–30, where the alleles from F. bucharica 
increased it by 26 %, and another in LG5 cM 50–76, where 
the introgressed region caused a 35  % decrease in total 
polyphenolic content (Table 4). Both were detected in two 
of the 3 years.

Discussion

Fragaria vesca possesses several features that make it 
attractive as a model for the octoploid cultivated straw-
berry, the most evident being that the diploid nature 
of its genome allows the genetic complexity of the cul-
tivated strawberry to be circumvented. Furthermore, 
wild strawberries are potential donors of genes of inter-
est for strawberry fruit quality improvement, including 
disease resistances, and quality characters such as those 
involved in volatile compound expression and concentra-
tion. To enhance our capability to analyze complex traits 
in strawberry, we developed an NIL collection in an F. 
vesca background, using an Asiatic species F. bucharica, 
as introgression donor and F. vesca cv. Reine des Vallées, 
a French non-runnering variety commonly cultivated in 
Spain, as the recurrent parent. Considerable research has 

Fig. 4   Size phenotypes. Images show the characteristic plant size 12 weeks after germination for both parents, RV and F. bucharica, and NIL 
Fb3:8–94
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been published on F. vesca and F. bucharica genomes 
and maps have been updated (Sargent et  al. 2004, 2006; 
Vilanova et  al. 2008; Ruiz-Rojas et  al. 2010). Here, we 

provide an additional set of SSR markers, for a region 
previously covered by RFLPs, which improve the current 
reference map.

Table 3   Agronomic trait distribution (A) and nutritional trait distribution (B)

a  Cabrils and TM

Trait Year Location F. vesca “Reine  
des Vallées”

NIL population

Mean SD Mean SD Range Skewness Kurtosis

(A) 

 Fruit length (mm) 2011-May Cabrils 11.96 1.56 13.85 2.48 7.3–22.0 0.22 3.84

2011-May TM 15.72 1.56 15.41 2.66 6.9–30.5 0.01 3.04

2011-July Cabrils 23.17 0.17 17.48 3.62 10.9–27.4 0.21 1.85

2012-May Cabrils 19.35 2.73 17.63 3.27 7.31–25.09 −0.22 2.20

2012-July Cabrils 18.64 2.10 15.72 2.10 8.09–25.07 −0.18 2.61

 Fruit width (mm) 2011-May Cabrils 14.08 1.63 12.06 1.86 5.5–17.8 −2.04 7.87

2011-May TM 13.52 1.56 12.42 2.29 4.6–21.4 −0.60 3.01

2011-July Cabrils 14.12 1.83 10.02 1.63 6.1–14.9 −0.03 2.60

2012-May Cabrils 12.71 1.52 12.58 1.34 7.03–18.28 −0.40 2.99

2012-July Cabrils 11.32 1.20 10.89 1.25 5.59–17.19 −0.90 3.15

 Index (length/width) 2011-May Cabrils 0.84 0.03 1.17 0.22 0.58–1.93 0.38 2.77

2011-May TM 1.18 0.20 1.28 0.25 0.57–2.42 0.51 3.48

2011-July Cabrils 1.65 0.18 1.77 0.30 0.94–2.6 −0.64 2.17

2012-May Cabrils 1.54 0.28 1.42 0.27 0.55–2.45 −0.22 2.39

2012-July Cabrils 1.66 0.28 1.46 0.20 0.59–2.54 −0.15 2.17

 Weight (g) 2011-July Cabrils 1.66 0.36 0.72 0.28 0.26–1.58 0.53 2.17

2011-July TM 2.36 0.57 0.68 0.22 0.26–1.47 0.58 2.75

2012-July Cabrils 0.93 0.18 0.66 0.19 0.19–1.09 −0.35 3.64

 Flowering (days) 2012 Cabrils 86.00 2.87 125.20 37.58 78–264 2.22 8.54

2013 TM 118.00 14.62 117.46 28.00 74–189 1.03 3.90

 Germination (days) 2013 In vitro 14.88 4.37 17.05 6.08 9.95–42.00 0.02 10.08

Trait Year Location F. vesca  
“Reine des Vallées”

