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Fruit size and firmness QTL alleles of breeding interest identified in a
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Abstract: The Spanish local cultivar ‘Ambrunés’ stands out due to its high organoleptic
quality and fruit firmness. These characteristics make it an important parent for
breeding cherries with excellent fresh and post-harvest quality. In this work, an F1 sweet
cherry population (n=140) from ‘Ambrunés’ x ‘Sweetheart’ was phenotyped for two
years for fruit diameter, weight and firmness and genotyped with the RosBREED cherry
Iumina Infinium® 6K SNP array v1. These data were used to construct a linkage map
and to carry out QTL mapping of these fruit quality traits. Genotyping of the parental
cultivars revealed that ‘Ambrunés’ is highly heterozygous, and its genetic map is the
longest reported in the species using the same SNP array. Phenotypic data analyses
confirmed a high heritability of fruit size and firmness and a distorted segregation
towards softer and smaller fruits. However, individuals with larger and firmer fruits
than the parental cultivars were observed, revealing the presence of alleles of breeding
interest. In contrast to other genetic backgrounds in which a negative correlation was
observed between firmness and size, in this work, no correlation or low positive
correlation was detected between both traits. Firmness, diameter and weight QTLS
detected validated QTLs previously found for the same traits in the species and major
QTLs for the three traits were located on a narrow region of LG1 of ‘Ambrunés’.
Haplotype analyses of these QTLs revealed haplotypes of breeding interest in coupling
phase in ‘Ambrunés’, which can be used for the selection of progeny with larger and
firmer fruits.
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INTRODUCTION

Sweet cherry (Prunus avium L.) is almost exclusively cultivated for its edible
fruit. Consumer surveys in diverse geographical regions have identified large fruit, dark
skin and uniformity of color, firmness, sweetness, sourness, flavor intensity, soluble
solid concentration and titratable acidity as the main aspects of consumer acceptability
for sweet cherry (CIiff et al. 1995; Crisosto et al. 2003; Chauving et al. 2009). Of these,
fruit firmness is one of the most important attributes that consumers use in judging
sweet cherry acceptability (Guyer et al. 1993). However, grower’s profitability also
directly depends on fruit size as the vast majority of sweet cherries are sold as fresh fruit
with large size achieving a premium price (Whiting et al. 2006). The fruit quality that
the consumer experiences depends on biochemical and sensory changes in color, flavor
and texture during fruit development and ripening, as well as during post-harvest
storage (Crisosto et al. 2003; Serrano et al. 2005). Therefore, acceptable post-harvest
performance throughout the supply chain is an important aspect of fruit quality
(Gallardo et al. 2015, Romano et al. 2006), and efforts are taken to maintain high fruit
firmness, such as gibberellic acid treatment or rapid fruit cooling (< 1°C) (Crisosto et al.
1995; Zoffoli et al. 2017).

Cultivation and trading of sweet cherry is an important economic activity in
different regions of Spain, with major production in the Jerte Valley (Céceres). The
tradition of sweet cherry production in this area is based on the cultivation of landraces,
which are highly adapted to soil and climate conditions. Among these landraces, the
cultivar ‘Ambrunés’ is the most extensively grown cultivar due to its outstanding fruit
quality and excellent post-harvest characteristics (Alique et al. 2005; Serradilla et al.
2012) making it the basis of the Protected Designation of Origin (POD) ‘Cereza del
Jerte’. ‘Ambrunés’ is a vigorous, self-incompatible, early flowering and very late
ripening (+31 days after ‘Burlat’) cultivar. The fruits are heart-shaped, of medium size,
garnet skin colour with orange flesh, harvested without the peduncle and exhibits high
resistance to fruit cracking (Gella et al. 2001; Quero-Garcia et al 2017). Also, fruit
firmness is well maintained during ripening providing outstanding post-harvest quality
(Serradilla et al. 2010). Because of its importance in this region, ‘Ambrunés’ has been
extensively studied to describe its physicochemical and nutritional composition
(Bernalte et al. 1999; Serradilla et al. 2011, 2016; Garrido et al. 2014), post-harvest
characteristics (Alique et al. 2005; Serradilla et al. 2011, 2013), and biochemical
(Serradilla et al. 2008) and genetic protocols for authentication (Serradilla et al. 2013,
2014). However, ‘Ambrunés’ has some disadvantages in modern orchards, such as a
lack of homogeneity among individuals and irregular yields over the years (Lopez-
Corrales et al. 2003). Because of its adaptation to the Jerte Valley conditions, its
excellent fruit and post-harvest quality, and evidence that it is genetically distant from
most of the sweet cherry germplasm used in breeding (Winsch and Hormaza 2002;
Cabrera et al. 2012), ‘Ambrunés’ is an important cultivar used in sweet cherry breeding.

Most sweet cherry fruit quality traits exhibit quantitative variation (Lamb 1953;
Fogle 1961) with size and firmness being two of these important fruit quality traits and
therefore essential traits in every breeding program (Dirlewanger et al. 2009). Fruit size
and weight are highly correlated, thus larger fruits have more weight (Whiting et al.
2006), and it is usual to find the terms weight, diameter and length used indistinctly in
literature regarding sweet cherry denoting fruit size. Several works have studied the
genetics of fruit size in sweet cherry. Zhang et al. (2010) identified QTLs related to fruit
diameter and weight on linkage groups (LGs) 2 and 6 using a ‘New York 54’ x
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‘Emperor Francis’ population. Rosyara et al. (2013) using four sweet cherry populations
(‘New York 54’ x ‘Emperor Francis’; ‘Regina’ x ‘Lapins’; ‘Namati’ x ‘Summit’;
‘Namati’ x ‘Krupnoplodnaya’) identified four additional fruit weight QTLs on LGs 1, 2,
3 and 6, and validated the two fruit size QTLs described by Zhang et al. (2010).
Furthermore, using two additional populations (‘Regina’ x ‘Lapins’ and ‘Regina’ x
‘Garnet’), Campoy et al. (2015) reported a new major fruit weight QTL on LG5.

Regarding fruit firmness, Campoy et al. (2015) reported the first QTL analysis in
sweet cherry (‘Regina’ x ‘Lapins’ and ‘Regina’ x ‘Garnet’ populations). Firmness
QTLs in this work were found on all LGs (except LG7), with a major QTLs found on
LG2. More recently, Cai et al. (2019) carried out firmness QTL analyses in three sweet
cherry populations (‘Fercer’ x ‘X’ F1 population, the INRA sweet cherry germplasm
collection and RosBREED pedigreed population). A major firmness QTL on LG4 (gP-
FF4.1), explaining 54.0 to 84.6% of phenotypic variation, was found (Cai et al. 2019).
Additional minor QTLs on LGs 1, 2, 5, 6 and 8 were also detected (Cai et al 2019).
Haplotype analysis of gP-FF4.1 revealed a dominant effect of ‘soft’ alleles over ‘firm’
ones, and most of the bred cultivars were homozygous for ‘firm’ alleles whereas
mazzards were homozygous for ‘soft’ alleles (Cai et al. 2019). In silico firmness
candidate gene analyses have revealed potential candidate genes related with plant cell
wall modification and hormone signalling pathways (Campoy et al. 2015; Cai et al.
2019). Endopolygalacturonase (endoPG) genes have been reported as candidate genes
involved in fruit softening and flesh texture control in apple and peach (Costa et al.
2010; Gu et al. 2016).

