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Apple (Malus 3 domestica) trees naturally produce an excess of fruitlets that negatively affect the commercial value of fruits
brought to maturity and impact their capacity to develop flower buds the following season. Therefore, chemical thinning has
become an important cultural practice, allowing the selective removal of unwanted fruitlets. As the public pressure to limit the
use of chemical agents increases, the control of thinning becomes a major issue. Here, we characterized the self-thinning capacity
of an apple hybrid genotype from the tree scale to the molecular level. Additional amphivasal vascular bundles were identified
in the pith of pedicels supporting the fruitlets with the lowest abscission potential (central fruitlet), indicating that these bundles
might have a role in the acquisition of dominance over lateral fruitlets. Sugar content analysis revealed that central fruitlets were
better supplied in sorbitol than lateral fruitlets. Transcriptomic profiles allowed us to identify genes potentially involved in the
overproduction of vascular tissues in central pedicels. In addition, histological and transcriptomic data permitted a detailed
characterization of abscission zone development and the identification of key genes involved in this process. Our data confirm
the major role of ethylene, auxin, and cell wall-remodeling enzymes in abscission zone formation. The shedding process in this
hybrid appears to be triggered by a naturally exacerbated dominance of central fruitlets over lateral ones, brought about by an
increased supply of sugars, possibly through additional amphivasal vascular bundles. The characterization of this genotype
opens new perspectives for the selection of elite apple cultivars.

Abscission is a dynamic process in plants that consists
of the detachment of organs such as leaves, flowers, and
fruits by the separation of cells in anatomically distinct
regions called abscission zones (AZs). The current
model of abscission defines four major stages: (1) dif-
ferentiation of the AZ at the future site of detachment;
(2) acquisition of competence to react to abscission sig-
nals; (3) activation of the abscission process within the

AZ; and (4) differentiation of a protective layer on the
surfaceof the separation layerat theplant’s side (Patterson,
2001). Various studies have shown that to induce the
abscission process, AZs are rendered more sensitive to
ethylene because of a decreased production of auxin by
the subtending organ and subsequent translocation
down the petiole (Taylor and Whitelaw, 2001; Meir
et al., 2010; Zhu et al., 2011). The phytohormone ethyl-
ene is thought to stimulate cells to produce enzymes that
degrade the middle lamella between cells in the AZ
(Mao et al., 2000). Several species, particularly fruit
trees, set excess flowers that produce a surplus of fruits
that the plant is not always able to support to maturity.
To reduce fruit load, fruit trees, and particularly apple
(Malus3 domestica) trees, have developed a mechanism
whereby they shed part of their fruit load to guarantee
the completion of the fruit ontogenetic program (Dal
Cin et al., 2009). This process, called physiological drop,
occurs during the early phases of fruit development, with
kinetics that may change according to the species, the
physiological stateof theplant, andvarious environmental
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factors (Bonghi et al., 2000). In young developing
fruits, the abscission is mainly due to a correlative
dominance effect that describes the mutual interac-
tions between individual organs (adjacent fruits or
nearby shoots) and their dependency on one another
(Bangerth, 2000).
Apple trees have the characteristic to develop flowers

and fruits organized in clusters called corymbs. Cor-
ymbs are usually composed of four to six fruits attached
to a floral growth unit (the bourse, a short shoot that
forms the basis from which all flowers/fruits of a cor-
ymb develop) via pedicels. These corymbs are interest-
ing models in which to study physiological drop, since
they display a gradient of correlative dominance in re-
lation with the position of the fruit in the cluster. In this
model, the central fruitlet (the central position andmost
distal from the corymb base) exerts a dominance over
the laterals, which can be classified by their relative
position and size as big lateral fruitlet (L3, the lateral
fruit closest to the central fruit), itself dominant over the
medium (L2) and small lateral fruitlets (L1, the lateral
fruit closest to the corymb base; Botton et al., 2011).
Horticulturists can exacerbate this dominance (1) by
treatment with chemicals that induce fruit drop or (2) by
means of shading (Greene et al., 1992; Bangerth, 2000).
This practice, called fruit thinning, is widely adopted by
fruit growers to reduce the number of fruits on the tree,
and chemical thinning has become a common practice in
orchard management in order to meet consumers’ crite-
ria of fruit size and quality and to reduce the biennial
bearing behavior. Benzyladenine and metamitron are
widely used chemical thinners that exert their action by
stimulating shoot growth, which in turn increases fruit
drop by exacerbating competition between shoots and
corymbs, between the different corymbs, and, more im-
portantly, between fruits of the same corymb (Bangerth,
2000; Bubán, 2000). However the effect of chemical
thinners largely depends on cultivar and environmental
conditions andmay present a threat to the environment,
stimulating the demand for alternative strategies such
as the selection of new cultivars with self-thinning
properties.
In apple, the natural physiological drop starts 2 to 3

weeks after petal fall and culminates a few weeks later
with an increased activity of cell wall-degrading en-
zymes occurring in preformed cell layers forming the
AZ (Gonzáles-Carranza et al., 2002). The physiological
drophas to bedistinguished from the senescence-driven
abscission of ripe fruits (Bangerth, 2000). InArabidopsis
(Arabidopsis thaliana) and tomato (Solanum lycopersicum),
the activities of cell wall-degrading enzymes have been
shown to increase dramatically with the onset of abscis-
sion, including cellulase, polygalacturonase, expansin,
and xyloglucan endohydrolase endotransglycosylase
(Lashbrook et al., 1994; Kalaitzis et al., 1997; Agustí
et al., 2008, 2009; Cai and Lashbrook, 2008; Roberts
and González-Carranza, 2009).
The selective drop of fruitlets can be interpreted as

a developmental arrest that the plant exerts on partic-
ular young fruits during early phases of development

(Bangerth, 2000). Hence, in response to nutritional
shortage, fruitlets representing the weaker sinks
are induced to abscise. Tests on various apple culti-
vars showed that fruitlet abscission occurred if the
growth rates were not maintained above 60% of the
rate of the fastest growing fruitlet in a population
(Lakso et al., 2001).

Results from recent studies based upon tran-
scriptomic and metabolomic data have permitted the
development of a model that links abscission induction
and the nutritional stress occurring within the tree
(Botton et al., 2011; Eccher et al., 2013). In thismodel, the
fruitlet cortex perceives the altered physiological con-
ditions, and the molecular mechanisms linking sugar
starvation to hormonal signaling are activated. As a
consequence, abscisic acid and ethylene signaling
pathways are strongly up-regulated concurrentlywith a
down-regulation of GA signaling in the fruitlet induced
to abscise.

From this model, we can assume that, whether natu-
rally or following chemical thinning, only the fruitlets
with the greater sink capacity or the best supply in nu-
trients are maintained on the corymbs.

Commonly in apple, the central fruitlet develops
earlier, as it originates from an earlier (1–3 d) flowering
event. Thus, it naturally exerts a correlative dominance
over the lateral fruits, making the latter weaker sinks
and more inclined to abscise. However, unless treated,
some cultivars, such as cvAriane, are known to retain all
their fruitlets, while others, like cv Granny Smith and
cv Idared, have a tendency to self-abscise most lateral
fruitlets. Thus, we hypothesize that the correlative
dominance of central fruits observed in some cultivars
may be due not only to an earlier flowering event but
also to a better supply of sugar and nutrients through
vascular tissues during the first weeks of development.

The vascular system is an elaborate network of con-
ducting tissues that interconnects all plant organs. Its
development is initiated by the formation of provascu-
lar cells that further develop into procambium, from
which both conducting tissues are eventually differen-
tiated (Steeves and Sussex, 1989). Inmost gymnosperms
and dicots, vascular bundles are organized as a ring in
the stem, with xylem located in the center and phloem
surrounding it, whereas in monocots, vascular bundles
are usually organized in an amphivasal fashion (i.e. the
xylem surrounds the phloem; Zhong et al., 1999).

In past decades, mechanisms determining vas-
cular pattern formation in model species have been
intensively studied using physiological, biochemi-
cal, and molecular approaches. It has been shown
that the induction of vascular differentiation is
mainly controlled by auxin (Aloni et al., 2000). In
normal development, auxin is synthesized in shoot
apical tissues and is actively transported toward the
base of the plant (Sachs, 1981). Besides auxin, evi-
dence suggests a role for sterols (Szekeres et al., 1996;
Yamamoto et al., 1997), small peptides (Casson et al.,
2002), and cytokinin (Mähönen et al., 2000) in promot-
ing vascular differentiation.
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Application ofmolecular genetic tools accelerated the
identification of genes involved in vascular develop-
ment, especially in Arabidopsis. These include particu-
larly an class III homeodomain-leucine zipper (HD-ZIP
III) gene family composed offivemembers: Arabidopsis
B15 (ATHB15), ATHB8, PHAVOLUTA, PHABULOSA,
and REVOLUTA. Unlike the others, ATHB15 and
ATHB8 are predominantly expressed in vascular tis-
sues, suggesting a specific role in vascular development
(Baima et al., 1995, 2001; Ohashi-Ito and Fukuda, 2003;
Kim et al., 2005).

