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Abstract
In temperate trees, growth resumption in spring time results from chilling and heat requirements, and is an adaptive 
trait under global warming. Here, the genetic determinism of budbreak and �owering time was deciphered using �ve 
related full-sib apple families. Both traits were observed over 3�years and two sites and expressed in calendar and 
degree-days. Best linear unbiased predictors of genotypic effect or interaction with climatic year were extracted from 
mixed linear models and used for quantitative trait locus (QTL) mapping, performed with an integrated genetic map con-
taining 6849 single nucleotide polymorphisms (SNPs), grouped into haplotypes, and with a Bayesian pedigree-based 
analysis. Four major regions, on linkage group (LG) 7, LG10, LG12, and LG9, the latter being the most stable across 
families, sites, and years, explained 5.6�21.3% of trait variance. Co-localizations for traits in calendar days or growing 
degree hours (GDH) suggested common genetic determinism for chilling and heating requirements. Homologs of two 
major �owering genes, AGL24 and FT, were predicted close to LG9 and LG12 QTLs, respectively, whereas Dormancy 
Associated MADs-box (DAM) genes were near additional QTLs on LG8 and LG15. This suggests that chilling perception 
mechanisms could be common among perennial and annual plants. Progenitors with favorable alleles depending on 
trait and LG were identi�ed and could bene�t new breeding strategies for apple adaptation to temperature increase.

Key words:  Climate change, DAM genes, dormancy, �owering genes, Malus×domestica (Borkh), pedigree-based analysis, 
phenology, QTL.
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Abbreviations: Ang, analysis with only families grown in Angers; BB, budbreak date; BB_CD, budbreak date expressed in CD; BF, beginning of �owering date; BV, 
breeding value; CD, calendar days; CR, chilling requirement; delta_GDH, time between BF and BB expressed in GDH; GBV, genome-wide breeding value; GDH, 
growing degree hours; HIVW, full-sib family derived from the cross between X-3263 and X-3259; HR, heat requirement; Mtp, analysis with only families grown in 
Montpellier; multisite, analysis with full data set containing the �ve families; N, full-sib family derived from the cross between X-3305 and X-3259; P, full-sib family 
derived from the cross between �Rubinette� and X-3305; SG, full-sib family derived from the cross between �Starkrimson� and �Granny Smith�; XB, full-sib family 
derived from the cross between X-3263 and �Belrene�
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Introduction
Global warming has an impact on tree phenology, and rising 
temperatures in late autumn and winter can lead to problem-
atic conditions regarding bud dormancy release. Dormancy is 
a mechanism developed by perennial plants growing in tem-
perate climates to overcome periods of cold temperatures and 
to protect buds from frost. Dormancy has been described as 
being composed of three states: (i) paradormancy, which is 
regulated by physiological factors outside the bud, such as 
apical dominance; (ii) endodormancy, which is regulated by 
physiological factors inside the bud and during which the 
perception of chilling temperatures is active; and (iii) eco-
dormancy, which is regulated by environmental factors, espe-
cially temperature (Lang et� al., 1987). Dormancy release is 
mainly driven by exposure to chilling temperatures (Heide 
and Prestrud, 2005; Schoot et�al., 2013), whereas growth rate 
is driven by warm temperatures (Wigge, 2013). The chilling 
requirement (CR) corresponds to the amount of exposure 
time to cold temperatures required for dormancy release 
and is usually expressed in chilling hours (Anderson and 
Richardson, 1986). The heat requirement (HR) represents the 
amount of exposure time to warm temperatures required to 
reach a particular physiological stage, generally budbreak or 
�owering time. Both stages are considered to be the result of 
the cumulated time necessary to satisfy CR and�HR.

