Guitton et al. BMC Plant Biology (2016) 16:55
DOI 10.1186/512870-016-0739-y

Analysis of transcripts differentially

BMC Plant Biology

@ CrossMark

expressed between fruited and deflowered
‘Gala’ adult trees: a contribution to biennial
bearing understanding in apple

B. Guitton'*?®, J. J. Kelner”, J. M. Celton®, X. Sabau?, J. P. Renou®, D. Chagné® and E. Costes'”

Abstract

Background: The transition from vegetative to floral state in shoot apical meristems (SAM) is a key event in plant
development and is of crucial importance for reproductive success. In perennial plants, this event is recurrent
during tree life and subject to both within-tree and between-years heterogeneity. In the present study, our goal
was to identify candidate processes involved in the repression or induction of flowering in apical buds of adult

apple trees.

Results: Genes differentially expressed (GDE) were examined between trees artificially set in either 'ON’ or ‘OFF’
situation, and in which floral induction (FI) was shown to be inhibited or induced in most buds, respectively, using

gRT-PCR and microarray analysis. From the period of Fl through to flower differentiation, GDE belonged to four main
biological processes (i) response to stimuli, including response to oxidative stress; (i) cellular processes, (iii) cell wall
biogenesis, and (iv) metabolic processes including carbohydrate biosynthesis and lipid metabolic process. Several key
regulator genes, especially TEMPRANILLO (TEM), FLORAL TRANSITION AT MERISTEM (FTM1) and SQUAMOSA PROMOTER
BINDING PROTEIN-LIKE (SPL) were found differentially expressed. Moreover, homologs of SPL and Leucine-Rich Repeat
proteins were present under QTL zones previously detected for biennial bearing.

Conclusions: This data set suggests that apical buds of ‘ON" and ‘OFF’ trees were in different physiological states,
resulting from different metabolic, hormonal and redox status which are likely to contribute to FI control in adult
apple trees. Investigations on carbohydrate and hormonal fluxes from sources to SAM and on cell detoxification

process are expected to further contribute to the identification of the underlying physiological mechanisms of Fl

in adult apple trees.
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Background

In higher plants, the transition toward flowering oc-
curs under the control of environmental and endogen-
ous stimuli which are categorized in several partially
overlapping genetic pathways [60, 103]. In Arabidopsis
thaliana, the final outputs of all pathways has been
shown to converge on a limited number of flower-
promoting proteins in the meristem, especially those

* Correspondence: costes@supagro.inra.fr

"INRA, UMR AGAP, CIRAD-INRA-SupAgro, AFEF team (Architecture et
Fonctionnement des Especes Fruitieres) TA 108/03, Avenue Agropolis, 34398,
Montpellier CEDEX 5, France

Full list of author information is available at the end of the article

( ) BiolMed Central

encoded by the genes FLOWERING LOCUS T (FT)
and SUPPRESSOR OF OVEREXPRESSION OF CON-
STANS 1 (SOC1) [41, 58, 82]. These proteins activate
floral meristem identity genes such as LEAFY (LFY)
and APETALAI1 (API), which in turn activate floral
homeotic genes responsible for floral organ differentiation
[48, 58, 80]. However, floral transition can be delayed by
floral repressors such as TERMINAL FLOWERI (TFLI)
and BROTHER of FT and TFL1 (BFT), which repress
LFY and API [10, 60, 61, 96, 117]. Moreover, regula-
tions involving FT repressors have been highlighted in
Arabidopsis grown under long day (LD) or in non-
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inductive conditions. Floral repressors, especially
SHORT VEGETATIVE PHASE (SVP), FLOWERING
LOCUS C (FLC), and TEMPRANILLO (TEMI1 and
TEM?2), have been shown to interact with the CON-
STANS (CO)-FT genetic pathway to determine the op-
timal timing of floral transition depending on day
length and temperature [83, 91]. TEMI and TEM?2
can regulate FT expression to an extent that changes
during development [45, 86]. Also, two highly con-
served microRNAs (miRNAs), miR156 and miR172
[76, 112] target SQUAMOSA PROMOTER BINDING
PROTEIN-LIKE (SPL) family transcription factors,
which promote the transition from the juvenile to the
adult phase, in Populus [110] and key floral repressors
belonging to the AP2-like transcription factor family
genes [118], respectively. Other age-dependent path-
ways involve carbohydrates directly [108] or in con-
junction with photoperiod [62]. In addition, the redox
status of the plant, which is linked to its perception
of environment and is involved in the control of plant
growth and development through the reprogramming
of metabolism, might be involved in the control of
floral transition [8, 49].