Hybrid (F1) NILs population

Mean SD Mean SD Mean SD Range Skewness Kurtosis

(B)

 Fructose content  
(mg/g fw)

2011 Poola 27.78 12.48 20.82 5.04 8.33–33.15 0.08 3.00

2012 Cabrils 25.57 0.79 24.80 5.57 13.05–39.94 0.24 2.90

2013 TM 26.56 5.46 17.74 2.98 24.18 7.78 8.96–51.42 1.18 4.93

 Glucose content  
(mg/g fw)

2011 Poola 24.64 11.75 17.46 5.19 1.96–30.85 −0.30 3.46

2012 Cabrils 26.82 3.28 23.02 6.18 11.59–41.27 0.51 3.00

2013 TM 18.15 4.22 9.90 2.10 15.71 5.64 0.875–33.20 0.63 3.93

 Sucrose (mg/g fw) 2011 Poola 16.52 4.84 12.32 5.48 1.67–26.76 0.52 2.91

2012 Cabrils 12.04 2.21 10.40 2.67 2.92–17.16 −0.13 2.81

2013 TM 18.42 2.67 21.55 6.10 14.18 6.47 0–31.79 0.08 2.77

 Total sugar content 
(mg/g fw)

2011 Poola 68.94 26.72 50.62 12.32 11.95–77.23 −0.52 3.65

2012 Cabrils 64.44 5.41 58.23 11.99 29.66–92.28 0.13 3.21

2013 TM 63.14 9.79 49.20 8.14 54.09 16.63 20–107.26 0.54 3.38

 Total polyphenol con-
tent (Gae/g fw)

2011 Poola 4.12 1.02 4.49 1.14 2.26–8.35 0.77 3.71

2012 Cabrils 2.09 0.16 2.23 0.73 0.95–3.96 0.51 2.45

2013 TM 4.27 0.63 2.63 0.30 4.05 0.82 2.28–6.72 0.27 3.15
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The 39 NILs of the collection covered 96.4  % of the 
F. bucharica genome. Each line had a single introgressed 
chromosome fragment from the F. bucharica parent 
genome, covering 6 % of its genome on average. The reso-
lution capacity, 14.2 cM per bin on average, with regions 
defined by only 3.2 cM, makes this collection a powerful 
tool for QTL analysis.

This collection of introgression lines was obtained in 
only two generations of backcrossing and one to four of 
selfing. A larger number of backcross generations have 
been used to extract other NIL collections. Eduardo et al. 
(2005) used a group of eight double haploid lines to pro-
duce a melon NIL collection in six BC generations, Jeuken 
and Lindhout (2004) began from an F1 and needed to get to 
the fifth generation backcross to obtain lettuce NILs, and 
Eshed and Zamir (1994) needed up to 12 BC generations, 
using a hybrid between tomato and Solanum pennellii. Our 
strategy was to select from a large BC1 progeny, which has 
the advantage of minimizing the risk of unnoticed small 

introgressions that may be problematic for the use of the 
NIL collection, and reduces the number of generations 
needed for its completion. In our case, this was further 
facilitated by the low number of chromosomes of Fragaria 
(x = 7) compared to melon and tomato (both with x = 12), 
or lettuce (x = 9). In Arabidopsis (x = 5), the NIL collec-
tion was obtained after backcrossing an RIL collection, and 
several selfing stages (Keurentjes et al. 2007). We made an 
initial selection with only 14 molecular markers located 
on the ends of chromosomes, discarding over 70 % of the 
BC1 individuals to select a final working population of nine 
plants, covering the entire genome with a maximum of four 
introgressions per plant. Selection at the BC1 level also 
facilitated extraction of five NILs containing a whole chro-
mosome of F. bucharica. Backcrossing heterozygous plants 
for these introgressions would produce a series of recom-
binant individuals with diverse coverage of these chromo-
somes, useful for fine mapping of genes/QTLs located on 
them. Few major genes have been mapped in strawberry: 

Fig. 5   Fruit phenotypes. Left to right and top to bottom, characteristic fruit morphology of the parents, Reine des Vallées and F. bucharica, their 
F1 and NILs Fb2:0–30, Fb4:58–78 and Fb5:0–11