CR and HR have been extensively studied in cultivated 
trees (Citadin et�al., 2001; Egea et�al., 2003; Ruiz et�al., 2007; 
Alburquerque et�al., 2008; Guo et�al., 2014). A�lack of syn-
chronization between �owering and temperature causes bud 
frost, extended �owering time, poor pollination, and fruit 
setting (Atkinson et� al., 2013). In the Rosaceae family, it 
has been established that at the species level and in a �xed 
environment, CR has more in�uence on �owering date than 
HR for Prunus and apple (Egea et�al., 2003; Ruiz et�al., 2007; 
Alburquerque et� al., 2008; Fan et� al., 2010; Celton et� al., 
2011). Moreover, some interdependency between CR and 
HR has been suggested: a lack of chilling causes an extended 
need for warm temperatures, probably due to a residual effect 
of dormancy, whereas extended exposure to chilling tem-
peratures leads to a reduced HR (Ruiz et�al., 2007). Models 
with an overlap between CR and HR ful�llment have been 
proposed for prediction of the dates of phenological stages 
in order to account for a possible in�uence of cold tempera-
ture after dormancy release (Pope et�al., 2014). For a given 
cultivar, the number of days required to ful�ll CR and HR 
depends on the climatic region, in particular in subtropi-
cal and Mediterranean regions where dormancy tends to be 
released later (Legave et�al., 2012). The impact of increasing 
temperatures on phenology has been extensively studied in 
different climates: temperate (Howe et�al., 2000; Wolfe et�al., 
2005; Legave et� al., 2009; Fujisawa and Kobayashi, 2010), 
and Mediterranean and subtropical (Gordo and Sanz, 2009; 
Legave et�al., 2009; Grab and Craparo, 2011; Darbyshire et�al., 
2013; Ghrab et�al., 2014). In the context of global warming, 
the trend tends towards an earlier growth resumption, which 
would be due to a reduced time for HR ful�llment (Wolfe 
et�al., 2005; Gordo and Sanz, 2009; Fujisawa and Kobayashi, 

2010; Grab and Craparo, 2011; Legave et�al., 2012). In the 
coming decades, climate models predict a reduction in chill 
accumulation that could be an advantage for countries at 
high latitudes such as Norway (Campoy et�al., 2011), since 
it would still allow chill accumulation while avoiding spring 
frost (Luedeling, 2012). However, in warmer regions, a major 
loss of chill accumulation is expected (Campoy et�al., 2011).

The concept of  common physiological mechanisms 
between �owering promoted by vernalization and dor-
mancy has been strongly reinforced since Chouard�s work 
in 1960 (Horvath et� al., 2010; Rios et� al., 2014). In fruit 
trees, the comprehension of  molecular control of  dormancy 
has been improved by the study of  an evergrowing mutant 
(evg) in peach in which six DAM genes have been identi-
�ed (Bielenberg et� al., 2008; JimØnez et� al., 2010). These 
DAM genes (especially ppDAM5 and ppDAM6) have been 
shown to belong to the SHORT VEGETATIVE PHASE 
(SVP)/AGAMOUS-LIKE 24 (AGL24) gene family in 
Arabidopsis thaliana (Yamane et�al., 2011; Wells et�al., 2015), 
whose members control �owering and are up-regulated by 
vernalization (Michaels et� al., 2003). Their orthologs in 
peach and Japanese pear have been shown to be involved in 
dormancy establishment and release, regulation of  chilling, 
and heat perception, and could also be part of  a down-regula-
tion system for bud development (JimØnez et�al., 2010; Saito 
et�al., 2013). In apple, four MdDAM genes have been iden-
ti�ed (Mimida et�al., 2015). MdDAMa (MDP00003222567) 
expression peaked at dormancy establishment, and gradually 
decreased under the in�uence of  chilling temperatures until 
dormancy release (Falavigna et� al., 2013). Different chill-
ing treatments have revealed other differentially expressed 
genes with a putative role in dormancy regulation, especially 
a FLOWERING LOCUS C-like gene (FLC-like) located at 
the top of  linkage group (LG) 9 (Porto et�al., 2015). Other 
regulatory genes belonging to the MADS-box family have 
also been found to be related to dormancy events. In par-
ticular, FLOWERING LOCUS T (FT) homologs would be 
involved in the transition between reproductive and vegeta-
tive growth, growth cessation in response to short photo-
period and winter temperatures, dormancy requirement, and 
promotion of  early �owering in trees (Böhlenius et�al., 2006; 
Kotoda et�al., 2010; Tränkner et�al., 2010; Hsu et�al., 2011; 
Srinivasan et�al., 2012). Since budbreak and �owering time 
have been shown to be heritable traits (Labuschagne et�al., 
2002), genetic breeding could be a way to adapt fruit trees 
to a changing environment. Several quantitiative trait loci 
(QTLs) were detected with bi-parental families on Prunus 
and Malus species. On Prunus, a co-localization between a 
�owering date and CR QTL has con�rmed the hypothesis of 
a common genetic determinism between those traits and the 
high complexity of  their genetic control, with QTLs detected 
on almost all the LGs (Dirlewanger et�al., 2012). In apple, 
the top of  LG9 has been identi�ed as an important QTL 
region in two progeny (Dyk et�al., 2010; Celton et�al., 2011), 
and complex genetic control has been revealed with several 
QTLs on different LGs, depending on the progeny (Liebhard 
et�al., 2003; Segura et�al., 2007; Celton et�al., 2011). However, 
single bi-parental analyses did not provide results that were 
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transferable to other progeny, except for LG9 in apple. This 
is a problem common to many species that can be addressed 
by QTL mapping on multiparental populations which 
extend the genetic diversity and allow the comparison of 
allele performance in different genetic backgrounds (Pauly 
et�al., 2012). This strategy has been shown to increase QTL 
detection power, accuracy of  QTL positions, and robust-
ness of  estimation of  QTL effects (Bink et�al., 2002; Blanc 
et�al., 2006; Liu et�al., 2012). However, false-positive QTLs 
can be detected with such populations due to relationships 
between individuals. Pedigree-based analysis (PBA) over-
came this issue by taking into account relationships between 
individuals using the concept of  identity by descent (IBD), 
which combines information from both pedigree and mark-
ers (Luan et�al., 2012). In addition, considering marker data 
for common ancestors makes it possible to trace the source 
of  favorable alleles.