Until now, most studies on apple fruitlet abscission
have been directed toward the identification of genes
and signaling pathways activated in fruit cortex and
seeds following shading and the application of hor-
monal (ethylene) or chemical thinner (benzyladenine)
treatments (Zhou et al., 2008; Dal Cin et al., 2009; Botton
et al., 2011). Recently, a study aimed at characterizing
the genetic determinism of apple fruitlet self-thinning in
a segregating population was undertaken, and several
quantitative trait loci controlling this trait were identi-
fied (Celton et al., 2014b). In this study, the self-thinning
capacity of the apple tree hybrid X3177 (obtained from
the InstitutNational de laRechercheAgronomique)was
characterized from the tree scale to the molecular level.
First, fruit drop dynamics was investigated at the tree
and corymb scale. Second, in order to understand the
mechanisms controlling the acquisition of central fruit
dominance leading to lateral fruitlet abscission, a his-
tological study of the central and L1 flower/fruitlet
pedicels was conducted from the phenological stage
E2 (tight cluster,when the sepal lets the petals appear on
the central flower) to fruit drop. Global transcriptional
profiles of contrasting pedicels at four developmental
stages were then assessed. Third, a histological study
was conducted to characterize the development of lat-
eral fruit AZs following the acquisition of central fruit
dominance. Global transcriptional profiles of activated
AZs were then compared with preformed AZs of per-
sisting central fruits. Finally, we propose a model based
on candidate genes and histological results to explain
(1) the naturally exacerbated dominance of X3177 cen-
tral fruitlets over lateral ones and (2) the activation and
development of AZ in lateral fruitlet pedicels.

RESULTS

Fruit Drop Dynamics

The natural abscission maximum intensity for both
X3177 trees was reached between 42 and 58 d after F1
stage, with a peak at 50 d (560°C cumulated tempera-
ture; Fig. 1). At the end of the experiment, the total
fruitlet drop was 1,429 and 895 for the two biological
replicates. Following this natural drop, the fruit cate-
gory retained by the corymbs was evaluated. Our re-
sults show that a majority of corymbs retained only
one fruit (except corymbs located at the distal end of
branches) and that in 66%of cases, this fruit is the central
fruit. The other 34% are composed of L3 fruits.

The drop potential of the fruits was investigated by
evaluating their order of abscission relative to their
categories using the 30 hand-pollinated corymbs. The
analysis revealed that 70% of corymbs retained at least
one fruit. Fruit drop dynamics was similar to that found
at the tree scale, with most fruits abscising 42 to 50 d
after pollination (DAP). Although L1 fruits tended to
abscise earlier than others, lateral fruit abscission did
not occur in any particular order (Supplemental Fig. S1)
orupon reachingany specific size (Supplemental Fig. S2).
However,we found that thedroppotential of each lateral
fruit was corymb specific. We showed that lateral fruits
were likely to abscise if their volume or growth rate was
not maintained above about 50% of the volume and rate
of the fastest growing fruit of the corymb (Supplemental
Fig. S3).

To understand the sequence of events leading to lat-
eral fruit cessation of growth and shedding in X3177, L1
and central fruit diameters were measured and com-
pared following pollination. A similar analysis was
performed on corymbs from the nonshedding cv
Ariane. Measures indicated that for X3177 in 2011, the
central fruit followed a linear increase in diameter from
6 to 22 DAP, while the L1 fruit stopped growing about
12 to 15 DAP (Fig. 2). From 12 to 22 DAP, L1 fruit di-
ameter did not change significantly. On the contrary, for
cv Ariane, both central and L1 fruits followed a linear
growth throughout the first 22 DAP, with the central
fruit having a larger diameter compared with the L1
fruit. Thefirst L1 fruit abscissionswere observed 22 to 23
DAP for X3177.

Vascular Development in X3177 Fruit Pedicels

To investigate the origin of the dominance of the
central fruitlet over the lateral ones, we collected pedi-
cels of central and L1 fruits at several time points during
the course of flower and fruitlet development. Obser-
vations of cross sections of pedicels indicated the
systematic presence of two to five additional amphivasal

Figure 1. Fruit drop dynamics at the tree scale for both X3177 trees,
expressed as the number of fruitlets dropped per tree following F1
stage (central flower opened).
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vascular bundles in the pith of central pedicels of X3177
fruits (Fig. 3A1). These additional vascular bundles
were not present in L1 pedicels of X3177 (Fig. 3A2).
Additional vascular bundles were not observed in
central (Fig. 3A3) and L1 (Fig. 3A4) pedicels of cv
Ariane. Further analyses indicated that vascular bundles
were also absent from pedicels of L2 and L3 fruits of
X3177.
To survey the timing of amphivasal vascular bundle

development, we prepared free-hand sections from
central pedicels harvested at different developmental
stages. We found that vascular bundles were present
within the central pedicel pith of X3177 as early as
stage E2, up to 10 d before F1 stage (Fig. 3B1). We next
investigated the origin of the formation of these ad-
ditional vascular bundles by preparing serial cross
sections of central pedicels, starting from the base of
the fruitlet. We found that at the base of the fruit,
the phloem tissue composing the ring-shaped bundles
outgrew and abnormally penetrated into the pith
(Fig. 3B2). These clusters of cells later rearranged
themselves into amphivasal bundles farther down the
pedicels. Unlike collateral bundles, X3177 amphivasal
vascular bundles appeared to be mainly composed of
phloem, with very few xylem cells present on the outer
side of the bundles (Fig. 3C). Additional amphivasal
bundles varied in size from a few cells to several
hundred cells, organized in stratified way (Fig. 3C2).
At the center of each bundle (enclosed by the phloem),
a cluster of compressed or sclerified cells with thick
walls was observed (Fig. 3C2).
In order to determine whether the self-thinning

characteristic is associated with additional amphivasal
bundles, we studied the cosegregation of these traits in
18 individuals descended from X3177. We found that
none of the five individuals classified as “several fruits
per corymb” had these bundles (in central and lateral
fruits), while nine (69%) of the 13 individuals classified
as “one fruit per corymb” had additional amphivasal
bundles in the pith of their central pedicel (Table I).
This result indicates that in our experimental con-
ditions, the final number of fruits brought to maturity
on the corymbs is associated with the presence of

additional amphivasal bundles in the pith of central
fruit pedicels.

Measurement of Central and Lateral Pedicel Sugar Content

The development of additional conducting vessels
may allow the central fruit to be better supplied with
sugars and nutrients from the tree. To test this hy-
pothesis, we collected pedicels from central and L1
fruitlets at three time points in 2013 and measured the
different sugar concentrations. Sorbitol, Glc, Fru, and
Suc levels were assessed in all samples at 12, 15, and
20 DAP. As shown in Figure 4A, both central and L1
fruitlets are still growing at 12 DAP, although central
fruitlet diameter is already significantly larger than L1
fruitlet diameter. At 15 DAP, L1 fruitlets seem to have
reached a maximum and enter a phase in which they
stop evolving. Finally, at 20 DAP, L1 fruitlet diameter
starts decreasing (P , 0.05), probably due to dehy-
dration, while central fruit diameter keeps increasing.

In the majority of the samples tested (except L1 at
20 DAP), the most concentrated sugar was sorbitol,
followed by Glc, Suc, and Fru. Significant variations
between central andL1pedicelswere found throughout
the experiment for sorbitol (Fig. 4, B–D). Thus, a corre-
lation between the abscission potential of the fruit and
the concentration of sorbitol in its pedicel was estab-
lished. Concerning Glc, a significant difference between
central and L1 pedicels was found at 20 DAP. A signif-
icant difference was found for Fru concentration at
15 DAP. Finally, significant differences between central
and L1 pedicels were found at 12 and 20 DAP for Suc.

This difference in sugar supply, and particularly
sorbitol, may contribute to making the central fruit a
major sink while making the lateral fruits weaker and,
in time, more prone to abscise.

Differential Gene Expression Analysis between Central
and L1 Pedicels

To identify genes whose expression pattern matched
with a potential role in additional amphivasal vas-
cular tissue development, global transcript expression

Figure 2. Central (C) and L1 fruitlet mean cross-diameter
kinetics of X3177 and cv Ariane trees in 2011, from 4
to 22 DAP. Error bars represent SD. [See online article
for color version of this figure.]
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profilingwasperformedusing theARyANEmicroarray
chip at four time points (E2, F1, 6 DAP, and 12 DAP), a
period spanning the earliest phase of amphivasal vas-
cular bundle development to the L1 fruit growth arrest.

