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The cultivated strawberry (Fragaria x ananassa) is an octoploid species (2n = 8x = 56), appreciated widely for its
fruit. There have been very few studies on fruit quality traits, which are known to be mostly polygenic and
environmentally dependent. To identify higher genetic variability, two non-related populations were genotyped:

;iﬁsess an F1 population cross between ‘FC50’ and ‘FD54’ and an F2 population cross between ‘Camarosa’ and ‘Dover’,
MAS hybridizing both with IStraw35k and IStraw90k SNP arrays, respectively. The F1 genetic map was constructed

with 14595 SNPs and the F2 map with 7977 SNPs. High collinearity was observed when comparing one genetic
map with the other and on comparing both with the octoploid genome. To assess fruit variability, both pop-
ulations were phenotyped for shape, firmness, taste and other fruit traits over the 2016—2019 period. With QTL
analyses, 33 stable QTLs were mapped in the ‘FC50xFD54’ population, and three hotspot regions were found for
shape traits in LG3A, LG4D and LG6D. In the ‘21AF’ population, only eight stable QTLs were detected. Despite
that, two major and stable QTLs were mapped in the same interval of confidence for both populations. A shared
fruit shape ratio QTL which explained around 25 % of trait variance was mapped in LG3A, and a shared firmness
QTL explaining 26.9 % of trait variance in LG7C. For the first time, two QTLs were discovered in LG3A and LG4A
for a phenotype neck without achenes. When analysing two different mapping populations, in addition to finding
specific QTL regions for the studied traits, a narrowing down of the interval of confidence for the shared QTLs is
achieved. As a result of this study, a new set of SNPs for fruit firmness and shape is now available for use in MAS
in strawberry breeding programs.

1. Introduction

The cultivated strawberry (Fragaria x ananassa), a member of the
Rosaceae family, is the most highly appreciated berry in the world.
Consumer acceptance lies in the balance between sweetness and acidity
of fruit as well as perception of certain volatile compounds. Addition-
ally, traits such as firmness and shape are very important for the com-
mercial value of these fruits. Although breeding programs have
traditionally focused on agronomical traits, improving fruit quality
traits is becoming increasingly important.

F. x ananassa is an allo-octoploid species (2n = 8x = 56) with a highly
diploidised behaviour. To determine the heritability of certain traits,
constructing a genetic map for a segregating population is the first step
for analysis of quantitative trait loci (QTL). The first strawberry genetic
map was generated with transferable SSRs, using the Fragaria vesca
diploid map [1] as a model, allowing the construction of low density

octoploid maps [2-4]. With the emergence of high-throughput SNP
markers, different SNP arrays have been developed for cultivated
strawberry. The first was the IStraw90k based on the polymorphism
detected between short-read sequences of three diploid species of Fra-
garia and 19 accessions of the three octoploid species aligned to F. vesca
genome [5], then the improved IStraw35k SNP array derived from the
previous IStraw90k SNP array [6]. The availability of these tools
prompted the construction of new genetic maps, the principle objective
being to discover loci implicated in resistance to certain airborne fungal
diseases [7,8]. These dense genetic maps permit the narrowing down of
QTL size in order to find markers with higher correlation to the trait.
However, few of these genetic maps were designed for fruit quality
QTLs. Recently, thanks to the sequencing of the cultivated strawberry
genome [9], an 850k array and an improved 50k array with specific
sub-genomic markers has emerged [10].

The ratio of sugars to acid content is important to the flavour of
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strawberries. Sweetness perception in fresh fruits is highly correlated to
the major sugar content being glucose, fructose and sucrose compounds.
Soluble solids content (SSC) is an easy approach when quantifying
sweetness. In cultivated strawberry, several QTLs for SSC have been
mapped in different homeologous groups (HGs), HGIL, HGIII, HGV and
HGVI [2-4], showing polygenic heritability. Concerning the acidity
traits, several regions responsible for acidity content, measured as
titratable acidity (TA) and pH, have been mapped in HGI, HGIII, HGIV
and HGV in different F1 populations [2-4]. The sugar-acid ratio (SAR) is
used to quantify the balanced fruit taste and a SAR QTL has been
mapped in LGVI3 [4]. Looking at the metabolite QTLs, fructose, glucose
and sucrose QTLs have been detected in the majority of the homeologous
groups in the octoploid population [3] and in a diploid NILs collection
[11], as observed for citric and malic acid QTLs [3]. Furthermore, pri-
mary metabolite QTLs have been correlated with some fruit quality
QTLs [12].

Strawberries are soft fruits characterized by a very short shelf-life,
making fruit firmness an important trait from a commercial point of
view. However, even though several cell-wall modifying enzymes
involved in fruit firmness have been studied [13-17], little is known
about its regulation.

The shape of the fruit is a hormone-regulated trait, in which auxins
and GA modulate diameter and length, while ABA inhibits growth and
induces the ripening of fruit in the final stages [18,19]. There are many
factors that can alter the final fruit shape: two round fruit shape QTLs in
LG2 and LG5 and a QTL for elongated fruit shape in LG5 [11] have been
mapped in a diploid NILs population.

Despite these QTL analyses in different strawberry populations, only
a low level of collinearity has so far been detected in the same fruit
quality traits of different populations.

The aim of this study was to find stable QTLs and syntenic regions
associated both with strawberry appearance and fruit quality traits, over
a period of years, by constructing high-density genetic maps using the
progeny of two bi-parental populations of crosses ‘FC50° x ‘FD54° and
’Camarosa’ x 'Dover’.