In this study, our �rst aim was to map QTLs linked to 
bud phenology and to distinguish those linked to CR or HR 
through a multifamily and pedigree-based analysis. A� sec-
ond aim was to identify underlying candidate genes, paying 
special attention to related DAM genes. The third aim of the 
study was to identify founders, parents, or individuals with 
interesting genotypes and to trace their transmission along 
the pedigree. For these purposes, several variables that rep-
resented variation due to CR or HR or both were studied. 
Five families and their genetic relationships were considered 
in a pedigree-based analysis. This study revealed four impor-
tant loci on LG7, LG9, LG10, and LG12, and two minor 
loci on LG8 and LG15. For the �rst time in apple, candidate 
genes previously described as being involved in chill percep-
tion and �owering, namely DAM genes, homologs to AGL24, 
FT, and FLC in A.�thaliana, were mapped under four QTLs. 
Moreover, progenitors with favorable alleles were identi�ed 
that could open up new perspectives for breeding.

Materials and methods
Plant material
Five related full-sib families were considered. Two families were 
grown at INRA�s Diascope experimental unit in Montpellier (co-
ordinates: 43°36’35’’N; 3°58’50’’E) and three at INRA�s Angers 

experimental station (co-ordinates: 47°29’7.656 N; 0°36’47.646). 
The Montpellier families were derived from a cross between a color 
mutant of �Delicious�, �Starkrimson�, and �Granny Smith�, and 
between X-3263 and �Belrene� (Fig.� 1). They were designated SG 
and XB, and were composed of 115 and 58 progeny, respectively. SG 
progeny were repeated twice. For both families, trees were grafted on 
Pajam I�apple rootstock; SG was planted in 2007 and XB in 2005. 
Trees were grown with minimal training and pruning. The Angers 
families were derived from crosses between X-3263 and X-3259, 
X-3259 and X-3305, and X-3305 and �Rubinette�, and were desig-
nated HIVW, N, and P, respectively (Fig.�1). They were composed of 
171, 42, and 45 individuals, respectively, each with a single replicate 
per individual. The trees were trained in the vertical axis with an 
annual manual thinning with one fruit per in�orescence. At both 
sites, pest and disease management was performed consistently with 
professional practices.

The families were interconnected through a complex pedigree 
(Fig.� 1). X-3263 is the parent of both XB and HIVW, X-3259 is 
the parent of both N and HIVW, X-3305 is the parent of both N 
and P, and �Chantecler� is the mother of both X-3305 and X-3259. 
Moreover, �Golden Delicious� is the founder of several parents, 
�Chantecler�, �PRI672-3�, �PRI14-126�, and �Rubinette�. �Granny 
Smith� is the parent of �Baujade� and the SG family. Compared 
with the low chilling cultivar �Anna� and the high chilling cultivar 
�Golden Delicious� (requiring 300 and 1000 chilling hours, respec-
tively) (Labuschagne et� al., 2002), �Granny Smith� and �Delicious� 
are considered as relatively low chilling cultivars since they require 
600 and 700 chilling hours, respectively (http://www.orangepippin.
com). Parents X-3305, X-3259 and X-3263 were selected by INRA 
for their high fruit quality and scab resistance.

