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Abstract Fruit firmness and weight are among the most
important fruit quality traits in fruit species. Understanding
the control of fruit firmness and weight is essential for the
development of domestication research approaches and for the
implementation of new breeding strategies. A forward genetic
study for these traits was performed using two F1 sweet cherry
(Prunus avium) progenies derived from modern cultivars.
Quantitative trait locus (QTL) analysis allowed the identifica-
tion of genomic regions accounting for most of the phenotypic
variation in both families. In addition, screening the Prunus
persica genome v1.0 permitted the identification of putative
candidate genes underlying the QTL with the major effect for
fruit weight (LG5) and the one for firmness (LG6). A
colocalization of QTLs and candidate genes was found in
peach, apple, and tomato. These results give new insights of
the interaction between fruit firmness and fruit weight and
provide new cues for the identification of genes implicated in
the control of these traits. The colocalization of genomic
regions between progenies issued from modern cultivars and
frommodern cultivars × wild individuals suggests the absence
of allele fixation within genes controlling fruit firmness and
size, two traits potentially involved in domestication/
diversification in sweet cherry.
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Introduction

Plant domestication is an outstanding example of plant-animal
coevolution and is a far richer model for studying evolution
than is generally appreciated (Purugganan and Fuller 2009).
Plant domestication is the genetic modification of a wild
species to create a new form of plant altered to meet human
needs (Doebley et al. 2006), whereas diversification has been
referred as the subsequent evolution of new varieties, includ-
ing greater improvement in yield, adaptation, or quality in
crop species (Meyer and Purugganan 2013). Domesticated
perennials are an important element of agricultural economies
around the globe (Schreckenberg et al. 2006). However, large
gaps exist in understanding the genetic basis of perennial fruit
crop domestication (Miller and Gross 2011) and diversifica-
tion. It is well known in the case of annuals that traits such as
shattering, apical dominance, and grain size have been im-
pacted during domestication (Doebley et al. 2006).
Identification of wild ancestors using a comparison to domes-
ticated annuals is difficult due to the differentiation during
domestication (i.e., teosinte vs. maize). On the contrary, in
domesticated fruit perennials as sweet cherry, differences be-
tween wild mazzards and domesticated sweet cherry are less
evident (Frankel et al. 1995). Quantitative trait loci (QTLs)
have served as a major avenue for understanding the genetic
basis of domestication and diversification in plants (Miller and
Gross 2011). In perennial fruit crops, QTL studies have tradi-
tionally lagged behind those in annual crops due to limitations
associated to the development and maintenance of mapping
populations (i.e., long juvenile period, long-lived organisms,
etc.). In annual crops, molecular genetics of domestication is
fairly more advanced than that in perennials; early QTL
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studies indicated that only a few genes of large effect con-
trolled many domestication traits (Koinange et al. 1996).
Further studies showed that these genes tend to be clustered
in the genome and to be conserved across different taxa
(Paterson 2002). Recently, it has been suggested that this
pattern might not be universal, and many multiple genomic
regions may be involved for some domestication traits (Gross
and Olsen 2010). In sweet cherry, little is known about the
molecular genetics of domestication. Previous studies have
shown a marked genetic bottleneck between wild and culti-
vated cherries (Mariette et al. 2010; Panda et al. 2003), a
population structure with three clusters: wild cherry, land-
races, and modern sweet cherry cultivars (Mariette et al.
2010) and linkage disequilibrium (LD) similar to the one
detected in peach and grapevine (Arunyawat et al. 2012). In
addition, along the evolutionary history of the species, several
domestication events may have happened in sweet cherry,
and/or intense gene flow from local wild cherry was probably
maintained (Mariette et al. 2010; Tavaud 2000).

The majority of domesticated perennials are long-lived,
woody species cultivated for their edible fruits (Miller and
Gross 2011; Van Tassel et al. 2010). Commonly observed traits
in fruit crops accompanying domestication and diversification
have included larger fruit size and softer fruits (Meyer and
Purugganan 2013). The same traits can also undergo parallel
selection in multiple crop species and may be a recurring target
of selection (Meyer and Purugganan 2013). One example is the
fruit-weight locus FW2.2 (Doganlar et al. 2002) in tomato, chili
pepper, and eggplant (Meyer and Purugganan 2013). The effect
of fw2.2 is due to a single gene that controls carpel cell number
(Cong et al. 2002; Frary et al. 2000). Additionally, differences
in fruit weight, either between cultivars (Olmstead et al. 2007)
or between thinning treatments (Goffinet et al. 1995), are
related to cell number in different Rosaceae species. Previous
work showed clustering of QTLs of mesocarp cell number and
fruit size in sweet cherry on LG2, suggesting that these two
traits were linked (Zhang et al. 2010). In peach, a total of 23
fw2.2/cell number regulator (CNR) family members were iden-
tified spanning the eight Prunus chromosomes (De Franceschi
et al. 2013). A common regulation of cell number and organ
size driven by fw2.2/CNR, located on LG2, has been suggested
for both sweet and sour cherry (De Franceschi et al. 2013).
Other genomic regions than LG2 have been also shown to carry
QTLs for fruit weight within Prunus: LG1 on sweet cherry
(Rosyara et al. 2013) and on peach (Eduardo et al. 2011); LG3
on sweet cherry (Rosyara et al. 2013) and peach (Yamamoto
et al. 2001); LG4 on Prunus davidiana × Prunus persica
(Quilot et al. 2004), sour cherry (Wang et al. 2000), and peach
(Cantin et al. 2010a; Eduardo et al. 2011); LG6 on sweet cherry
(Cao et al. 2012a; Rosyara et al. 2013; Zhang et al.
2010) and peach (Cao et al. 2012a; Dirlewanger et al. 1999;
Eduardo et al. 2011; Yamamoto et al. 2001); and LG8 on
peach (Cao et al. 2012a).

Fruit firmness and weight appear to be inversely correlated
in different crops. For example, a positive correlation between
fruit size and the proportion of intercellular spaces in apple has
been described (Ruess and Stosser 1993). However, to date,
no data on the genetic determinism in sweet cherry is available
for both fruit firmness and size. In peach, QTLs for flesh
firmness were identified on LG1, LG2, LG5, LG6, and LG7
(Cao et al. 2012a), and candidate genes (CG) for texture were
mapped on all eight LGs (Illa et al. 2011; Ogundiwin et al.
2009). The locus responsible for the melting vs. non-melting
(M/m) flesh character has a major effect on fruit texture and
firmness in peach and has been mapped on LG4 (Cantin et al.
2010a; Dirlewanger et al. 2004; Martinez-Garcia et al. 2013;
Peace et al. 2005). This region is syntenic with LG10 of apple,
where a cluster of QTLs for fruit quality traits, including
firmness and fruit weight, has been described (Kenis et al.
2008). Also, in apple, a polygalacturonase gene (Md-PG1),
known to be involved in cell wall metabolism processes, is
mapped on this interval (Longhi et al. 2012).