Although there are some fundamental differences in flow-
ering biology between annual and perennial plants, know-
ledge acquired in model plants can be used for examining
control of flowering in perennial species [100]. Because of
their great economic importance for the horticultural in-
dustry, numerous studies have contributed to decipher the
flowering process in apple and in the model tree species
poplar (for review see [12, 35, 56, 111]). A set of genes
showing sequence similarity with known flowering genes in
Arabidopsis has been shown to have similar function in
apple tree [26, 28, 36, 44, 50-55, 67, 68, 94, 95, 105, 107,
115, 116]. Moreover, the tree juvenile phase has been suc-
cessfully reduced by knocking-out or over-expressing floral
or floral-repressor genes (e.g. [99]) and the temporal ex-
pression of 10 flowering genes in apple apical buds suggests
that they may play central roles in FI and flower organ de-
velopment [36]. However, these studies focused on aspects
of flowering related to the transition from juvenile to ma-
ture trees and to seasonal control of flowering date.

Although flowering is recurrent in perennial plants
over consecutive years, it only occurs in a subset of
buds in each growth cycle [111]. In apple, inflores-
cences may form in terminal buds of all axes. They
remain preformed in dormant mixed buds that in-
clude leaf primordia followed by the inflorescence and
the first primordia of an axillary shoot ([21, 31]). The
short preformed growth unit carrying the inflores-
cence is usually called a bourse and its axillary sym-
podial shoot, the bourse shoot. Even though this may
differ among varieties, histological observations and
mRNA transcript analysis agree that FI occurs in
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apical buds of short shoots between 39 and 53 days
after full bloom (DAFB), and that morphological
changes corresponding to flower bud initiation start
approximately at 60 DAFB [13, 23, 29, 35, 53]. How-
ever, the floral transition occurs only once the vegeta-
tive development of the axis is completed, the timing
of which varies greatly depending on its type and pos-
ition within the tree [19]. Whatever their within-tree situ-
ation, FI and flower bud initiation occur during spring or
summer, ie. in long days (LD) and under high tempera-
tures, while fruit development is ongoing. Fruit and vege-
tative growth are generally considered to be negatively
correlated [47] and FI to be strongly inhibited by concur-
rent fruiting. This may lead to biennial bearing, this term
referring to trees having an irregular crop load from year
to year. ‘ON’ years characterized by significant production
are followed by ‘OFF’ years, characterized by low produc-
tion. The low production in ‘OFF years usually results
from a lack of flower formation rather than a poor fruit-
set [47, 69, 89]. Therefore, biennial bearing, which is a
problem observed in many fruiting trees, appears to be a
problem of FI rather than floral differentiation.

Hence, floral transition between consecutive seasons
in fruit tree species is still poorly understood and the
physiological processes triggering or inhibiting flower
formation remain to be identified. In mandarins, the
genes and proteins profiles have been compared between
fruited and defruited trees, this demonstrating that
proteins involved in primary metabolism and redox
state were differentially expressed in leaves depending
on fruit load [70]. In addition, photosynthetic genes
and calcium-dependent IAA transport were induced
rapidly after defruiting treatment and in ‘OFF citrus
trees [87]. In mango, the autonomous GA pathways
appear to be involved in both biennial bearing and
flowering control [71, 77].