Phenotypic assessment
Two phenological stages were observed: budbreak (BB) and begin-
ning of �owering (BF) (Fleckinger, 1964). Each stage was evaluated 
at the tree scale, and the stage was considered to be reached when 
50% of the buds reached it. To avoid missing a stage, the assessment 
was made three times a week from mid-March to May. Progeny were 
phenotyped in three consecutive years, 2012, 2013, and 2014.

Year characterization
For each year and site, the dormancy release date and �owering date 
were predicted for the reference high CR cultivar �Golden Delicious�, 
for which CR and HR are known, using the model of Legave et�al. 
(2012). This model uses a sequential approach where (i) dormancy 
release is predicted when CR is ful�lled; (ii) heat perception starts 
once CR is ful�lled; and (iii) �owering date is predicted when HR is 
ful�lled. The input data of this model are the mean daily tempera-
tures of the corresponding sites and years.

Fig.�1.  Genetic relationships between the �ve full-sib families. The full-sib families are represented by black boxes; the parents by gray boxes; the 
founders and other members of the pedigree by white boxes. Blue and red lines link the father and mother, respectively, to its progeny. GoldenDel, 
Golden Delicious; ReiDuMans, Reinette du Mans; Wagenerap, Wagenerapfel; for XB, HIVW, SG, N�and P (see abbreviations list for meaning).(This �gure 
is available in colour at JXB online.)
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Phenological stage modeling
Since BB and BF dates result from ful�llment of both CR and HR, 
we intended to differentiate their effect by using two different units: 
calendar days (CD) and growing degree hours (GDH). Budbreak 
in calendar days (BB_CD) was calculated from 1st of January, since 
most models consider a �xed date to start the calculation of chill-
ing unit accumulation whatever the variety (BidabØ, 1967). This 
variable was considered as representative of variations in time to 
ful�ll both CR and HR. Budbreak date in growing degree hours 
(BB_GDH) was calculated between the date of dormancy release 
estimated for Golden Delicious by the model of Legave et�al. (2012) 
and the observed budbreak date for each genotype. Growing degree 
hours accounted for temperatures above a certain threshold and in a 
certain range, following the classical method used in apple to quan-
tify the amount of warm temperature cumulated (Anderson and 
Richardson, 1986):
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where GDH is the accumulation of growing degree hours during 
1 h; TH is the hourly temperature; TB is the base temperature (4�°C); 
TU is the optimum temperature (25�°C); and TC is the critical tem-
perature (36�°C)

The threshold temperatures also correspond to values generally 
used for fruit trees, according to Anderson and Richardson (1986). 
Finally, the heat accumulation was also quanti�ed between the 
dates of budbreak and the beginning of �owering (Delta_GDH; see 
abbreviation list). BF, which was highly correlated with BB_CD, was 
not considered in later analyses.

Phenotype modeling
Linear models were used to assess the effect of factors, Year, site, 
genotype, and the genotype×year interaction for each trait, BB_CD, 
BB_GDH and Delta_GDH:

	 y X X Z u Z u e� � � � �1 1 2 2 1 1 2 2� � 	 (3)

where y is the variable. X1 is a matrix of  dimension �number of  indi-
vidual trees�×2, associated with the site �xed effect. X2 is a matrix 
of  dimension �number of  trees�×3, associated with the year �xed 
effect. �1 and �2 are vectors of  length 2 and 3, respectively, asso-
ciated with site and year �xed effects, respectively. Z1 is a matrix 
of  dimension �number of  trees�×�number of  genotypes�, associ-
ated with the genotype random effect. Z2 is a matrix of  dimen-
sion �number of  trees�×(�number of  genotypes�×3), associated 
with the genotype×year interaction random effect. u1 and u2 are 
vectors of  length, �number of  genotypes� and �number of  geno-
types�×3, respectively, associated with genotype and interaction 
year×genotype random effects, respectively. Finally, e is the vector 
of  residual variance.