The objective of this work was to investigate the genetic basis of fruit firmness
from ‘Ambrunés’ and determine if fruit firmness and size are correlated in ‘Ambrunés’
offspring, with the ultimate goal of enabling marker assisted selection (MAS) of this
trait in sweet cherry. Given the relationship observed between fruit firmness and size
(Campoy et al. 2015), fruit size was also investigated. To achieve this goal, an F1 sweet
cherry population (‘Ambrunés’ x ‘Sweetheart”), along with the parental genotypes that
come from two distinct genetic pools (Wunsch and Hormaza 2002; Cabrera et al. 2012),
were used. This population was phenotyped for two years for three fruit quality traits
(weight, diameter/size and firmness/texture) and genotyped with the RosBREED cherry
6K SNP array v1 to enable the construction of a linkage map for QTL discovery.

MATERIALS AND METHODS

Plant material

The F1 sweet cherry population (N=140) was from the cross of ‘Ambrunés’
(SsSe) x ‘Sweetheart’ (S3S47) (AxS), where the two parents are derived from two distinct
genetic pools (Winsch and Hormaza 2002). This family and the parental cultivars were
maintained in the facilities of ‘Centro de Investigaciones Cientificas y Tecnoldgicas de
Extremadura (CICYTEX) in the Jerte Valley (Céaceres, Spain). The AXS cross was
made in 2009 and offspring individuals were planted in the field in 2010. ‘Ambrunés’ is
a landrace traditionally cultivated in the Jerte Valley and the most cultivated variety in
this area. It shows both outstanding organoleptic quality and great post-harvest aptitude,
based on its capacity to maintain firmness through time (Serradilla et al. 2012).
‘Sweetheart” is a commercial cultivar from the Pacific Agri-Food Research Centre
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(PARC) cherry breeding program in Summerland (BC, Canada) that stands out for self-
fertility and late ripening (Lane and MacDonald 1996).

Fruit size and firmness phenotyping

Phenotyping of fruit weight, diameter and firmness was done for two
consecutive years (2015 and 2016) for AxS individuals and the parental cultivars. Fruits
were harvested at the optimal ripening stage based on the assessment of skin color,
texture and taste, both years (Chavoshi et al. 2014). In the first year (Y1), 10 fruits per
tree were phenotyped, while 25 fruits per tree were phenotyped in the second year (Y2).
Fruits of each tree were weighted and measured at its longest axis (opposite to suture
axis) using a calliper. To evaluate fruit firmness, a texturometer (TA.XT2i Texture
Analyser, Stable Microsystems, Godalmimg, UK) was used. The texturometer was
adjusted to measure the force needed to deform a fruit 3% of its diameter using a 70 mm
aluminium plate (Martinez-Espla et al. 2014). Firmness measures were performed at
two different points of each fruit: on the dorso-ventral axis (traversing the suture) and
on the medio-lateral axis. The slope was determined in the linear zone of the force-
deformation curve and the results are expressed as N/mm.

The phenotypic data was analysed to estimate the mean, standard deviation and
distribution of each trait in both years. Additionally, analysis of the linear correlation
among traits and nonparametric analysis of variance (ANOVA) were carried out. Broad

2
sense heritability (H?) was estimated using the equation H? = :gaz, where o/ is the
oG+
genetic variance in the F1 family, o2 is the environmental variance and n is the number
of years. These statistical analyses were performed using SPSS® statistics v21.0.0 (IBM,
Chicago, IL, USA) and R v3.4.1 (R Core Team 2017).

SNP genotyping and linkage map construction

Genomic DNA from the AXS individuals and the parental cultivars was
extracted using DNeasy Plant Mini Kit® (Qiagen N.V., Hilden, Germany). DNA
quantification and SNP genotyping of all the individuals and the parental cultivars was
done at CEGEN-PRB2-ISCIII (Madrid, Spain). SNP genotyping was carried out using
the RoSBREED cherry 6K Illlumina Infinium® SNP array vl (Peace et al. 2012). The
SNP genotypes were clustered, reviewed and filtered using the Genotyping Module of
GenomeStudio® software, using the build-in algorithm ‘Gentrain2’ for all samples with
GenCall score above 0.15 (v2011.1, lllumina Inc., San Diego, CA, USA). The SNP data
were clustered using the AxS individuals and a set of 45 sweet cherry accessions, to
maximize allelic diversity (Martinez-Royo and Winsch 2014; Calle et al. 2018). A
duplicate individual genotype was included in each 96 plate as a control. Identical SNP
genotypes were identified for replicated individuals, confirming the SNP scan quality
and reproducibility. The SNPs incorrectly clustered for the individuals of AXS
population were revised and manually edited when possible. Paternity analysis to
confirm hybrid identity of all the progeny was performed using the P-P-C (Parent-
Parent-Child) module of GenomeStudio. ASSIST v1.01 software (Di Guardo et al.
2015) was used to filtered SNP markers and assigned input data format prior to linkage

mapping.



179
180
181
182
183
184
185
186
187
188

189

190

191
192
193
194
195
196
197
198
199

200
201
202
203
204
205
206

207

208

209
210

211
212
213
214
215
216
217
218
219
220
221
222

Linkage map construction was performed using JoinMap® software (v4.1,
Kyazma B.V., Wageningen, The Netherlands; van Ooijen 2006) following the ‘Two-
step strategy’ described by Tavassolian et al. (2010). Minimum independence of LOD,
recombination frequency, maximum likelihood mapping algorithm and Kosambi’s
mapping function (Kosambi 1944) were used for map construction following the details
described by Calle et al. (2018) for a cross-pollinated population. Markers showing
distorted segregation ratios (p<0.01) from expected Mendelian segregation were
eliminated when they were not flanked by other markers showing a similar distortion.
The genetic positions of mapped SNPs were compared with their physical positions in
the peach genome v2.0.al (Verde et al. 2017).

QTL mapping and haplotype analysis

QTL analysis was performed for the three phenotyped traits (weight, diameter,
and firmness) on the parental maps in both years. QTL mapping was carried out using
MapQTL® (v.6.0, Kyazma B.V., Wageningen, The Netherlands; van Ooijen 2009),
through the interval mapping method (Lander and Botstein 1989) and MQM mapping
(Jansen 1993, 1994; Jansen and Stam 1994). To establish the LOD significance
threshold for each QTL in each linkage group (LG), a permutation test was done, also
using MapQTL®, at a significance level of 95% (p<0.05) using 10,000 permutations
(Lander and Botstein 1989; van Ooijen 1992). Graphical representations of LGs and
QTLs were obtained using MapChart software (Voorrips 2002).

QTL haplotypes (i.e. alleles) were constructed for the QTLs that were detected
in both years. SNP markers spanning the QTL regions were selected to determine
parental haplotypes. Progeny showing recombination in these QTL regions were
eliminated from the analysis. Mean phenotypic values of each QTL haplotype were
estimated in the remaining AxS population individuals. ANOVA calculations and
Student’s t-test (p<0.05) were done using SPSS® statistics v21.0.0 software (IBM,
Chicago, IL, USA) to compare mean values of the different haplotypes.