2. Materials and methods
2.1. Plant material

Two advanced breeding lines (PLANASA), ‘FD54’ derived from the
cross between cultivars ‘Darselect Bright’ and ‘Candonga’ and ‘FC50’
from the cross between ‘Donna’ and ‘Cigaline’, were crossed to obtain an
F1 population (hereafter, ‘FC50xFD54’), segregating for firmness, shape
and perception of flavour. ‘FC50° has a wild strawberry aroma, whereas
‘FD54’ has a characteristic fruity aroma. At least six clonal runner plants
per progeny, parental and grandparental lines were grown using stan-
dard cultivation practices in the south-west of France (Le Barp, latitude:
a4 67N, longitude 0 73’W) for three successive years (2017—19). Fruits
were collected in six harvests over three years at the stage considered by
breeders as commercially mature, based on external colour. Harvests
from the same year were then collected at one to two-week intervals
between May and June. The plants were replicated clonally each year by
runners. At the end of the assay, 63 seedlings were analysed from all
harvests.

Two commercial cultivars, ‘Dover’ and ‘Camarosa’, were crossed to
obtain a hybrid (‘H-21’) which produced an F2 population of 117
progeny lines (hereafter, ‘21AF’). Grown in a north-eastern region of
Spain (Caldes de Montbui, latitude: 41036’N, longitude 2 10’E), mature
fruits of each progeny were collected three to five times per year over
three years, between May and July.

All fruit phenotypic data were recorded immediately or at the most,
three days after collection, maintaining the fruits in a cold room, at 4 °C.
Data from the ‘FC50xFD54’ population were averaged independently for
each of two harvests every year, whereas the data were averaged in the
case of the ‘21AF’ population on a single harvest per year.
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2.2. Genetic map and genome comparison

DNA was extracted from young leaves following a modified method
of [20] by adding 2% PVP to the CTAB solution. DNA concentration (30
ng/pl) and quality checked using a NanoDrop spectrophotometer and
PicoGreen.

High quality DNA extractions from 56 genotypes from the
‘FC50xFD54’ population and both parental lines were hybridised with
the Axiom® IStraw35 384 H T array (hereafter, IStraw35k array) [6],
and the 117 genotypes from the ‘21AF’ population and ‘H-21,
‘Camarosa’ and ‘Dover’ parental lines with the IStraw90k SNP array [5].
Markers were clustered using the default parameters of the Axiom Suite
software (Thermo Fisher Scientific, MA, USA).

Segregating markers with more than 17 % missing calls and distorted
segregation ()(2 test: p-value < 0.05) were removed. To create genetic
maps, the JoinMap®5 software [21] was used, adopting Maximum
Likelihood (ML) and LOD score >2 to split different linkage groups (LG),
and using the CP and F2 population types for the ‘FC50xFD54" and the
‘Camarosa’ x ‘Dover’ maps. Genetic distances were estimated using the
Kosambi mapping function [22]. Possible wrongly genotyped markers
were checked by the Nearest neighbour stress function. The different LGs
were identified and named according to Hardigan et al. [23] and ori-
ented as the F. vesca genome [24].

The sequences of the IStraw35k markers were blasted using default
parameters to the F. x ananassa cv. ‘Camarosa’ vl genome [9] so as to
identify the physical positions of markers. Those markers that were
mapped in a unique position, were then selected to find correspondence
between LGs and chromosomes. In many cases, markers located in
different homeologous chromosomes of the F. x ananassa genome,
mapped to the same LG as in our map. In those cases, the most abundant
chromosome for each LG was accepted as corresponding. For the
maximum number of marker positions in the F. x ananassa genome,
those markers with two hits were only added if they mapped to the
corresponding LG.

2.3. Phenotype analysis

2.3.1. Weight, firmness, SSC and acidity

Based on changes in colour and firmness, mature fruits from seed-
lings, parental and grandparental lines from ‘FC50xFD54’ were
collected in 2017 and 2018. The ripe fruits from ‘21AF’ parental lines,
hybrid and progeny were collected in 2016 and 2017.

Fruit weight (FW) was taken as an average of five to seven fruits
(Ohaus Corp., Switzerland). Firmness (FIR) of three to four fruits was
estimated with a penetrometer (Fruit Test™, Wagner Instruments) in gr
force units. The juice of three to four strawberries was used to measure
soluble solid content (SSC) with a digital hand refractometer (Atago Co.
Ltd., Tokyo, Japan), expressed in brix degrees. Five ml of juice diluted
with 45 mL deionised H,O were measured in a HI 84532 titratable
acidity Mini Titrator (Hanna instruments, Rhode Island, USA) reporting
pH and titratable acidity (TA). TA is calculated by the quantity of NaOH
(0.5 M) needed to reach pH 8.1 and reporting citric acid content (g/-100
mL). Ratios between sweetness and acidity (SAR) were calculated as
index, SAR = 10*SSC/TA.

2.3.2. Shape

Mature fruits from ‘FC50xFD54" and progenitors were collected in
2017, 2018 and 2019, and mature fruits from ‘21AF’ and parents in
2016, 2017 and 2019. Three to five fruits per progeny and parental line
were cut longitudinally and each half was scanned. All scanned fruits
were analysed with Tomato Analyser v4.0 software [25,26]. The most
significant measurements of fruit shape were selected from data
collected by software, such as fruit perimeter (FP), fruit area (FA),
maximum fruit length (FL) and maximum fruit diameter (FD) in cm
units. Two separate ratios were calculated based on these measure-
ments, fruit shape ratio (FSR = FL/FD) and widest width position (WWP
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Fig. 1. Collinearity of genetic maps versus octoploid genome. Dot plot representing the relationship and collinearity between the genetic position of the markers
in ‘FC50xFD54" (blue) and ‘21AF’ (green) genetic maps and physical position on the F. x ananassa genome, showing the correspondence between LGs and chro-
mosomes (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.).

= y/FL), where ‘y’ is the height at which maximum width occurs. Error
rates were calculated between measurements and the theoretical shapes
such as elliptic (Ell) or circular (Cir) values, the further away from 0, the
more dissimilar to that shape they become. Ovoid asymmetry (Ovo) and
vertical asymmetry (VA) give high values when they have high
asymmetry.

A neck phenotype was observed in ‘FC50xFD54’ progeny and
described as a band without achene. A panel test characterised the
scanned fruits from four harvests in 2017 and 2018 for presence or
absence of neck. The proportion of fruits showing the neck phenotype in
each progeny was used for QTL analysis.