Preliminary analysis revealed that variances differed signi�cantly 
between years, and correlations between years were positive. The 
heterogeneous variances per year were modeled in the residual term 
and the interaction factor, and correlations between years were 
accounted for by �tting an unstructured variance�covariance matrix 
on the residual term in the linear mixed models. All these models 
were solved with ASReml-R software (Gilmour et�al., 1995).

The mixed model yielded the best unbiased linear predictors 
(BLUPs) for genotype and genotype×year interaction random fac-
tors for BB_CD, BB_GDH, and Delta_GDH. These BLUP values 
were used for QTL mapping. For each trait, a QTL analysis was per-
formed for the genotypic BLUPs (Gj) and for the interaction BLUPs 
(Gj×Yk), resulting in a total of 12 variables. The mixed models also 
yielded estimates for the variance components, and the mean broad 
sense heritability was calculated�as:
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where �G
2  is the variance of genotype effect, � �G Y

2  is the variance 
of genotype×year interaction effect, ��

2  is the variance of the resid-
ual term, k is the number of years, and n is the total number of 
observations.

It was not possible to assess the interaction between geno-
types and sites because each family was present in one site only. 
Consequently, in order to assess the stability of QTLs across sites, 
each trait was analyzed with three data sets: the full set containing 
the two sites (multisite analysis); the two complementary subsets of 
two Montpellier families (Mtp analysis); and three Angers families 
(Ang analysis; see abbreviation list).

Single nucleotide polymorphim (SNP) marker�data
The �ve full-sib families and their progenitors (when available; see 
Fig.�1) were genotyped with the In�niumfi 20K SNP array (Bianco 
et�al., 2014) at the Fondazione Edmund Mach according to the pro-
cedures described by ChagnØ et�al. (2012) and Antanaviciute et�al. 
(2012). A�total of 6849 of the SNPs were used in this study, after (i) 
having passed the Excel-based forerunner of the ASSIsT pipeline 
(Di Guardo et�al., 2015), for 27 full-sib families; (ii) having shown 
robust performance over the pedigrees of these families (E.W.�van de 
Weg et�al., unpublished); and (iii) having shown robust performance 
on the current germplasm. For the latter, genotype score consist-
ency was assessed between individuals and their progeny and par-
ents. When errors systematically arose for a marker, it was removed 
from the data set. The recombination pattern was checked in order 
to identify spurious double recombination events, and problematic 
markers were removed. The genetic positions of these SNP were 
taken from a pre-runner of the consensus genetic map based on 21 
of the above 27 families. The marker order of this map was validated 
through co-segregation patterns across all 27 families and their ped-
igrees (E.W.� van de Weg, personal communication). Next, sets of 
SNPs were integrated into haploblocks. The genetic map was then 
divided into successive 1 cM segments and the SNPs of each seg-
ment were assigned to a single haploblock. Haplotypes were com-
posed using FlexQTL� and PediHaplotyper software (Voorrips 
et�al., 2016). At the marker level, double recombination occurred in 
5.2% of the LGs, whereas, at the haplotype level, they occurred in 
0.5% of the LGs. Since they were spread over the genome and prog-
eny, they were not considered as problematic. Haploblocks along 
the genome were highly informative, considering the proportion of 
informative meioses (Supplementary Fig. S1 at JXB online).

Bayesian QTL mapping methodology
The 12 variables, namely the genotypic BLUP and three 
genotype×year interaction BLUPs for BB_CD, BB_GDH, and 
Delta_GDH were analyzed using a linear model that comprised an 
intercept �, the regressions on the QTL covariates a, and a model 
residual e,�as:

	 y Wa e� � �1� 	 (5)

where W is the design matrix for the QTL effects. The Bayesian 
modeling including the number of QTLs is a random variable and, 
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consequently, the number of columns in W is not �xed (Bink et�al., 
2008). A�bi-allelic model is assigned to a QTL with alleles denoted 
by Q and q, with only additive effects modeled, and the covariate 
values of [QQ, Qq, qq] are equal to [1, 0, �1]. The frequency of the 
allele Q among founder individuals is denoted by fa, and the linkage 
map positions of the QTL are given by vector �. The QTL geno-
types of individuals are a priori unknown, and modeling is based 
on the independent assignment of alleles to founders and segrega-
tion indicators to trace transmission from parents to offspring (Bink 
et�al., 2002; Thompson et�al., 2008). Our Bayesian modeling assigns 
uniform priors to the variables � and �, while assigning normal pri-
ors to the vectors a and e in Equation 5; namely a N a� ( , )0 2�  and 
e N e� ( , )0 2� . The variables �a