In the present study, our objective was to investigate bio-
logical processes that are involved in FI in apical buds of
adult apple trees. To achieve this, we manipulated trees for
being in either on ‘ON” or ‘OFF status and we assumed
their apical buds to be more likely under inhibition or in-
duction conditions, respectively. We then studied the effect
of the presence of fruits on the differential expression of
genes involved in floral transition in apical buds of bourse
shoots in those adult apple trees, using a microarray ana-
lysis. Quantitative Reverse Transcription PCR (qRT-PCR)
was also performed to study the relative expression of key
flowering genes between ‘ON’ and ‘OFF trees during the
critical periods for FI and floral differentiation and to valid-
ate the microarray. This study highlighted processes that
are differentially regulated between buds more likely to
flower than others within adult apple trees. How many of
these processes actually regulate flowering remains an open
question that will require further investigations.
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Methods

Plant material

Sixteen year old trees of Malus x domestica ‘Gala’ (clone
‘Galaxy’) were grown at the CEHM experimental station
(Centre Experimental Horticole de Marsillargues)
(France), according to normal commercial practices. A
set of five trees was set in the ‘OFF situation by com-
pletely hand deflowering the trees at full bloom. Another
set of five trees with no manual or chemical thinning ap-
plied was selected to create an ‘ON’ situation. Buds were
sampled at the terminal position of bourse shoot spurs,
bearing no fruit on ‘OFF’ trees or from bourses carrying
at least one fruit on ‘ON’ trees. In our conditions, full
bloom occurred the 14th April 2010. Five harvests were
performed between 10 and 12 a.m. from April to August
2010, at 15, 28, 48, 77 and 119 DAFB, corresponding to
day 118, 131, 151, 180 and 222 in the following manu-
script. This period was considered to cover floral induc-
tion, initiation and the early beginning of flower
differentiation in spur apical buds [29]. Four trees per
treatment and three buds per tree were sampled at each
harvest date (Additional file 1: Figure S1). SAM were
dissected from the terminal buds and immediately fro-
zen in liquid nitrogen. Three trees and three buds over
five time points were used for mRNA profiling by qRT-
PCR. Based on mRNA profiling by qRT-PCR of key
flowering genes, three dates among the five were chosen.
On each of these dates, three buds from the four sam-
pled trees were used for microarray analyses (Additional
file 1: Figure S1).

In the spring following the collection of buds (2011),
the proportion of flowering terminal buds was observed.
Return to bloom was characterized on lateral branches
depending on the treatment applied, i.e. ‘ON’ and ‘OFF’
trees. Trees conventionally thinned in 2010 were used as
controls to evaluate the effect of the deflowering versus
no-thinning treatments. Five trees per treatment were
observed, evaluating 132 to 344 terminal buds per tree.

RNA extraction and quantification

Total RNA was extracted from individual apical buds
using the NucleoSpin® RNA II' RNA kit (Macherey-
Nagel GmbH & Co. KG, Diiren, Germany), including
DNA digestion on a column, according to the manu-
facturer’s instructions. Quantification of total RNA
was performed using Infinite® 200 PRO NanoQuant
(Tecan Trading AG, Minnedorf, Switzerland) and
RNA quality was controlled using an Agilent 2100
Bioanalyzer (RNA integrity number>7) (Agilent
Technologies, Santa Clara, USA).

RNA profiling by qRT-PCR
Three key flowering genes that had been previously
characterized in apple were used as molecular markers
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for flowering transition for the qRT-PCR study
(MATFL1, MdAPIa and MdAP1b) [50, 53]. Along with
MAFTI1, MdFT2, AFL1 and AFL2, these genes enabled
the comparison of our results with previous studies [36,
50, 53] and the identification of the critical period for FI
in our experiment.