RESULTS

Phenotype mean, distribution, heritability and correlation

Phenotyping for fruit weight, diameter and firmness in AxS was carried out for
94 (67%) and 99 (71%) individuals each year (Y1 and Y2, respectively), with a total of
117 trees evaluated in the two years. Fruit weight and diameter mean values in the
progeny were not significantly different between years, despite the fact that in Y1 ten
fruits per individual were phenotyped, and 25 fruits per individual were used in Y2
(Online Resource 1). However, for fruit firmness, a significant difference was observed
between Y1 and Y2 (Student’s t-test; p<0.05), with firmness being higher in Y1 (1.7
N/mm in Y1 and 1.5 N/mm in Y2; Online Resource 1). This slight difference may be
due to the larger number of phenotyped fruits in Y2, which may have achieved a better
accuracy, or else environmental conditions of different harvest years may have
influenced this trait. Broad-sense heritability (H?) ranged from 0.63 to 0.75 for the three
traits, being largest (H?=0.75) for firmness (Online Resource 1).
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Progeny distributions for the three traits measured revealed that weight (Shapiro
Wilk test; Prob<W: 0.345 in Y1; Prob<W: 0.155 in Y2) and diameter (Prob<W: 0.970
in Y1; Prob<W: 0.295 in Y2) fit the expectation of normality; whereas, firmness
exhibited a highly skewed distribution to softer fruits, and therefore did not fit a normal
distribution (Y1 Prob<W:<0.0001; Y2 Prob<W:<0.0001). Additionally, progeny
resulting from positive transgressive segregation for firmness were observed in both
years, while for diameter and weight, similar transgressive progeny were only observed
in the second year. However, negative transgressive segregation was observed for all the
traits both years (Fig 1). In fact, the population means were lower than the parental
means for the three traits both years.

Pearson’s correlation coefficients (r) were calculated among the three traits in
both years (Fig 2). As expected, a highly significant positive correlation (p<0.01) was
observed between diameter and weight in both years (r=0.954 in Y1; r=0.962 in Y2). In
addition, a low significant positive correlation was observed between firmness and
diameter in the second year (r=0.384, p<0.01 in Y2), indicating that in the second year,
progeny with wider fruits tended to have firmer fruit. No significant correlation
(p<0.01) was detected between firmness and weight in either year.

SNP genotyping and linkage map construction

From 5696 total SNPs on the array, 5360 (94%) and 5377 (94%) SNPs could be
genotyped in ‘Ambrunés’ and ‘Sweetheart’, respectively. ‘Ambrunés’ exhibited higher
heterozygosity than ‘Sweetheart’, with 641 heterozygous SNPs in ‘Ambrunés’ and 450
in ‘Sweetheart’. From the genotyped markers in the AxS population, 4446 (78%) were
monomorphic, 355 (6%) failed, and the remaining 895 (16%) were polymorphic and
informative, and therefore used for linkage map construction.

The parental linkage maps for ‘Ambrunés’ and ‘Sweetheart’ consisted of 463
and 254 SNPs, respectively (Online Resource 2). Both maps had the expected eight
LGs, and covered 867.8 and 529.1 cM, respectively (Online Resource 2 - 4). Due to the
relatively high level of heterozygosity in ‘Ambrunés’, a larger number of markers were
placed on the linkage map, and all eight linkage groups were longer than those for
‘Sweetheart” (Online Resource 2 and 3). ‘Sweetheart’s LGs 3, 4 and 7 had very low
coverage with 12 to 14 SNPs, and the ‘Sweetheart’ linkage map also exhibited large
regions with no segregating markers suggesting that these regions are homozygous
(Online Resource 2 and 3). Average marker distance was similar in both parental maps
(2.1 and 2.4 cM for ‘Ambrunés’ and ‘Sweetheart’, respectively), and large gaps were
detected in both, ‘Ambrunés’ (33.9 ¢cM in LG2, 28.4 cM in LG2) and ‘Sweetheart’
maps (31.1 cM in LGs 1 and 7) (Online Resource 2 and 3). A group of SNP markers
showing distortion from expected Mendelian segregation ratios (p<0.001) were
observed at the bottom region of ‘Sweetheart’ LG6 (Online Resource 3). The AXS
consensus map included 820 SNPs, with a total genetic length of 827.6 ¢cM and an
average marker distance of 1.0 ctM (Online Resource 2 - 4). Consistent with the parental
maps, LG1 was the largest with 185 SNPs and covering 184.7 cM, while LG5 was the
shortest with a genetic distance of 76.2 cM (Online Resource 2 and 3).

The SNP order and position in the ‘Ambrunés’, ‘Sweetheart’ and consensus
maps were compared with the physical position of the same SNPs in the peach genome
v2.0.al (Online Resource 4). Despite the high degree of collinearity, some markers,
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nine (1.9%) SNPs in ‘Ambrunés’, eight (3.1%) in ‘Sweetheart’ and 59 (7.2%) in the
consensus map, were mapped to different positions compared to their physical position
in the peach genome (Online Resource 4). Most noticeable was an inverted region
located at the top of LG5 that included 8 SNPs in ‘Sweetheart’ and 19 in the consensus
map (Online Resource 4). Additionally, nine markers were mapped to different LGs
than expected based on the peach genome, with three of the inconsistent markers found
in the ‘Ambrunés’ map and six in the ‘Sweetheart’ map (Online Resource 5).

QTL analysis

QTL analysis of the three traits (fruit weight, diameter and firmness) in the two
years identified 7 significant QTLs distributed on LGs 1, 3 and 6 (Table 1). Five QTLs
were detected both years; one for weight, two for diameter and two for firmness (Table
1; Figure 3). Five QTLs were detected on the ‘Ambrunés’ map and two on the
‘Sweetheart” map.

For fruit weight, two QTLs were detected on LGs 1 and 3 (Table 1) in
‘Ambrunés’ and ‘Sweetheart” maps, respectively. Of these, the most significant was
detected both years in ‘Ambrunés’ LG1 (qP-FW1.1™) at 101.8 to 129.9 cM explaining
15.4 and 17.4% of the phenotypic variation in Y1 and Y2, respectively (Table 1; Fig 3).
An additional fruit weight QTL was identified in the second year on ‘Sweetheart’ LG3.
This QTL, qP-FW3.1, explained almost 12% of the phenotypic variation for that year.
For fruit diameter, two QTLs were also detected both years on ‘Ambrunés’ LG1 (gP-
FD1.1™ and gP-FD1.2™) (Table 1; Fig 3). Each of these fruit diameter QTLs explained
10.9 to 12.9% of the phenotypic variation each year. These fruit diameter QTLs mapped
20 cM apart on the ‘Ambrunés’ parental map (Table 1; Fig. 3), and one of these two
fruit diameter QTLs, qP-FD1.2™, mapped to the same position as an ‘Ambrunés’ fruit
weight QTL gP-FW1.1™, also detected in this work (Table 1; Fig 3).