2  and �e
2  are the per-QTL explained 

variance and the residual variance, with priors being inverse Gamma 
distributions (Bink et�al., 2008). The number of QTLs was assigned 
a Poisson prior where different values (i.e. 5, 10)�were used to assess 
the sensitivity of posterior inference to the prior assumptions. Only 
results for a prior mean of �ve are reported since the other values 
yield similar results and inferences.

Markov chain Monte Carlo (MCMC) simulation, as imple-
mented in FlexQTL� software (Bink et�al., 2014), was applied to 
obtain samples from the joint posterior distribution of the model 
parameters:

	 f ( , , , , )� � � � �a e y2 2 	 (6)

The MCMC algorithms have been previously described (Bink et�al., 
2008) and are omitted here. The Monte Carlo accuracy was monitored 
and the length of the simulation chains was required to be equivalent 
to at least 100 effective chain samples. The required lengths of the 
Markov chain simulations varied among traits but never exceeded 500 
000 iterations. A�total of 1000 samples were stored for each simula-
tion and are thus available for statistical inference. The inference on 
the number of QTLs was based on a pairwise comparison of models 
differing from each other by one QTL, by taking twice the natural log 
of Bayes factors (Kass and Raftery, 1995), denoted as 2×lnBF. Values 
for 2×lnBF that are >2, 5, and 10 indicate positive, strong, and deci-
sive evidence, respectively, favoring the largest QTL model. Similar 
to Bink et�al. (2014), the inferences on QTL positions are based on 
posterior QTL intensities, and the inference on QTL contributions 
are based on the posterior mean estimates of the QTL effect sizes. 
Posterior probabilities of QTL genotypes were also estimated, and the 
same thresholds as in Bink et�al. (2014) were used.

Identi�cation of genes underlying�QTLs
For each QTL region, �anking markers were identi�ed and local-
ized on the �rst and the third version of  the apple genome (kindly 
provided by the Fondazione Edmund Mach, now publicly avail-
able at https://www.rosaceae.org/) because gene prediction was 
performed on the �rst version only. The list of  genes under the 
QTL interval was screened on the �rst version in order to identify 
genes related to �owering time, A.�thaliana �owering pathway, tem-
perature response, dormancy, and vernalization. Genes involved 
in the regulation of  cell cycles or associated with plant hormones 
that have been previously identi�ed in Celton et�al. (2011) were not 
considered in the present study. The presence of  candidate genes in 
the same interval and the corresponding scaffold was checked on 
the third version.

Results
Year and site characterization

The predicted dormancy release dates and the observed �ow-
ering dates for �Golden Delicious� in each year and at both 
sites provided insights into differences in climatic conditions 
(Fig.�2; Supplementary Figs S2�S4 for daily temperatures). 
At both sites, �owering time happened later in 2013 and 
earlier in 2014 than in the other year. For Angers, the dor-
mancy release date predicted for �Golden Delicious� seemed 
to be stable, with a maximum of a 3 d difference between 
years, whereas a larger variance was observed in the number 
of  days to ful�ll the HR, which varied between 77 d and 95 
d.� Therefore, in Angers climatic conditions, CR was easily 
met and the variation in �owering date would mainly be due 
to the variation in time to ful�ll HR. In Montpellier, the dor-
mancy release date varied between years, up to 11 d between 
the earliest (2013) and the latest (2012) date. The number of 
days to ful�ll HR also varied by 15 d between 2012 (lowest 
value) and 2013 (highest value). Therefore, in Montpellier, 
the variation in �owering date was due to the variation in 
time to ful�ll both CR and�HR.

