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Abstract The agronomic performance of fruit trees is sig-
nificantly influenced by tree internal organization. Introduc-
ing architectural traits in breeding programs could thus lead
to select new varieties with a regular bearing and lower
input demand in order to reduce training and environmental
costs. However, an interaction between tree ontogeny and
genetic factors is expected. In this study, we investigated the
genetic determinism of architectural traits in the olive tree,
accounting for tree development over 5 years until first
flowering occurrence. We studied an F1 progeny issued
from a cross between two contrasted genotypes, ‘Olivière’

and ‘Arbequina’. Tree architecture was decomposed in
quantitative traits, related to (1) growth and branching, (2)
first flowering and fruiting. Models, including the year of
growth, branching order and genotype effects, were built
with variance function and covariance structure when nec-
essary. After a model selection, broad sense heritabilities
were calculated. During the first 3 years, both the mean
values of vegetative traits and genetic factor significance
depended on the shoot within-tree position. Dependencies
between consecutive years were revealed for traits related to
whole tree form. Whole tree form variables showed medium
to high broad sense heritability values, whereas reproductive
traits were highly heritable. This study demonstrates the
existence of ontogenic trends in the olive tree, which result
in traits heritable only at the tree periphery. A phenotyping
strategy adapted to its architectural characteristics and a list
of relevant traits, such as maximal internode length, is
proposed. Transgressive effects suggest that genetic prog-
ress could be performed in future selection programs.
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Introduction

Plant architecture is of major importance in cultivation man-
agement and productivity enhancement. This is particularly
true in fruit trees species, for which productivity is closely
linked to tree development over years (Costes et al. 2006).
Trees internal organization and volume in orchard have been
shown to influence their light interception efficiency, fruit
quality and yield regularity (Jackson 1980; Lauri et al. 1997;
Maguylo and Lauri 2004). The integration of architectural
traits in breeding programs is thus a promising way to improve
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the control of vegetative development and bearing regularity
(Laurens et al. 2000; Costes et al. 2004). Several studies
have been performed on the genetic determinism of fruit
tree growth traits on young seedlings (de Wit et al. 2004;
Hammami et al. 2011). However, on perennial species, the
traits of agronomic interest occur after several years, usually at
the end of the juvenile period (Hackett 1985), when the trees
have reached a high level of structural complexity. Due to the
high number of individuals that must be described for study-
ing trait heritability and performing quantitative trait loci
(QTL) analysis, an efficient phenotyping strategy is required
to perform quantitative genetic studies on such species. A first
strategy has been proposed in apple tree (Segura et al. 2006,
2007), in which plant architectural analysis, as initially de-
fined by Hallé et al. (1978) and further developed in a range of
forest and fruit tree species— oak (Heuret et al. 2003), peach
(Fournier et al. 1998), apple (Lauri et al. 1997; Costes et al.
2003; Renton et al. 2006), walnut (Sabatier and Barthélémy
2001) — provided the conceptual framework. The proposed
strategy was to dissect tree architecture in a number of quan-
titative variables related either to the tree constituent’s organi-
zation (i.e., the plant topology) or to the dimensions and
spatial location of organs (i.e., the plant geometry; Godin
2000). Variables were classified in growth and branching
traits, including reproductive organs organization, and were
collected on different shoot types that resulted from different
growth and elongation characteristics leading to axes poly-
morphism often observed in fruit trees (Champagnat 1965;
Zimmerman and Brown 1971). More generally, different
shoot types can be considered with respect to lengths, differ-
entiation states, i.e., vegetative and floriferous and branching
which can be terminal or lateral, monopodial or sympodial
depending on the species (McManus and Veit 2002; Barthélémy
and Caraglio 2007).

Studying the genetic determinism in a perennial crop
requires the estimation of the different effects that interact
during tree architectural development. Indeed, plant archi-
tecture results from a balance between endogenous growth
processes and environmental constraints (Hallé et al. 1978),
and architectural traits change over time due to tree ontog-
eny (Barthélémy and Caraglio 2007). In fact, the structure of
axes depends on their topological and ontogenetic position
within the tree structure: annual shoots having a same dif-
ferentiation stage can be observed at different tree ages and
the most differentiated ones are usually located at the high-
est rank and branching order at the whole tree level (Nicolini
1998; Heuret et al. 2006). In the apple tree, Segura et al.
(2008) have proposed to distinguish ontogenetic, climatic
and genetic effects in a mixed linear model for repeated
data applied after a staggered start experimental design.
Nevertheless, the application of a similar strategy based
on (1) architectural analysis for identifying shoot types

and differentiation stages, (2) decomposition of tree ar-
chitecture in quantitative variables at different scales and
observed over years, and (3) mixed linear modelling for
estimating the genetic effects, to other species with dif-
ferent architectural pattern is still challenging. The olive
tree (Olea europaea L. subsp. europaea) constitutes an
interesting case study in this prospect. The olive tree is
an evergreen perennial species, mainly present around
the Mediterranean Basin, where it is one of the oldest
and most important fruit trees (Doveri et al. 2008). Its growth
is rhythmic in temperate climate, but without winter buds. Its
phyllotaxy is opposite decussate. Branching is most often
sympodial after terminal growth cessation. Olive flowers ei-
ther staminate (male) or perfect (hermaphrodite) are born on
inflorescences called panicle mostly developed at leaf axils.
Their proportion is variable among different inflorescences,
branches, cultivars and years of growth (Fabbri et al. 2004;
Martin and Sibbett 2005). Moreover, olive trees are predom-
inantly allogamous (Dìaz et al. 2006) and have a high genetic
variability with more than 2,600 cultivars described (Rugini
and Lavee 1992). The lack of genetic knowledge, the natural
long juvenile phase (up to 15 years), the difficulties in tree
manipulation and the genetic complexity (2n046) for a ge-
nome size of about 3,120 Mbp (Loureiro et al. 2007; Khadari
et al. 2010), makes olive breeding difficult (Omrani-Sabbaghi
et al. 2007).