For fruit firmness, three QTLs were identified, two on LG1 and one on LG6
(Table 1). The most significant QTLs (gP-FF1.1™ and qP-FF1.2™) were detected both
years on LG1 of both parental maps (Table 1; Fig 3). These two QTLs were mapped to
a nearby physical positions; however, their confidence intervals do not completely
overlap and their QTL peaks are different. As there is no evidence that these two QTLS
are the same, beside their close proximity; therefore, they are considered different QTLs
in this work. However, different markers are mapped in this region in each parental
cultivar, which means that it is possible that both QTLs are the same. QTL gP-FF1.1™
explained 12.7 to 18.8% of the phenotypic variation in ‘Ambrunés’, and qP-FF1.2™
explained from 12.9 to 22.5% of the phenotypic variation in ‘Sweetheart’ (Table 1). It is
noticeable that the QTL in ‘Sweetheart’ (qP-FF1.2™) shows negative values of additive
effects (-0.69 and -0.20 N/mm) in both years, while these values are positive for
‘Ambrunés’ (0.21 and 0.33 N/mm; Table 1). The location of the fruit firmness QTL on
the ‘Ambrunés’ map, qP-FF1.1™, also overlapping with the ‘Ambrunés’ fruit diameter
QTL gP-FD1.1™ A second firmness QTL, significant only in the second year, was
identified on ‘Ambrunés’ LG6, qP-FF6.1, and explained 14.3% of the phenotypic
variation (Table 1; Fig 3).
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Haplotype analysis

Haplotypes were constructed for the seven QTLs detected (Table 1; Online
Resource 6). As expected, ‘Sweetheart’ was homozygous for all the QTLs, except for
gP-FF1.2™ and gP-FW3.1. On the other side, ‘Ambrunés’ was heterozygous for all
QTLs except for firmness and weight QTLs gP-FF1.2™ and gP-FW3.1 (Online
Resource 6). The same two SNPs were used to define QTLs gP-FW1.1" and qP-
FD1.2™.

For fruit weight, those progeny individuals that inherited the FW1.1 H2
haplotype from ‘Ambrunés’ had a significantly higher fruit weight (~one gram increase)
in both years compared to those that did not (Table 2). For qP-FW3.1, the only
differences between haplotypes were found in Y2 (year in which this QTL was
detected), with individuals with the FW3.1_H2 haplotype from ‘Sweetheart’ exhibiting
a higher fruit weight (0.6 grams increase). For fruit diameter, those progeny individuals
that inherited haplotypes FD1.1 H2 and FD1.2_H2 from ‘Ambrunés’ had significantly
larger fruit diameters both years (1.0 to 1.9 mm larger; Table 2).

For fruit firmness, inheritance of haplotypes from ‘Ambrunés’ and ‘Sweetheart’
for the two QTL on LG1, gP-FF1.1™ and gP-FF1.2™, revealed that progeny individuals
with the haplotype combination FF1.1 H2/FF1.2_H2 were on average significantly
firmer (from 0.5 to 0.7 N/mm) than those with other haplotype combinations (Table 2).
For the firmness QTL gP-FF6.1, progeny individuals with the haplotype FF6.1_H1
from ‘Ambrunés’ also had significantly higher firmness (0.4 N/mm more) than those
with FF6.1_H2 (Table 2). Interaction between the two ‘Ambrunés’ firmness QTLs (gP-
FF1.1™ and gP-FF6.1) was also examined (Online Resource 7). Progeny individuals
with the haplotypes associated with higher firmness from both QTL (FF1.1_H2 and
FF6.1 H1) (Table 2) were the firmest both years, with firmness values above 2.0 N/mm
(Online Resource 7), which was significantly higher than firmness observed in the other
genotypes (Online Resource 7).

Haplotype interaction of the four firmness and size QTLs (qP-FW1.1", gP-
FD1.1", gP-FD1.2™ and gP-FF1.1M) found on ‘Ambrunés’ LGI, revealed that the
desirable alleles of breeding interest (haplotype H2 of each QTL) were in coupling
phase (Online Resource 8). As an example, offspring L35-33, L35-46, L35-56, L35-60,
L35-70 which all have H2 haplotype for these four linked QTL, showed diameter,
weight and firmness values larger than the progeny mean and the other haplotype
combinations means (Online Resource 8). In addition, the offspring L35-72, that also
carried H2 haplotypes for these QTLs, exhibited larger firmness, weight and diameter
values than both parents.

DISCUSSION
SNP genotyping and linkage maps

The number of heterozygous robust SNP markers genotyped in ‘Ambrunés’
(641) and ‘Sweetheart’ (450) was in the range (400-700) reported for other sweet cherry
cultivars (Peace et al. 2012) genotyped with the same array, including ‘Cristobalina’
(526), ‘Vic’ (483), ‘Regina’ (603), ‘Lapins’ (515), ‘Black Tartarian’ (634) or ‘Kordia’
(526) (Klagges et al. 2013; Calle et al. 2018). A larger number of heterozygous markers
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were detected in ‘Ambrunés’ than ‘Sweetheart’. ‘Ambrunés’ is a landrace and is
expected to be highly heterozygous, whereas ‘Sweetheart’ is a commercial cultivar that
likely has more homozygous chromosome regions due to breeding within a limited gene
pool (Lane and MacDonald 1996). The large number of heterozygous markers in
‘Ambrunés’ was evidenced in the total genetic length covered by the genetic map, being
the largest of all developed in sweet cherry using SNP markers with the RosBREED
cherry 6K SNP array (Klagges et al. 2013; Castede et al. 2014; Calle et al. 2018) and
Genotyping by Sequencing (GBS) (Guajardo et al. 2015). By comparison, the presence
of large putatively homozygous regions in ‘Sweetheart’ limited the ability to detect
QTLs in the Fi1 population. This putative homozygosity was most noticeable on
‘Sweetheart’” LGs 3 and 4, where very few markers were heterozygous. Similarly, in
previous sweet cherry linkage maps developed using the same array, large homozygous
regions were also detected in some cultivars and offspring (Calle et al. 2018).

Previous reports have confirmed the collinearity of the cherry and peach
genomes with few exceptions (Dirlewanger et al. 2004; Illa et al. 2011; Calle et al.
2018). In this study, collinearity was also observed. However, the comparison of the
SNP map positions and their physical positions with the peach genome (Verde et al.
2017) detected an inverted region on the top of LG5 in ‘Sweetheart’ that had previously
been reported in other sweet cherry maps (Calle et al. 2018). In addition, as previously
observed (Klagges et al. 2013; Calle et al. 2018), three markers (ss490550875,
$s490548697 and ss490550875) mapped on a different LG than in the peach genome,
suggesting the need for future investigations.

High segregation distortion was observed at the bottom of LG6 in ‘Sweetheart’
(p<0.0001). This distortion overlaps with the S-locus that controls the specificity of the
gametophytic self-incompatibility in sweet cherry (reviewed in Herrero et al. 2017).
Due to the presence of a common functional S-haplotype (S3) in the two parental
cultivars (‘Ambrunés’, S3Se; ‘Sweetheart’, S3S4) only ‘Sweetheart’ Sy pollen can grow
down the ‘Ambrunés’ style. As a result, segregation distortion against the Sz allele and
the linked SNPs was observed. A similar segregation distortion, due to cross-
incompatibility, in the region surrounding the S-locus is common in other sweet cherry
and Prunus maps (Klagges et al. 2013; Guajardo et al. 2015). This segregation
distortion, at the bottom of LG6, does not seem to affect the firmness QTL (gP-FF6.1™)
also on LGB6, as this QTL interval is not within S-locus segregation distortion region.