RNA transcript level was quantified by Quantitative
Reverse Transcription PCR (qRT-PCR) following the ad-
vice of Udvardi et al. [104]. Using the same samples as
for the microarray analyses, three trees and three buds
per tree over five time points were used for mRNA pro-
filing by qRT-PCR, except for day 118 and 131 where
only two trees were available. First-strand ¢cDNA was
synthesized from 500 ng of total RNA using oligo (dT)
18 primers and the reverse transcriptase SuperScriptlIl
(Invitrogen, Carlsbad, CA, USA) according to the manu-
facturer’s instructions. Quality of cDNA was assessed
using two pairs of primers 700 bp apart and located at
the 5" and 3'-end of the reference gene ELONGATION
FACTOR-1a (EF-1a). Samples which threshold cycle (Ct)
difference between the 5" and 3'-end exceeded three cy-
cles were not used further in the analysis.

Presence of genomic DNA contamination was assessed
by designing primers for PCR either on the junction of
two exons to amplify only cDNA or on separated exons
to amplify longer fragments on genomic DNA
(Additional file 2: Table S1). Gene sequences used for
the primer design were retrieved from the Genome
Database for Rosaceae (GDR, http://www.rosaceae.org/)
Malus x domestica Whole Genome v1.0 Assembly &
Annotation.

For the qRT-PCR reactions, 2 ul of the cDNA samples
(diluted 1:20) was used as template in a 6-ul final reaction
volume containing 3 pl of 2X Sybr green® (Roche) and
3 uM of each primer. Real-time PCR reactions were run
on the LightCycler® 480 (Roche) with an initial denatur-
ation of 5 min at 95 °C followed by 50 cycles of 10 s at
95 °C, 30 s at 55 °C and 15 s at 72 °C. The PCR products
were analyzed by melting curve analysis to verify the pres-
ence of a gene-specific PCR product and the absence of
genomic DNA contamination. The melting curve analysis
was performed immediately after the PCR amplification
using a single step at 95 °C for 1 min, 40 °C for 1 min and
an annealing procedure starting at 65 °C to reach 95 °C
with a time increment of 0.02 °C/s. Each reaction included
negative and positive controls and each cDNA sample was
analyzed using two technical replicates. Reactions showing
difference in Ct higher than one cycle between the two
technical replicates were not considered in the analysis.
The PCR efficiencies were determined with a dilution
range of a pool of all cDNA samples that was composed
of seven data points (from 1:10 to 1:500). PCRs were run
with two reference genes that are known to be stably
expressed under the range of experimental conditions
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tested and have been previously used in apple: HistoneH3
and a-ACTIN [22, 36, 51, 79]. Transcript levels were cal-
culated with the LightCycler® 480 software (Version
1.5.0.39, Roche).

Statistical analyses of qRT-PCR results were performed
using R [78]. Normalized transcript levels were analyzed
by ANOVA type III, considering the treatment (‘ON’ v.
‘OFF’), date, tree, and bud nested in tree effects. The
Student’s t-test was performed to estimate the signifi-
cance of the difference between ‘ON’ and ‘OFF’ treat-
ments at each date.

Microarray analysis

The AryANE_vl microarray employed consists of
126,022 probes corresponding to 63,011 probes each
replicated in the forward and reverse sense and includ-
ing all the predicted genes from the ‘Golden Delicious’
apple genome sequence and controls [15]. Probe length
was 60 bp and probes were combined in a Nimblegen
microarray (Roche Nimblegen, Madison, USA).

All spot comparisons were made between ‘ON’ (con-
trol) and ‘OFF’ trees at day 131, 151 and 222 (28, 48 and
119 DAEFB). These time points were chosen to represent
floral induction, floral bud initiation and the first steps
of flower differentiation respectively for spur apical buds
[29]. For each time point, total RNA of two trees per
treatment and three buds per tree and per date, corre-
sponding to six separate RNA extractions mixed in equal
quantity, constituted a biological replicate (Additional
file 1: Figure S1). Two independent biological replicates
were performed with the ‘ON’ and ‘OFF ¢cDNA clones
labeled with Cy3 and Cy5 fluorescent dyes, respectively.
A dye-swap was performed to eliminate any bias result-
ing from the two fluorescent dyes.