In addition, firmness and weight are two main objec-
tives in modern breeding strategies. Fruit size, a proxy
of fruit weight, is the main attribute for sale grading for
the fresh market in sweet cherry (Whiting et al. 2006).
Fruit firmness is one of the most important fruit attri-
butes that consumers use in judging acceptability of
sweet cherries (Guyer et al. 1993; Romano et al.
2006) and directly relates to fruit susceptibility to me-
chanical damage during handling and packaging.
Despite the importance of fruit weight and firmness in
sweet cherry breeding, genetic control is still not
completely understood.

Advances in molecular technology, such as the develop-
ment of SNP chip arrays for Rosaceae species (Chagne et al.
2012; Peace et al. 2012; Verde et al. 2012), have permitted a
high throughput genotyping, easing the detection of QTLs for
several fruit crops. Additionally, thanks to the high synteny
between Prunus (Dirlewanger et al. 2004), the release of the
peach genome (Verde et al. 2013) provides an excellent
framework for CG research within the Prunus genus and other
related species. On the contrary, the solid and multiyear phe-
notyping needed for QTL studies has recently arisen as the
bottleneck of this approach. This bottleneck is even harder to
overcome for fruit traits in long juvenility species, such as
sweet cherry. In this species, the first fruit harvest occurs after
4 to 6 years of growing seasons.

For the first time, firmness and fruit weight, the two main
breeding traits, potentially involved in sweet cherry domesti-
cation/diversification, were evaluated over 4 and 5 years for
two mapping progenies. The objectives of the present study in
sweet cherry were (1) to shed light on the genetic basis of two
correlated traits, fruit firmness, and weight; and (2) to look for
CGs, potentially involved in domestication or diversification
events, located in the region of the identified QTLs using the
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available information of the genome in several domesticated
fruit crops: tomato (Sato et al. 2012), apple (Velasco et al.
2010), and peach (Verde et al. 2013).

Material and Methods

Plant Material

Two segregating F1 adult families (Prunus avium L.) were
used in this study: (1) The first consisted of 122 individuals
derived from the cross between “Regina” and “Lapins” (R ×
L); (2) the second consisted of 117 individuals from the cross
between “Regina” and “Garnet” (R × G). Both families were
planted on 2001, raised and evaluated at Toulenne, located
30 km south-west from Bordeaux, France. Parents of the
progeny were situated in the same orchard as controls. Trees
were cultivated on their own roots; hence, only one replicate
per genotype was available. The plot used was highly homo-
geneous in terms of soil composition, and horticultural prac-
tices such as pruning, irrigation, fertilization, and control of
insects and diseases were consistently performed. Fruit matu-
rity was determined every year by the same technicians based
on observations of color, firmness (by “hand” appreciation),
and flavor carried out in the orchard.

Trait Measurement

Fruit firmness was measured using a Durofel® (Setop Giraud
technologie, Cavaillon, France) texture analyzer on the day of
harvest. A 3-mm probe was applied at two points on the fruit
equator, the movement of the probe was recorded, and the
average of the two measures on ten fruits was used. Fruit
weight was determined and averaged for 100 fruits.
Measurements were performed during 7 years (2006–2012)
and 4 years (2009–2012) for R × L and R × G, respectively.
On 2007, no R × L firmness data were available.

Statistical Analysis for Firmness and Fruit Weight

Mean, range, standard deviation, and the skewness of the
population distributions were calculated for the different years
of evaluation. Analysis of variance was performed using
the data in a single year as one replication. Broad-sense
heritability (HBS) was estimated with the following

equation: H2 ¼ σ2g

σ2g−
σ2e

�
y

, where σg
2 is the genetic variance

of progeny lines, σe
2 is the error variance, and y is the

number of years.
The statistical analyses were performed using the software

R 2.15.0 [R Development Core Team (2012); R: a language
and environment for statistical computing; R Foundation for

Statistical Computing, Vienna, Austria; ISBN 3-900051-07-0,
URL http://www.R-project.org/].

Linkage Map and QTL Analysis

Both mapping populations used in this study were obtained
from a cross-pollination of heterozygous parents. The devel-
opment of RosBREED cherry 6K SNP array v1 and RosCOS
markers for genotyping sweet cherry progenies opens the
possibility to directly ascertain the position of markers on
the Peach Genome v1.0. SNP markers from the RosBREED
cherry 6K SNP array v1 (Peace et al. 2012) were used to
genotype both families, using the mapping protocol previous-
ly described by Klagges et al. (2013). Additionally, a set of
RosCOS (Cabrera et al. 2012) markers, not included in the
RosBREED cherry 6K SNP array v1, was also used for
genotyping using Sequenom®. R × L progeny was previously
used for genetic map construction using SSRs (Dirlewanger
et al. 2004; Dirlewanger et al. 2012) and SNPs (Cabrera et al.
2012; Klagges et al. 2013), and R × G genetic map has been
recently published (Castède et al. 2014) (Online Resource 1).
Parental maps were built for QTL analysis using markers
segregating only for one parent. Markers situated closer than
2 cMwere deleted to ease computing analysis. In addition, the
positions of the 23 CNRs were shown using in silico mapping
based on the synteny between peach and sweet cherry
(Klagges et al. 2013). A linear interpolation was used between
the physical peach position of the closest markers, their posi-
tion in centimorgan and the physical position of the PpCNR
(De Franceschi et al. 2013).

QTL mapping was carried out using MultiQTLV2.6 soft-
ware. The multiple interval mapping (MIM) approach was
used (Haifa, Israel, 2005; http://www.multiQTL.com).

For both firmness and fruit weight, each year (by-year
analysis) was analyzed independently in order to examine
the stability of the QTL. Analysis combining all years together
was performed using the multiple environment option avail-
able, increasing the accuracy of the QTL detection. QTL
analyses were performed according to Castède et al. (2014).

The graphical presentation of linkage maps and QTL was
obtained using the MapChart software version 2.2 (Voorrips
2002).

In Silico CG Research

Chromosomal regions for in silico CG analysis were initially
selected based on the location of the QTLs associated with
firmness and fruit weight. Predicted peach protein sequences
derived from scaffolds underlying the major QTLs were
downloaded from the Genome Database for Rosaceae
(http://www.rosaceae.org/node/355) and blasted against the
NCBI nr database using BLASTP in the program Blast2GO
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(Conesa et al. 2005) with an E-value cutoff of 0.001.
Blast2GO was then used for the Gene Ontology annotation.

Results

Distribution of Traits, Genetic Variation and Broad-Sense
Heritability of Traits

The mean values for fruit firmness and weight were calcu-
lated for each year in both populations (Online Resource 2).
Variability for both traits was observed between growing
seasons for both families. R × L progeny showed higher
values of firmness but lower fruit weight in comparison with
R × G throughout the years of evaluation. During the year
2006, the intra-family variation for R × L, in terms of
coefficient variation, was significantly higher than that dur-
ing the remaining years. The analysis of firmness and fruit
weight revealed a normal distribution, for both populations
across most of the years phenotyped (Online Resource 2,
Online Resource 6).