We assumed that, even though olive tree exhibits addi-
tional difficulties than those previously mentioned for the
apple tree, in particular the absence of morphological
markers to detect the growth cessation, it represents an
interesting model on which the previously described strat-
egy could be tested. In the present study, we investigated
the genetic determinism of architectural traits in an F1
olive tree progeny derived from a cross between two olive
cultivars with contrasted architectural traits. Because the
two parents are highly polymorphic and the number of
progenies is high, the observed phenotypic variability in
this population is assumed to represent a large range of
the species phenotypic plasticity. The knowledge acquired
on this phenotypic plasticity should help olive cultivation
as clonal varieties are the traditional types for olive prod-
ucts (Loussert and Brousse 1978). Giving an overview of
olive tree development during the first years of growth,
and until first flowering, we investigated major factors
impacting tree architecture and the relations between
inflorescences localization on shoots and fruit set. This
led us to define a strategy based on architectural analysis
which takes into account the degree of differentiation of
growth units during tree ontogeny. Finally, we carried out
a heritability estimation which highlights the most prom-
ising traits for further genetic analysis, and provides the
foundation for QTL detection in this progeny.
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Materials and methods

Genetic material

The progeny under study derived from ‘Olivière’ × ‘Arbe-
quina’ cross and counts 160 genotypes. ‘Olivière’ is a vig-
orous French cultivar with a fast growth rate, a large fruit
and a rapid entrance in production (Moutier et al. 2004b,
2008). ‘Arbequina’ is a very productive Spanish cultivar
with low vigor, adapted for high density, and a small fruit
(Rallo et al. 2004). After having optimized the conditions
for cutting success in a range of cultivars, i.e., considering
the period in the year, the shoot type to be sampled, the
cutting method including soil type and humidification tech-
niques (Garcia et al. 2005), a cutting campaign was per-
formed on the whole population and the two parents, in order
to obtain at least six replications per genotype. In 2005, six
cuttings were chosen as homogeneous as possible for each
genotype and the two parents. Progenies and parents were
planted at INRA-Montpellier experimental station, according
to a six complete block design, where the genotypes were
randomly distributed in each block (6×2 m; N/S rows orien-
tation). After plantation, trunks were cut back to 50 cm to
homogenize the plantation and trees were not pruned after-
wards. Standard irrigation and phytosanitary treatments were
carried out all over the experiment.

Architectural description

Phenotyping strategy

Tree description was performed on the first two blocks of
the experimental plot because of high phenotyping costs. On
a total of 324 trees (two replicates/genotype), tree topology
was formalized in a multiscale tree graph (MTG) according
to the methodology defined by Godin et al. (1999). The data
base contained four different scales: tree, sympode, growth
unit (GU) and internode. In the first year of growth (2005),
all GUs, whatever the branching order, were observed.
Branching orders were incremented from axes developed
after cutting, which were considered as order 0. GUs were
classified into three types according to their length: long
(≥20 cm); medium (5 cm≤20 cm) and short (<5 cm). Topo-
logical traits such as the number of internodes (Nb_IN) and
the number of sylleptic axillary shoots per GU (i.e., shoots
developed immediately without bud resting period, Nb_ASs)
were measured for long and medium GUs. Two geometrical
variables were linked to each GU, their length (L) and basal
diameter (Bdiam), whereas the length of the longest internode
(IN_Max) was noted for each annual shoot. The mean intern-
odes length was deduced from the GU length and number of
internodes (Mean IN_L 0 L/Nb_IN). At the whole tree scale,

trunk height (H) and projection of the longest branch on the
tree (Proj) were used to calculate tree basis area (B_area 0 Π
Proj²) and volume (V01/3 * B_area * H).

In the following 2 years (2006 and 2007), a subsample
corresponding to the main path of GUs in the tree and along
the longest lateral branch was selected within each tree. The
same observations than in the first year, i.e., including topol-
ogy and geometry, were performed on the GUs belonging to
the path and at whole tree scale (Fig. 1a). In the fifth year
(2009), a last description of the trees was done, collecting at
once data on 2008 and 2009 GUs, following the main path of
GUs in the tree. Branching records included both sylleptic and
proleptic axillary shoots (i.e., developed immediately or after
a resting period, respectively). These sylleptic and proleptic
axillary shoots were classified depending on their length
(Nb_Ls, Nb_Ms, Nb_Ss and Nb_Lp, Nb_Mp, Nb_Sp, respec-
tively). It must be noticed that incremental variables such as
basal diameters were not available for 2008 year of growth.

In 2009, the trees had entered into their reproductive period
allowing us to initiate the study of their flowering and fruiting
behaviour. For this, two 1-year-old GUs (long or medium)
were selected at the tree periphery. Each GU was described at
both flowering and fruit set periods (Fig. 1b). The number of
inflorescences and fruits born along these GUs or along their
sylleptic laterals were noted Inflo (or Fruit)_direct and Inflo
(or Fruit)_ASs, respectively. These axillary GUs were classi-
fied, as previously, depending on their length (Nb_LsF,
Nb_MsF, Nb_SsF), and their total number of internodes was
noted. The total number of axillary GUs (Nb_ASsF) and the
percentage of fruiting (% Fruiting, % Fruitset_direct, % Fruit-
set_ASs) were calculated afterwards. The basal diameter of
each floral GU (Bdiam_GUF) was recorded.

All data extraction from MTG files was performed using
VPlants software (http://openalea.gforge.inria.fr). Both mea-
sured and derived variables (Table 1) were classified accord-
ing to the observation scale: whole tree and growth units.

Data analysis

First, changes in primary growth and branching variables
during tree ontogeny were examined. Two main factors
were considered, the year of growth and the branching
order. Since the studied variables were measured on the
same trees, their values on consecutive years of growth or
branching orders may be not independent. Moreover, diam-
eters were measured repeatedly at the basis of trunks or GUs
and consisted in an incremental variable. Thus, variances
homogeneity and covariance between consecutive years or
orders were considered. Due to the lack of the basal diam-
eter measurements for 2008, genetic analysis of trunk basal
diameter measurements did not consider this year. However,
the analysis was possible at GU scale, using the basal diameter
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of 1-year-old floral 2008 GUs measurements. In addition, due
to the high number of variables under study and their possible
redundancy, correlations between variables were also consid-
ered. Non parametric Kendall’s tau correlation coefficient was
used because it is more convenient for not normally distribut-
ed variables (Becker et al. 1988).