Table 4   QTLs for nutritional traits

Trait, name of QTL, effect as mean percentage compared to RV, stability as number of harvests observed, bin position (LG, markers flanking bin 
and cM) and shortest NIL showing trait effect
a  % Effect with respect to parental RV

Nutritional trait QTL % Effecta QTL stability LG Initial position (cM) Final position (cM) Shortest NIL

Fructose content Fru_2 −35 3/3 2 45 (EMFn134) 63 (EMFxa379796) Fb2:0–63

Fru_3 −40 2/3 3 54 (CFVCT022) 94 (CFVCT012) Fb3:54−94

Glucose content Glu_2 −45 3/3 2 45 (EMFn134) 63 (EMFxa379796) Fb2:0–63

Glu_5 −28 2/3 5 41 (UDF009) 50 (CFV3821) Fb5:41–76

Total sugar content TotSug_2 −35 3/3 2 45 (EMFn134) 63 (EMFxa379796) Fb2:0–63

Total polyphenol content Tphe_2 26 2/3 2 0 (EMFvi099) 30 (BFACT002) Fb2:0–30

Tphe_5 −35 2/3 5 50 (CFV3821) 76 (VT010) Fb5:50–76
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two of them, gen controlling runner formation mapped in 
LG2 and gen controlling continuous flowering mapped in 
LG6 (Sargent et al. 2004), segregated in our collection and 
were assigned to the expected position.

A study with different species of Rosa flowers includ-
ing Rosa × hybrida determined that the expression pattern 
of the rose AGAMOUS ortholog gene (RhAG) is responsi-
ble for the number of petals. Higher expression of RhAG 
has been associated with low petal number cultivars while 
a more restricted RhAG expression towards the flower 
center has been associated with high petal number culti-
vars (Dubois et al. 2010). The flower developmental stages 
and AG expression between F. vesca and rose have been 
described as similar. The F. vesca AG homolog (FvAG) 
was identified as the Hybrid Gene Model #24852 (Hol-
lender et  al. 2012). This gene is located in F. vesca LG3 
3939971–3944769, within the boundaries of the exotic 
introgression in Fb3:54–94. Further studies are needed to 
validate if a different expression pattern of FvAG F. bucha-
rica in relation to F. vesca could be responsible for the EPN 
phenotype.

F. vesca is a perennial plant and there are accessions with 
opposite photoperiodic responses. Short-day (SD) F. vesca 
accessions require short days and low temperatures to initi-
ate flowering; in contrast, everbearing (or semperflorens) F. 
vesca accessions initiate flowering on long days and high 
temperatures. Control of these contrasting phenotypes was 
recently attributed to a single dominant gene seasonal flow-
ering locus (SFL) that was mapped and characterized as 
the F. vesca TFL1 homolog (FvTFL1), a photoperiodically 
controlled flowering repressor (Iwata et  al. 2011; Koskela 
et  al. 2012). There is functional evidence that FvTFL1 
functional alleles cause the SDF flowering habit and that a 
non-functional allele (2 bp deletion generating a truncated 
protein) is associated with the everbearing flowering habit 
in F. vesca. The F. vesca RV parental is an everbearing spe-
cies that carries the truncated allele of FvTFL1 while the 
F. bucharica parental has an SD flowering habit and car-
ries the functional allele so we observe segregation of this 
character in our NIL collection. FvTFL1 is located in LG6 
12836105–12837237 bp between EMFn117 (30.1 cM) and 
EMFn017 (38.8  cM) markers. We have observed that all 
NILs with exotic introgressions between these two mark-
ers have an SD habit that can be assumed by the functional 
FvTFL1 alleles but in addition, these NILs did not flower 
until the 2nd or the 3rd year after germination and their 
blooming was reduced to 2 or 3 inflorescences. This could 
be caused by other independent loci, included in the same 
introgression, affecting the juvenile period of the plants.