For both progenies, the genetic variation among the prog-
eny individuals was highly significant (Table 1). The broad-
sense heritability for fruit firmness was 0.85 (R × L) and 0.78
(R × G), and 0.88 (R × L) and 0.76 (R × G) for fruit weight.
The highest value of heritability (0.88) was found for fruit
weight in R × L progeny.

Correlation of Traits

Correlation coefficients were calculated for each phenotypic
trait measured in different years and between fruit firmness
and weight for the same year (Table 2). For fruit firmness,
significant correlations (p<0.05) between years were found
for most of the comparisons, both for R × L (0.26–0.72) and R
× G (0.48–0.67). Similarly, highly significant correlations
were also observed for fruit weight: R × L (0.40–0.74) and
R × G (0.40–0.59). In addition, significant negative correla-
tions (p<0.05) were detected between fruit firmness and

weight, being higher in R × L (0.45–0.64) than in R × G
(0.29–0.40).

Linkage Map and QTL Analysis

The final maps, used for QTL analysis, for R × L consisted of
136 and 127 SNP markers over 8 LGs, named R1 to R8 for
Regina and L1 to L8 for Lapins, covering 712.4 and
710.4 cM, respectively (Fig. 1, Online Resource 1). For R ×
G, parental maps consisted of 142 and 137 markers over 8
LGs, named G1 to G8 for Garnet, and covering 657.6 and
823.6 cM for Regina and Garnet, respectively (Fig. 1, Online
Resource 1).

Results of by-year and multiyear QTL detection for fruit
firmness and weight were calculated for the two progenies
(Table 3). For the R × L progeny, 39 fruit firmness QTLs were
detected on seven of the eight Prunus LGs (except for LG7)
along the 6 years of analysis. Among these QTLs, maximum
explained variation (EV) was found on L2. Only the QTLs
found on L2, R1, and R5 were detected at least throughout 3
of the 6 years of the study. Using the multiyear analysis, mean
explained variation (MEV) ranged from 4.1 to 20.0, and the
highest values were obtained for the QTLs for L2 and R2
(20.0 and 12.5, respectively), R1 (14.0), and L6 (12.0) and L5
(11.8). The multiyear analysis detected a total of 23 QTLs,
including a second QTL on the top of L8 and two in the
middle of R6, not previously detected by the by-year analysis.

Regarding fruit weight, 53 QTLs were detected consider-
ing the analysis of all 7 years. Maximum EVwas found on L2
in 2009 (39.9 %), R2 in 2012 (37.5 %), and R6 in 2010
(31.9 %). Only the QTLs on R2 were detected every year.
With the multiyear analysis, MEV values ranged from 6.5 to
20.2, and the highest values were obtained for L2 and R2
(20.2 and 18.3, respectively), R6 (16.7), and R3 (11.1). The
multiyear analysis detected a total of 21 QTLs, including two
QTLs not previously found by the by-year analysis: the first
on L3 and the second on the top extreme of L5.

In the R ×G progeny, 18 fruit firmness QTLs were detected
on six of the eight Prunus LGs (except for LG3 and LG4)
considering the analysis of 4 years. Maximum EV was found

Table 1 Years of phenotypic as-
sessment, significance of the ge-
notype effect for firmness, and
fruit weight estimated by
ANOVA for the sweet cherry
(Prunus avium) populations de-
rived from the crosses between
“Regina” × “Lapins” and “Regi-
na” × “Garnet”

Trait Population Number of years Phenotyping years Genotype effect
(G)

Broad-sense
heritability

p F value

Fruit firmness

“Regina” × “Lapins” 6 2006, 2008–2012 <2e-16 6.874 0.85

“Regina” × “Garnet” 4 2009–2012 <2e-16 4.640 0.78

Fruit weight

“Regina” × “Lapins” 7 2006–2012 <2e-16 8.433 0.88

“Regina” × “Garnet” 4 2009–2012 <2e-16 4.208 0.76
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on G2 in 2012 (29.8 %), R5 in 2011 (25.9 %), and G1 in 2011
(20.4 %). The QTL on R5 was detected every year. The
multiyear analysis showed MEV values of 16.1, 10.1, and
24.1 for G2, G5, and R5, respectively. The multiyear analysis
detected a total of 11 QTLs including one QTL on G3 and one
on the middle of R5 not found previously by the by-year
analysis. In addition, the confidence interval of the QTL
situated at 67.7 cM on R5 was not confirmed by MultiQTL
2.5 due to the low MV (<2 %) (m value of bootstrapping).

Regarding fruit weight, 32 QTLs were detected on all
Prunus LGs as previously shown for the R × L progeny.
Maximum EV in R × G was found on G8 in 2010 (31.2 %),
R2 in 2012 (31.0 %), and R2 in 2010 (30.7 %). With the
multiyear analysis, MEV values ranged from 6.1 to 18.3, the
highest values observed for R2 (18.2), G8 (14.0), R5 (13.8),
and G6 and R6 (11.3 and 10.1 respectively). The multiyear
analysis revealed a total of 15 QTLs.

Most of the detected QTLs colocalized in similar regions in
R × L and R × G for both firmness and weight (Fig. 1). This
was especially evident for the colocalizations of QTLs with
small confidence intervals at the bottom of LG5 both in R × L
and R × G and in the middle of LG6 in R×L, when

considering fruit weight QTLs on Regina and fruit firmness
QTLs on Lapins (Fig. 1). In addition, a colocalization between
fruit firmness and fruit weight QTLs was found throughout
the genome of sweet cherry for each progeny (Fig. 1). Some of
the clustered QTLs overlapped with PpCNR in silico position
previously described by De Franceschi et al. (2013):
PpCNR09, PpCNR10, PpCNR11 on LG1; PpCNR12 on the
proximal part of LG2; PpCNR16 on LG3; PpCNR18 and
PpCNR19 on the bottom of LG5; and PpCNR22 on LG7
(Fig. 1).