2.4. Data analysis

The statistical analyses of the different traits were carried out using R
v3.6.2 [27] with the Rstudio v1.2.5033 interface [28]. The Pearson
correlation between harvests and traits were calculated using ‘cor’
function and visualised by the ‘corrplot’ R package (version 0.84). The
Boxplots and t-test statistics were calculated using ‘ggplot2’ (version
3.3.0) and ‘ggsignif’ (version 0.6.0).

2.5. QTL analysis

Interval Mapping (IM) and the non-parametric Kruskal-Wallis (KW)
test were used for quantitative trait analyses with the MapQTL®6

software [29]. The threshold to identify a major QTL was calculated by a
permutation test and established at a LOD score of four. QTLs that
mapped with a minimum LOD score of 2.5 by IM test in at least two
harvests were considered as significant and stable, whereas QTL stability
was considered in accordance with the number of significant harvests.
The QTL size was determined as the overlapping 1-LOD confidence in-
terval. Markers with the highest KW test in different harvests were
considered the closest to each trait. The physical QTL mapping was
visualized using the ‘ggplot2’ R package.

3. Results
3.1. Genetic map

Two biparental populations were genotyped, with no pedigree
relationship between the four parental lines as analysed by the
Neighbour-joining method: the closest similarity was 60.38 % between
the two progenitors ‘FD54 and ‘Camarosa’. The ‘FC50xFD54" genetic
map (F1 type population) was constructed with 14595 (52 %) markers
from the IStraw35k SNP array, grouped in the expected 28 linkage
groups (LGs) and spanning 3451.38 cM (Supplementary Table 1). This
map had a high number of SNPs but only 2090 bins (groups of SNPs with
the same genotype). Furthermore, in eight LGs (LG1C, LG1D, LG3C,
LG3D, LG4B, LG5D, LG6B and LG7D) the gap was greater than 25 cM
(Supplementary Fig. 1). SNPs with missing data and unlikely genotypes
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Table 1
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Summary of ‘FC50xFD54’ and ‘21AF’ fruit quality traits. Mean and standard deviation (SD) of seventeen traits in parental lines ‘FC50’, ‘FD54’, ‘Camarosa’, ‘Dover’ and
‘H-21" and mean, SD and range of the ‘FC50xFD54" and ‘21AF’ progeny.

FC50 FD54 FC50xFD54 Camarosa Dover H-21 21AF
Traits Abb.
Mean + SD Mean + SD Mean =+ SD Range Mean + SD Mean =+ SD Mean + SD Mean + SD Range
Fruit weight FW 15.69 + 1.50 18.60 + 1.50  15.95 £ 3.95 5.29 - 12.58 + 18.42 + 0.68 12.17 + 10.80 + 5.39 - 16.61
29.36 1.15 2.17 2.05
Firmness FIR 298 + 42 379 £ 87 356 + 80 160 - 600 535 + 67 467 £ 18 414 £ 19 451 £ 65 315 - 624
pH pH 3.4+02 3.5+0.1 3.5+02 3.1-4.0 3.6 £0.0 3.6 £ 0.0 3.4+00 3.5+0.1 3.3-37
Titratable acidity TA 0.82 + 0.13 0.77 £ 0.15 0.73 £0.14 0.31-1.11 0.94 +0.04 0.68 +0.06 1.03 £ 1.01 £ 0.15 0.59 - 1.52
0.07
Soluble solids SSC 9.6 + 0.6 9.7 £ 0.8 89+1.3 5.3-13.1 8.9+0.9 7.3+1.6 7.1 £0.5 82+1.3 4.3-123
content
Sweetness-acidity SAR 119.08 + 133.17 + 126.24 + 60.87 - 96.2 &+ 110.16 + 69.14 + 82.99 + 40.88 -
ratio 22.84 42.17 33.13 259 15.42 32.86 9.67 17.89 130.51
Fruit perimeter FP 12.96 + 0.76 13.45 + 2.09 13.40 + 1.55 8.38 - 12.29 + 13.81 + 0.61 12.27 + 11.35 + 6.25 - 14.35
20.40 1.42 1.59 1.13
Fruit area FA 9.41 +1.38 9.78 +2.01 9.87 +£1.70 4.40 - 8.85 £+ 2.07 10.94 + 1.16 8.71 + 7.36 £1.37 2.60 -11.44
16.78 2.08
Fruit diameter FD 2.97 £ 0.25 3.23 £0.33 3.10 = 0.30 2.03-4.06 3.21 £0.14 3.93 + 0.56 3.26 = 2.88 +0.27 1.84 - 3.66
0.28
Fruit length FL 4.45 + 0.38 4.29 + 0.55 4.48 + 0.52 2.96-6.14  3.76 + 0.67 4.38 £ 0.25 3.86 + 3.50 + 0.44 2.24 - 4.90
0.70
Fruit shape ratio FSR 1.51 + 0.10 1.33 £0.05 1.45 £0.17 1.00-2.01 1.17 £ 0.16 1.28 +£0.03 1.22 + 1.23 +£0.14 0.83 -1.72
0.12
Width-widest WWP  0.36 & 0.04 0.40 + 0.02 0.37 £ 0.04 0.28-0.51 0.40 &+ 0.05 0.35 + 0.04 0.35 + 0.36 &+ 0.04 0.23 - 0.51
position 0.03
Ellipsoid Ell 0.06 + 0.01 0.06 + 0.01 0.06 + 0.01 0.03-0.12  0.06 £ 0.01 0.07 +£0.01 0.07 + 0.07 £ 0.01 0.03 - 0.10
0.01
Circular Cir 0.15 + 0.03 0.11 +£0.01 0.14 = 0.03 0.05-0.26  0.09 £+ 0.03 0.11 +£0.01 0.11 + 0.10 £+ 0.02 0.05 - 0.19
0.02
Ovoid Ovo 0.28 + 0.06 0.22 + 0.02 0.26 + 0.06 0.00 + 0.24 + 0.07 0.30 + 0.05 0.29 + 0.28 + 0.06 0.06 - 0.49
0.13 0.05
Vertical asymmetry VA 0.04 +0.01 0.05 + 0.01 0.05 = 0.02 0.02 + 0.07 £ 0.01 0.09 = 0.03 0.08 + 0.07 £ 0.02 0.02-0.13
0.13 0.01
Neck Neck 33.54 + 77.50 + 55.74 + 0.00 + - - - - -
29.00 18.00 36.44 1.00

Bold and underlined numbers indicate the highest significant (p < 0.05) value in parental lines.

increase the genetic distances, so these markers were discarded, and
with the remaining SNPs we built a more accurate and compact map
with only one marker per bin (1461 bins). This map spans a total size of
2332.50 cM, with only three LGs (LG3A, LG6A and LG6B) over 120 cM,
and was selected for QTL analyses.