Second, we analyzed the genetic effect on each studied
variable. Depending on the variable and the experimental
unit considered in the tree, different mixed linear models
were built. The normality of each variable distribution was
checked. When not verified, the corresponding variable was
transformed with a square root transformation (distinguished
by the index sqrt).

For 1-year-old GUs considered to characterize the flow-
ering and fruiting behaviour in a single year, the following
mixed linear model was used:

Pil ¼ μþ Gi þ "il ðmodel1Þ
where Pil is the phenotypic value of genotype i on the
l measured GUs, μ is the overall mean of the progeny, Gi

is the random effect of the genotype i, and εil is the random
residual error effect for the l measured growth units.

Flowering and fruiting variables were not normally dis-
tributed and were thus transformed for the analysis.

For variables collected at the whole tree level over con-
secutive years, the effect of genotype and year of growth,

Fig. 1 Schematic
representation of a 2-year-old
phenotyped olive tree: a archi-
tectural traits (whole tree form,
primary growth and sylleptic
vs. proleptic branching traits)
collected along the trunk and
main path of growth units
(GUs) over 5 years; b flowering
and fruiting traits collected on
1-year-old GUs at flowering
and fruit set periods; the num-
ber of inflorescences and fruits
born along the floral GUs (Inflo
(Fruit)_direct) or along a syl-
leptic lateral (Inflo(Fruit)_ASs)
were counted
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and their interactions were estimated according to the fol-
lowing model:

Pijl ¼ μþ Gi þ Yj þ G� Yð Þij þ "ijl ðmodel2Þ
where Pij is the phenotypic value of genotype i, at the year
of growth j, μ is the overall mean of the progeny, Gi is the
random effect of genotype i, Yj is the fixed effect of the year
of growth, (G × Y)ij is their random interaction and εijl is the
random residual error effect for the l measured trees.

For architectural variables collected at the GU level over
several years, the dataset was unbalanced, because the GUs
developed at a given year of growth were located at different
branching orders and the number of GUs developed per year
and order depended on each tree. Thus, we were not able to
test both year and branching order factors and their interac-
tion jointly. As a consequence, different models were con-
sidered, including either the year or the branching order
effect and their interaction with the genotype. These models

Table 1 List of quantitative
variables collected on olive tree
topology, geometry, flowering
and fruiting traits with
detailed formula for
calculated variables

The index (sqrt) refers to root
square transformation of the
corresponding flowering and
fruiting variables

Observation scale Measured and derived Variables Abbreviations Formula

Whole tree Height (m) H

Projection (m) Proj

Basis area (m²) B_area Π(Proj)2

Tree Volume (m3) V 1/3 × B_area × H

Trunk basal diameter (mm) Tr_Bdiam

Growth units Topology

Nb of internode Nb_IN

Nb of sylleptic axillary shoots
(from 2005 to 2009)

Nb_ASs

Nb of long, medium, short
sylleptic axillary shoots/GU

Nb_Ls; Nb_Ms;
Nb_Ss

Nb of proleptic axillary shoots
(in 2008)

Nb_ASp

Nb of long, medium, short
proleptic axillary shoots/GU

Nb_Lp;
Nb_Mp;
Nb_Sp

Geometry

Length (cm) L

Mean Internode length (cm) Mean IN_L L/Nb_IN

Length of the longest
internode (cm)

IN_Max

Basal diameter (mm) Bdiam

One-year-old floral
growth units

Topology

Nb of internodes Nb_INF

Nb of sylleptic axillary shoots Nb_ASsF
Nb of long, medium, short
sylleptic axillary shoots

Nb_LsF;
Nb_MsF;
Nb_SsF

Flowering and Fruiting

Nb of inflorescences (or Fruit) Inflo
(or Fruit) _tot

Inflo(or Fruit) _direct +
Inflo(or Fruit) _ASs

Nb of direct inflorescences
(or Fruit)

Inflo(or Fruit)
_direct

Nb of inflorescences(or Fruit)
on sylleptic axillary shoots

Inflo(or Fruit)
_ASs

id. on long, medium, short
sylleptic axillary shoots

Inflo_Ls;
Inflo_Ms

Inflo_Ss
Percentage of fruiting % Fruiting Fruit_tot/Inflo_tot

Percentage of direct fruit set % Fruitset_direct Fruit direct/Inflo_direct

Percentage of laterals fruit set % Fruitset_ASs Fruit_ASs/Inflo_ASs
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were compared on the basis of Bayes Schwarz information
criteria (BIC). Because all selected models included a year
effect, only model 2 is presented in the following results.

Variance homogeneity between levels was examined for all
studied traits. For traits showing heterogeneous variances, a
function of variance was introduced into the model. Different
variances functions, as described by Pinheiro and Bates
(2000), were compared: varIdent, with different variances
per level of the fixed factor; varPower, with variance increas-
ing as a power function; varExp, with variance increasing as
an exponential function; varConstPower, combines a constant
value with a power function. In the three latter cases, the
function parameters were estimated during model fitting.
Moreover, because correlations between consecutive years
or orders may exist, a covariance structure was taken into
account in the residual term of the corresponding mixed linear
model. Different covariance structures were tested, i.e., com-
pound symmetry (corComSymm), autoregressive of order 1
(corAR1) and exponential (corExp). For each variable, a
model selection was performed on the basis of BIC minimi-
zation, which allowed us to select the significant factors, the
variance function and the covariance structure to be consid-
ered. After this model selection step, the normality of residual
distribution was checked.

An additional analysis of the genetic effect was per-
formed at the GU level for the number of internodes, and
the length gathering measurements on high branching orders
at the tree periphery: from order 5 to order 7 recorded from
2007 until 2009 years of growth. The model used included
the year of growth and genotype effects.

Broad-sense heritability of branching, flowering and
fruiting traits was estimated as the ratio between the geno-
typic and the phenotypic variances: hb

2 0 σG
2/σP

2. Because
no significant interaction between the genotype and the year
factor was selected whatever the variable, heritability calcu-
lation was: hb

2 0 σG
2/[σG

2 + (σε
2/n)], where σG

2 is the
genotypic variance, σε

2 is the residual error variance esti-
mated from the selected model, and n is the number of
replicates per genotype (Gallais 1989; Knapp et al. 1985).
All statistical analyses were performed using R software
v.2.9.2, with REML estimation method, under lme4 and
nlme packages (R Development Core Team, 2009).