Over this period, 6,327 transcripts showed statisti-
cally significant (P , 0.05) expression changes in at

least one time point, including 2,005 with a log ratio
above 1. Of these transcripts, 253 were down-regulated
(ratio . 21 log) and 235 were up-regulated (ratio . 1
log) in L1 pedicels at stage E2; 660 were down-
regulated and 955 were up-regulated in L1 pedicels
at stage F1; 120 were down-regulated and 156 were

Figure 3. Vascular patterns in central and L1 fruitlet stems of the apple hybrid X3177 and cv Ariane. A1 and A2, Pedicel cross
section of X3177 central (A1) and L1 (A2) fruitlets 8 DAP, stained with acridine orange. Arrows indicate the positions of ad-
ditional amphivasal bundles in the pith of central pedicels. A3 and A4, Pedicel cross section of cv Ariane central (A3) and L1
(A4) fruitlets 7 DAP, stained with toluidine blue. No amphivasal vascular bundles are observed in cv Ariane central pedicels. B1,
Cross section of X3177 central flower pedicel at stage E2 (tight cluster, when the sepal lets the petals appear on central flower),
stained with acridine orange. Surrounded by parenchyma (pa), vascular bundles (vb) are arranged in a ring pattern, with ad-
ditional amphivasal bundles (am) located in the pith (pi). B2, Cross section of X3177 central pedicel cut at the base of the flower
at stage E2, stained with acridine orange. Phloem (ph) tissues seem to abnormally penetrate into the pith of the pedicel.
x, Xylem. C1, Cross section of amphivasal vascular bundle in the pith of the central pedicel of X3177 at the F1 stage (central
flower open), stained with acridine orange. Cells are not yet organized, and only a single lignified cell is observed (in yellow).
C2, Cross section of X3177 amphivasal vascular bundle in the pith of the central pedicel of X3177 19 DAP, stained with to-
luidine blue. Cells composing this bundle are organized in stratified layers, with compressed or sclerified cells at the center. The
scale is represented by a bar at the bottom of each image.
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up-regulated in L1 pedicels at 6 DAP; and finally, 55
were down-regulated and 194 were up-regulated in L1
pedicels at 12 DAP.
More genes were differentially expressed at stages

E2 and F1, which may indicate that morphological
differences resulting from differential gene expression
between central and L1 pedicels may develop during
these two stages.
Time points and differentially expressed genes were

grouped using K-means clustering (MapMan; Supplemental
Table S1). Based on the similarity of the kinetic expression
pattern, genes were divided into six clusters (Fig. 5). Most
clusters reflected either up- or down-regulation at two to
three time points.
Our analysis reveals that the transcriptional activity

of genes involved in cell wall modification, response to
stress, lipid metabolism, and lignin synthesis is sig-
nificantly up-regulated in L1 pedicels at an early stage
in their development. In central pedicels, the over-
expression of genes associated with vascular tissues,
and more particularly with phloem tissues, may be
related to the development of additional amphivasal
vascular bundles and to a better supply of nutrients to
the central fruit (Fig. 5). This indicates that the mech-
anisms ultimately leading to the shedding of lateral
fruitlets are activated very early during corymb de-
velopment and that modifications in gene expression
progressively lead to nutritional shortages and acti-
vation of the lateral fruitlet abscission process.

Formicroarray data validation, reverse transcription-
quantitative PCR (RT-qPCR) experiments were per-
formed on a subset of selected genes and revealed
similar expression patterns and strong correlations
(Spearman correlation coefficient = 0.81; Supplemental
Table S2).

To further study the mechanisms involved in
amphivasal bundle formation, we investigated the ex-
pression patterns of the HD-ZIP homeobox genes
ATHB8 andATHB15.We found that the differentiation-
promoting transcription factor of the vascular meri-
stems of ATHB8 was slightly up-regulated at 6 DAP
(ratio of20.73; P = 0.07). To validate the overexpression
of this transcription factor, we performed RT-qPCR
analysis and found a ratio of 21.75 at 6 DAP. In the
mean time, the negative regulator of vascular develop-
ment ATHB15 was up-regulated at stage F1 in L1 ped-
icels (ratio of 0.72;P=0.005). In addition, ourmicroarray
results indicated a down-regulation of miR166 (ratio
of20.72; P = 0.006), a negative regulator of ATHB15, in
L1 pedicels at stage F1.

Dynamics of AZ Development in X3177 Lateral Pedicels

To investigate the sequence of events leading to AZ
activation and development following fruit growth arrest,
longitudinal sections of X3177 central and L1 pedicels
were harvested at 14, 17, and 21 DAP. Observation

Table I. Identification of additional amphivasal bundles in the pith of fruit pedicels from individuals with
contrasting phenotypes

For each individual, the cross from which it originates is indicated as well as the number of amphivasal
bundles observed in the pith of the fruit pedicels. The average number of fruits brought to maturity per
corymb is indicated in the right column.

Individual Fruit Positiona Crossb No. of Amphivasal Bundles No. of Fruits per Corymb

G37 C cv Generos 3 X6681 4 1
H85 C X3259 3 X3263 1 1
H94 C X3259 3 X3263 1 1
H102 C X3259 3 X3263 2 1
I67 C X3259 3 X3263 1 1
I79 C X3259 3 X3263 1 1
I104 C X3259 3 X3263 5 1
V10 C X3259 3 X3263 5 1
V82 C X3259 3 X3263 1 1
V92 C X3259 3 X3263 0 1
W103 C X3259 3 X3263 0 1
M18 C X7940 3 X6681 0 1
M19 C X7940 3 X6681 0 1

C X7940 3 X6681 0 2–4
M91 L X7940 3 X6681 0

C X7940 3 X6681 0 2–4
M31 L X7940 3 X6681 0

C X7940 3 X6681 0 2–4
M1 L X7940 3 X6681 0

C X3259 3 X3263 0 2–4
I34 L X3259 3 X3263 0

C X3259 3 X3263 0 2–4
H95 L X3259 3 X3263 0

aC, Central fruit; L, lateral fruit. bHybrids indicated in boldface originate from a cross with X3177.
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of potential AZs from central pedicels did not reveal
any difference among the three time points (Fig. 6A).
For L1 pedicel AZs, three phases were identified. The
first phase (14 DAP; Fig. 6B1) corresponds to a phase
during which the AZ is preformed and located at the
limit between large parenchyma cells on the pedicel
side and smaller cells on the bourse side, above the
invagination. This stage is similar to that found in the
central pedicel. During the second phase (17 DAP;
Fig. 6B2), which corresponds to the activation of the

AZ, dividing cells were observed (Fig. 6C) in a region
located above the invagination zone. In the third phase
(Fig. 6B3), the AZ was visible and composed of a layer
of 15 to 20 cells. Stratified cells derived from the cell
division phase were observed (Fig. 6, D1 and D3). At
this point, the AZ can be divided into two sections: on
the pedicel side, cell walls appear lignified and more
voluminous, while on the bourse side, the stratified
cell wall appears mainly composed of cellulose, with
potential suberin deposition on the inner face of pri-
mary cell walls (Fig. 6D1). Further observation by
scanning electron microscopy indicates the formation
of a large depression formed by the degradation of cell
walls at the interface between the two sections de-
scribed above (Fig. 6D2).

To gain a global view of the transcriptional regula-
tion mechanisms associated with the activation and
development of the AZ in the L1 fruitlets, we set up a
transcriptome analysis using the ARyANE microarray
chip.

Differential Expression of Genes Involved in AZ
Activation and Development in L1 Pedicels

To identify the genes involved in the activation and
development phases of X3177 pedicel AZ, expression
profiling was performed on central and L1 AZ tissues
corresponding to the three phases observed in our
histological studies (14, 17, and 21 DAP). Over these
three time points, we identified 3,625 significantly
differentially expressed genes (P , 0.01; log ratio . 1).
The majority of these genes were found during the
third phase of AZ development (21 DAP), with 2,185
genes up-regulated and 381 genes down-regulated in
L1 AZ. During the activation phase (17 DAP), 688
genes were found to be overexpressed in L1 AZ,
while 814 were identified as down-regulated. Finally,
501 genes were up-regulated in L1 AZ during the first
phase (14 DAP), while only 43 were identified as
down-regulated.