Labeling of microarray samples, microarray hybridization,
scanning, quantification, normalization (with the lowess
method) and analysis were performed as described in
Celton et al. [15].

Gene filtering and functional categorization

Identification of transcripts that were significantly dif-
ferentially expressed was performed using R [78] as
detailed in the procedure R available on GitHub
(https://github.com/Baptiste-Guitton/Microarray_bien-
nial_bearing_apple). Only anti-sense probes, that
hybridize sense transcripts, were considered in the
analysis. Transcripts with log difference higher than 1
or lower than -1 associated with a significant p-value
(<0.01) and probe specificity lower or equal to 2 were
selected for further analysis. Genes were then grouped
depending on their expression profile. At each sam-
pling date, each gene was tagged as “a” if its log® ra-
tio was less than -1, “b” if its log” ratio was more

than 1 or “c” if it exhibited no differential expression.
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The 3% possible combinations of a, b and ¢ (minus 1
because the genes not differentially expressed at the
three dates were not considered) constituted 26 pos-
sible groups of genes. Construction of Venn diagrams
was performed using the R function “draw.triple.venn”
(library VennDiagram). Functional categorization ana-
lyses were performed using Arabidopsis thaliana
genes homologous to apple transcripts present in the
microarray, based on BLAST analysis against the
TAIR database (https://www.arabidopsis.org/Blast/).
Functional classification of genes was made using the
web tool agriGO [25]. First, Gene ontology (GO) was
investigated for the whole subset of genes and then
detailed date by date. Secondly, to identify enriched
GO terms in the lists of differentially expressed genes
at specific dates of the microarray analysis, singular
enrichment analyses (SEA) were performed [25].
Searches for protein interactions within gene sets
were undertaken using STRING v9.1 [30].

Genomic position of genes and QTL

The genomic position of genes that showed signifi-
cant differential expression for at least one of the
three harvest dates was retrieved using the best hit
reports of blastp of the Malus x domestica genome
v1.0 proteins file (Malus_x_domestica.v1.0_gene_pep_-
function_101210.formated.xls) made available by the
Genome Database for Rosaceae (GDR, http://www.ro-
saceae.org/).

Previous studies based on a QTL detection ap-
proach in an apple segregating population, ‘Starkrim-
son’ x ‘Granny Smith’ (STK x GS), identified eight
genomic regions involved in control of biennial bear-
ing and inflorescence yield [24, 33]. Positions of SSR
markers used to detect QTL were retrieved either by
blasting the marker sequence (primer or amplicon)
available on the Hidras database (Hidras, November
2014, http://www.hidras.unimi.it/index.php) to the
apple reference genome [106], or by using the Gen-
ome Database for Rosaceae (GDR, http://www.rosa-
ceae.org/, file Malus_x_domestica.vl.0.markers.xls).
For SNP markers, the position of the gene prediction
(MDP) used to design the marker [33] was considered
as the genomic position of the marker (Additional file
2: Table S2). QTL were defined between the two gen-
etic markers flanking the QTL on the STK x GS inte-
grated genetic map (Additional file 2: Table S3). Since
the chr1l0 QTL was detected at the very bottom of
the linkage group and flanking markers exhibited
inverted order between the genetic and the physical
maps, in our analyses we considered the lower part of
chrl0, below the MS06g03 genetic marker, as the
QTL confidence interval.
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Results

Evaluation of trees’ return to bloom

Hand-thinned trees treated as ‘OFF in 2010 massively
induced flowers, with 92.3 % of their buds being floral in
2011 whereas 62.8 % of the buds of ‘ON’ trees remained
vegetative (Table 1, Fig. 1). However, 38.2 % of the buds
of ‘ON’ trees developed flowers in 2011, this percentage
being on average lower than for the conventional
thinned control trees (45.8 %). In ‘ON’ and control trees,
variation among trees was higher than among ‘OFF
trees, characterized by a higher standard deviation
(Table 1).