Fruit size

The fruits of ‘Sweetheart’ were larger and heavier than ‘Ambrunés’ fruits in
both years. These differences were expected since ‘Ambrunés’ is a landrace and
‘Sweetheart’ is a commercial variety from a breeding program. In the progeny, normal
distributions were observed for weight and diameter, as has also been reported in other
sweet and sour cherry studies (Lamb 1953; Fogle 1961; Wang et al. 2000; Zhang et al.
2010; Campoy et al. 2015). Additionally, the observation that the mean fruit size of the
offspring was lower than the parental midpoint in our and the other studies, suggests the
additive effects of small fruit alleles. If this is the case, MAS for large fruit size alleles
would be extremely helpful for breeding. Furthermore, in our study, this suggests that
the large fruit size for ‘Sweetheart’ may be in part due to homozygosity for large-fruited
alleles that exhibit recessive gene action.



404
405
406
407
408
409
410

411
412
413
414
415
416
417
418
419
420
421
422
423
424
425
426
427
428
429
430
431
432

433
434
435
436
437
438
439
440
441

442
443
444
445
446
447
448
449
450
451

The broad-sense heritability (H?) values of the fruit size traits were moderately
high, revealing that a significant portion of the phenotypic variation is due to genetic
effects. The heritability for fruit diameter identified herein (H?=0.66) was similar to that
estimated by Zhang et al. (2010) (H?=0.69). However, the heritability for fruit weight
observed in this work (H?=0.63) was lower than that estimated previously in two
populations, ‘Regina’ x ‘Garnet’ (RxG; H?=0.76) and ‘Regina’ x ‘Lapins’ (RxL;
H?=0.88), evaluated during seven years (Campoy et al. 2015).

The fruit size QTLs identified herein (qP-FW1.1™, gP-FD1.1" and gP-FD1.2™)
were found in a 50.8 cM (22.5 Mbp) region of LG1 of the ‘Ambrunés’ map. Since gP-
FW1.1" and gP-FD1.2™ are overlapping, and both traits are highly correlated, these
QTLs may be the same fruit size determinant phenotyped in two different ways in this
work. Fruit weight QTLs, FW_G1 and fwl.1 were previously detected in the same
region in sweet cherry (Rosyara et al. 2013; Campoy et al. 2015). QTL fwl.1 spanned
the three LG1 size QTLs detected in this study (qP-FW1.1™, gP-FD1.1" and gP-
FD1.2M), while FW_G1 detected by Rosyara et al. (2013) overlapped only with gP-
FW1.1" and gP-FD1.2™. In other species, genetic loci associated with fruit size have
been observed in homologous regions to this sweet cherry LG1 region. A major and
stable QTL for fruit diameter was mapped to LG15 in two different apple populations
(Devoghalaere et al. 2012), which correspond to the homologous region of LG1 in the
Prunus genome (llla et al. 2011). Fruit size QTLs in the same LG1 region have also
been reported in peach (Da Silva Linge et al. 2015; Quilot et al. 2004; Eduardo et al.
2011), and Cell Number Regulator (CNR) genes have been proposed as candidate genes
for fruit size in this LG1 region (De Francheschi et al. 2013). In tomato, a gene that is a
member of a CNR family of proteins was found to be the causal gene for a fruit size
QTL (fw2.2) (Frary et al. 2000; Pan et al. 2020). A cluster of three of these CNR genes
identified in peach, PpCNR09, PpCNR10 and PpCNR11, mapped to the peach
chromosome 1 at ~ 30 Mbps (De Franceschi et al. 2013). This region overlaps with the
region spanned by the ‘Ambrunés’ sweet cherry fruit size QTLs identified in this work
(qP-FW1.1™ and qP-FD1.2™; 26.47 — 33.24 Mbp).

A larger percentage of the phenotypic variation explained by LG1 size QTLS
was observed herein (up to 12.9% of diameter, and up to 17.4% of weight) than in
earlier works (8.1 to 9.1%; Rosyara et al. 2013; Campoy et al. 2015), while a similar
QTL effect was observed (0.4 to 0.8 g; Rosyara et al. 2013; Campoy et al. 2015). These
results indicate that the effect of these LG1 QTLs may vary depending on the alleles at
this locus, genetic background and/or environmental conditions. However, our results
indicate that when ‘Ambrunés’ is used as a parent, selecting progeny that contain
haplotypes FW1.1 H2, FD1.1 H2 and FD1.2_H2 would result in an overall increase in
fruit size in the offspring.

Other fruit size QTLs previously detected in sweet cherry (Zhang et al. 2010;
Rosyara et al. 2013; Campoy et al. 2015) were also validated in this work with minor
and less stable effect. This was the case for QTL gP-FW3.1 that corresponds to a
previously detected QTL for the same trait fw3.2 (Rosyara et al. 2013; Campoy et al.
2015). The major QTL associated with fruit size previously found on LG2 of cherry
(Zhang et al. 2010; Rosyara et al. 2013) was not detected in this study. Fruit size SSR
marker BPPCT034, which is located within the QTL region is heterozygous in the
parental cultivars (‘Ambrunés’ 222/229 and ‘Sweetheart’ 222/332; Cai et al. 2017).
Additionally, SNP haplotype analysis of this QTL region confirmed that the parental
cultivars ‘Ambrunés’ and ‘Sweetheart’ are heterozygous for this genomic region and
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have one allele in common (data not shown). Therefore, despite this genomic region is
segregating in this family, no phenotypic differences were observed among the progeny
classes (data not shown), explaining why the QTL was not detected.

Firmness

The firmness values for ‘Ambrunés’ observed in this work, are similar of those
described before for the same cultivar at different ripening stages (1.15 N/mm to 2.35
N/mm; Serradilla et al. 2011, 2012), but ‘Sweetheart’ firmness values observed were
higher than those described previously at the same ripening stage (1.60 N/mm;
Serradilla et al. 2012). Because firmness is highly dependent on the ripening stage
(Serradilla et al. 2012), slight differences in the ripening stage during sampling may
account for small firmness differences. However, most likely the elevate area where the
plant material is grown (the Jerte Valley at 800 m above sea level) may have had a
relevant effect in fruit firmness in ‘Sweetheart’. However, ‘Ambrunés’ fruits are
superior for post-harvest storage, as the firmness of ‘Ambrunés’ fruits is maintained
through post-harvest storage whereas ‘Sweetheart’ firmness decreases rapidly during
conservation (Serradilla et al. 2012).