Haplotype Construction

Given that parental maps for QTL analysis were built using
markers segregating only for one parent, segregation of a
maximum of two different alleles is expected for each QTL
in our diploid cross-pollination. Two fruit firmness QTLswere
found in R5 (R × G population) (Online Resource 3), named
ff5.1 and ff5.2. The ff5.2 was chosen for haplotype construc-
tion according to the QTL stability (found in every year of the
study) and shorter confidence interval (Online Resource 3).
The multiyear analysis detected a peak position for ff5.2 at
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Fig. 1 QTL analysis in two progenies “Regina” × “Lapins” (left) and
“Regina” × “Garnet” (right) for fruit firmness (Ff) (in orange) and fruit
weight (Fw) (in red). Only results using multiyear analyses from

MultiQTL are indicated. QTLs are indicated by bars (orange bars, Ff;
red bars, Fw). Distance between markers is represented in centimorgan.
CNR genes are mapped in silico using the peach genome sequence



67.7 cM, very similar to the QTL peaks found by the by-year
analysis. For the ff5.2, markers Rsweet_5_16416089
(65.1 cM) and Rsweet_5_16741368 (67.8 cM) were selected
for haplotype construction (Online Resource 3). Only haplo-
types that did not have a recombination between the parental
markers were used to examine the effects of the allele of fruit
firmness QTL on R5. Thus, recombinant seedlings for the
QTL region were not included in the analysis. Mean fruit
firmness and weight values were calculated for both haplo-
types (Online Resource 3). For all 4 years, those progeny
individuals that received the Regina’s “a” haplotype consis-
tently had firmer fruits than those that received the Regina’s
“b” haplotype (Online Resource 3). On the contrary, those
progeny individuals that received the a haplotype consistently
had lighter fruits than those that received the b haplotype.

In silico CG Analysis

Our QTL results and CG analysis validated the CG CNR12
previously found in LG2 (De Franceschi et al. 2013). In addi-
tion, in silico CG analysis was performed within small confi-
dence intervals colocalizing for fruit firmness and weight found
for the QTLs on LG5 and LG6. The region covered by the
confidence intervals was shortened thanks to the high number
of phenotyping years and to the high heritability of the traits.
The high degree of synteny and colinearity conservation found
between peach and cherry (Dirlewanger et al. 2004; Klagges
et al. 2013) made it possible to use the peach genome sequence
as a reference for CG investigation. The intervals for fruit
weight (Lapins) and firmness (Regina) expressed in base pairs
(bp) of the peach physical position, considerably overlapped on
LG6: 14,770,602–17,706,516 bp (fw6.1) and 19,939,133–
20,820,863 bp (fw6.2) overlapped with 15,179,474–
16,172,722 bp (ff6.1) and 17,018,687–20,986,380 bp (ff6.2)
(Fig. 1). In order to include both fruit weight (fw6.1 and fw6.2)
and firmness (ff6.1 and ff6.2) QTLs, 6,215,778 bp from
14,770,602 bp of the scaffold 6 were screened. In this region,
634 genes were predicted on the peach dihaploid “Lovell”
genome from which 25.2 % had Blast hits with unknown
proteins. On LG5, ff5.2 interval (16,489,338–17,743,459 bp)
detected in R × L overlapping the fruit weight interval found for
R × G has been screened for CG. This interval was chosen
according to the ff5.2 observed in Lapins and contained the
Regina’s (R × L) ff5.2 located at 67.7 cM (Table 3). In the ff5.2
region, 254 genes were predicted from which 12.6 % had Blast
hits with unknown proteins (Online Resource 4). Data mining
on the two loci based on predicted protein function, gene
ontology annotation, and their potential involvement in fruit
weight and firmness resulted in the selection of 43 CGs, 15 on
LG5 (covering fw5.2 and ff5.2), and 29 on LG6 (covering
fw6.1, fw6.2, ff6.1, and ff6.2) (Online Resource 5). Among
the 15 CGs found on LG5, three were selected for their poten-
tial involvement in fruit weight control: cytochrome p450

78A3-like, CNR1, and plac8 family protein (Blast2GO anno-
tation) corresponding to PpCNR18 and PpCNR19, respectively
(peach CNR gene names based on their order on the peach
genome scaffolds) (De Franceschi et al. 2013). The 12 other
CGs were selected for their potential involvement in fruit
firmness via cell wall biogenesis, modifications, or degrada-
tions. On LG6, three CGs were selected for their potential
involvement in fruit weight control: cyclin-dependant kinase
c-1-like, cyclin-d-binding myb-like transcription factor 1-like
and cyclin-d5-1-like. The cyclin kinase and the cyclin-d5-1-like
were selected because they are adjacent to the boundaries of the
fruit weight QTLs intervals, even if they are not comprised in
these intervals. The 26 other CGs on LG6 were selected for
their potential involvement in fruit firmness via cell wall bio-
genesis, modifications, or degradations as in LG5.

Discussion

Both populations exhibited similar patterns of data distribu-
tion for fruit firmness and weight for the different years of
study, showing the expected continuous distribution, charac-
teristic of quantitative traits (Fig. 1). Similar distributions for
fruit weight were observed in other Prunus: sweet cherry
(Lamb 1953; Zhang et al. 2010), sour cherry (Wang et al.
2000), and peach (Dirlewanger et al. 1999). In all these
studies, the mean fruit weight for the F1 progeny was lower
than the parental midpoint, showing an apparent dominance of
small-fruited alleles. This fact highlights the importance of
QTL identification and CG search for fast breeding for fruit
weight in Prunus species.

Broad-sense heritability (HBS) has been used as an index of
reliability of phenotypic selection for genetic characteristics
(Holland et al. 2003), and the detection of QTLs is easier for
traits when numbers of contributing loci are low and herita-
bility is high (Li et al. 2011). In both R × L and R ×Gmapping
populations,HBS was sufficiently high (>0.8) to enable genet-
ic analysis of fruit firmness and weight (Table 1). Nonetheless,
the higher heritability found for R × L, for both traits, could be
associated to the higher number of QTLs found compared to R
× G (Table 1). Previous studies on fruit weight heritability
have also shown high values: 0.76 in a 3-year study on a
population derived from a domesticated and a wild cherry
(Zhang et al. 2010) and 0.88 in sour cherry (Wang et al. 2000).

The negative correlation between fruit firmness and weight
found in this study is not a constant within the Rosaceae fruit
species. For example, negative correlations between these
traits have previously been described in apple (Johnson
1994), whereas no correlation has been found in apricot
(Badenes et al. 1998; Ruiz and Egea 2008) or strawberry
(Lerceteau-Kohler et al. 2012). On the contrary, a positive
correlation was found in peach and nectarine (Cantin et al.
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Table 3 QTLs controlling fruit firmness and weight in “Regina” × “Lapins” and “Regina” × “Garnet” sweet cherry populations

Progeny Year LG LOD
QTL 
peak 

CI 95% (cM)
P.E.V. 

(%)
d Year LG LOD

QTL 
peak 

CI 95% (cM)
P.E.V. 