The 117 seedlings from the ‘21AF’ population (F2 type population)
were hybridized with the IStraw90k SNP array. The genetic map was
constructed with 7977 markers that were grouped in 28 LGs (Supple-
mentary Table 1 and Supplementary Fig. 1) with 1990 bins covering a
total genetic distance of 2056.42 cM. As with the ‘FC50xFD54’ genetic
map, the ‘21AF’ genetic map, only the best SNPs were retained and the
map was reduced to 1457 bins and spanned a genetic distance of 1808
cM. The LG6C was split into two subgroups by discarding markers with
missing data.

In addition, the marker position in both genetic maps was compared
to the physical position in the F. x ananassa genome to verify its correct
position and order (Fig. 1). When blasting the marker sequences to the
F. x ananassa genome, 4060 markers were detected with a unique ho-
mology, enabling the identification of correspondence between LGs and
chromosomes. Although the sequence of some markers was blast in
multiple positions in homeologous groups, markers were localized in the
correct LG thanks to information from both genetic maps. Furthermore,
the ‘FC50xFD54° genetic map covered 94.5 % of the genome, with the
LGs covering more than 89.7 % of the corresponding chromosome
length, except for LG1B which covered only 35 %, and LG7C which
covered just 72 % of their corresponding chromosomes. Regarding the
‘21AF’ genetic map, 12 LGs covered at least 90 % of the chromosome
length, but others had reduced coverage, some less than 20 %, such as
LG1C, LG2B and LG7C (Supplementary Table 1). High collinearity was
observed between markers in both genetic maps, and also with physical
positions in all LGs (Fig. 1), thereby confirming the quality of both

genetic maps. Only three LGs (LG2C, LG6C and LG6D) showed non-
collinear regions with the physical positions. The observed negative
collinearities in different LGs were due to map orientation with respect
to the F. vesca genome (Fig. 1).

3.2. Fruit quality traits distribution and correlation in each population

The phenotypic data of the ‘FC50xFD54’ and ‘21AF’ mapping pop-
ulations from different harvests showed that the populations differ in
major quality traits related to size, shape, firmness and taste of the fruit
(Table 1 and Supplementary Table 2), where wider ranges were detected
in ‘FC50xFD54’ for weight, firmness, sweetness and shape parameters.
An example of the difference of fruit shape in both populations is shown
in Fig. 2, a-b.

The distribution analysis of seventeen traits showed continuous
variation in the seedlings of both populations, with a normal distribution
for all traits, except for pH. The value range in both mapping pop-
ulations was higher than in their parental lines. Additionally, there was a
greater value range for the studied traits in the ‘FC50xFD54’ population
than in the ‘21AF’ population. Specifically, the ‘FD54’ parental line had
higher values for fruit weight, firmness and taste traits compared to the
parental line ‘FC50°, while the latter had higher values for shape traits
related to fruit length. In the F2 population, in ‘Camarosa’ the values for
fruit quality traits such as soluble solids content and titratable acidity
were higher, but lower for fruit weight and other shape traits compared
to ‘Dover’ (Table 1).

The relationship between traits of both populations was explored
across different harvests using a Pearson correlation. In the ‘FC50xFD54’
population, stability was high across the harvests in all traits, except for
SSC (Fig. 2c). Focusing on correlation between different harvests for
each trait, correlation was higher in the ‘FC50xFD54’ population in
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Fig. 2. Variability and correlation of the traits in both populations. Fruit shape observed in parental lines and siblings. a) ‘FC50xFD54" and b) ‘21AF’ pop-
ulations. Heatmap visualization of Pearson correlation between fruit quality traits in different harvests. ¢). ‘FC50xFD54" population data of six harvests (2017-19)
and d) ‘21AF’ population data in the three harvests (2016, 2017 and 2019). Blue-red colour range indicate positive-negative correlations, p-value<0.05 (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.).

almost all traits when compared with ‘21AF’, with the exception of the
FA, FD and FL shape traits (Fig. 2d).

Looking at taste traits, high correlations between acidity traits (pH
and TA) and SAR were detected. Firmness is important for the com-
mercial value of the strawberry, but it did not correlate with any other
trait studied. In fruit shape analysis, the FW trait was highly correlated
with direct shape measurements FP, FA, FD and FL, which were also
highly correlated with each other. The positive correlation of fruit shape
ratio (FSR) was higher for fruit length than that of the fruit diameter
trait. The WWP ratio was negatively correlated with Ovo. Since the Cir
error value showed a high correlation with FL and FSR, the longest fruits
in these two populations were also the least circular. These correlations
were found to be higher in the ‘FC50xFD54’ population than in the
‘21AF’ population (Fig. 2, c—d).

Since the ‘FC50xFD54° population had a neck phenotype segrega-
tion, a panel test was adopted for visual phenotype analysis. The cor-
relations between harvests ranged from 0.45 to 0.67 and were even
higher among panellists (0.53 — 0.82). Also, for neck trait, the correla-
tions with the FSR and WWP ratios were highly positive whereas they
were negative for Ovo, Ell, FW and FD measurements (Fig. 2c).