Based on the similarity of the kinetic expression
pattern, genes were divided into nine clusters: up-
regulated, unchanged, or down-regulated for each time
point and biological repeat (Supplemental Table S3). This
analysis allowed us to attribute each pattern of expression
to one or several of the phases of AZ activation and de-
velopment (Fig. 7).

Our analysis showed a significant up-regulation of
genes involved in cell wall modification and degrada-
tion (glycosyl hydrolases, hydrolases, polygalacturo-
nases, laccase, and pectinesterase), ethylene response
factors, and GA oxidase in L1 pedicels during the last
phases of AZ development. In addition, we identified
many genes up-regulated in L1 AZ with sequence ho-
mology to genes involved in defense response mecha-
nisms, dehydration, senescence, and suberin and lignin
biosynthesis. We also identified genes significantly
down-regulated in L1 AZ, particularly during the

Figure 4. A, L1 and central (C) diameters of selected hand-pollinated
fruits at 12, 15, and 20 DAP of the apple hybrid X3177 in 2013.
B to D, Sugar concentrations in central and L1 pedicels at three time
points: 12 DAP (B), 15 DAP (C), and 20 DAP (D). Error bars represent
SD. Statistically significant differences between the central and L1
pedicels as identified by Student’s t test are indicated by stars (P ,
0.05). gfw, Grams fresh weight.
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activation phase (17 DAP), including auxin response
factors and plant-specific pin-formed proteins, as well
as genes involved in Suc synthesis and transport.

DISCUSSION

The hybrid X3177 is a unique model system for
studying natural lateral fruitlet self-thinning in apple.
Despite the characterization of the genetic determi-
nism of fruitlet self-thinning (Celton et al., 2014b), the
selection of elite cultivars exhibiting this characteristic
remains largely empirical. The quasi-systematic ac-
quisition of dominance of central fruitlets over the
lateral ones allows the setting up of experimental de-
signs aimed at deciphering the processes involved in
the natural acquisition of this dominance and the ac-
tivation of fruitlet AZ. Previous studies carried out by
Dal Cin et al. (2009), Botton et al. (2011), and Zhu et al.
(2011) had addressed similar issues. However, those
studies were performed on commercial cultivars using
thinning chemicals able to magnify the abscission po-
tential and selectively induce fruit drop. The focus of
our research here was to characterize the self-thinning
capacity of the apple tree hybrid X3177 from the tree
scale to the molecular level.

Lateral Fruitlet Drop Occurs within 2 Months after F1

In spring, a competition for storage assimilate real-
location exists between the vegetative and reproduc-
tive parts of the tree, among corymbs, and among
fruits of the same corymb. Part of the model devised
for apple fruitlet abscission stipulates that, where a
nutritional stress is established, the weaker sinks,
represented by the smallest growing fruitlets, abscise,
thus generating the physiological drop. Our data
suggest that in X3177, this phenomenon is genetically
exacerbated. In fact, in the absence of external pertur-
bations, a majority of corymbs retain only one fruit,
mostly the central fruit and to a lower extent the L3,
while the L2 and L1 all undergo shedding. Therefore,
we identified an increasing gradient of abscission po-
tentials, starting from the L1 toward the central fruit,
as described previously by Botton et al. (2011). How-
ever, no particular order in lateral fruit drop was ob-
served. Unlike the findings of Botton et al. (2011) and
Eccher et al. (2013) for cv Golden Delicious, the fruit
drop dynamics appeared monophasic, with most fruitlets
abscising 50 DAP for both biological replicates. This
divergence in fruit drop dynamics indicates that trees
may have developed different strategies to regulate
their fruit overload.

Figure 5. K-means clustering of significantly
differentially expressed genes between cen-
tral and L1 pedicels at four developmental
stages (E2, F1, 6 DAP, and 12 DAP). The left
column represents clusters of genes up-
regulated in L1 at one or more developmental
stages. The right column represents clusters of
genes down-regulated in L1 at one or more
developmental stages. The number of genes
in each cluster is shown next to the cluster
number. Names of selected genes or gene
families are indicated in each cluster.
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Figure 6. AZ development at the base of X3177 pedicels. A, Development of AZ in central pedicels at 14 DAP (A1), 17 DAP
(A2), and 21 DAP (A3), stained with acridine orange. The AZ did not develop in the course of these three dates. i, Invagination.
B, Development of AZ in L1 pedicels at 14 DAP (B1), 17 DAP (B2), and 21 DAP (B3), stained with acridine orange. The de-
velopment of an AZ, represented by layers of different colored cells, is clear at 21 DAP. C, Closeup view of the AZ in L1 pedicels
at 17 DAP, stained with acridine orange. Arrows indicate the positions of dividing cells. D, Closeup views of the AZ in L1
pedicels at 21 DAP. D1, Pedicel section stained with acridine orange. The AZ is divided in two; the top section (fruitlet side) is
composed of large stratified cells with lignified cell walls (li), and the bottom section (bourse side) is composed of smaller
stratified cells with possible suberin deposition on the inner face of primary cell walls (su). D2, Scanning electron microscopy of
AZ in L1 pedicels at 21 DAP. Cell wall and middle lamella degradation is observed in the separation layer. D3, Pedicel stained
with toluidine blue. The stratified cells composing the AZ and the separation layer can be observed. The scale is represented by
a bar at the bottom of each image.
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Central X3177 Fruit Pedicels Contain Additional
Amphivasal Vascular Bundles in Their Pith

To understand the acquisition of central fruit domi-
nance over lateral ones in the first weeks after F1 stage,
we hypothesized that these central fruits were better
supplied in sugars and nutrients through vascular
tissues, and we investigated potential differences in

vascular tissue development between central and L1
fruitlet pedicels.

Our histological data suggest the systematic pres-
ence of additional amphivasal vascular bundles of
various sizes in the pith of X3177 central pedicels in
addition to the vascular bundles being arranged in a
ring pattern. Amphivasal bundles were observed early
in the development of the inflorescence (stage E2; i.e.

Figure 7. K-means clustering of
significantly differentially expressed
genes between central and L1 AZ at
three developmental stages (14, 17,
and 21 DAP) for the two X3177
biological replicates (H1 and H2).
Clusters have been regrouped ac-
cording to their profiles. The number
of genes in each cluster is shown
next to the cluster number. Names
of selected genes or gene families
are indicated in each cluster.
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several days before flowering). As described by
Dra�zeta et al. (2004), we found that vessel formation,
and thus the hydraulic conductance of the pedicel,
starts before flowering. The timing and dynamics of
additional amphivasal bundle differentiation suggest
that they may be active before pollination.

To confirm the histological observations, our differ-
ential gene expression among X3177 pedicels allowed
us to identify a trend toward adown-regulation of genes
potentially involved in vascular tissue differentiation in
L1 pedicels in the early stages of development. Among
them, we identified multiple NAC (for no apical meri-
stem, ATAF1/2, cup-shaped cotyledons2) family pro-
teins. The NAC proteins constitute one of the largest
plant-specific families of transcription factors (Riechmann
et al., 2000; Ooka et al., 2003). These proteins have been
implicated in diverse processes, such as developmental
programs, including secondary cell wall biosynthesis in
poplar (Populus spp.; Zhong et al., 2011), shoot apical
meristem formation and development (Aida et al.,
1999), defense, and abiotic stress responses (Olsen et al.,
2005). Expression analyses have also supported the

involvement of NAC genes in flower development and
reproduction in response to hormones, including auxin,
in the acquisition of pluripotentiality (Avivi et al., 2004)
and the establishment/maintenance of stem cell line-
age in plants (Duval et al., 2002). Zhao et al. (2005)
identified a variety of NAC domain proteins involved
in vascular tissue differentiation. In our study, we
found several genes encoding NAC domain tran-
scription factor up-regulated in the pedicel of central
fruits (ANAC014; Fig. 8), indicating that these genes
might contribute to an increasedvascular development
in the central pedicel in the early developmental stages
E2 and F1.