(%)
d

(a) “Regina” × “Lapins”

Fruit firmness (ff) Fruit weight (fw)

2006 R2 3.4 27.1 (11.2;43.0) 19.7 -14 2006 R1 4.4 128.2 (96.3;147.6) 10.4 1.2

2008 R1 6.1 76.1 (15.1;137.0) 20.7 -8.7 L2 8.4 32.7 ( 0.9;64.5) 21.7 0.9

108.5 (52.5;147.6) 0.66 50.6 (35.7;65.6) 0.5

L2 3.7 52.0 (37.4;66.7) 13.4 -7.8 R2 8.4 34.5 (30.4;38.6) 22.2 1.8

R3 6.8 30.1 (0.0;65.9) 24.2 -7.6 R3 4.2 2.6 (0.0;23.5) 9.2 1.1

55.7 (25.0;77.3) -1.8 L5 5.2 22.3 (15.1;29.5) 13.7 1.2

L4 5.4 6.4 (0.0;13.9) 25.5 -11 R5 4.6 52.5 (44.7;57.5) 10.9 -1.2

18.0 (0.0;43.9) 4.81 L6 4.2 76.6 (59.5;93.6) 18.2 1.4

2009 L1 7.8 47.7 (14.4;81.0) 11.2 -4.7 R8 2.8 46.3 (34.7;55.0) 6.1 -0.9

126.7 (94.9;152.2) 5.17 2007 L1 5.3 138.8 (115.3;152.2) 19.9 -1.3

R1 3.5 95.8 (55.8;135.7) 13.8 -7.2 R2 3.6 22.1 ( 0.0;62.9) 13.4 1.1

L2 21.8 32.8 ( 5.3;60.2) 36.8 -5.8 R3 4.8 56.9 (38.3;75.4) 16.1 1.2

53.6 (35.0;70.3) -7.7 R6 6.7 57.3 (36.7;78.0) 24.6 1.7

L5 5.5 38.1 (18.3;55.7) 10.6 -5.6 67.9 (49.8;86.0) -2.2

54.4 (44.9;55.7) 8.49 2008 L2 3.9 53.1 (31.8;70.3) 16.2 1.3

L6 5.1 44.2 (17.4;70.9) 15.2 6.72 R2 9.1 15.4 (4.5;26.3) 30.0 1.8

68.0 (44.7;91.3) -7.3 R3 6.0 56.3 (41.5;71.0) 15.4 1.3

2010 L2 10.3 52.2 (43.5;60.9) 28.6 -9.4 2009 L1 4.207 122.7 (86.4;152.2) 10.6 -1.0

L3 3.3 46.3 (25.2;67.4) 7.6 -4.6 L2 12.1 4.2 (0.0;17.4) 39.9 -1.3

L4 3.8 15.7 (0.0;36.1) 8.9 -5.1 32.1 (16.1;48.1) 2.1

L5 2.7 50.4 (27.7;55.7) 5.3 3.6 R2 7.2 20.7 (0.0;43.3) 22.0 1.4

R5 3.2 46.6 (11.4;57.5) 12.8 4.95 59.1 (10.1;84.0) -0.6

2011 R1 8.5 87.4 (44.1;130.6) 18.6 -5.8 R3 6.5 24.2 (0.0;73.4) 15.5 0.6

139.0 (103.3;147.6) -4.3 62.2 (43.5;77.3) 0.7

L2 10.7 53.4 (48.2;58.5) 35.6 -12 L4 5.3 9.5 (0.0;24.8) 11.8 1.2

R2 6.4 33.6 ( 5.2;62.0) 21.0 -1.6 17.0 (0.0;36.7) -1.4

62.8 (11.8;84.0) -1.9 L6 3.5 40.4 (6.2;74.5) 9.1 1.0

R3 3.4 12.1 (0.0;35.4) 10.1 -6.1 R6 6.2 58.8 (33.5;84.2) 20.2 1.4

R5 5.5 19.3 (0.0;46.3) 14.1 -4 74.1 (47.5;100.8) -1.9

54.6 (41.3;57.5) 7.91 L7 5.0 51.7 (18.6;77.8) 15.8 -0.7

2012 L1 5.5 35.0 (0.0;95.4) 14.7 -2.8 73.0 (64.4;77.8) 1.3

94.9 (5.5;152.2) 1.95 2010 L1 3.103 138.0 (90.7;152.2) 10.7 -0.8

R1 4.9 90.2 (63.4;117.0) 19.8 -9.2 R1 8.6 81.9 (24.4;139.4) 16.1 0.9

L2 9.4 33.2 (2.8;63.6) 24.0 -5.4 110.1 (80.2;140.0) -0.2

60.7 (45.3;70.3) -6.2 L2 4.2 49.8 (33.0;66.5) 15.8 1.0

R5 3.2 43.8 (21.2;57.5) 10.1 6.52 R2 9.8 22.0 (0.0;46.0) 16.8 0.7

L6 5.6 29.0 (0.0;72.8) 18.5 4.18 52.5 (21.4;83.6) 0.4

67.4 (22.7;112.0) 2.79 R3 5.7 36.0 (3.8;68.2) 9.8 -0.1

L8 2.8 64.5 (31.2;73.2) 7.0 5.34 57.9 (34.4;77.3) 0.7

R5 6.4 19.8 ( 6.3;33.3) 13.2 0.6

38.1 (19.8;56.4) -1.1

R6 13.4 60.4 (49.4;71.4) 31.9 1.2

71.4 (63.8;79.0) -2.0

2011 L2 4.6 41.7 (29.4;54.0) 17.8 1.2

R2 5.8 19.1 (2.2;36.1) 22.7 1.4

2012 R1 7.3 52.5 (0.0;111.1) 22.0 -1.9

62.2 (0.0;128.9) 1.7

L2 3.2 35.8 (8.6;63.0) 14.5 1.0

R2 8.7 39.5 (26.4;52.6) 37.5 2.3

54.4 (34.3;74.6) -1.3

R4 6.9 25.0 (11.4;38.6) 25.9 -2.3

30.8 (16.4;45.2) 2.1

R5 2.8 34.8 (7.9;57.5) 9.3 -0.8

Multi-year analysis Multi-year analysis

L1 19.2 49.5 (16.0;83.0) 6.4 -2.7 L1 22.3 145.1 (139.6;150.6) 9.9 -0.8

127.0 (100.4;152.2) 3.4 R1 26.8 84.7 (41.6;127.8) 8.1 0.4

R1 30.5 88.3 (61.6;115.0) 14.0 -6.5 136.4 (99.6;147.6) 0.4

137.6 (99.4;147.6) -3.3 L2 48.2 2.1 (0.0;14.8) 20.2 -0.6

L2 60.3 37.8 (18.5;57.2) 20.0 -5.8 34.1 (25.5;42.8) 1.4

58.2 (46.4;69.9) -4.3 R2 54.0 13.3 ( 3.7;22.9) 18.3 0.8

R2 22.0 26.3 (14.1;38.6) 12.5 -5.8 39.6 (18.0;61.2) 0.6

69.7 (26.1;84.0) 1.2 L3 18.9 34.3 (15.8;52.8) 6.2 0.2

L3 9.6 45.1 (25.9;64.2) 4.1 -3.8 65.0 (51.5;73.5) 0.4

R3 18.5 6.1 (0.0;36.2) 8.0 -3.5 R3 36.5 8.5 (0.0;44.6) 11.1 0.3

48.2 (30.4;66.0) -2.7 58.4 (52.2;64.6) 0.8

L4 19.3 7.1 (1.8;12.5) 7.5 -4.5 L5 17.8 2.8 (0.0;17.3) 7.3 -0.3

28.5 (0.1;56.8) 0.8 17.5 (0.0;44.9) 0.5

L5 19.7 44.8 (33.3;55.7) 11.8 -7.9 R5 20.8 17.5 (0.0;52.4) 6.5 -0.1

55.4 (52.7;55.7) 8.4 54.8 (44.9;57.5) -0.6

R5 17.6 22.7 (0.0;55.4) 8.3 -0.3 L6 19.8 7.3 (0.0;36.3) 9.4 -0.2

52.2 (40.1;57.5) 5.5 78.9 (56.4;101.5) 0.6

L6 24.6 49.4 (46.7;52.0) 12.0 7.0 R6 37.0 58.8 (55.8;61.7) 16.7 1.2