3.3. QTL analysis

QTL analysis was performed in both mapping populations to identify
the genomic regions responsible for the phenotypic variability of the
fruit quality traits. Since fruit harvests from different years are assumed
to have different environmental characteristics, each harvest was

analysed independently to assess QTL stability.

By phenotyping the ‘FC50xFD54’ population from six different har-
vests, 33 stable QTLs (LOD score > 2.5 in at least two harvest) were
mapped. Ten were discovered in up to three or four of the six harvests,
indicating stability throughout the harvests, with six of these considered
major QTL with a LOD score above four. Of the stable QTLs, nine cor-
responded to weight, firmness and taste, with only one being major QTL
(SAR_1A). Of the 24 QTLs detected for shape, five were considered major
QTLs. A summary of the significant and stable QTLs in more than two
harvests is given in Table 2 and visualized in Fig. 3 on the genome
representation. The detail of the QTL data of all the crops is given in
Supplementary table 3.

In the ‘21AF’ population, 22 QTLs were mapped (Supplementary
table 4), of which eight were registered in two harvests and one in all of
three harvests (Table 2 and Fig. 3). Most of the stable QTLs were
considered major, with LOD scores greater than four. In general, the
highest incidence of variance observed in the ‘21AF’ population (12—19
%) were lower than those detected in the ‘FC50xFD54’ population
(22-37 %).

In relation to fruit weight, only two stable QTLs were detected in the
‘FC50xFD54’ population, both located at the beginning of the LGs, such
as FW_1A, which explained between 21.3 and 27.8 % of the variance in
all harvests, and FW_3A between 10 and 23.8 % of the variance.

Two QTLs for firmness were detected, in LG1A and LG7C. The
FIR 7C, was the most important and mapped in both populations. In
‘FC50xFD54’, the FIR_7C was detected in three of the six harvests and
explained a range of variance between 17.8 % and 26.9 %, and in ‘21AF’
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Fig. 3. Map of fruit quality QTLs detected. ‘FC50xFD54’ (blue) and ‘21AF’ (green) QTLs mapped in the F. x ananassa genome. Colour intensity indicates stability.
For trait abbreviation see Table 1 (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.).

it was major and stable in two of the three harvests and explained
14.5-17.8% of the observed variance (Table 2). The overlapping region
in both populations covers 1.57 Mb of the genome, in a region con-
taining 286 annotated genes. High synteny was found for both genetic
maps in the region of the FIR_7C QTL (Fig. 4a). With the alleles from the
most significant marker (Affx-88900969) in the FIR 7C QTL determined
by the Kruskal-Wallis test, the ‘b’ allele in homozygosity was found to be
statistically significant and linked to greater firmness, whereas the
presence of the ‘a’ allele resulted in softer fruits in all harvests in both
populations (Fig. 4a).

For the taste QTLs in the strawberry ‘FC50xFD54’ population, a total
of six QTLs related to acidity were mapped. TA and SAR QTLs were
located in the middle of LG1A, with SAR 1A, a major QTL explaining a
maximum of 34.4 % of the phenotypic variance. The SAR_1A reduced
the physical size of TA_1A to 1.87Mb and 276 annotated genes. Of the
three QTLs detected for pH values, pH 5D was the most stable,
explaining 13.6-25.8% of the acidity variance (Table 2). Despite the
variability in SSC, no stable QTL was detected in order to explain this. In
the ‘21AF’ population, no stable QTLs for taste traits were detected, but
several acidity QTLs, pH 6A, TA_6A and SAR_6A, were registered in one
harvest while overlapping in the same region also (Fig. 3). In addition,
four taste QTLs were located in homeologous groups and identified in
one harvest only, such as TA_3B and TA_3C and SAR 6A and SAR_6D2, as
observed for the firmness trait with FIR 7B and FIR_7C (detected in two
harvests) (Supplementary table 4).

The analysis of fruit shape is more complex and for this reason,
multiple traits were selected to better explain the real phenotypic vari-
ance. Three QTLs were mapped for the diameter of the fruit in LG1A,
LG2A and LG3A (Table 2). The FD 2A mapped to the same position as
Ovo_2A and EIl 2A (Fig. 3), which are related to the horizontal axis. The
smallest QTL was EIL 2A, of 3.5 Mb and included 608 annotated genes.
Only one QTL for fruit length was mapped in ‘FC50xFD54’, at the end of
LG6C, being stable in four of the six harvests and contributing 14.1-24.5
% of the observed variance of the vertical axis. The FL 6C mapped to the

same position as the FSR_6C and Cir_6C and close to the Ovo_6C (Fig. 3).
However, this QTL was large, 9.5 Mb, and included 1657 annotated
genes. Three QTLs were detected for fruit area, two in ‘FC50xFD54’
(FA_2C and FA_5C), and one in ‘21AF’ (FA_3B). The FA_2C QTL was the
only major and stable QTL in three of the six harvests. One QTL for fruit
perimeter was identified in the HG3 for each of the two populations,
FP_3C in ‘FC50xFD54" and a major FP_3B QTL in ‘21AF’.

Focussing on the ratio of the fruit shape, six QTLs were distinguished.
FSR_3A was shared in both populations, being stable in three of the six
harvests and explaining 10.9-24.8 % of the fruit shape ratio variance in
‘FC50xFD54’, and 11.1-16.2 % of the observed variance in ‘21 AF’ where
it was detected in all harvests. There was high synteny for the FSR 3A
region between both genetic maps (Fig. 4b) and the Affx-88834650
marker, located within the interval of confidence, had significant dif-
ferences related to the fruit shape ratio between different genotypes,
with the same behaviour in both populations. The ‘a’ allele in homo-
zygosity was responsible for the fruit shape ratio increment in longer
and narrower fruits (Fig. 4b). Closer to the shared FSR 3A QTL, two
major QTLs related to fruit shape were also mapped, Neck 3A and
WWP_3A (Fig. 3).