In many plant species, domestication has resulted in a 
modified architecture of the reproductive organs, mainly 
fruit and seed, and, generally, variability has been amplified 
by human selection. This is the case of fruit morphology, 

where shape and size traits have often been subjected to 
intense selection. The genetic control of these characters 
has been studied in melon (Fernández-Silva et  al. 2010) 
and in tomato (Frary et  al. 2000; Liu et  al. 2002), where 
two QTLs with major effects on fruit weight (fw2.2) and 
shape (ovate) have been positionally cloned. Studies on 
the genetic basis of these traits in the Rosaceae family are 
few. Zhang et al. (2006) have shown that the evolution of 
fruit size in Pyrus pyrifolia during domestication is due to 
changes in the ability of cells to divide after pollination, 
and Zhang et  al. (2010) found several QTLs for size and 
mesocarp cell number, in cherry, that suggested that both 
characters were positively correlated. In this work, we 
located three QTLs involved in strawberry fruit shape, two 
(LG2 and LG4) showing rounded fruits, and one (LG5) 
showing elongated fruits. The positions of these QTLs in 
the strawberry map are not syntenic with the Prunus chro-
mosome 2 (Illa et  al. 2011) where the QTL for fruit size 
in cherry occurs, suggesting that they correspond to other 
genes involved in determining this character. Fine mapping 
of these QTLs in future studies would be facilitated by the 
NIL collection presented here, which could be an incentive 
for the study of quantitative traits of cultivated strawberry 
fruit morphology and its comparison with other species of 
the Rosaceae family.

Given that the recurrent parent RV is cultivated com-
mercially, any NIL containing an interesting new character 
could be rapidly evaluated as a possible new cultivar. For 
example, NIL Fb2:39–47 has the “r” locus that allows the 
plant to develop stolons. If other agronomic and organo-
leptic characteristics of the range remain unchanged, this 
line may represent a direct improvement of RV, which can 
be propagated vegetatively. The same could be true for the 
QTLs of increased sugar or polyphenolic content found in 
this paper. For lines with selected phenotypes which have 
other undesirable traits associated, subNILs, with shorter 
introgressed fragments, could be obtained that would even-
tually eliminate unwanted regions.

Consumers now call for healthy products with enhanced 
nutritional and organoleptic characteristics. Strawberry is 
an important source of natural products such as vitamins, 
flavonoids and other (poly-)phenolic compounds with anti-
oxidant capacity. Sugars and organic acids of strawberries 
have been investigated as indicators of fruit development 
and ripening and as components of fruit flavor (Pérez et al. 
1997). The anticancer effects of specific phytochemical 
constituents of strawberries, as well as whole strawberry 
extracts, have been demonstrated (Seeram 2008). The vari-
ation of nutritional parameters in different genotypes indi-
cates a genetic control of these parameters, suggesting that 
the strawberry can potentially be improved for nutrition-
enhanced traits, and some examples of genome regions 
carrying genes associated with sugar content phenotypic 
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variation have been found in this paper: a QTL in LG2 
determined a decrease (around 35 %) of total sugars, fruc-
tose and glucose, a QTL for a decrease in fructose or glu-
cose content was detected in LG3 and LG5, respectively. 
The polyphenol content in NIL 2:0–30 was increased in 
26 %, and another region (LG5) decreased total polyphenol 
content.

NILs have allowed cloning of genes involved in fruit 
sugar content (Fridman et al. 2000), and mapping of QTLs 
for aroma (Tadmor et al. 2002) and color (Liu et al. 2003) 
of tomato fruit. Developing melon NILs has been crucial in 
clarifying the genetic basis of some climacteric accessions 
(Vegas et al. 2013). Analysis of the metabolome and the dis-
section of its inheritance in tomato (Schauer et al. 2008) were 
thanks to a collection of introgression lines of the cultivated 
tomato with other wild species. Therefore, it is likely that, 
through the collection of introgression lines developed here, 
complex traits such as nutritional quality, flavor or shelf-life 
of the fruit can also be studied. These characters are crucial 
targets for commercial plant breeding in rosaceous fruit such 
as strawberry, apple, peach, pear, apricot and raspberry, as 
they are increasingly in demand by consumers. Being these 
fruit crops a significant part of the human diet, new culti-
vars based on the generated knowledge can contribute to the 
improvement of the health and well-being of our society.
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