75.8 (59.1;92.4) -5.8 70.0 (66.8;73.1) -1.6

R6 13.0 50.5 (2.3;98.8) 8.8 -1.7 L7 17.0 51.1 (27.6;74.7) 8.2 -0.4

66.5 (28.2;104.4) 2.8 73.0 (65.2;77.8) 0.8

L8 17.0 14.2 (0.0;50.4) 6.1 1.5

72.3 (60.6;73.2) 4.2
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2010b). These results may suggest a different interaction
between characters depending on the species. Indeed, the
differences in the negative correlation values between fruit
firmness and size found in R × L (from −0.49 to −0.72) and R
× G (from −0.29 to −0.40) suggest a strong genotype effect in
the correlation between these two traits within sweet cherry.

The QTLs for fruit weight (fw5.2) and fruit firmness (ff5.2),
colocalizing at the bottom of LG5, have not been described
before in sweet cherry. Also, fw5.2 and ff5.2 colocalize with
the LD block around the marker EMPAS14 (15,142,021 bp in

the peach genome v1.0) in cultivated sweet cherry not found
in wild cherry (Arunyawat et al. 2012), suggesting a selection
during domestication. It should be noted that Arunyawat et al.
(2012) used only 35 SSRs for the eight LGs, so the
colocalization of disequilibrium blocks should be considered
with caution.

Although no fruit firmness QTL study has been reported
for sweet cherry, several QTL regions found in our study
colocalize with QTL regions previously identified for other
Rosaceae species. Cevik et al. (2010) found an association

Table 3 (Continued)

(b) 'Regina' × 'Garnet'

Fruit firmness (ff) Fruit weight (fw)

2009 R5 4.6 67.3 (59.3;67.7] 17.6 6.6 2009 G6 3.1 30.3 (0.0;69.1) 13.9 -1.1

2010 G2 3.6 96.5 (71.1;104.7) 11.1 -4.4 2010 R1 9.0 27.7 (0.0;60.2) 16.8 -0.2

G5 5.2 58.1 (41.1;67.4) 20.2 -6.0 56.6 (25.7;87.5) 0.8

R5 4.4 66.5 (55.1;67.7) 16.8 5.3 R2 9.2 50.2 (20.9;76.7) 30.7 -2.0

2011 G1 7.8 57.0 (12.0;101.9) 20.4 0.8 61.8 (48.8;74.9) 1.4

81.9 (16.4;147.3) 1.6 G3 6.1 42.5 (16.9;68.1) 23.6 1.5

G2 5.2 96.0 (77.6;104.7) 11.7 -4.8 50.1 (23.9;76.3) -2.0

G5 7.7 12.6 ( 0.0;38.2) 16.7 0.0 R3 4.8 32.8 (15.6;50.1) 10.0 -0.6

61.0 (47.5;67.4) -5.5 57.6 (48.4;66.8) 0.8

G6 4.7 9.3 (0.0;33.1) 10.0 4.3 R4 6.6 35.4 ( 0.0;59.9) 10.0 -0.5

G8 5.7 30.9 (0.0;65.1) 19.2 -6.9 45.0 (11.9;59.9) 0.2

50.0 (15.1;72.1) 6.8 R5 3.8 64.3 (39.0;67.7) 9.6 -0.8

R5 7.4 67.4 (60.3;67.7) 25.9 7.0 R6 10.5 41.1 ( 6.6;75.6) 15.2 -0.4

2012 G2 6.1 71.3 (15.6;104.7) 29.8 8.0 76.3 (58.6;81.7) -0.7

92.2 (69.9;104.7)
-

12.1
R7 5.5 25.9 (0.0;57.6) 8.1 0.4

G5 2.5 59.1 (33.9;67.4) 9.4 -4.4 52.8 (33.1;57.6) 0.2

R5 3.5 63.5 (43.7;67.7) 13.6 5.2 G8 9.7 17.5 (3.4;31.7) 31.2 0.5

R7 3.1 22.9 ( 0.0;57.6) 9.9 1.8 55.7 (12.4;72.1) -0.4

2011 R1 6.9 63.0 (7.1;118.8) 16.9 1.1

84.4 (40.4;124.2) -0.1

R2 10.1 28.6 (5.6;51.5) 26.9 -1.3

46.5 (18.5;74.5) 0.0

G3 2.9 35.6 (0.0;75.6) 11.5 -0.9

R6 3.9 60.7 (39.0;81.7) 11.7 -1.0

G8 5.4 14.4 (0.0;33.1) 24.9 1.1

47.7 (0.0;72.1) -0.8

2012 G2 3.0 74.8 (18.3;104.7) 12.5 0.8

R2 11.5 23.6 (7.2;39.9) 31.0 -0.7

33.2 (12.9;53.6) -0.4

R5 11.3 36.4 (0.0;67.7) 27.8 0.0

65.3 (60.2;67.7) -1.3

R7 3.2 15.7 (0.0;32.1) 6.0 -0.6

Multi-year analysis Multi-year analysis

G2 17.5 70.6 (47.8;93.3) 16.1 2.9 G1 11.9 75.4 (30.7;120.1) 9.6 -0.6

100.6 (93.4;104.7) -5.7 105.2 ( 62.5;147.9) 0.4

G3 5.3 27.6 ( 0.0;76.7) 3.8 1.6 R1 14.6 61.7 (19.1;104.3) 9.6 0.3

G5 10.9 61.2 (52.3;67.4) 10.1 -4.3 93.4 (40.4;124.2) 0.4

R5 25.5 44.7 (13.9;67.7) 24.1 -3.5 R2 27.0 14.1 ( 0.0;33.6) 18.3 -0.6

67.7 (67.7;67.7) 8.5 32.6 (18.2;46.9) -0.6

G6 6.5 11.2 (0.0;48.4) 5.1 2.6 G3 7.4 36.6 (15.2;57.0) 6.1 -0.6

R7 11.9 9.8 (0.0;28.0) 10.4 3.8 R4 11.8 29.7 ( 9.4;49.9) 9.1 0.4

35.75 (0.0;57.6) -2.2 55.2 (43.1;59.9) -0.6

G8 11.8 6.1 (0.0;33.0) 10.8 -4.5 R5 22.1 32.0 ( 0.0;67.7) 13.8 0.1

29.4 (0.0;65.5) 2.2 67.5 (67.5;67.5) -1.0

G6 6.7 33.0 (0.0;68.3) 11.3 -1.1

R6 7.4 71.0 (46.7;81.7) 10.1 -0.8

G8 18.7 15.0 (6.5;23.5) 14.0 0.6

67.0 (36.8;72.1) -0.6

For multiyear analyses, only the mean values for d and P.E.Vare presented. QTLs detected every year are in bold and colored in gray