In addition to the shared FSR_3A QTL, other QTLs for the fruit shape
ratio were found to map in the HG4 for the ‘FC50xFD54" population,
such as the major FSR_4C QTL, which generated a maximum of 29.3 % of
the phenotypic variance, and a stable FSR_4D QTL detected in four of the
six harvests, which explained 11.9-26.9% of the phenotypic variance.
Three other QTLs related to the fruit shape trait were mapped in the
same genetic region as FSR 4D (Fig. 3). The WWP_4D QTL, detected in
three of the six harvests, explained 10.9-28.3% of the phenotypic
variance. The major Ovo_4D QTL, which explained 11.6-36.8% of the
observed variance, was recurrent in four of the six harvests. Finally, the
major Ell 4D QTL produced a maximum of 31.2 % of the phenotypic
variance. The overlapping region of the four previous QTLs was 1.5 Mb
and enclosed 194 annotated genes. As in HG4, two other fruit shape
QTLs were mapped in HG6, FSR_6A and FSR 6C (Table 2).
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Table 2
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List of stable and significant fruit quality QTLs in both populations, showing the number of harvests detected, the maximum values of LOD, % of variance
explanation and KW test. Genetic map of each QTL as LG, QTL interval with initial and end position of the QTL and total size (cM) and physical location with
chromosome, QTL interval (bp) and number of genes. Bold and underlined numbers in LOD, % Expl. and KW test indicate major QTLs.

Population QTL ID Harv. LOD % Expl. KW Genetic map Fxa genome

LG QTL interval (cM) Size (cM) Chr. QTL interval (bp) Genes
‘FC50xFD54’ FW_1A 4 3.82 27.8 5.83 1A 0.00 22.31 22.31 Fvbl-4 305369 3402648 619
‘FC50xFD54 FW.3A 2 3.12 23.8 11.31 3A 0.91 11.98 11.07 Fvb3-4 25009316 27774997 484
‘FC50xFD54 FIR 7C 3 3.68 26.9 5.51 7C 36.82 47.24 10.42 Fvb7-1 22244345 28740635 1103
‘FC50xFD54’ PpH.5D 3 3.44 25.8 13.45 5D 0.00 2.73 2.73 Fvb5-2 116223 3509049 585
‘FC50xFD54 PH 6D.1 2 3.46 25.5 15.82 6D 14.90 18.30 3.40 Fvb6-4 11412666 15043440 433
‘FC50xFD54 pH. 6D.2 2 3.98 29.2 15.06 6D 91.81 93.63 1.82 Fvb6-4 30488840 34249264 622
‘FC50xFD54 TA 1A 2 3.83 27.8 3.97 1A 36.92 55.67 18.75 Fvbl-4 5780396 9864602 669
‘FC50xFD54’ TA_5A 2 3.87 28.1 7.83 5A 52.62 57.79 5.17 Fvb5-1 13455988 20026637 831
‘FC50xFD54 SAR 1A 2 4.77 34.4 17.60 1A 39.92 49.17 9.24 Fvbl-4 7430815 9308131 276
‘FC50xFD54 FA 2C 3 4.20 30.1 15.67 2C 0.00 29.87 29.87 Fvb2-1 3493144 18383191 1821
‘FC50xFD54 FA 5C 2 3.04 22.8 12.65 5C 57.15 72.24 15.09 Fvb5-4 13639694 25171401 1235
‘FC50xFD54 FP.3C 2 3.28 24.0 14.13 3C 49.33 63.65 14.32 Fvb3-3 14538899 19667539 487
‘FC50xFD54 FL 6C 4 3.29 24.5 10.16 6C 52.85 68.53 15.68 Fvb6-2 22393622 31885893 1657
‘FC50xFD54’ FD 1A 3 2.97 22.4 7.14 1A 36.92 52.84 15.91 Fvbl-4 5780396 9864602 669
‘FC50xFD54 FD 2A 2 3.30 24.2 9.30 2A 21.21 57.33 36.11 Fvb2-2 3334456 9596766 1048
‘FC50xFD54 FD_3A 2 3.05 229 12.21 3A 95.93 106.06 10.13 Fvb3-4 4403315 7654915 454
‘FC50xFD54’ FSR_ 3A 3 3.34 24.8 14.8 3A 31.75 62.32 30.57 Fvb3-4 16421818 23284706 1047
‘FC50xFD54 FSR 4C 2 4.15 29.3 14.66 4C 8.57 21.42 12.85 Fvb4-2 16035844 22092362 513
‘FC50xFD54 FSR 4D 4 3.68 26.9 11.81 4D 54.51 62.01 7.50 Fvb4-1 15125510 16588955 194
‘FC50xFD54’ FSR_ 6A 2 2.96 22.0 9.93 6A 0.00 8.23 8.23 Fvb6-1 26330087 32354801 1044
‘FC50xFD54 FSR 6C 2 3.42 26.1 13.6 6C 49.22 64.83 15.61 Fvb6-2 22393622 31885893 1657
‘FC50xFD54 WWP_3A 2 4.10 29.1 14.53 3A 4.88 18.36 13.48 Fvb3-4 25009316 27774997 484
‘FC50xFD54 WWP_4A 2 3.73 26.8 11.48 4A 56.49 61.90 5.41 Fvb4-3 4032763 11434813 1233
‘FC50xFD54’ WWP_4D 3 3.76 28.3 9.31 4D 54.51 62.01 7.50 Fvb4-1 15125510 16588955 194
‘FC50xFD54 EllL2A 2 3.29 25.3 10.48 2A 25.77 48.27 22.5 Fvb2-2 4622446 8204317 608
‘FC50xFD54 EIL4A 2 3.01 22.7 13.67 4A 56.49 63.77 7.28 Fvb4-3 4032763 11434813 1233
‘FC50xFD54’ EIL4D 2 4.22 31.2 8.80 4D 55.51 61.20 5.68 Fvb4-1 15125510 15677103 70
‘FC50xFD54 Cir.6C 2 3.16 24.4 13.39 6C 49.22 63.83 14.61 Fvb6-2 22393622 31885893 1657
‘FC50xFD54 Ovo_2A 2 3.08 22.7 11.16 2A 24.77 51.33 26.56 Fvb2-2 3334456 9410076 1018
‘FC50xFD54 Ovo_4D 4 5.19 36.8 10.10 4D 54.51 63.01 8.50 Fvb4-1 15125510 16588955 194
‘FC50xFD54’ Ovo_6C 2 3.77 27.1 4.92 6C 26.92 54.66 27.74 Fvb6-2 144416 2513249 301
‘FC50xFD54 Neck_3A 3 5.24 35.5 145 3A 0.00 19.16 19.16 Fvb3-4 25009316 27774997 484
‘FC50xFD54 Neck 4A 2 3.94 28.1 14.96 4A 57.48 73.96 16.48 Fvb4-3 103787 11434813 1980
21AF FIR 1A 2 3.48 13.1 15.07 1A 0.00 23.25 23.25 Fvbl-4 33866 4397357 872
21AF FIR 7C 2 4.87 17.8 20.55 7C 7.37 18.80 11.43 Fvb7-1 27165768 29929846 506
‘21AF FA_3B 2 3.55 13.9 15.18 3B 4.80 13.44 8.64 Fvb3-2 1256322 1671524 69
‘21AF FP 3B 2 4.21 16.3 18.48 3B 4.37 12.44 8.07 Fvb3-2 1256322 1819447 88
21AF FSR 3A 3 4.37 16.2 20.25 3A 19.74 40.35 20.62 Fvb3-4 24410717 24883703 85
21AF ElL7B 2 3.87 15.1 17.24 7B 13.43 28.15 14.72 Fvb7-3 8210045 11272705 429
‘21AF Cir.2C 2 3.34 12.6 11.27 2C 4.85 13.54 8.69 Fvb2-1 12817036 16002613 432
21AF Cir 3A 2 5.19 18.9 16.71 3A 60.17 88.17 28.00 Fvb3-4 12288855 16197763 473