Previous studies of cherry firmness QTLs used different phenotyping protocols
and equipment, and therefore it is not possible to compare the firmness values across
studies. In the works by Campoy et al. (2015) and Cai et al. (2019), Durofel® and
BioWorks FirmTech 2, respectively, were used for phenotyping, while a texturometer
was used in this study. Firmness distribution in the populations studied by Campoy et
al. (2015) fitted to normal distribution in all evaluated years, whereas the AXS
population shows a skewed segregation to softer fruits in both years, as previously
observed in ‘Fercer’ x ‘X’ (Cai et al. 2019), probably due to dominance of alleles of
softer fruit. Firmness heritability identified in this work (0.75) was within the range
previously observed in other sweet cherry populations for this trait (0.73-0.97) (Campoy
et al. 2015; Cai et al. 2019).

In this work, two major QTLs for fruit firmness, one in each parental cultivar,
were detected on LGl (qP-FF1.1" and gP-FF1.2™). They were located nearby
according to their physical positions on the peach genome, but on different parental
maps. Given that each parental map contains different SNP markers, it is unclear if they
are the same QTL or two different closely linked QTLs. Further efforts, such as
increasing population size and marker density, will be able to determine whether this
genomic region contains one or two fruit firmness QTLs. In fact, a firmness QTL in the
same region was previously reported by Campoy et al. (2015) in an F1 population, and
by Cai et al. (2019) in a genome-wide fruit firmness association study of a sweet cherry
germplasm collection. Again, as observed for fruit size QTLs on LG1, the proportion of
variance explained by this QTL was lower in earlier works (6.4%; Campoy et al. 2015)
than reported in our population (12.7 to 22.5%). It is relevant to notice that for this
QTL, a negative additive effect was observed for ‘Sweetheart’ whereas a positive
additive effect was found in ‘Ambrunés’. Previously, a negative additive effect was also
observed (Campoy et al. 2015), thus revealing that ‘Ambrunés’ carries alleles which
increase firmness while ‘Sweetheart’ and other related cultivars may carry alleles that
decrease firmness. In apple, a major and stable QTL controlling fruit firmness was
mapped to LG15 of the Malus genome in various populations (Longhi et al. 2012;
Chagné et al. 2014). This region of the Malus genome (LG15) is homologous to LG1 of
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the Prunus genome (llla et al. 2011), suggesting a syntenic region determining fruit
firmness across these two genera.

Fruit firmness candidate genes have been investigated in Rosaceae species like
peach and apple (Costa et al. 2010; Gu et al. 2016). In these species, enzymes associated
with cell wall organization have been proposed as the strongest candidate genes
associated  with  fruit  firmness  variations (Brummell et al. 2004).
Endopolygalacturonase (endoPG) genes, implicated in fruit softening through cell wall
modifications (Brummel and Harpster 2001), encode enzymes involved in fruit
softening and flesh texture in apple and peach, respectively (Costa et al. 2010; Gu et al.
2016). An endoPG gene (Prupe.1G167700.1) located at 13.6 Mbp of chromosome 1 of
peach genome v2.0.al assembly (Verde et al. 2017), within the region spanned for
major firmness QTLs is found on LG1 (12.61 to 24.18 Mbp; peach genome v2.0.al).
This gene may be a fruit firmness candidate gene in sweet cherry, as in other Rosaceae
species (Costa et al. 2010; Leida et al. 2011; Atkinson et al. 2012; Gu et al.2016).

The other firmness QTL was detected on ‘Ambrunés’ LG6 (qP-FF6.1). In prior
studies, Campoy et al. (2015) and Cai et al. (2019) reported this same QTL using other
plant material. An endoPG homolog gene has been proposed as a candidate gene for
fruit firmness control at this QTL (Campoy et al. 2015). We have observed an
additional predicted endoPG gene (Prupe6G155200.1) in the peach genome v2.0.al
assembly (Verde et al. 2017) within the region spanned by this QTL, which may also be
a candidate gene for fruit firmness at this QTL. Another major firmness QTL reported
on LG4 of sweet cherry (Cai et al. 2019) was not detected in this work. ‘Ambrunés’ and
‘Sweetheart” are homozygous for the same firm fruit allele (H1H1) of this QTL (qP-
FF4.1; Cai et al. 2019), explaining why this QTL was not detected in this study, and
why these two cultivars are quite firm.

Favorable haplotypes for the firmness QTLs were identified in this study and
increased fruit firmness may be achieved by combining these desirable haplotypes
(FF1.1_H2/FF1.2_H2 and FF6.1_H1). This increase in firmness was observed for the
‘Ambrunés’ gP-FF1.1™ and qP-FF6.1, where progeny individuals with the two
firmness haplotypes (FF1.1 H2 and FF6.1_H2) were associated with an increase in
firmness. In addition, ‘Ambrunés’ haplotypes for QTLs on LG1 associated to fruit size
and firmness increase were found on coupling phase, allowing to select a unique
‘Ambrunés’ LG1 haplotype region to gain fruit size and firmness.

Fruit size and firmness correlation and interaction

Results showed transgressive positive segregation for the three traits in Y2.
Campoy et al. (2015) described a significant negative correlation between firmness and
weight for two sweet cherry Fi populations. This negative correlation means that
selecting for heavier fruits will result in softer fruits, thus providing a complex scenario
for fruit quality breeding in sweet cherry. As herein, Chavoshi et al. (2014) and
Piaskowski et al. (2018) observed a moderate positive correlation between fruit
firmness and size in the plant material of the RosBREED sweet cherry crop reference
set. These results indicate that distinct genetic backgrounds show different relationships
between size and firmness, probably due to the presence of diverse alleles controlling
these traits in the different plant materials. The absence of a negative correlation
between these traits in this work, and the observation of slight positive correlation
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between firmness and diameter, could be due to favorable QTL alleles of ‘Ambrunés’
LG1 being on coupling phase, indicating it is possible to select for larger and firmer
fruits at the same time in this genetic background (AxS; Online Resource 8). These
results confirm that ‘Ambrunés’ could be a useful cultivar for firmness and fruit quality
breeding. The overlapping of the firmness (gP-FF1.1™) and diameter (qP-FD1.1™)
QTLs on LG1 of ‘Ambrunés’ also is consistent with the correlation between both traits,
indicating a possible common genetic determinism. Previous co-localizations of fruit
size and firmness QTLs were also reported in sweet cherry and in peach (Campoy et al.
2015; Zeballos et al. 2016).