Screening for expression of flowering genes by qRT-PCR
and in the microarray

The expression profile of transcript levels of key flower-
ing genes previously published in various apple cultivars
were studied by qRT-PCR over five time points. This en-
abled us to compare our results with the literature, inter-
pret the profiles based on the known function of these
genes, and to choose three out of five time points avail-
able for microarray analyses.

Specific and unique PCR-products were amplified for
MdAFT1, MdAFT2, AFLI1, AFL2, MdAPla, MdAPIb,
MdSOClI-like and MdATFL1, which was confirmed by
melting curve analyses and by sequencing of PCR ampli-
cons (data not shown). Transcript levels were normalized

Table 1 Characterization of flowering intensity in 2011 of apple
trees bearing no crop (‘OFF), heavy crop (‘ON’) or conventional
crop (‘Control’) in 2010. 'ON" and ‘OFF' trees labeled 3, 4 and 5
were used for mRNA relative quantification by gRT-PCR, and
trees labeled 2 to 5 were used for mRNA microarray analyses

Tree  Treatment ~ Number of  Percentage of  Mean Standard
meristem flowering deviation
evaluated meristems

in 2011

1 OFF 206 89.81 % 923% 0032

2 OFF 304 91.12 %

3 OFF 289 89.27 %

4 OFF 285 96.49 %

5 OFF 132 94.70 %

1 ON 217 3871 % 382% 0.166

2 ON 280 52.50 %

3 ON 293 10.24 %

4 ON 298 41.28 %

5 ON 338 4852 %

1 Control 344 14.53 % 458 % 0192

2 Control 207 59.90 %

3 Control 223 43.05 %

4 Control 219 4932 %

5 Control 319 62.38 %
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Fig. 1 Proportions of shoot apical buds of ‘Gala” apple trees that
flowered in the year after a deflowering treatment (OFF’, bearing no
fruit), fruiting trees (ON’, bearing heavy crop) and control trees
(bearing a commercial crop)

against the mRNA expression level of the reference gene
HistoneH3 of apple, which enabled us to compare our re-
sults with previous studies [51] (Fig. 2); and similar pro-
files were confirmed using the a-ACTIN reference gene
(Additional file 3: Figure S2). Transcript levels of seven of
these genes, AFLI and AFL2, MdAPla and MdAPIb,
MAFT1 and MdFT?2, and MdTFLI, were used for micro-
array validation and revealed similar expression patterns
with strong correlations (Additional file 4: Figure S3).

Flowering genes such as MdFT1, MdFT2 and AFL1
showed increasing transcript levels during the growing
season but no significant differences in the expression
pattern were observed between ‘ON’ and ‘OFF trees
(Fig. 2, Additional file 2: Table S4). The relative expres-
sion profiles of MdSOCI-like (MDP0000144597) and
AFL2 (MDP0000186703) were similar, decreasing from
day 118 to 151 and then slightly increasing up to day
222. However, MdSOCI-like transcript levels of ‘OFF
trees were above this tendency at day 131 and 180. The
difference between ‘ON’ and ‘OFF’ trees was only signifi-
cant at day 180.

MdAPIa and MdAAPIb exhibited similar expression
patterns (Fig. 2), as they were expressed at low level in
the buds until day 180 and then significantly increased
at day 222. At this date, ‘OFF’ trees showed higher levels
of transcript for both API genes, the difference between
the two treatments was not significant because of high
standard error observed in ‘ON’ trees, (Additional file 2:
Table S5). MdTFL1 (MDP0000255437) had a contrasting
profile as its expression decreased rapidly from day 118
and was very low at day 180. Transcript levels were
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Fig. 2 Expression pattern of MdFT1, MdFT2, AFL1, AFL2, MdAP1a, MdAP1b, MdSOC]1-like and MdTFLT during the growing season in ‘Gala’ apple trees
measured by quantitative real-time PCR using spur apical buds harvested at day 118, 131, 151, 180 and 222. Graphics represent the average of
the nine data points per date and per treatment with associated standard deviation. Significance of the difference of relative expression between
‘'ON" and ‘OFF' trees for each studied gene and at each time point estimated by Student t-test was reported on the graphics (¥, p-value < 0.05; **,

X%

p-value < 0.01;

, p-value < 0.001). Relative expression was calculated using the HistoneH3 housekeeping gene

higher in ‘ON’ trees than in ‘OFF trees at day 118,
the difference was just below the significance thresh-
old (p-value = 0.054) (Additional file 2: Table S5).