Two QTLs mapped for the neck phenotype observed in the
‘FC50xFD54° population and assessed by a panel test. The major
Neck_3A QTL was detected in three of the six harvests, controlled a
maximum of 35.5 % of the trait variance and colocalized with the major
WWP_3A and the FW 3A QTLs. The presence of neck increased WWP
ratios and decreased fruit weight. The other neck QTL, Neck 44, also
overlapped with WWP_4A, reducing the size of the QTL interval to a
genetic distance of 11 ¢cM and a physical distance of 4Mb.

For those genetic regions shared by fruit shape traits, two QTLs were
identified in LG2C: FA_2C which explained between 13.0 and 34.1 % of
the area variance of the ‘FC50xFD54’ population and Cir 2C for ‘21AF’.
Furthermore, two ‘21AF’ QTLs, both as detected in two of three harvests,
were mapped at the beginning of LG3B for the correlated traits of area
and perimeter, FA 3B and FP_3B, the latter being a major QTL that
generated a maximum of 16.3 % of the phenotypic variance. The
overlapping QTLs covered a region of 0.4 Mb including 69 annotated
genes (Table 2).

The two populations were cultivated in different environments and
some QTLs were detected in different HGs in each population, such as
for the acidity trait pH 6D QTL for ‘FC50xFD54" and pH 6A QTL for
‘21AF’, or the fruit perimeter QTLs mapped in LG3C (FP_3C) for
‘FC50xFD54” and in LG3B (FP_3B) for ‘21AF’.

4. Discussion

Fragaria x ananassa is an octoploid species, its breeding programs
being of great importance due to consumption levels of its highly valued
fruit. Its polyploid nature reduces the presence of major genes for trait
variation and therefore, genetic heritability needs to be analysed as
quantitative traits. Prior to QTL analysis, two SNP genetic maps were
constructed from breeding lines. Four different parental lines, ‘FC50’,
‘FD54°, ‘Camarosa’ and ‘Dover’, with no family relationship, were
chosen to develop the F1 (‘FC50xFD54’) and F2 (‘21AF’) populations.
Despite the low number of seedlings at the end of analysis, the F1
population showed a high level of polymorphism and trait variation.

The constructed map ‘FC50xFD54" presented a higher number of
segregating markers (14595) compared to previously described genetic
maps [5,7,30-33]. Moreover, ‘FC50xFD54’, ‘21AF’ in addition to two
other genetic maps [7,32], were grouped into the expected 28 LGs,
thereby confirming the appropriate selection of parental lines. On
average, the LGs of the ‘FC50xFD54 genetic map represented more than
95 % of genome coverage. Only two LGs; LG1B and LG7C did not contain
a good chromosome coverage, in addition to three gaps greater than 20
cM in LG1C, LG4B and LG7C, which indicates that these regions are not
polymorphic in the two parental lines. Seven LGs of the ‘21AF’ map
covered less than 80 % of the genome and had large gaps. The low
polymorphism in the F2 population was unexpected considering the
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genetic distance between the parental lines. Indeed, only 9 % of the SNP
markers from the IStraw90k array mapped in the 21AF’ population,
while the proportion is about 35 % when using the IStraw35k array for
the "FC50xFD54" population. Both arrays were constructed using the
F. vesca genome and it is not easy to locate the position of the markers in
the F. x ananassa genome [9]. However, there was good genome
coverage and a high collinearity between genetic and physical positions
in both populations (Fig. 1 and Supplementary Fig. 1), confirming that
these genetic maps were well constructed. The four parental lines are
distant and highly heterozygous, the low coverage seen in the '21AF’
map could be due to the loss of heterozygosity in the hybrid ‘H-21" used
to develop the F2 population. As expected, the size of maps generated
after discarding markers with unlikely genotypes or with many missing
data was reduced. The F2 map was about 10 % shorter, but in the F1 map
the size reduction was about one third, which we attribute to the fact
that, given that this map was done with many more markers (almost
twice), more markers with erroneous data were discarded, resulting in a

larger overall reduction of total distance due to inaccurate genotyping.