In this study, the analysis of fruit size and firmness in progeny of a F1 population
with parents from two unrelated sweet cherry genetic pools (Wunsch and Hormaza
2002) resulted in the identification of QTL haplotypes that would be desirable for
breeding. In particular, haplotypes for LG1 QTLs derived from ‘Ambrunés’ would be
important targets for pyramiding and combining favorable alleles from this cultivar. The
finding that these three QTLs are found in ‘Ambrunés’ and that the favorable alleles on
LG1 are in coupling phase reveal the potential of this cultivar for breeding for fruit size
and firmness. The lack of QTLs identified from this F; population in both years from
‘Sweetheart’, could be due to this cultivar being homozygous for these QTL regions. In
addition, further analyses in larger populations will allow a fine mapping of these traits
to narrow the QTL regions, and therefore obtain the desirable number of recombinant
individuals to identify candidate genes within QTL interval. Also, the observation of
large prevalent homozygous regions in ‘Sweetheart’ is a disadvantage for QTL
discovery. However, as this cultivar is self-compatible, it would be possible to develop
F2 populations from individuals of AxS, to investigate the genetic effects of alleles
hypothesized to be homozygous in ‘Sweetheart” and ‘Ambrunés’.
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Table 1 Significance, genetic interval, QTL peak and physical position of QTLs identified for both years for weight, diameter and firmness in AxS

population.
QTL peak QTL
. Parental . QTL Physical - previously
Trait cultivar Year QTLname LG m(tcel{/lv)al position* SNP LOD Variance PVE?* Agf?cétc';/e described
(Reference)
Weight  ‘Ambrunés’ Y1 gP-FWL1.1™ 1 104.76-120.38 28.65-30-92 5490546431  3.20 1.04 15.4 0.43 FW G1®
Y2 @gP-FW1.1™ 1 101.76-129.84 27.14-33.24 5490547198  3.87 1.57 17.4 0.63 fw1.1 @
‘Sweetheart” Y2  gP-FW3.1 3 21.10-25.70 411-454  ss490552023  2.77 1.55 11.9 0.59 2
Diameter ‘Ambrunés’ Y1 gP-FD1.1™ 1 70.07-79.16  19.01-23.52 5490546727  2.69 2.63 12.9 0.62 fwl.1®
Y2 gP-FD1L1"™ 1 52.27-71.02  10.69-19.64 5490546442  2.36 4.02 11.0 0.71
Y1 gP-FD1.2™ 1 100.76-118.87 26.47-30.69 ss490547198 2.25 2.69 10.9 0.65 FW G1®
Y2 gP-FD1.2™ 1 102.77-118.12 27.68-30.60 5490547198 2.33 4.02 10.9 0.80 fw1.1 @
Firmness ‘Ambrunés’ Y1  gP-FF1.1" 1 60.30-76.29  12.61-23.08 5490546554  4.08 0.45 18.8 0.33 ff1.1 @
Y2 qgP-FF1.1" 1 61.34-74.28  13.41-22.97 ss490546599 3.31 0.23 12.7 0.21 @
Y2 qP-FF6.1 6  38.96-71.07  7.71-19.87 5490555470  3.19 0.27 14.3 0.22 ff6.1 @ ©
‘Sweetheart” Y1  gP-FF1.2" 1 16.84-30.76  15.25-24.18 5490546651  5.00 0.43 22.5 -0.69 ff1.1 @
Y2 gP-FF12™ 1  19.13-28.76 17.58-2351 ss490559249 2.84 0.28 129  -0.20 ®

* Physical position (Mbps) of SNP markers in peach genome v2.0.al (Verde et al. 2017). * PVE: Proportion of variance explained. References: !
Rosyara et al. 2013, 2 Campoy et al. 2015, 2 Cai et al. 2019.



Table 2 Fruit weight, diameter and firmness mean phenotypic values recorded in individuals for detected QTLs (diplotypes). Haplotypes

highlighted in bold are associated with the increase in phenotype values.

Trait LG QTL Haplotypes Y1l Y2
Mean N Mean N
Weight ‘Ambrunés’ 1 gP-Fw1.1m FW1.1_ H1/Fw1.1_H1i 52+092 46 55+1.22 56
FW1.1_H2/FW1.1_H1 6.1+1.1° 43 6.6+15P 33
‘Sweetheart’ 3  gP-Fw3.1 FW3.1 H1/FW3.1_H2 57+1.1 39 63+142 43
FW3.1_H1/FW3.1_H3 56+1.1 48 56+1.3° 48
Diameter ‘Ambrunés’ 1 gP-FD1.1" FD1.1 H1/FD1.1 H3 21.0+ 15?2 32 20.9+2.132 42
FD1.1 H2/FD1.1_H3 222+20°P 32 22.8+23°P 27
1 gP-FD1.2" FD1.2 H1/FD1.2 H3 21.1+1.62 46 21.1+2.0°2 56
FD1.2 H2/FD1.2_H3 22.1+1.7° 44 225+225P 34
Firmness ‘Ambrunés’ / 1 gP-FF1.1"/ FF1.1 H1/FF1.2_H2 1.4 +0.42 14 1.4 £0.42 18
‘Sweetheart’ gP-FF1.2m FF1.1 H1/FF1.2 H3 1.4 +0.42 19 1.3+0.422 24
FF1.1 H2/FF1.2 H2 2.2+09P 23 20+0.7b 22
FF1.1 H2/FF1.2_ H3 1.7 £0.62 21 1.4+0.42 19
‘Ambrunés’ 6  qP-FF6.1 FF6.1_H1/qgP-FF6.1_H3 1.9+0.82 31 1.8+0.62 36
FF6.1 H2/qP-FF6.1_H3 15+0.6° 47 1.4+0.4° 48

Different letters indicate significant differences between means at P<0.05



Figure 1 Frequency distribution of fruit weight, diameter and firmness for AxS
population in two years (Y1 and Y2). Grey and black bars indicate phenotypic values
for ‘Ambrunés’ and ‘Sweetheart’, respectively.
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Figure 2 Pairwise correlations for fruit weight, diameter and firmness in two years
(Y1 and Y2). Pearson coefficient (r) and P value (p) are presented for each plot.
Asterisk indicates significant correlation at p<0.01.
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Figure 3 Graphical representation of detected QTLs for fruit weight (black), diameter
(blue) and firmness (red) on ‘Ambrunés’ and ‘Sweetheart’ parental maps.
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Online Resource 1 Summary of phenotypic data for mean fruit weight, diameter and

firmness for an AxS population in year 2015 and 2016 (Y1 and Y?2).

Weight (g) Diameter (mm) F(ll\rl;?nnris)s
Y12 Y2b Y12 Y2b Y12 Y2b
‘Ambrunés’ 5.8 6.8 21.6 22.8 2.0 15
‘Sweetheart’ 11.3 9.5 27.7 25.8 2.2 2.1
AxS  mean 5.6 59 21.6 21.6 1.7 15
s.d. 1.1 1.3 1.7 2.1 0.7 0.6
Min. 3.4 2.9 16.8 16.4 0.6 0.7
Max. 11.3 13.1 25.7 29.1 3.8 3.4
H? 0.63 0.66 0.75

2 Measures performed on 10 fruits per individual in year 1; ® Measures performed
on 25 fruits per individual in year 2. s.d.: standard deviation; H?: Broad-sense

heritability.



Online Resource 2 Number of SNP markers, genetic length, average marker distance
and maximum gap for the ‘Ambrunés’ (A), ‘Sweetheart’ (S) and consensus (AXS) maps.
(cM; centiMorgan).