As mentioned previously, auxin and cytokinin are
important regulators of xylem cell differentiation.
Among the transcripts overexpressed in the central
pedicel, we identified two genes encoding cytokinin
synthases (homologous to At3g63100 and At5g19040)
previously reported to be associated with phloem de-
velopment (Takei et al., 2004). In addition, we identified
two genes homologous to cytokinin oxidase (cytokinin
oxidase6 and cytokinin oxidase7), involved in the

Figure 8. Kinetics of the expression values of
genes differentially expressed between cen-
tral (C) and L1 X3177 apple pedicels as de-
termined by microarray analysis at four
developmental stages (E2, F1, 6 DAP, and 12
DAP). The left column shows expression
values (log values) of genes significantly
down-regulated in L1 compared with central
pedicel sections. The right column shows ex-
pression values (log values) of genes signifi-
cantly up-regulated in L1 compared with
central pedicel sections. The array data were
normalized with the lowess method. Nor-
malized intensities (i.e. expression levels)
were then subtracted from the background.
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degradation of cytokinines, overexpressed in L1 pedicel
fruitlets at stages E2 and F1 (Fig. 8).
Our analysis of genotypes derived from X3177 sug-

gests that, over these extreme individuals and in our
environmental conditions, the presence of amphivasal
bundles in the pith of pedicels of fruits brought to ma-
turity is associated with the self-thinning character.
Although this analysis was performed on a limited
number of individuals, it demonstrates that the pres-
ence of amphivasal bundles in the pith of pedicels is
heritable. At this point, several questions remain open.
Are the amphivasal bundles always located in the cen-
tral pedicel, or can they be found in lateral pedicels? If all
pedicels of the corymb have amphivasal bundles, the
central fruit dominance may not be exacerbated, so
what is the tree bearing behavior then? Further inves-
tigation should focus on the particular role of these ad-
ditional bundles and determine how the expression of
this characteristic is controlled in a dedicated segregat-
ing population, such as the one used by Celton et al.
(2014b). Such study may confirm whether the self-
thinning trait is associated with the presence of amphi-
vasal bundles in the central pedicel only.
The common arrangement of vascular tissues inmost

dicots is collateral, where the xylem is located on the
inner side and the phloem on the outer side of the
bundle, the latter being arranged collectively in a ring
pattern. Even though other vascular patterns have
evolved in some dicots, the ring-type pattern has been
mostly conserved during the evolution of dicot plants.
Little is known about the mechanisms underlying the
development of vascular patterns, and to date, very few
mutants have been identified with global alteration of
vascular arrangement. One such Arabidopsis mutant,
amphivasal vascular bundle1 (avb1), was identified by
Zhong et al. (1999). This plant presents a dramatic al-
teration of the arrangement of vascular tissues, with
vascular bundles arranged in an amphivasal fashion (i.e.
with the xylem completely surrounding the phloem).
These amphivasal bundles were found to abnormally
penetrate into thepith anddidnotdisrupt the auxinpolar
transport activity in inflorescence stems.
As for the avb1 mutant, X3177 amphivasal vascular

bundles were found in the pith of stems without dis-
ruption of the ring-like pattern of vascular bundles.
Further analysis showed that amphivasal bundles arise
from an overproduction of phloem at the base of the
future fruit. Unlike in the avb1 mutant, the amphivasal
bundles were mostly composed of phloem tissue, with
very few xylem cells on the outside. As in avb1, the ar-
rangement of phloem cellswas organized, and sclerified
cells were identified at the center of the bundles.
HD-ZIP genes and their related microRNAs regulate

critical aspects of plant development, including vascu-
lar development, and represent ancient gene families
conserved in all tracheophytes (Schuetz et al., 2013). The
microRNAs miR165 and miR166 have been shown to
directly regulate HD-ZIP patterning (Kim et al., 2005).
These microRNAs are known to be present within the
phloem, and their overexpression leads to enhanced

degradation of HD-ZIP transcripts, leading to a phe-
notype corresponding to that of an HD-ZIP loss-of-
function mutant (Kim et al., 2005; Zhou et al., 2007).
Furthermore, dominant HD-ZIP mutants have been
found to display amphivasal phenotypes. As shown by
Baima et al. (2001), the HD-ZIP gene ATHB8 is induced
by auxin and promotes procambial/cambial cell dif-
ferentiation into xylem tissue. We found an apple ho-
molog of ATHB8 to be underexpressed in L1 pedicels
6 DAP, which may indicate a lower auxin production in
the developing lateral fruit and a possible decrease in
lateral vascular development comparedwith the central
pedicel. ATHB15 is important for vascular development
and is responsible for its negative regulation, indepen-
dently of auxin (Kim et al., 2005). Kim et al. (2005)
hypothesize that miR166/miR165 could act as a mod-
ulator to balance ATHB15 andATHB8 functions during
vascular development. In our analysis of vascular de-
velopment of apple pedicels, we found miR166 to be
down-regulated in L1 pedicels, with a corresponding
enhanced expression of an apple homolog of ATHB15
at the E2 stage. Although the log ratios are below 1, they
remain significant and indicate an increased negative
regulation of vascular tissue biogenesis during a crucial
stage in L1 pedicel development.

The Central Pedicel Sugar Concentration Is Higher Than
That of the L1 Pedicels

The absence of amphivasal bundles in the pith of cv
Ariane and other hybrid pedicels with several fruits per
inflorescence (central and laterals) and in all the lateral
pedicels of X3177 suggests that these bundles may have
a role in the acquisition of the X3177 central fruit dom-
inance by allowing an increased transport of sugars and
nutrients to the young fruit. In our analysis, significant
differences in sorbitol concentration between central
and L1 pedicels were found at all time points investi-
gated. In apple, sorbitol is the primary product of pho-
tosynthesis and is themajor translocated form of carbon
(Loescher et al., 1982). The increased sorbitol concen-
tration in central pedicels is thus consistent with our
hypothesis that central fruits profit from a better supply
of sugars. This increased supplywould allow the central
fruit todevelop at a faster rate, thus increasing further its
sink strength. We believe that the increased supply of
sugar to the central fruit is at least partly due to the
presence of the additional amphivasal vascular bundles.

The increased expression of transcripts coding for
enzymes involved in Suc metabolism may be expected
in fast-growing organs, considering that the developing
vascular system and fruitlet acts as a major carbon sink.
In Arabidopsis, the up-regulation of genes involved in
trehalose metabolism was reported in response to in-
creased nitrate availability (Wang et al., 2003; Scheible
et al., 2004). Sugars such as Glc and trehalose are also
effective signal molecules and may have an essential
role in many developmental processes (Rolland et al.,
2006). In our experiment, trehalose-6-phosphatase,Man-6-P
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reductase, and Suc synthase genes showed increased
expression in the pedicels of central fruitlets. Furthermore,
genes associated with sugar transport, such as SUGAR
TRANSPORTER1 (Fig. 8) and POLYOLTRANSPORTER5,
were also identified as up-regulated in central pedicels
during the early stages of development (E2 and F1) as
well as 12 DAP. The up-regulation of genes associated
with sugar metabolism and transport indicates that
central pedicelsmaybebetter supplied fromavery early
stage of development.

Furthermore, sugar signaling is known to play a role
in senescence regulation in a complex network resulting
from biotic and abiotic stress (Wingler and Roitsch,
2008; Wingler et al., 2009). Thus, a decrease in sugar
supply, as well as other nutrients, may have triggered a
senescence process in lateral fruits. We found several
genes differentially expressed that are associated with
stress, dehydration, and senescence. Among them, we
identified genes with sequence homology with the fatty
acid desaturases FAD2, FAD5 (Fig. 8), and FAD7,which
were up-regulated at all stages and are known to be
regulated by adverse environmental factors (Zhang
et al., 2012). Genes associated with dehydration
were up-regulated in L1 pedicels, including EARLY
RESPONSIVE TO DEHYDRATION (Fig. 8) at stages
E2 and F1. This gene belongs to the glutathione
S-transferase family and has been implicated in the re-
sponse to dehydration in Arabidopsis (Kiyosue et al.,
1993). Several genes homologous to Arabidopsis Ex-
tracellular Protein3 (chitinase class IV) were also con-
stantly overexpressed in L1 pedicels (Fig. 8). Various
factors were found to induce class IV chitinase expres-
sion, including leaf senescence inBrassica napus (Hanfrey
et al., 1996), while in Arabidopsis and carrot (Daucus
carota), Extracellular Protein3 is involved in the regu-
lation of processes leading to programmed cell death
(Passarinho et al., 2001). Overexpression of genes as-
sociated with lignin biosynthesis (Table II) also indi-
cates that L1 pedicels may respond at an early stage to
stresses caused by water and nutrient deficiency and
may undergo lignification of their supporting tissues,
whichmay further impair their capacity to conveywater
and nutrients (Ride, 1978) to the young fruit.

The identification of additional amphivasal vascular
bundles in the pith of central pedicels of this apple hy-
brid is a unique example in dicot plants.We have shown
that this phenotype develops in the early phases of
pedicel growth, is localized only in the central pedicels
of this hybrid, and confers the subtending fruit with an
advantage in terms of sugar and nutrient supply. This
extra supply allows the central fruit to develop faster
than the lateral fruits, thus becoming the major sink
within the corymb. Within a few days, the central fruit
exerts a dominance over the lateral ones, which pro-
gressively stop growing and may enter into the senes-
cence process. The differential gene expression analysis
confirmed our histological observations and allowed us
to identify several differentially expressed genes in-
volved in vascular tissue development, sugar trans-
port, and stress response. The histological and gene

expression data presented here allow the development
of novel hypotheses regarding the formation of the
atypical additional amphivasal vascular bundles in the
pith of central pedicels and its subsequent exacerbated
dominance over the lateral fruitlets.