Lastly, a first evaluation of the population performance
was performed in comparison to the average values of the

two parents (mid-parent) and the best parent (high-parent).
Transgressive effects were estimated for all studied traits
using the following equations, respectively (Fehr 1987;
Barbosa-Neto et al. 1996).

Mid� parent heterosis %ð Þ ¼ F1�MPð Þ MP� 100= ð1Þ

High� parent heterosis %ð Þ ¼ F1� HPð Þ HP� 100= ð2Þ
where F1 is the average trait value in the population, MP is
the average trait value for the parents and HP is the average
trait value for the best parent. In the following, ‘Arbequina’
was considered as the best parent because of its high
productivity combined to a low vigour.

Results

From juvenility to maturity: tree ontogeny analysis

Vegetative development

Every year after plantation, the olive trees showed a constant
gain in height and volume and the trunks increased in basis
diameter over years of growth (Tr_Bdiam) with mean values
ranging from 0.83 cm in the first year of growth to 7.72 cm in
the fifth (Table 2). For all these whole tree traits, Kendall’s tau
(τ) coefficients between consecutive years were significant.
The highest correlation values were identified between 2
consecutive years and decreased when the lag between years
increased, e.g., for the trunk basal diameter (τ00.12 (2005–
2006); τ00.07 (2005–2009); τ00.28 (2006–2007). Similar
correlation tendency was found for the tree volume, basal area
(B_area), trunk height (H) and projection (Proj; data not
shown). The variances of all these variables increased over
years and were thus heterogeneous (data not shown).

The average length of GUs (L), positively correlated to
their number of internodes (Nb_IN), was maximal at orders
0 and 1, whereas lower values were observed at order 2 during
the first and second year of growth (Fig. 2). Subsequently, the
number of internodes (Nb_IN) and GU length (L) decreased in
average in the third year of growth and until the fifth year. The
mean number of internodes ranged from 19.4 in the first year
of growth (in 2005) to 13.4 in the fifth year of growth (in

Table 2 Mean values and stan-
dard deviations of whole tree vari-
ables as a function of years (2005–
2009) in ‘Olivière’ × ‘Arbequina’
progeny: Trunk Basal diameter
(Tr_Bdiam), tree height (H),
Projection (Proj), Basis area
(B_area) and volume (V)

2005 2006 2007 2009

Tr_Bdiam (cm) 0.83 (0.19) 2.24 (0.52) 4.50 (0.93) 7.72 (1.15)

H (m) 1.25 (0.25) 1.69 (0.29) 2.58 (0.30)

Proj (m) 0.60 (0.16) 1.00 (0.15) 1.45 (0.22)

B_area (m2) 1.25 (0.64) 3.22 (0.99) 6.83 (1.93)

V (m3) 0.53 (0.33) 1.85 (0.7) 5.96 (2.07)
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2009). A stable phase was reached from order 5 in the third
year of growth (2007: Nb_IN012 and L028 cm; Fig. 2) and
at all observed orders in the fourth and fifth year of
growth (2008: Nb_IN 012 and L 030 cm; 2009:
Nb_IN012 and L025 cm; Fig. 2). Neither the GU length
nor the number of internodes was significantly correlated
over consecutive years with τ values not significantly
different from zero (τ00.07 is the highest coefficient
value). Similarly, these traits were not correlated between
successive branching orders of the GUs (data not shown).

The mean number of sylleptic lateral GUs per parent GU
decreased with years and branching orders, in a similar way to
that observed for GU length and number of nodes (data not
shown). The three types of GUs (long, medium and short)
were observed as sylleptic laterals whatever the year and
branching order (Fig. 3). However, sylleptic lateral GU types
changed depending on the parent GU age: the older the parent
GU the higher the proportion of long GUs (Fig. 3). The
percentage of long GUs decreased during the first 3 years
whereas short GUs increased from the third year of growth
becoming the majority in the fifth year of growth. The pro-
portion of GUs of medium length was almost stable during the
first 5 years of growth. No significant correlations were found
for the number of sylleptic axillary shoots per GU neither

between consecutive years nor between branching orders
(data not shown). On 2008 GUs, proleptic laterals were also
observed. The mean number of sylleptic and proleptic laterals
per parent GU was of 4.9 and 3.15, respectively. As observed
for the sylleptic axillary shoots, the three types of GUs (long,
medium and short) were observed as proleptic laterals along
2008 GUs (Table 3). At that developmental stage, medium
and short sylleptic lateral GUs were prevalent whereas the
number of long, medium and short proleptic lateral GUs were
almost equal in average (Table 3).

Reproductive development

The number of inflorescences born on the 1-year-old
floral GUs was 39 in average. Among them, a large
proportion (75 %) was born on sylleptic axillary shoots
(Inflo_AS) whereas a lower proportion was born directly
along the GU (Inflo_direct; Fig. 4a). Likewise, inflores-
cences on sylleptic laterals were mainly born on short and
medium types (Fig. 4b). The fruit set observed in 2009 on
all flower locations, was of 53 % in average. Fruit set on
direct inflorescences (Fruit_direct) was greater than that
on inflorescences born on laterals (Fruit_AS; 62 % and
35 %, respectively).
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Fig. 2 Mean values and
standard deviations of the
number of nodes and length
(cm) per growth unit (GU) as a
function of years and branching
orders in ‘Olivière’ × ‘Arbe-
quina’ progeny: illustration of
the ontogenic trend and occur-
rence of a stable phase from
order 5 in the third year of
growth
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Correlation between variables

Phenotypic correlations were investigated between variables
measured at a same scale through bi-plot examination
(Fig. 5). Whole-tree form traits were highly correlated: for
instance, tree projection and height were positively correlat-
ed to trunk basal diameter with a Kendall’s τ coefficient of
0.62 and 0.66, respectively (Fig. 5a1, a2). At GUs level, the
number of internodes was highly correlated to the GU
length (τ00.78; Fig. 5b). Significant correlation was ob-
served between traits related to internodes lengthening at
local scale, i.e., between IN_Max and Mean_IN_L (τ00.55;
Fig. 5c), even though the relationships is not perfectly linear
but tends to be logarithmic. High correlation coefficients
were found between most flowering and fruiting traits. The
total number of inflorescences or fruits, Inflo (or Fruits)_tot,
was highly correlated to the number of inflorescences born
on axillary shoots, Inflo (or Fruits)_AS, (τ00.82; Fig. 5d)
and mostly to those born on medium laterals, Inflo_Ms,
(τ00.59 to be compared with 0.27 and 0.40 for Inflo_Ls

and Inflo_Ss, respectively, data not shown). It is noticeable
that a negative correlation was found between the number of
direct inflorescences (or Fruits) and the number of the floral
GU laterals, Nb_ASsF per node, (τ0−0.30; Fig. 5e), even
though a large dispersion of values was observed.