Gren”:;'c LGl LG2 LG3 LG4 LG5 LG6 LG7 LG8 Total

mber of A 108 27 63 46 32 41 83 63 463
rlkors S 47 53 12 14 42 27 12 47 254
AxS 185 93 8 62 8 91 99 121 820

Genetic A 1961 105 1173 932 64 1095 97.9 848 8678
length (M) S 1222 90.1 257 179 61.6 849 639 628 5201
AxS 1847 986 1111 929 762 957 916 768 827.6

Average A 1.8 4 19 21 21 27 12 14 21
marker S 2.2 1.7 2.3 15 15 3.2 5.7 1.4 2.4
distance (cM)  AxS 1 11 13 15 09 11 09 06 1
Maximum A 234 339 284 311 9 177 127 199 339
S 311 81 72 72 156 311 284 99 311

gap (cM) AxS 119 59 127 199 92 74 99 82 199




Online Resource 3 Alignment of linkage groups for ‘Ambrunés’, ‘Sweetheart’ and the
‘Ambrunés’ x ‘Sweetheart” consensus maps. Asterisks indicate deviation from expected
Mendelian segregation (*p<0.1; ** p<0.05; ***p<0.01; **** p<0.005; ***** p<0.001;
*hkkkhkkikk p<00005)



Online Resource 4 Genetic position of RoOsSBREED cherry 6K SNP Array vl SNPs
mapped in 'Ambrunés’, 'Sweetheart' and consensus map (AxS).



Online Resource 5 SNP markers that were placed on the ‘Ambrunés’, ‘Sweetheart’ and
AXS genetic maps in different linkage groups compared to their physical map locations
on the peach genome v2.0.al.

Physical position Peach

Genome v2.0.al Genetic position (cM)

SNP Chr Position LG 'Ambrunés' 'Sweetheart' AxS
55490545975 1 7885062 8 54.74 - 52.09
55490549697 2 21123343 1 - 37.64 90.73
$s490547096 2 1599643 8 - 13.66 17.89
ss490551427 3 8158606 6 64.12 - 59.56
$s490550875 3 1870601 8 - 47.18 51.52
$s490548878 4 19842873 7 3.83 - 3.83
55490548882 4 21492752 8 - 26.29 30.68
55490555342 6 6504161 1 - 18.13 70.34
55490557958 8 10717040 2 - 22.77 26.01




Online Resource 6 Parental haplotypes identified in fruit weight, diameter and firmness
QTLs (Table 2). SNP physical positions (bp) are estimated from the Peach Genome
v2.0.al (Verde et al. 2017). The same haplotypes were identified for the overlapping
QTLs gP-FW1.1™ and gP-FD1.2™.

gP-FW1.1"
‘Ambrunés’ ‘Sweetheart'

SNP Chr bp FW11 H1 Fwi11 H2 Fw11 H1 FW11 H1
$s490547198 1 30690215 B A B B
$s490546431 1 30764281 A B A A

gP-FW3.1
‘Ambrunés’ ‘Sweetheart'

SNP Chr bp FwW3.1 H1 FwW3.1 H1 Fw3.1 H2 FW3.1 H3
55490552023 3 23623922 B B A B
$s490552038 3 23855261 A A A B
$s490552061 3 24361309 B B A B
55490552064 3 24407942 B B A B

qP-FD1.1"
‘Ambrunés’ ‘Sweetheart'

SNP Chr bp FD1.1 H1 FD1.1 H2 FD1.1 H3 FD1.1 H3
$s490546442 1 11556023 B A A A
$s490546096 1 12618203 A B A A
55490546554 1 14735491 B A A A
55490546591 1 15601111 B A B B
$s490546599 1 15753605 B A A A
$s490546727 1 22976838 B A A A
55490546746 1 23079385 B A A A
$s490546762 1 23528689 A B B B

qP-FD1.2"™
‘Ambrunés’ ‘Sweetheart'

SNP Chr bp FD1.2 H1 FD1.2 H2 FD1.2 H1 FD1.2 H1
$s490547198 1 30690215 B A B B
$s490546431 1 30764281 A B A A

gP-FF1.1"
‘Ambrunés’ ‘Sweetheart'

SNP Chr bp FF1.1 H1 FF1.1 H2 FF1.1 H3 FF1.1 H3
55490546096 1 12618203 A B A A
55490546554 1 14735491 B A A A
$s490546591 1 15601111 B A B B
$s490546599 1 15753605 B A A A




qP-FF1.2"

‘Ambrunés’ ‘Sweetheart’

SNP Chr bp FF1.2 H1 FF1.2 H1 FF1.2 H2 FF1.2 H3
5490546611 1 16036105 B B A B
5490558902 1 17583149 A A B A
55490546643 1 17586989 A A B A
$s490546651 1 18545593 B B B A
ss490546675 1 20811017 A A A B
55490546679 1 20973954 B B B A

gP-FF6.1
‘Ambrunés’ ‘Sweetheart’

SNP Chr bp FF6.1 H1 FF6.1 H2 FF6.1 H3 FF6.1 H3
55490555481 6 8706130 B A B B
ss490555577 6 11143147 B A B B
$s490555606 6 11924877 B A B B
55490559341 6 14676913 B A A A
55490559338 6 14677020 B A A A
$s490555714 6 17494929 A B B B




Online Resource 7 Mean fruit firmness values of AxS progeny individuals with different
‘Ambrunés’ haplotypes combinations at detected firmness QTLs (qP-FF1.1™ and qP-

FF6.1).
gqP-FF1.1m qP-FF6.1 Y1 Y2
Mean N Mean N
Firl.l_H1 Fir6.1_H1 1.6+04% 11  15+04° 16
Firl.1l H1 Fir6.1_H2 1.3+04% 22  13+04° 24
Firl.1l_H2 Fir6.1_H1 22+09¢ 16 20+0.7°b 15
Firl.1 H2 Fir6.1 H2 1.8+07% 22 15%05°2 22

Different letters indicate significant differences between classes (P<0.05).



Online Resource 8 Phenotype value of ‘Ambrunés’ LGl QTLs (qP-FF1.1", gP-FD1.1™, gP-FD1.2™ and qP-FW1.1™) in parental cultivars,
progeny, and selected individuals of breeding interest.

m m m m Firmness Diameter Weight

qP-FF1.1 gP-FD1.1 qP-FD1.2 gP-FW1.1 vi v?2 Y1 v? vi v?2
‘Ambrunés’ H1/H2 H1/H2 H1/H2 H1/H2 2 15 21.6 22.8 5.8 6.8
‘Sweetheart’ H3/H3 H3/H3 H3/H3 H1/H1 2.2 2.1 27.7 25.8 11.3 9.5
Progeny mean - - - - 1.7 15 21.6 21.6 5.6 5.9
Progeny H1 H1 H1 H1 1.4 1.4 21 20.8 5.2 5.4
haplotypes H2 H2 H2 H2 1.9 1.8 22.7 23.2 6.6 7.0
means H2 H2 H1 H1 1.9 1.7 20.2 21.8 4.7 5.7
H1 H1 H2 H2 1.3 1.3 21.1 21.4 5.6 6.0

Selected individuals
3533 H2 H2 H2 H2 35 2.2 22.9 23.3 6.5 6.9
3546 H2 H2 H2 H2 3.2 2.9 24.1 24.1 6.9 6.9
3556 H2 H2 H2 H2 34 1.9 23 23.7 6.4 7.3
3560 H2 H2 H2 H2 15 25 25.7 255 8.8 8.4
3570 H2 H2 H2 H2 1.8 2.1 22.9 25.7 6.0 9.0

3572 H2 H2 H2 H2 - 3.3 - 29.1 - 10.5