Fig.�2.  Characterization of climatic years (2012, 2013, and 2014)�and sites (Angers and Montpellier) by observed �owering dates and estimation of 
dormancy release date of cultivar �Golden Delicious� with the model of Legave et�al. (2012). The dark gray blocks represent the estimated number of days 
before dormancy release, and the light gray blocks the number of days between dormancy release and observed �owering dates.
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Phenotypes and heritabilities

Phenotype distributions differed between sites: the fami-
lies from Montpellier (XB and SG) had a wider distribu-
tion than the families from Angers, where distributions of 
BB_GDH were particularly narrow for P, N, and HIVW 
(Fig.�3). Heritabilities were 0.87, 0.38, and 0.41 for BB_CD, 
BB_GDH, and Delta_GDH, respectively. Correlation tests 
revealed a signi�cant and positive correlation between BB_
CD and BB_GDH (r2=0.89) (Supplementary Fig. S5), while 
Delta_GDH was not correlated to other variables.

QTL discovery for genotypic�BLUPs

Four regions considered as major were identi�ed on LG7, 
LG9, LG10, and LG12 because of their high 2×lnBF values, 
their stability across sites and variables (Fig.�4; Table�1), and, 
in some cases, because of the presence of a candidate gene 
in the QTL interval. The most stable of these regions was 
located at the top of LG9 (Fig.�4A�I; Table�1). It gave a QTL 
signal for BB_CD, BB_GDH, and Delta_GDH, and for the 
multisite as well as for site-speci�c analyses, even though the 
signal was not signi�cant in Angers. This QTL explained from 
11.5% to 18.2% of the trait variance (Table�1). In this region, 

MDP0000126259, a homolog of FLOWERING LOCUS C 
(FLC-like), was predicted in both the �rst and third versions 
of the apple genome (Table�2). Moreover, MDP0000143531, 
a homolog of AGL24 in A.�thaliana, was predicted below the 
lower end of the�QTL.

The second region of  major interest is on LG12 (Fig.�4A�
F), where QTLs were found for BB_CD and BB_GDH, 
which explained from 16.7% to 27.6% of  the trait variance 
(Table� 1). According to the Bayes factor, this LG carried 
one QTL for BB_CD in Mtp analysis and BB_GDH for 
multisite and Mtp analyses (Table� 1). However, the QTL 
signal is spread over a large zone covering three possible 
peaks, until 67 cM. The trace plot (Fig.�4, left panel) indi-
cates a switching signal between the last two peaks. There 
was evidence for the presence of  MDP0000132050, also 
designated as MdFT1, just below the third peak of  the QTL 
(Table�2). On LG7, there was a QTL mapped for BB_CD 
and BB_GDH (Fig.�4A�F) and which explains from 10.4% 
to 21.3% of  the variance (Table� 1). The QTL mapped on 
LG10 for BB_CD and BB_GDH (Fig.�4a�f) explained from 
5.6% to 9.5% of  the variance (Table�1). A�weak but non-sig-
ni�cant signal was found at that position for Delta_GDH 
(Fig.�4G�I).

Fig.�3.  Upper part: histograms of genotypic best linear unbiased predictor (BLUP) for BB_CD (A), in BB_GDH (B), and Delta_GDH (C). Lower part: 
boxplots for each full-sib family (XB, SG, P, N, HIVW) and for BB_CD (left), BB_GDH (middle), and Delta_GDH (right). For each boxplot, the bold line 
represents the median, the extremities of the box represent the �rst and third quartile, from left to right, respectively, and the whiskers represent extreme 
values. See abbreviation list for family abbreviations.
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Year×genotype interaction-QTL mapping

Similarly to those observed for genotypic BLUPs, most QTLs for 
G×Y interaction BLUPs co-localized between multisite (Table�3) 
and Mtp analyses (Supplementary Table S1). Very few QTLs were 
detected for Ang analyses. QTLs mentioned in the previous sec-
tion were also detected for interaction BLUPs in 2012 and 2014, 
especially on LG7, LG9, LG10, LG12, and LG15. However, 
new QTLs were detected on LG4 and LG11 for BB_CD in 2012 
(Table�3). The QTL on LG4 was also detected for Delta_GDH in 
2012. On LG8, a new QTL was detected for BB_CD in 2012. On 
LG15, three QTL regions were detected for Delta_GDH in�2012.

Estimated QTL genotypes

The estimated genotypes at each QTL can be used for three 
purposes: (i) to determine families that contributed to the dis-
covery of QTLs by identifying the heterozygous parents; (ii) 
to identify the haplotype alleles that were linked in the cou-
pling phase to the desired QTL alleles; and (iii) to evaluate the 
transmission of favorable alleles across the pedigree.