In order to gain a global view of the factors involved
in fruitlet shedding, we next investigated lateral fruit
AZ development following the acquisition of domi-
nance of the central fruit.

The Stop of L1 Fruit Growth Occurs about 10 d
before Abscission

In our analysis, 66% of the fruits remaining on the
corymbs were central fruits, while in 34% of cases
it was the L3. Thus, the central fruit acquisition of
dominance was not systematic in our experimental
conditions. In X3177, the central flower of the corymb
opens 2 to 3 d before the L3 and other laterals. In 2013,
the spring was unusually cold and wet during flow-
ering, particularly at the F1 stage. This particular bad
weather may have affected the pollination of central
flowers, which may explain the rather high percentage
of central fruitlet early drop. This is further confirmed
by our analysis of fruit growth on particular corymbs.
Our data show that L3 fruit acquired dominance only
when the central fruit dropped early, within 200°d
following F1. Furthermore, we found that lateral fruit
abscission occurred when fruit growth rate and esti-
mated volume were not maintained above a certain
threshold. Lakso et al. (2001) estimated that threshold
at about 60%, while in our experimental conditions, we
found that fruits abscised if their volume was not
maintained above 50% of the volume of the largest
fruit in the corymb for about 200°d consecutively.

Our data indicate that fruit abscission did not occur
immediately following lateral fruit cessation of growth.
We showed that the AZ activation occurred 4 to
5 d after cessation of lateral fruitlet growth, with fruit
drop occurring 5 to 6 d later. Thus, the AZ develop-
ment is not synchronized with the stop of fruit growth,
which confirms that the development of the AZ is not
the factor controlling fruit self-thinning.

AZ Development Is Controlled by a Complex
Gene Network

In our apple pedicels, the AZ cells were distinguish-
able from their neighboring cells in that they were
smaller and located above the invagination. The phys-
iological processes leading to cell separation were
located within a narrow band of cells in which the
separation layer developed. Our histological analysis
of pedicel AZ development permitted the identifica-
tion of three phases.

In the first phase, during which the AZ is already
differentiated at the future site of detachment for both
central andL1 fruits,wedidnot observe anyhistological
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Table II. Selection of differentially expressed genes in apple pedicels

The gene identifier is reported along with the Arabidopsis gene homolog, a short annotation, and the pattern of
expression at stages E2, F1, 6 DAP, and 12 DAP. The complete list and further details, are available in Supplemental
Table S1. Log2 rat, Log2 ratio between lateral1 and central pedicel transcript expression value.
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difference between the central and lateral fruit AZ. This
phase might correspond to a period during which the
AZ cells acquire competence to react to abscission sig-
nals. Our differential gene expression analysis showed
that no transcript was differentially expressed specifi-
cally during this phase. However, we identified several
genes up-regulated in L1 pedicels during the three
phases investigated. We found that genes involved in
the stress response were largely induced in L1 pedicels,
indicating an activation of protection systems during
abscission. The expression of chitinase B1 (CHIB1) and
allergen family proteins in the AZ had previously been
reported in tomato (Nakano et al., 2013) and Sambucus
nigra (Ruperti et al., 1999), respectively. Consistent with
the observed fruit growth arrest, genes involved in
sugar synthesis and transport were also down-regulated
in L1 pedicels throughout the three phases investi-
gated. The highly significant differential expression
level of trehalose-6-phosphatase suggests a role for this
gene in abscission induction. A role for this protein as a
signal induced by nutritional stress had previously
been suggested byAlferez et al. (2007) and Botton et al.
(2011).

During the second phase, which corresponds to the
activation of the abscission process, dividing cells were
observed within the AZ of L1 pedicels. Cell division
prior to abscission is not essential to the separation
process in many species. For instance, cell division is
absent in the pedicel of tobacco (Nicotiana tabacum;
Jensen and Valdovinos, 1967), tomato (Roberts et al.,
1984), Citrus spp. (Wilson and Hendershott, 1968), and
Arabidopsis (Patterson, 2001). This cell division step
was observed in soybean (Glycine max; Webster, 1968)
and Salix and Castanea spp. (van Doorn and Stead,
1997). However, in Salix spp., cell division occurred in
a layer beneath the actual separation layer, while in
Castanea spp., cell division was observed after abscis-
sion. Despite the observation of dividing cells in the
region of the AZ in L1 pedicels, we did not identify
differentially expressed genes associated with cell di-
vision. Change in the expression of these particular
genes may have been attenuated due to the method
used for sampling and to the rather small proportion
of dividing cells in the tissues analyzed.

In all the species in which cell division was observed,
the newly formed cells became involved in the forma-
tion of protecting tissue containing suber or lignin. In
our apple L1 pedicels, during the third phase of ab-
scission, we also observed that the walls of cells located
on the pedicel side became heavily impregnated with
lignin, while cells located on the bourse side accumu-
lated suberin depositions. It has been proposed that
plants activate these defense responses as a protective
measure before shedding (Roberts et al., 2002). This idea
is consistent with our histological observations and
supported by transcript expression analysis. Indeed,we
observed that genes involved in suberin biosynthesis
were overexpressed in L1 pedicels. Suberin is a polymer
of fatty acid derivatives linked by ester bonds. It is
mostly deposited on the inner face of primary cell walls

and has a role in resistance to pathogens and in pre-
venting water loss following organ abscission (Beisson
et al., 2012). In our analysis, we found that key genes
involved in the suberin biosynthesis pathway were
overexpressed in L1 pedicels during the last stage of the
abscission process (Fig. 9), including glycerol-3-
phosphate acyltransferases, aliphatic suberin feruloyl
transferase, hydroxylase of root suberized tissue, root
aliphatic plant hydroxylase1, Fatty acyl-CoA reduc-
tase1, andABC transporter G11.Major genes associated
with lignin biosynthesiswere also strongly up-regulated in
L1AZsduring the last stage of abscission (Fig. 9), including
Arabidopsis cinnamate 4-hydroxylase, OPC-8:CoA ligase1,
Cinnamoyl CoA Reductase1, cinnamyl alcohol dehydro-
genase, and ferulate 5-hydroxylase. Up-regulation of these
genes is consistent with our observation of lignin accu-
mulation in the walls of cells located on the pedicel side.

Further analysis using scanning electron microscopy
indicated extensive cell wall and middle lamella deg-
radation in the separation layer. At that stage, the apple
fruitlet AZ differentiated as a plate of 10 to 15 iso-
diametrically flattened cells and traversed the cortex,
pith, and vascular bundles, although the AZ appeared
disorganized through the vascular tissues. Consistent
with these observations, we identified differentially
expressed genes associated with cell wall degrada-
tion in the last stage of the abscission process. Most
of the hydrolases overexpressed in the last phase of
L1 pedicel abscission are known to act on glycosyl
bonds and include endotransglycosylase-related pro-
teins, b-galactosidases, pectinesterases (Fig. 9), laccases,
and various glycosyl hydrolases. To further break down
the glycosidic bonds of pectins composing the middle
lamella, several polygalacturonases were also found
overexpressed in L1 AZs. These include homologs
of AT2G43890, AT3G07970 (Fig. 9), and AT3G59850,
which were previously found overexpressed in Arabi-
dopsis and tomato pedicel AZs (Kim and Patterson,
2006; González-Carranza et al., 2007; Nakano et al.,
2013). In parallel with the expression of cell wall-
modifying enzymes, we also identified several genes
associated with senescence, response to dehydration,
and desiccation (Table III), which is consistent with
pedicel drop.