Genetic analysis

Since significant correlations were identified for the varia-
bles related to overall tree form measured over years,
covariance structures were taken into account into the mod-
elling approach (model 2, Table 4). The model selected
according to the BIC criteria included an auto-regressive
structure (corAR1) for all tree form traits except for the
basal diameter of the trunk (Tr_Bdiam) where the com-
pound symmetry (corCompSymm) structure was the most
suitable. Heterogeneous variances were found for the tree
basis area (B_area) and volume (V) as well as the basal
diameter of the trunk (Tr_Bdiam). Thus, a variance function,
power or constant power of covariate, was selected in the

selected models (Table 4). Significant effect of both factors
genotype and year of growth was found for all studied
variables except trunk basal diameter where the genotype
effect was not significant. The interaction effect (G × Y) was
not significant for all tree form traits (Table 4).

For traits related to primary and secondary growth
measured on growth units, no significant correlation was
observed over consecutive years or branching orders. How-
ever, because heterogeneous variances were found, the mod-
els included a variance function. The genotype effect was
significant for two topological variables only (Nb_ASs and
Nb_Ss). For all the other variables, the genotype had no
significant effect whereas the year of growth had a highly
significant effect. For all variables, the interaction G × Y was
not significant (Table 4).

For geometrical traits, the models selected according to
BIC criteria also included the genotype and year effects.
Because variances were heterogeneous for the GU length
and internode maximal length, a power of covariate variance
function was selected in the corresponding model (L;
IN_Max, Table 4). The effect of the year of growth was
highly significant for all variables without significant inter-
action with the genotype effect. Genotype effect was signif-
icant for variables measured on internodes (IN_Max; Mean
IN_L), whereas no significant effect was found on GU
length (L; Table 4).

When GUs at high branching orders only were con-
sidered during growth stability phase (2007 to 2009 year
of growth), significant genotype effect was found for
both topological and geometrical traits (Nb_IN and L,

Table 3 Mean values and standard deviations of the number of sylleptic
and proleptic lateral growth units (GUs) depending on their types (long,
medium or short) in ‘Olivière’ × ‘Arbequina’ progeny observed along
2008 GUs, at the tree periphery: whatever the type, the mean number of
proleptic axillary GUs was almost stable

Laterals L M S

Proleptic 1.13 (2.10) 1.08 (1.88) 0.93 (1.78)

Sylleptic 0.33 (1.05) 1.71 (3.01) 2.86 (3.63)
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Table 4). For all variables, the branching order effect was
not significant whereas the effect of the year of growth
was still significant, even though less markedly than in the
previous years.

Looking for the number of sylleptic and proleptic
axillary GUs, the selected model included genotype ef-
fect only, since the branching order effect was not sig-
nificant for all the variables. Genotype effect was highly
significant for the proleptic axillary shoots (Nb_ASp),
whereas it was barely significant for the sylleptic axillary
shoots (Nb_ASs, Table 5).

All traits related to flowering and fruiting measured on 1-
year-old GUs at the tree periphery displayed highly signif-
icant genotypic effects (Table 4). Similarly, genotypic effect
was significant for the basal diameter of these floral GUs.

Broad-sense heritability

Consistently with the genetic analysis results, traits related
to tree form showed moderate to high heritability values
ranging from 0.45 and 0.47 for the tree longest branch
projection (Proj) and tree volume (V) to 0.58 for tree height
(H) and 0.68 tree basis area (B_area, Table 4).

Among traits related to tree topology, moderate heritabil-
ity values were found for two sylleptic branching traits:
Nb_ASs (hb

200.25), Nb_Ss (hb
200.45). Moderate heritabil-

ity values were also estimated for the number of proleptic
axillary shoots along 2008 GUs: Nb_ASp (hb

200.26), as
well as for all the three types of proleptic axillary shoots:
Nb_Lp (hb

200.29), Nb_Mp (hb
200.23), Nb_Sp (hb

200.37).
Summing long sylleptic and proleptic GUs, the total number
of long axillary GUs became heritable: Nb_L (hb

200.41,
data not shown).

Considering geometrical traits, low to high heritability
values were estimated for variables related to internodes
lengthening: Mean IN_L (hb

200.20), IN_Max (hb
20

0.56), whereas the basal diameter of floral 2008 GUs,
showed a moderate hb

2 value of 0.29. Most traits related
to their flowering and fruiting behaviour had high heritability
values (Table 4), especially Inflo_tot(sqrt) (hb

200.55) and
Fruit_tot(sqrt) (hb

200.69).

Heterosis

All traits related to tree vegetative and reproductive devel-
opment showed high variation among progenies with values
exceeding the best parental form (Fig. 6). Negative trans-
gressive effects were observed for trunk basal diameter and
tree height when compared to both mid-parent and best
parental form, whereas the tree volume showed a similar
transgressive effect only when compared to the mid-parent.
This indicates that some progenies were less vigorous than
the low vigor parent ‘Arbequina’ (Table 6). Consistently, the
number of internodes, the length of GUs and their total
number of axillary shoots also showed negative transgres-
sive effects. More local variables, such as the mean and
maximal internode length, exhibited negative transgressive
effects only when compared to the mid-parent but did not
transgress the best parental form (Mean IN_L and IN_Max,
Table 6).

Most of the variables measured on the floral GUs had a
negative transgressive effect when compared to either the
mid or the best parental form. However, positive transgressive
effect was observed for the number of direct inflorescences
(Inflo_direct, Table 6).