LG linkage group, LOD logarithm of the odds ratio, CI confidence interval, P.E.V. variation explained by the QTL in percentage of the total variation explained, d
difference X(A)–X(B) according to the year of evaluation, where A and B are the two homozygotes at the marker loci, G Garnet, L Lapins, R Regina
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between MdMADS2.1 gene and fruit firmness in apple LG5.
A likely orthologous of theMalusMdMADS2.1 (also known
as MdMADS2) gene in Prunus is EST PrpAP1 [BU039475;
(Silva et al. 2005)]. The PrpAP1, mapped just 1 cM away
from the marker AG108 of the LG5 of Prunus reference map,
which colocalized with sweet cherry QTL ff5.2 described in
R × G. Thus, a colocalization for fruit firmness genes found
using an association genetics study between landraces and
modern cultivars of apple (Cevik et al. 2010) and in this
QTL study in a cross of modern cultivars was revealed.
Remarkably, this region also colocalizes with fruit weight
QTL found in different species. For example, a QTL for fruit
weight was also found at the bottom of LG5 in the cross of a
wild species and a modern nectarine P. davidiana × P. persica
(Quilot et al. 2004). This QTL was found to be associated
again to AG108, situated just below BPPCT014, in which
physical position in the peach genome is 16.6 Mb and is
colocalizing with the fw5.2 found in this study. Thus, the
ff5.2 in sweet cherry colocalizes with the fw5.2 found in
crosses between wild species × modern cultivar of peach.

Zhang et al. (2010) reported fruit weight QTLs on LG2 and
LG6 in a population derived from a domesticated and a wild
sweet cherry. Later on, Rosyara et al. (2013), conducting
pedigree-based QTL mapping on 23 founders and 424 prog-
eny individuals from four full-sib families, one of which was
Regina × Lapins, found one QTL in the middle of LG1 (17–
27-Mb region of peach genome v1.0), three QTLs on LG2
(15–23-Mb region on peach), one in the middle of LG3
(surrounding 10 Mb on peach), and one on the lower half of
LG6 (ca. 19 Mb on peach). In our study, we found two QTLs
per LG in the LG1, LG3, and LG6, which means that three
new QTLs were reported in those LGs compared to the study
of Rosyara et al. (2013).

The QTL for fruit weight located on the top of LG2 was
found in all 7 years of study in the R × L population and
colocalizes with CNR copy PavCNR12 (De Franceschi et al.

2013). In agreement with these results, Arunyawat et al.
(2012) found an LD block in the area of this QTL (between
EMPA017—10.5 Mb—and BPPCT002—16.5 Mb—in the
peach genome v1.0) in cultivated sweet cherry but not in wild
cherry. Also, De Franceschi et al. (2013) showed the associ-
ation of PavCNR12 haplotypes with the QTL effects, strongly
supporting the hypothesis that both PavCNR12 and
PcrCNR12 control fruit size in sweet and sour cherry, respec-
tively. The second QTL found in LG2 colocalizes with both
the QTL in the distal part of LG2 found in multiple pedigreed
populations (Rosyara et al. 2013) and the LD blocks found in
modern varieties in sweet cherry (Arunyawat et al. 2012),
suggesting a selection of genes in this part of the genome.

Regarding the fruit weight QTL on LG6, fw6.1 colocalizes
with the QTL found in multiple pedigreed populations
(Rosyara et al. 2013). Interestingly, an LD block was found
for the fw6.1 and the fw6.2 (EMPA004 and UDP98021)
markers situated at 14,794,983 and 22,785,018 bp, respec-
tively; in the peach genome v1.0 in both cultivated and
wild sweet cherry (Arunyawat et al. 2012). This LD block
in wild cherry could be associated to the incompatibility
gene S located a few megabase downstream the QTL. As
for the fw6.2, no QTL colocalization was found on LG6 for
PpCNR20 in sweet cherry as expected. De Franceschi et al.
(2013) suggested that the small fruit allele of PpCNR20
was unique to the wild mazzard “New York 54,” after
studying 16 other sweet cherry cultivars, including
Regina and Lapins. In the light of previous results, fw6.2
might correspond to a QTL for pit size, since it is located in
the same region as a major QTL detected for stone weight
in peach (Quilot et al. 2004) and for length and width pit
size in sweet cherry (Zhang et al. 2010).

Comparing our results and those of Zhang et al. (2010), a
colocalization between QTL for fruit weight in Rosaceae
crosses between wild species × modern cultivar and modern
cultivar × modern cultivar on LG2 and LG6 has been

Fig. 2 Comparison of fw3.2 genomic regions in tomato (Solanum
lycopersicon) and peach (Prunus persica). ABC ABC transporter,
COBRA COBRA-like protein,mTERFmitochondrial transcription termi-
nation factor, PPR pentatricopeptide repeat-containing protein, CSF

cleavage stimulation factor, S/T kinase G-type lectin S-receptor-like
serine/threonine-protein kinase, Rhomboid rhomboid-like protein,
KELCH KELCH repeat protein, PsbP photosystem II oxygen-evolving
enhancer protein 2
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observed, as described above for fruit firmness within the
Rosaceae.

A significant interaction between QTLs for both fruit firm-
ness and weight and year was detected. Indeed, considering
both progenies, QTLs were detected during all years only for
fruit firmness on R5 (R × G) and for fruit weight on R2 (R ×
L). This highlights the need of conducting this type of study
during a large number of years, to account for between-year
climatic variations. These variations may not affect signifi-
cantly overall heritability values, as well as the detection of
major QTLs, but they can be very important for the detection
of minor QTLs (Dirlewanger et al. 2012). Thus, a precise
understanding of these complex and critical traits for fruit
trees requires multiyear approaches.

In Silico CG Analysis

In the present study, the reduction of QTLs confidence inter-
vals allowed us to use the CG approach in exploring two small
regions with a high effect on fruit firmness and weight. These
regions complement the candidate genes found on LG2
PpCNR12 and LG6 PpCNR20 in cherry (De Franceschi
et al. 2013).