For BB_CD, families SG and XB contributed the most 
to QTL detection. Indeed, the parents �Granny Smith�, 
�Delicious�, and �Belrene� were estimated as heterozygous at 
most QTLs. The families HIVW, N, and P also contributed to 
some QTL segregation since the parents X-3263 and X-3305 
were also estimated as heterozygous for QTLs on LG10 and 
LG15, respectively (Fig.� 5A). However, the four progeni-
tors of the Angers families, X-3305, X-3263, X-3259, and 
�Rubinette�, were estimated as homozygous for most�QTLs.

For Delta_GDH, HIVW, N, and SG contributed the most 
to QTL mapping since X-3259 and �Granny Smith� were esti-
mated as heterozygous at most QTLs. XB also contributed 
since X3263 was estimated as heterozygous at some QTLs 
(Fig.� 5B). Two progenitors of the Angers families, X-3305 
and �Rubinette�, did not contribute to the detected QTLs 
since they were estimated as homozygous for all of the�QTLs.

If we consider that favorable alleles are those that confer low 
values to BB_CD, most parents and founders were homozy-
gous at the QTL on LG9 with the favorable allele, except 
�Granny Smith� and �Belrene�, which were heterozygous. On 

Table�1.  Parameters associated with the genotypic BLUP QTLs

The �rst column indicates the type of analysis, the second one the trait concerned, and the following columns indicate the LG where the QTL 
is located, the 2×lnBF value at the LG scale for a 1 QTL over a 0 QTL model, the 2×lnBF value at the local scale, the position of the QTL region 
in cM, the additive QTL effect, the frequency of the positive allele, its variance, and its percentage of variance explained. The 2×lnBF values for 
multi-QTL models were not presented because none of them passed the signi�cance threshold. The QTLs with a 2×lnBF at the LG scale higher 
than 5 are in bold.

Analysis trait LG 2×lnBF_LG max 2×lnBF_loc Pos (cM) add fq var %var

Multisite BB_CD 3 4.8 7.0 1�21 0.77 0.40 0.28 4.6
7 9.4 7.5 54�88 1.17 0.51 0.69 11.1
8 3.8 4.8 11�47 0.98 0.71 0.39 6.3
9 29.9 8.8 0�11 1.76 0.21 1.03 16.6

10 10.9 8.6 22�35 0.92 0.65 0.35 5.6
12 29.9 8.6 37�43 2.05 0.80 1.32 21.3
15 9.1 9.5 105�111 0.99 0.70 0.42 6.7

BB_GDH 7 29.4 6.3 56�84 189.8 0.24 13 070 21.3
9 30.1 8.8 4�10 193.0 0.82 11 139 18.2

10 9.4 9.2 28�34 106.4 0.53 5640 9.2
12 29.6 7.3 19�43 182.0 0.67 14 726 24.0

delta_GDH 8 3.5 5.5 1�9 59.4 0.64 1628 5.2
9 4.4 6.9 4�14 98.9 0.24 3572 11.5

Mtp BB_CD 7 4.0 5.9 56�84 1.45 0.45 1.0 10.4
8 5.1 5.0 9�31 1.15 0.51 0.7 6.6
9 4.8 7.0 2�14 1.63 0.51 1.3 13.3

10 3.0 5.1 26�40 1.14 0.60 0.6 6.2
12 6.1 6.6 19�67 1.88 0.62 1.7 16.7

BB_GDH 7 7.2 6.8 54�86 153.3 0.47 11 723 12.0
9 10.2 8.6 2�12 183.7 0.49 16 858 17.2

10 3.2 6.3 26�40 108.9 0.59 5722 5.8
12 10.4 6.7 19�43 189.0 0.56 17 609 18.0

delta_GDH 9 3.6 5.5 2�14 107.4 0.40 5538 15.9
14 3.4 4.9 21�37 89.7 0.46 3993 11.5

An BB_CD 6 4.5 8.0 1�15 0.55 0.59 0.1 6.6
10 4.3 6.4 16�34 0.65 0.50 0.2 9.5
15 4.0 4.4 77�109 0.70 0.65 0.2 10.0

BB_GDH no QTL
delta_GDH 2 2.5 4.0 13�35 60.9 0.52 1851 6.9

3 2.7 5.2 59�79 58.8 0.48 1724 6.4
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