Discussion

The present study aimed at decomposing the variance of
architectural traits observed within an olive segregating
population into morphogenetic factors, i.e., genetic,
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branching order and year of growth. Since the experiment
was performed in field, environmental conditions may have
generated uncontrolled effects due to micro environmental
and climatic year variability (Alía et al. 1997; Li and Wu
1997). However, low variability in the minimum, maximum
and mean temperatures was observed between the 5 consec-
utive years of observation (Fig. S1). Moreover, as trees were
irrigated, their growth was not limited by water demand for
transpiration. We can thus hypothesize that tree ontogeny
and genetic factors were the main sources of variations
between years, without being able to formally separate
climatic effects from true ontogenetic effects, as previously

proposed by Segura et al. (2006). As another source of
variation may result from spatial heterogeneity within the
orchard, a first spatial analysis was performed that showed
not significant effect of tree rows and blocks (data not shown).

Another source of heterogeneity may result from the
multiplication method, since the trees originated from cut-
tings which are likely to generate more heterogeneous root
growth than after grafting on a single rootstock genotype (in
addition, rootstocks are usually chosen as homogeneous as
possible before grafting). The heterogeneity may also concern
the scion growth due to the uncertainty of the cutting tech-
nique success. For the ‘Olivière’ × ‘Arbequina’ progenies, the
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and geometrical variables measured on GUs: Number of internodes
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short GU per node (Nb_ASF/node). See text for the corresponding
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initial percentage of success — corresponding to root growth
resumption — was about 40 % and depended on cutting
periods, i.e., autumn or spring (G. Garcia, personal commu-
nication). However, after optimization of cutting technique
(Garcia et al. 2005), no bias was introduced in the population
and cuttings were obtained for each genotype before
transplantation.

A main limitation for estimating the genetic effects
also results from the low number of replicates per

genotype since only two trees per genotype were ob-
served. However, it would have been difficult to phe-
notype a larger number of trees due to the complexity
of tree architecture (we presently phenotyped 324 trees
in total). Therefore, we attempted to found a balance
between a large number of genotypes necessary to in-
crease the power of QTL detection (Bernardo 2004) and
the number of replicates per genotype which improves
the estimation of the genotypic effect.

Table 4 Models selected according to Bayes Schwarz information criterion (BIC) for architectural traits related to whole tree form, growth units
(GUs) and 1-year-old floral GUs in ‘Olivière’ × ‘Arbequina’ progeny

Variables Modelling factors Variance function Covariance structure Variance estimates H2

G Y G × Y VG VP

Whole tree

H ** ** NS – corAR1 0.03 0.06 0.58

Proj ** ** NS – corAR1 0.01 0.02 0.45

B_area ** ** NS varPower corAR1 0.16 0.23 0.68

V ** ** NS varConstPower corAR1 0.04 0.08 0.47

Tr_Bdiam NS ** NS varPower corCompSymm 8.51×10–8 0.08 NS

Growth Units

Geometry

L NS ** NS varPower – 24.31 320.03 0.07

L (07 to 09) * * NS – – 34.14 151.29 0.23

Mean IN_L * ** NS – – 2.78×103 1.36×104 0.20

IN_Max ** ** NS varPower – 1.50 2.65 0.56

Topology

Nb_IN NS ** NS varPower – 1.27×10–5 2.76×10–3 NS

Nb_IN (07 to 09) * * NS varConstPower – 1.38×10–11 8.87×10–10 0.16

Nb_ASs ** ** NS varExp – 2.03 12.25 0.25

Nb_Ls NS ** NS varExp – 3.15×10–8 0.65 NS

Nb_Ms NS ** NS varPower – 5.29×10–11 4.91 NS

Nb_Ss ** ** NS varConstPower – 0.09 2.15 0.45

One-year-old floral GU

Geometry

Bdiam_GUF ** – – – – 0.57 1.91 0.29

Flowering and Fruiting

Inflo_tot(sqrt) ** – – – – 1.75 3.15 0.55

Inflo_direct(sqrt) ** – – – – 0.77 1.49 0.52

Inflo_ASs (sqrt) ** – – – – 2.39 4.61 0.52

Inflo_Ms (sqrt) ** – – – – 1.05 3.46 0.30

Inflo_Ss (sqrt) ** – – – – 0.97 2.16 0.44

Fruit_tot(sqrt) ** – – – – 3.00 4.29 0.69

Fruit_direct(sqrt) ** – – – – 0.85 1.82 0.46

Fruit_ASs(sqrt) ** – – – – 2.30 3.88 0.59

Variance function and correlation structure when selected are indicated. Broad sense heritability (H2 ) was calculated as the ratio between genotypic
and phenotypic variances estimates

Significance of effects: NS not significant; *significant (0.01<p≤0.05); **highly significant (p≤0.01)
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Table 5 Models selected accord-
ing to Bayes Schwarz information
criterion (BIC) for sylleptic and
proleptic branching traits along
2008 growth units (GUs) in
‘Olivière’ × ‘Arbequina’ progeny

Variance function when selected is
indicated. Broad-sense heritability
(H2) is calculated from genotypic
and phenotypic variances
estimates

Significance of effects: NS not
significant; *significant (0.01<p≤
0.05); **highly significant (p≤0.01)

Variables Factor Variance
functiona

Variance estimates H2

G VG VP

2008 Growth Units Sylleptic branching

Nb_ASs * – 4.22×10−13 17.61 NS

Nb_Ls * varExp 5.37×10−9 0.09 NS

Nb_Ms * 0.41 4.74 0.09

Nb_Ss * 1.48×10−13 6.59 NS

Proleptic branching

Nb_ASp ** – 2.52 9.66 0.26

Nb_Lp ** – 0.75 2.60 0.29

Nb_Mp ** – 0.46 2.02 0.23

Nb_Sp ** – 0.72 1.96 0.37
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Fig. 6 Histograms of flowering and fruiting traits, measured at the tree
periphery on 1-year-old floral growth units (GUs) in ‘Olivière’ ×
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Olive tree ontogeny

Architectural traits of the studied olive progenies showed
major changes during the first years of growth, which can be
interpreted with respect to tree ontogeny. Primary growth and
branching decreased during the first 3 years, consistently with
studies previously carried out on several, either fruit or forest,
perennial species (Costes et al. 2003; Sabatier and Barthélémy
2001; Solar et al. 2006; Suzuki 2002). For most topological
traits measured on GUs, the observed variance was not
explained by the genetic factor and the measurements on
consecutive years of growth and branching orders were inde-
pendent. These results are unlike those found on the same
characters observed on apple over the first 3 years of growth
(Segura et al. 2008). By contrast, significant effect of the year
of growth was found on all primary growth and branching
variables during the same period. The relative low genetic
control in this progeny found for topological traits of GUs
during the first years of tree development, suggests that the
young olive trees were in constant adaptation to environmen-
tal conditions. This may result from the multiplication method
and interactions with climatic conditions (see above). Among
topological traits observed over the first 5 years of growth,
only the total number of sylleptic axillary shoots and those of
short length were under significant genetic control.