Strawberry fruit quality traits have been described as highly
environmental-dependent and their corresponding QTLs were distrib-
uted along the whole genome [2-4]. However, a large number of stable
QTLs (33) were mapped in the ‘FC50xFD54’ population and seven major
QTLs (LOD > 4) were detected, explaining around 30 % of trait varia-
tion, while only eight stable QTLs were found in the ’21AF’ population.
However, before comparing the number of stable QTLs in the two maps,
it is important to note that phenotyping for both populations was carried
out over a period of three years, data for the "FC50xFD54’ population
was taken from two harvests per year, while the *21AF’ population for
only a single harvest per year. To consider a QTL stable, it must be found
at least twice. Since six harvests were counted for "FC50xFD54’ versus
three for *21AF’, it was easier to find stable QTLs for the first population
than for the second. To evaluate the possible differences between early
and late season for the different traits, two harvests per year were
analysed in ‘FC50xFD54’, but no significant differences were found,
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indicating the independence of the two events. Given that we analysed
several harvests, the differences in stability found in these QTLs could be
explained by the mode of action of each QTL, one being the most
important and stable, the others modulating the trait based on envi-
ronmental conditions.

Previous QTL analyses of fruit quality traits have used genetic maps
with marker densities lower than those in our maps [2-4] finding also
several QTLs in different homeologous groups (HGs). Since SSRs and
AFLP markers are not sub-genome determined, it is quite difficult to
compare HGs between maps. Comparisons with previous studies are
quite challenging, especially when QTLs for the same trait are mapped to
different homeologous groups, such as fruit shape traits in LG4C and
LG4D or LG6A and LG6C as detected in our map.

For fruit quality traits, the present QTL analysis revealed that they
were located across the genome. In our populations, two fruit weight
QTLs, FW_1A and FW_3A explaining 27 and 23 % of trait variability
respectively, were detected, which could be related to those previously
described by Zorrilla-Fontanesi et al., in 2011 and Lerceteau-Kohler
et al., in 2012. In addition, the fruit weight correlated with two other
shape traits, the length and diameter of the fruit, with each one
explaining more than 20 % of the trait variation. These correlations have
been mentioned previously [3].

Regarding taste traits, several QTLs have been mapped across the
genome [2-4]. TA 5A and pH 5D QTLs detected in this study are in
agreement with the acidity and organic acids QTLs previously mapped
in a different HG5 [2,12], and a new major and shared QTL was found
for TA and SAR in LG1A (34 % of variation). Although several SSC QTLs
of minor significance have been described [2-4], no genomic region has
been found that explains the variance presented in our SSC analysis. This
indicates the complexity and instability of the SSC trait, which in part
involve rapid chemical changes in harvested fruits related to the con-
ditions of handling and storage, prior to SSC analysis, and which cannot
be controlled.

One of the most important traits for postharvest handling and
transport is related to quality and firmness of fruit, a complex character
linked to ripening and which involves several coordinated cell-wall
degrading enzymes. Despite its complexity, a strong FIR_7C QTL was
identified in both ‘FC50xFD54’ and ‘21AF’ populations as previously
reported in LGVII-1 [2]. Since this QTL was found in both populations
(Table 2, Fig. 4a), a relatively short genomic region of 1.5 Mb was
delimited and a representative marker was identified that could be used
in marker assisted selection (MAS) (Fig. 4a) to improve firmness in
strawberry breeding programs. Two annotated genes in the region,
expansin 2 and polygalacturonase, are known to be involved in cell-wall
degradation, and hence associated with fruit firmness [34,35]. In the
‘21AF’ population, another firmness QTL was mapped in LG1A, previ-
ously described in the same population, and postulated FaRGlyasel as a
candidate gene [14].

The shape of strawberries can vary depending on many factors, such
as environmental conditions, pollination and hormonal regulation, for
instance auxins that are involved in the diameter of the fruits and gib-
berellic acids (GA) in the length [19]. In our populations, the fruit shape
QTLs were distributed throughout the genetic map, but three hotspots
were distinguished in LG3A, LG4D and LG6C. The FSR 3A QTL was
mapped in both populations and it could be related to either of the two
homeologous QTLs described previously [3]. Additionally, new QTLs in
HG4 were discovered, such as FSR 4C for circular shape and FSR 4D for
ovoid shape. The FD 2A QTL is also in agreement with the round QTL
detected in LG2 in a diploid NILs collection [11].

A segregating neck phenotype, an undesirable trait for breeding, was
observed in the ‘FC50xFD54’ population, and two QTLs were mapped,
the first, Neck 3A, a major and stable QTL explaining 35.5 % of the
variance of the trait; and the second, Neck 4A, which is also a major QTL.
Since visual phenotyping of this trait can be time-consuming and
complicated, it was suggested that the WWP trait, an objective measure
for more accurate mapping of QTLs, be used instead. The SNPs linked to
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the measured WWP ratio could be useful in breeding programs for dis-
carding undesirable neck phenotypes.

The quality and appearance traits of the fruit are polygenic and, to
enhance these traits, several associated markers need to be improved.
Validation of the markers in different populations means they could be
used for marker assisted selection in different genetic backgrounds.

5. Conclusions

The genetic characterization of fruit quality traits in cultivated
strawberry using genetic maps of two non-related F1 and F2 pop-
ulations, showed high collinearity and synteny between the maps and
between both maps and the genome. Our in-depth characterization of
fruit traits such as taste, firmness and shape in two different populations,
from different harvests, in different locations over a period of three
years, gave 41 QTLs, thereby clarifying the subgenome localization of
previously reported QTLs, including the regions responsible for juice
acidity, flavour index, and shape ratio for more elongated fruits and
firmness. Two markers should be highlighted, one linked to the variation
in fruit firmness in linkage group FIR_7C, and another to the variation in
the shape ratio in FSR_3A. These QTLs were consistent in the two studied
populations, both of which had different genetic backgrounds, sug-
gesting therefore that these markers are in fact appropriate for use in
MAS for strawberry breeding programs.
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