Finally, our transcriptomic data suggest a central
role for hormone-related genes throughout the three
phases described previously. The current model ac-
cepted for abscission implies that auxin, produced by
the subtending fruitlet, is translocated down the ped-
icel through the AZ, delaying its activation by reduc-
ing the sensitivity of the AZ to ethylene (van Doorn
and Stead, 1997). Our transcriptomic analysis showed
that 1-aminocyclopropane-1-carboxylic acid oxidase,
involved in ethylene biosynthesis, was up-regulated in
L1 AZ. In parallel, we found that genes homologous to
ETHYLENE RESPONSE FACTOR1 (ERF1) and ERF2
(Fig. 9) were up-regulated during the three time points
investigated, together with a down-regulation of a
MAJOR LATEX PROTEIN-related protein. A previ-
ous study showed that ethylene played a role in the
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negative regulation of MAJOR LATEX PROTEIN in
peach (Prunus persica) AZ and that this gene plays a
preemptive role in abscission-related plant defense
(Ruperti et al., 2002). These genes can thus be used as
markers of ethylene overexpression in L1 pedicels. In
the mean time, we identified a down-regulation of
auxin response factors and the PIN1 transporter gene
(Fig. 9) at 17 DAP. This differential expression of genes
is in accordance with the accepted model for abscission
and confirms that these hormones play a major role
to stimulate AZ development in apple. Concurrently,

jasmonic acid carboxyl methyltransferases were over-
expressed in L1 AZ. Jasmonic acid carboxyl methyl-
transferases are known to respond to auxin and
ethylene stimulus and were shown to be overex-
pressed in response to wounding in Arabidopsis (Seo
et al., 2001). Meanwhile, we observed an increased
expression of GA 2-oxidases from the early stages of
abscission as well as cytokinin oxidases in the last
stage of the process, which is consistent with previous
studies (Eccher et al., 2013) and indicates a decrease of
active GA and cytokinin levels in the L1 pedicel.

Figure 9. Kinetics of the expression values of
genes differentially expressed between central
(C) and L1 AZs of the two X3177 apple bio-
logical replicates (H1 and H2) as determined
by microarray analysis at three developmental
stages (14, 17, and 21 DAP). The kinetics of
expression values of selected genes involved
in suberin biosynthesis, lignin biosynthesis,
cell wall modification, ethylene response
factor, and auxin transport are represented.
The transcript levels were normalized with the
lowess method. Intensity values were then
subtracted from the background.
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Table III. Selection of differentially expressed genes in apple pedicel AZs

The gene identifier is reported along with the Arabidopsis gene homolog, a short annotation, and the pattern of
expression in both biological replicates at stages 14, 17, and 21 DAP. The complete list and further details, are
available in Supplemental Table S3.
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CONCLUSION

In apple, the thinning of young fruits during the early
phases of development is a prerequisite to allow the
plant to bring tomaturity fruits of optimum commercial
size and quality. In this study, we characterized the
self-thinning capacity of the apple hybrid X3177, from
the tree scale to the molecular scale, and over a period
covering the main stages of flower and young fruit
development.
On the basis of our results, we extended the model

developed by Botton et al. (2011) and Eccher et al.
(2013) to explain the naturally exacerbated dominance
of central fruitlets over lateral ones (Fig. 10). Our work
reveals that the majority of the corymbs of this hybrid
bring to maturity only the central fruit while shedding
all the lateral ones. We show that the central fruit
pedicels develop a rare phenotype in the form of ad-
ditional amphivasal vascular bundles located in the

pith. To the best of our knowledge, this study provides
one of the first examples of the identification of
amphivasal bundles in dicots. These additional bun-
dles develop before the onset of flowering and provide
the central flower/fruit with additional resources such
as sorbitol, allowing it to develop a strong dominance
over the lateral ones. Global gene expression data in-
dicate a general trend toward an up-regulation of
genes involved in vascular tissue differentiation in
central pedicels together with a down-regulation of
genes involved in sugar transport in L1 pedicels,
which is consistent with our hypothesis. Furthermore,
we identified a strong up-regulation of genes involved
in the stress response in L1 pedicels before the onset of
abscission. However, a more targeted approach is
necessary to identify the key genes triggering the lo-
calized development of these amphivasal bundles and
to determine the heritability of this phenotype.

Figure 10. Model of the development of apple fruitlets and their respective AZs. This model was developed from the analyses of
X3177 corymbs, pedicel vascular tissue, and AZ development. Data presented from analyses in this article are schematically
summarized in relation to the relative positions of the fruitlets within the corymb. In this model, additional bundles develop
early in the central fruit pedicel and may provide it with additional resources such as sorbitol, allowing it to develop a strong
dominance over the lateral ones. Global gene expression data indicate a general trend toward an up-regulation of genes in-
volved in vascular tissue differentiation in central pedicels together with a down-regulation of genes involved in sugar transport
in L1 pedicels. AZ activation is triggered 4 to 5 d following lateral fruit growth arrest and is initiated with a cycle of cell di-
visions. Following the formation of layers of isodiametrically flattened cells, we observe a degradation of cell walls and middle
lamella at the separation zone by multiple cell wall-modifying enzymes. Cells located on the pedicel side become impregnated
with lignin, while cells located on the bourse side accumulate suberin depositions. C, Central fruitlet; L1, small lateral fruitlet;
L2, medium lateral fruitlet; L3, big lateral fruitlet.
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To further investigate the processes involved in the
abscission of lateral fruitlets, we studied the kinetics of
AZ development. We found that AZ activation was
triggered 4 to 5 d following lateral fruit growth arrest
and was initiated with a cycle of cell divisions. Follow-
ing the formation of layers of isodiametrically flattened
cells, we observed a degradation of cell walls and mid-
dle lamella at the separation zone. In parallel with this
degradation, we observed that cells located on the
pedicel side became heavily impregnated with lignin
while cells located on the bourse side accumulated su-
berin depositions. Differential gene expression analysis
of AZ formation compared with their immediate non-
separating neighbor matched our histological obser-
vations, and our results are in accordance with the
accepted model for abscission. Our data confirm the
major role of ethylene and auxin as well as cell wall-
remodeling enzymes.

A better understanding of the mechanisms involved
in the development of the self-thinning characteristic
might allow in the future the introduction of this
phenotype into elite apple breeding lines and will help
control biennial bearing while reducing the application
of fruit thinning chemicals.

MATERIALS AND METHODS

Plant Material

Experimentswerecarriedout in2011, 2012, and2013onX3177apple (Malus3
domestica) trees planted in 2005 and grafted onto cv M.9 rootstocks and on cv
Ariane trees planted in 2004 and grafted onto cv Pajam2 rootstocks. X3177 is
derived from a cross between cv Idared and cv Prima performed at the Institut
National de la Recherche Agronomique station in Bordeaux in 1975. Trees were
trained with standard horticultural practices at the Experimental Unit of the
Institut National de la Recherche, with the exception of thinning treatments.
Two trees of each genotype were used to obtain biological replicates. For both
genotypes, each year, 50 to 60 corymbsper treewere selected on1-year-old spurs
at similar phenological stages. Flowers of each corymb were manually polli-
nated with a mixture of pollen at F1 stage (central flower open) to ensure that
physiological drop was not caused by the lack of flower fertilization. All
subsequent measures and sample harvest were performed using these hand-
pollinated corymbs. All fruits were classified according to their abscission po-
tential as described by Botton et al. (2011).

In 2011, central and L1 fruitlet diameters of cv Ariane and X3177 were
monitored using 10 corymbs of each tree to identify differences in growth dy-
namics between fruits from F1 stage to 21 DAP. From the F1 stage to 21 DAP, 10
pedicels (without AZ) were harvested at each time point and stored appropri-
ately for histological and gene expression studies. These samples were com-
posed of a 1-cm section of pedicel located 5 mm above the AZ to about 5 mm
below the flower/fruit base.

In2012,pediceldevelopmentwasinvestigatedonbothX3177trees, fromstage
D3 (floral bud appearance, 10 d before pollination) to 22DAP.Again, 10 pedicels
(without AZ) per time point were regularly harvested from selected corymbs
and stored for histological and gene expression studies. These sampleswere also
composed of a 1-cm section of pedicel located 5mmabove theAZ to about 5mm
below the flower/fruit base.

In 2013, for both X3177 trees, fruitlet drop dynamicswasmonitored from 2 to
64 DAP. This was performed at the whole-tree scale by counting the fruits
dropped onto nets previously spread underneath the trees. In addition, fruit
drop was monitored on 30 selected corymbs (15 corymbs from each tree). These
corymbs were selected on 1-year-old spurs located in the middle section of each
tree at a similar phenological stage. Flowers of each corymb were manually
pollinated with a mixture of pollen at F1 stage. Five AZs were collected on each
X3177 tree at 14, 17, and 21 DAP and stored for histological and gene expression
studies. These sampleswere composed of theAZsection togetherwith 1 to 2mm
of neighboring tissues.

Additional experiments were conducted on hybrids descended from X3177.
These included individuals derived from the crosses X3263 3 X3259, cv
Generos 3 X6681, and X7940 3 X6681. Both X3263 and X6681 derive from a
cross with X3177. Eighteen individuals derived from these crosses were se-
lected based upon their mean number of fruits per corymb at maturity and
classified as one fruit per corymb or several fruits per corymb. Pedicels from
mature fruits derived from these selected individuals were collected in
2011, hand cut with a razor blade, and stained with toluidine blue before
observation.