Regarding geometrical traits, such as GU length and
diameter, similar changes over years were found, with

similar conclusions with respect to absence of genetic con-
trol. The absence of significant interaction (G × Y) effect
whatever the variable considered shows that the ontogenetic
gradient is common to all the genotypes. However, the
variables which represented shoot geometry more locally,
such as the maximal internode length, remained stable over
the years of growth, and showed a significant genetic effect.
This suggests that internode lengthening is under genetic
control whereas metamer appearance is a process sensitive
to the environment leading to architectural plasticity. A
similar finding was proposed on apple tree by Segura et al.
(2006). Significant genetic effect was also found on other
geometrical traits that were related to whole tree form,
cumulated over years, and h2 estimations for tree volume
and trunk height are in the same range as those found in
previous studies on apple (Watkins and Spangelo 1970;
Durel et al. 1998; Liebhard et al. 2003). Moreover, high
correlations between consecutive years were found with an
auto-regressive structure. This indicates that the tree form
is progressively built with a ‘memory’, which intensity
decreases with years. It may be noticed that no significant
genetic factor was found on the same variables, e.g., for trunk
height, when less years were cumulated: not significant after
the second year of growth (2006), the genetic effects became
significant from the third year (2007). Similarly, genetic effect
was not significant on branching angles that correspond to a
more local tree form descriptor (data not shown).

Table 6 Estimation of progenies
performance for the variables
related to vegetative and
reproductive development

Trait mean values were presented
for the parents ‘Arbequina’ (‘A’,
male parent) and ‘Olivière’ (‘O’,
female parent) and the progeny ‘O
× A’. The heterosis was expressed
as percentage of F1 progeny trait
mean value over the best parental
form, here Arbequina (High-
Parent, HP) and over the average
of both parental forms (Mid-
Parent, MP). Values showing
transgressive effect and
corresponding to a potential im-
provement of tree shape and
flowering are indicated in bold

Variables ‘O × A’ ‘A’(HP) ‘O’ MP Heterosis (%) HP Heterosis (%)

Whole tree

Tr_Bdiam (cm) 47.25 49.90 53.12 −8.27 -5.31

H (m) 1.87 2.00 2.27 −12.51 −6.50
B_area (m2) 3.78 3.40 3.95 2.77 11.17

V (m3) 2.92 2.64 3.64 −7.10 10.60

GUs

Nb_IN 16.97 18.07 17.10 −3.49 −6.08
IN_Max (cm) 3.55 3.33 4.03 −3.53 6.60

Mean IN_L (cm) 2.15 2.12 2.62 −9.28 1.41

L (cm) 38.27 39.81 45.62 −10.40 −3.86
Nb_ASs 11.58 15.53 10.26 −10.19 −25.43
Nb_Ls 3.44 6.76 4.10 −36.64 −49.11
Nb_Ms 3.26 3.38 1.73 27.59 −3.55

Nb_Ss 4.92 5.23 4.42 1.968 −5.92

Flowering GU

Inflo_tot 39.39 86.75 14.5 −22.19 −54.59

Inflo_direct 7.12 4.75 2.00 110.96 49.89

Inflo_ASs 32.26 82.00 12.5 −31.72 −60.65

Fruit_tot 16.89 45.50 5.50 −33.76 −62.86

Fruit_direct 4.96 8.50 0.25 13.37 −41.53

Fruit_ASs 11.92 37.00 5.25 −43.57 −67.75

Tree Genetics & Genomes (2013) 9:205–221 217



The decrease in growth and sylleptic branching with
increasing tree age reaches constant values in the fourth
and fifth years of growth (2008 and 2009), at all described
orders. These observations on olive trees are consistent with
previous studies on several fruit and forest species such as
apple, peach, birch and alder (Crabbé 1987; Génard et al.
1995; Lauri and Costes 1994; Champagnat 1954). However,
syllepsis did not entirely disappear along olive tree GUs
when tree age increased. On the contrary, GUs observed at
the tree periphery at adult stage bear both sylleptic and
proleptic shoots. Such mixture of sylleptic and proleptic
laterals along shoots has been reported on species grown
in tropical environment (Bell 1991). In the population, the
stable phase coincided with the transition to adult state,
since progenies have started to produce inflorescences and
fruits in 2008. Along floral GUs, the presence of sylleptic
laterals is likely to increase the tree production potential
since these laterals bear inflorescences which largely
contribute to the total shoot flowering potential. Howev-
er, because sylleptic laterals may also compete with the
inflorescences born directly along the GUs, branching
organization and its relationship with fruiting behaviour
must be further investigated.

The present study confirms that ontogeny, climatic years
and observation scales must be taken into account for study-
ing the genetic determinism of architectural traits in trees.
These finding allow us to define when during the olive tree
ontogeny and at which observation scale, growth and
branching traits are under genetic influence. Unlike previous
results on apple trees (Segura et al. 2007, 2008), the crown
periphery is a suitable observation area for studying genetic
determinism of olive tree architectural traits. Local and
stable variables such as internode length and global varia-
bles collected at the whole tree scale were revealed appro-
priate to capture genetic effects contrary to intermediate
scales such as growth units, at least during the exclusively
vegetative phase of the trees. This allows us to propose a
short list of the most relevant traits: whole tree form (tree
height and longest branch projection), internode lengthening
(IN_Max), and a detailed description focused on floral GUs
at the crown periphery giving access to both branching and
flowering–fruiting variables.