Concerning the colocalization of QTLs for fruit firmness
and weight on LG5, the CG analysis has identified a con-
served region in peach and tomato including a member of the
cytochrome P450 superfamily and several Cobra genes
(Fig. 2). The peach cytochrome P450 protein (P450 78A
subfamily) contains theKLUH/CYP78A5 protein. The closest
peach ortholog of Arabidopsis thaliana KLUH is the P450
gene found on the LG5. KLUH controls plant organ size by
cell proliferation regulation (Anastasiou et al. 2007). In toma-
to,KLUH has been identified as the gene underlying the fw3.2
locus for fruit weight QTL (Chakrabarti et al. 2013; Zhang
et al. 2012). Furthermore, in the same sweet cherry locus, two
CNRs have been identified (De Franceschi et al. 2013). To
date, only two genes underlying fruit weight QTLs are known:
KLUH and CNR underlying the fw3.2 and the fw2.2 loci,
respectively, in tomato, located in two different LGs. The
homolog of KLUH and two homologs of CNR genes were
found within the confidence interval of the fruit weight and
firmness sweet cherry QTL. Additionally, this region has been
shown to coincide with a peak of high LD in peach (Verde
et al. 2013) which may result from selective sweeps related to
domestication, diversification, and breeding.

An unexpected finding resulting from the CG analysis is
the conservation of several genes surrounding the KLUH/
CYP78 gene between peach and tomato (Zhang et al. 2012)
(Fig. 2). Among them, theCobra genes may play a role in fruit
firmness. Indeed, a previous study in tomato suggests that
SlCOBRA-like plays an important role in cell wall architec-
ture (Cao et al. 2012b), which is a key factor determining the
fruit firmness. Furthermore, a MIKC MADS BOX

transcription factor, homolog of the apple MdMadS2 (Cevik
et al. 2010), has been found in the near vicinity of the COBRA
genes, and a significant association between this gene and fruit
flesh firmness has been described in apple (Cevik et al. 2010).
All these CGs (COBRA, KLUH, MdMadS2, and CNR) could
be found on the apple genome in a very similar disposition but
dispatched on Malus chromosomes 6 and 14, which are
homeologous chromosomes orthologous of peach LG5
(Jung et al. 2012). This colocalization could explain the cor-
relation between fruit size and firmness found in non-related
species.

Most of the other CGs found in the LG5 QTL confidence
interval belong to the cell wall modifying/synthesis/degradation
pathways and could affect the fruit firmness by combinatorial
e f f e c t s : ga l a c t u ronosy l t r an s f e r a se syn thes i z e s
homogalacturonan (Doong andMohnen 1998), endoglucanase,
and beta-glucosidase are implicated in cell wall loosening
(Cosgrove 2005; Minic and Jouanin 2006) and ethylene re-
sponsive factor has been identified as the product of a gene
underlying a tomato fruit firmness QTL (Chapman et al. 2012).

The last CG on the QTL confidence interval on LG5,
WUSCHEL-related homeobox, has been identified as one of
the two genes underlying the tomato locule number (lc) QTL
controlling locule number and fruit weight (Munos et al.
2011).

The analysis of the LG6 QTL confidence interval highlight-
ed several CGs potentially involved in fruit firmness by acting
on the cell wall structure: beta-glucosidases, glycosyltransfer-
ases, pectine esterases and one pectine esterase inhibitor, ERF
transcription factors, and rhamnosyltransferases. Additionally,
an endopolygalacturonase (endoPG) homolog is found in this
region. This is probably the best CG for fruit firmness control.
Indeed, pectinase endoPG is implicated in fruit softening by
cell wall disassembly. Silencing and downregulation of
Fragaria (a non-climacteric fruit like sweet cherry) FaPG1
significantly improved fruit firmness (Pose et al. 2013;
Quesada et al. 2009). Correlations between fruit softening and
cell wall hydrolase endoPG1 have been also described in apple
(Costa et al. 2010; Longhi et al. 2012), and reduced levels of
PG1 expression have been correlated with firmer fruit
(Atkinson et al. 2012; Mann et al. 2008; Wakasa et al. 2006).
One CG or a complex network interaction of these multiple
CGsmay be the predominant factor explaining the effect of this
QTL on the sweet cherry fruit firmness control.

Three CGs found in the LG6 QTL confidence interval
could be involved in the fruit weight control by regulating
cell proliferation. These three CGs (cyclin-d5-1-like, cyclin-d-
binding myb-like transcription factor 1-like, and cyclin-
dependent kinase c-1-like) are related to the cyclin D family
which are important regulators of cell division (Cui et al.
2014). An action (repression or activation) of KLUH and/or
CNR on these CycD genes leading to a balanced control of
cell proliferation and fruit weight could be hypothesized.
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The suggested conserved control of fruit firmness and fruit
size across species and the colocalization of QTLs described
may give some clues about the domestication in Rosaceae. In
the case of plant domestication, relevant crosses for QTL
studies would be between individuals from domesticated
plants and their closest wild relatives or potentially between
a landrace and an elite cultivar (Miller and Gross 2011).
However, the described colocalizations for fruit weight and
firmness in LG2, LG5, and LG6 in QTL studies in wild
species × modern cultivar and modern cultivar × modern
cultivar crosses may indicate that fruit firmness and fruit
weight alleles are not fixed in sweet cherry modern cultivars.
Like sweet cherry, many perennial fruit species are long-lived
fruit tree species, with a relatively low history-breeding pro-
file, long juvenile phase, self-incompatibility system, high
rates of hybridization, clonal propagation, extensive popula-
tion genetic variation, and relatively limited population struc-
ture in comparison to annual crops. These characteristics may
explain the absence of fixation of alleles in traits traditionally
associated to domestication in a fruit perennial domesticated
species as sweet cherry. Domestication genes have been pro-
posed to meet three criteria: characterized function underlying
the trait, evidence of positive selection at that locus, and
complete or near-complete fixation of the mutation in all
lineages from a domestication event (Meyer and Purugganan
2013). The lack of genomic fixation in these genomic regions
controlling fruit firmness and size in wild, landraces, and
modern cultivars of different Rosaceae species may suggest
that they could be considered as diversification traits in fruit
species within the Rosaceae family. This would be in agree-
ment with previous studies in the Solanaceae. In this family,
fw2.2, a gene controlling fruit size, has been erroneously
inferred to be a domestication locus and is instead important
in more recent diversification of domesticated species (Meyer
and Purugganan 2013). Furthermore, the conservation of
genes controlling the same character not only within
Rosaceae but also in Solanaceae (pepper and tomato) may
suggest a parallel selection of these traits in different species
during diversification process.

Further studies are necessary to analyze the functional role
of the aforementioned genes to understand fruit firmness and
weight control. This will facilitate the extension of domesti-
cation and diversification research beyond the cereal crops
and to design more efficient breeding strategies specifically
tailoring new varieties to consumer preferences. A preliminary
step will be to study the polymorphism within these CGs
between the wild, landraces, and modern cultivars, in order
to confirm the QTL/CG in silico colocalizations.
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