Histological Staining and Microscopy

Three methodologies were used to study vascular system and AZ develop-
ment. The aim of the first experiment was to identify and characterize the dif-
ferent stages occurring during vascular bundle and AZ formation. For this,
additional pedicels harvested from stage E2 to 21 DAP were hand cut with a
razor blade, immersed in 70% (v/v) ethanol for 5min, stainedusing 0.02% (w/v)
acridine orange (Sigma), and rinsed twice in ultrapure water. Acridine orange is
a nonspecific stain that has been mainly used to stain DNA, but plant cell walls
also emit metachromatic fluorescence after staining with this compound. The
green coloration is attributed to cellulose, while the red is attributed to lignins.
When both compounds are present in important quantities, cell walls appear in
yellow color (Abot, 2010). Images were acquired with a Nikon A1 confocal laser
scanning microscope equipped with argon ion (488 nm) using a 103 air-
immersion lens with a numerical aperture of 0.3. Under these conditions, the
optical section thicknesswas approximately 7.5mmand the z-scanning stepwas
set accordingly at 7.5 mm. The excitation wavelength was 488 nm and the light
emitted over 515 nm was collected using a long-pass filter.

The second experiment was aimed at finely characterizing the anatomical
organization of vascular bundles and the AZ. For this, samples were fixed in 4%
(v/v) glutaraldehyde in phosphate buffer (0.1 M, pH 7.2) for 3 h at 4°C under
vacuum and were rinsed in two changes of buffer. Fixed samples were then
dehydrated in a graded ethanol series and embedded in Technovit 7100 resin
(Kulzer Histo-technique kit; Labonord) according to Kroes et al. (1998). Speci-
mens were then stored at 37°C. Sections were cut at 3 mmwith a Leica RM2165
microtome, mounted on glass slides, stained with toluidine blue, mounted after
dehydration in a synthetic resin, andexaminedwith aLeicaDM1000microscope
equipped with a Qimaging Micropublisher 3.3 RTV camera.

In the third experiment, the surface of the AZ at 21 DAP was observed
using a scanning electron microscope (Phenom G2 Pro; PhenomWorld) and a
Coolstage specimen cooling unit (Mk3; PhenomWorld) following fixation in
4% (v/v) glutaraldehyde in phosphate buffer in order to observe the degra-
dation of the middle lamella and the cell walls.

Sugar Determination

Central and L1 pedicels of X3177 were harvested from preselected corymbs
at 12, 15, and 20 DAP on the two independent clones. Eight to 10 pedicels were
harvested per date and per type (central and L1), and fruit diameter was
measured. Pedicels were weighed and individually ground. Sugars were then
extracted following the Loudet et al. (2003) protocol. After appropriate dilution,
sugar content was assayed by HPLC on a Carbo-pac PA-1 column (Dionex) as
described by Rosnoblet et al. (2007).

RNA Purification and Quantification

TotalRNAwas isolated fromfivepooledpedicels orAZsusing theNucleoSpin
RNA Plant extraction kit (Macherey-Nagel) according to the manufac-
turer’s specifications. RNAwas then visualized on a 1% (w/v) agarose gel
and quantified using the NanoDrop ND-1000 spectrophotometer (Nano-
Drop Technologies).

Complementary DNA Synthesis and Labeling

A total of 200 ng of RNA was used for the complementary DNA (cDNA)
synthesis and amplification using the AMBION MessageAmpII aRNA Am-
plification kit (Ambion) following the manufacturer’s instructions with some
modifications as described by Celton et al. (2014a). cDNA and antisense RNA
were purified using the AMBION MEGAclear and AMBION DNAclear pu-
rification kits, respectively. Antisense RNA was then labeled using Cy3 or Cy5
(Interchim). Purified labeled cDNA was quantified in the NanoDrop ND-1000
spectrophotometer.

Celton et al.
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Microarray Hybridization, Scanning, and Quantification

The microarray analysis was performed with the NimbleGen ARyANE
array containing 126,022 gene-specific probes from apple (Celton et al., 2014a).
After 30 pmol of the Cy3 and Cy5 samples was combined and concentrated by
precipitation, pellets were resuspended with 2.2 mL of sample-tracking controls
and 5.8 mL of hybridization solution. Following a 5-min incubation at 95°C,
samples were placed at 42°C prior to loading. Hybridization of the samples to
the array was performed overnight on a NimbleGen HS4. Slides were then
washed in successive wash buffer and dried before scanning. The arrays were
then scanned on a NimbleGen MS 200 scanner.

Experimental Design

Assessment of the Global Transcriptional Profile for
Pedicel Vascular Development

Samples harvested at four time points were analyzed in this experiment: E2
stage (2012), F1 stage (2012), 6 DAP (2011), and 12 DAP (2011). For each time
point analyzed, two independent biological repeats were performed, with the
control and experimental cDNA clones labeled with Cy3 and Cy5 fluorescent
dye, respectively. A dye swapwas included to eliminate any bias resulting from
the two fluorescent dyes. All comparisons were made between the central and
L1 flower/fruitlet pedicels at each time point.

Assessment of the Global Transcriptional Profile for AZ
Activation and Development

Three AZ developmental stages were analyzed, 14 DAP (2013), 17 DAP
(2013), and 21 DAP (2013), using two independent biological repeats. For this
experiment, due to the fast-developing AZ observed, a dye-switch analysis
was performed to eliminate bias resulting from potential differences between
the biological repeats. All comparisons were made between the central and L1
fruitlet AZs at each time point.

Data Normalization and Statistical Analysis

Images were analyzed using DEVA software version 1.2 (Roche). All sta-
tistical analyses were performed as described by Celton et al. (2014a) using the
R language (R Development Core Team, 2011). Data were first normalized
with the lowess method. Normalized intensity values were then subtracted
from the background to provide an estimation of the transcript expression
levels. Differential expression analyses were performed using the lmFit func-
tion and the Bayes-moderated Student’s t test using the package LIMMA
(Smyth, 2005) from the Bioconductor project. Genes were considered signifi-
cantly differentially expressed if their P values were P , 0.05 for the dye-switch
experiment and P , 0.01 for the dye-swap experiment. Genes differentially
expressed were then screened using a threshold fold change of one or greater.
Data clustering was performed using the MapMan software version 3.5.1
(Usadel et al., 2005) using the Euclidian distance and the apple gene anno-
tations. Default statistical parameters were used in those analyses. A cluster
number was assigned for K-means clustering analysis to divide data into
distinct expression clusters based on the similarity of expression patterns.

The complete microarray data have been deposited at the Gene Expression
Omnibus with accession number GSE51729. The subseries GSE51727 regroups
information on AZ development, and the subseries GSE51728 regroups in-
formation on pedicel vascular development.

RT-qPCR Analyses

Reverse transcription was performed using 1 mg of RNA using the fol-
lowing protocol. RNA sample was denatured for 5 min at 70°C with 1 mL of
oligo(dT)15 (Promega) and then subjected to reverse transcription with 200
units of Moloney murine leukemia virus-reverse transcriptase (Promega) and
0.5 mM of each deoxyribonucleotide triphosphate in a final volume of 25 mL
for 1 h at 42°C. Real-time PCR was performed in triplicate using 3 mL of re-
verse transcription product in a final volume of 15 mL containing 13 IQ SYBR
Green Supermix (Bio-Rad) and 0.2 mM of each primer. Amplifications were
performed using an Opticon 4 RealTime PCR detector (Bio-Rad) as follows:
95°C for 3 min, then 40 cycles of 95°C for 15 s and 58°C or 60°C for 1 min.
Amplification specificity was checked by a final dissociation curve ranging

from 60°C to 95°C. Amplification and dissociation curves were monitored and
analyzed with an Opticon Monitor (Bio-Rad). Normalization was performed
using three housekeeping genes chosen because of their stability of expres-
sion in these samples according to the microarray and subsequent RT-qPCR.
The genes chosen for normalization were MDP0000218020, encoding for
AGAMOUS-LIKE8, MDP0000927757, encoding for an immunophilin-related
protein, and MDP0000217860, putatively encoding for a drought-responsive
family protein.

Supplemental Data

The following materials are available in the online version of this article.

Supplemental Figure S1. X3177 fruit drop kinetics according to their po-
sition on the corymbs.

Supplemental Figure S2. X3177 fruit volume before shedding.

Supplemental Figure S3. Dynamic X3177 fruit volume for two represen-
tative corymbs.

Supplemental Table S1. K-mean clustering of genes differentially ex-
pressed between central and lateral 1 fruit pedicels.

Supplemental Table S2. Validation of selected candidate genes differential
expression by RT-qPCR.

Supplemental Table S3. K-mean clustering of genes differentially ex-
pressed between central and lateral 1 AZs.
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