Reproductive growth

The ‘Olivière’ × ‘Arbequina’ progenies entered into flow-
ering in 2008, which corresponds to the fourth year of
growth. The majority of trees (74 % of genotypes) started
to produce fruits on 3-year-old shoots. This indicates a
precocious entering into the adult stage, in a perennial
known for having a slow entrance into production, up to
6 years for cv. Santa Caterina (Tous et al. 2005). This
earliness is more likely to be inherited by ‘Arbequina’,

which was characterized as precocious being reported to
reach production stage on the second year after plantation
in Catalonia (Tous et al. 2005).

In 2009, all progenies reached maturity and produced 39
inflorescences per GUs on average which is on the range of
values observed in cultivars considered as highly flowering,
e.g., Manzanillo and Barnea: 34 to 40 inflorescences origi-
nated from 17 to 21 nodes (Lavee et al. 1999). Inflorescen-
ces were mainly located on lateral axes born along medium
and short shoots (75 % of the total number of inflorescences
observed in our study). Since ‘Arbequina’ has been described
as the cultivar producing the most abundant axillary inflores-
cences among a range of French and Spanish olive cultivars
(Moutier et al. 2004a), the high percentage of inflorescences
in axillary position observed in the progeny may be inherited
from that parent (male).

Total fruit set calculated on the basis of number of inflor-
escences was high (e.g., 52 % of inflorescences had at least
one fruit) in comparison to low values usually reported for
olive tree (Hartmann 1950). For instance, the fruit set percent-
age based on inflorescences number observed for Kadesh,
Manzanillo, Maelia and Barnea cultivars was of 22.4 %,
28.9 %, 38.8 % and 44.8 %, respectively (Lavee et al.
1996). Generally, among 500,000 flowers that a mature olive
tree can produce, only 1–2 % develop into a fruit able to reach
maturity (Rallo and Fernandez-Escobar 1985; Martin 1990;
Lavee et al. 1996, 1999). For ‘Arbequina’, only 4 % fruit
reaches maturity from 60 % of hermaphrodite (perfect) flow-
ers (Cuevas et al. 1995). The reasons of the low final fruit set
on olive include genetic mechanisms as well as environmental
and agronomic conditions. Firstly, the flower and drupes
abscission may be caused by nitrogen deficiency, a lack of
soil moisture and olive fly early damage (Pansiot and Rebour
1960). Secondly, low fruit set may result from dysfunctions
during the development of reproductive organs leading for
instance to pistil abortion. Lastly, both male sterility and
incompatibility between cultivars is likely to hamper ovule
fertilization (Cuevas et al. 1999). In olive, non-fertilized per-
fect flowers start to abscise through 3 weeks after anthesis
while well fertilized ones abscises partially through 6 weeks
after anthesis (Ateyyeh et al. 2000). In our studied progeny,
‘Olivière’ parent is a male sterile (Bellini et al. 2003), self-
incompatible cultivar, whereas ‘Arbequine’ is self-compatible
(Moutier et al. 2004b). The high fruit set observed in the
population suggests that enough quantity of pollen were de-
livered and parental genotypes were compatible. Because
male sterility has been shown to be encoded by mitochondrial
variants and maternally transmitted (Besnard et al. 2000), we
suspect that the success of fruit set in the progeny may be due
to open pollination conditions and to the presence of a diver-
sity of genotypes surrounding our progeny, i.e., a collection of
about twenty French and foreign olive cultivars. However,
compatibility between cultivars has been shown to be under a
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complex genetic control which involves numerous alleles
(Mookerjee et al. 2005; Saumitou-Laprade et al. 2010). Fur-
ther studies are thus required to decipher which alleles are
present in the ‘Olivière’ × ‘Arbequina’ progeny and to distin-
guish between self and cross pollinations.

In ‘Olivière’ × ‘Arbequina’ progeny, the higher number of
inflorescences leading to a lower fruit set on lateral GUs than
on direct inflorescences suggests higher competition for
nutrients on lateral GUs than in direct positions. Competition
between developing buds may also drive the axillary bud fate,
as we observed negative correlation between the number of
sylleptic axillary shoots and the number of inflorescences at a
given node. This is consistent with the results of Rugini and
Pannelli (1993), who found that vegetative shoot removal or
growth regulators applications at bloom reduce the competi-
tion between vegetative and reproductive activities at the
shoot scale. Moreover, competition for nutrients among fruit-
lets and between fruitlets and flowers has been shown to be a
major factor for post-anthesis flower and fruit abscission
(Rallo and Fernandez-Escobar 1985; Rapoport and Rallo
1991; Lavee et al. 1996, 1999). These authors reported that
an artificial reduction in the number of flowers increases
proportionally the fruit set, and have suggested that higher
distance between inflorescences and fruits is likely to increase
fruit set (Uriu 1959; Lavee et al. 1999). The relationship
between inflorescences or fruit positions along the shoots
and fruit set has also been shown to differ depending on the
cultivar. In particular, flowering density differs between the
two parents, with very dense flowering on ‘Arbequina’ shoots
in comparison to ‘Olivière’ (Moutier et al. 2004a).

Conclusion

Our study confirms the importance of taking into account the
morphogenetic factors in a quantitative genetics approach since
results found in a fruit species may be partially transferable to
another species. Our finding led us to propose an efficient
phenotyping method for a quantitative genetics approach in
olive tree, focusing on particular developmental stages and on
particular variables such as the maximal internode length that
may be interesting for selecting new cultivars with compact
crown. The presence within the F1 full-sib population of gen-
otypes showing interesting superiority in comparison to their
parents, suggests that genetic progress can be performed in
future selection programs. This heterosis probably results from
the high level of heterozygosis of the species and allele recom-
bination within the population we studied. In particular, prog-
enies exhibiting higher values than their parents for flowering
and fruiting traits, or less vigorous than ‘Arbequina’, could
constitute sources of transgressive forms for innovative mate-
rial. A step forward in this direction will be performed in the
next future, by performing QTL detection on the traits

investigated in the present study. This step will be possible,
thanks to the high level of polymorphism found within the
progeny that allowed us to develop a genetic mapmainly based
on simple sequence repeat markers (Khadari et al. 2010). Trait
combination between vegetative development, fruiting precoc-
ity and regularity must be further investigated since irregular
bearing is often observed in olive trees and constitute a major
agronomic limitation (Martin and Sibbett 2005).
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