Finally, as the FT/TFLI gene family is the main known
flowering gene family in apple, we paid particular attention
to these genes in the microarray. In the microarray experi-
ment, both MdFT1 (MDP0000132050) and MOTHER OF
FT (MdMFT1a - MDP0000449224) expression levels in-
creased between day 131, 151 and 222; however, no differ-
ential expression was observed between treatments. Both
TFL1 copies (MdTFLI - MDP0000126761 and MdTFLIa
-MDP0000255437) exhibited the expected expression
profile, with expression decreasing from day 131 to 222,
but without differential expression. Neither MdJFT2
(MDP0000144597), BROTHER of FT (MDP0000812208
and MDP0000867916) nor TFL2 (MdLHP1a, MDPO0O
0293596 and MdLHP1b, MDP0000240165) showed signifi-
cant differential expression in the microarray between treat-
ments at any time point.

Also, three apple homologous copies of SOCI
(MDP0000314765, MDP0000060753 and MDP0000
144597) were not differentially expressed, their
expression remained stable and constant (around log = 5)
over time points. Neither CENTRORADIALIS (MdCENa,
MDP0000761080 and MdCENb, MDP0000127457) nor
MOTHER OF FT (MdMFTb, MDP0000208806) was
expressed in the apical buds at any dates.

Overview of genes differentially expressed in the
microarray
Among the 63,011 probes targeting sense transcripts,
only transcripts highly specific to the targeted gene
(46,261 probes) with log2 intensity higher than log=1
above the background for at least one sample (45,622
probes) were considered as positive for their expression.
After the filtering procedure, a total of 648 transcripts
were identified as significantly differentially expressed
for at least one of the three time points, representing
1.03 % of the sense genes targeted on the microarray. In
the following, we reported mainly to genes up or down-
regulated in ‘ON’ trees, and mentioned the correspond-
ing down and up-regulation in ‘OFF’ trees only when
this was meaningful for gene interpretation.

The number of up-regulated (ratio<-1) and down-
regulated (ratio > 1) transcripts in ‘ON’ trees increased
through time, with a number of up-regulated transcripts

higher than of down-regulated transcripts (Fig. 3).
Among these transcripts, 32 were up-regulated in ‘ON’
trees at day 131, whereas 35 were down-regulated trees.
At day 151, 152 and 92 transcripts were up-regulated
and down-regulated in ‘ON’ trees, respectively. At day
222, 254 transcripts were up-regulated in ‘ON’ trees and
182 down-regulated. Nine transcripts were consistently
up-regulated in ‘ON’ trees over the three dates, 19 tran-
scripts were common to day 131 and 151, 41 transcripts
to day 151 and 222 and 19 transcripts to day 131 and
222. Only four transcripts were down-regulated in ‘ON’
trees at both day 131 and 151, 30 were common be-
tween day 151 and 222, and one transcript was in com-
mon to day 131 and 222. No genes in common were
down-regulated during the time course of the experi-
ment in ‘ON’ trees. Differential transcript profiles in
apple buds from day 131 to 222 were visualized and
transcripts that shared similar differential expression
profiles were grouped into a user-defined number of 11
groups (Fig. 4). Among the 26 possible profiles described
above, only 15 were observed. Four groups contained 1
or 2 genes only and were therefore gathered with an-
other group of similar profile (Additional file 2: Table
S6). Groups 1-6 contained transcripts up-regulated in
apical buds of ‘ON’ trees, whereas clusters 7-11 con-
tained transcripts down-regulated.

Of the 648 transcripts differentially expressed in our
experiment, 535 were homologous to an Arabidopsis
gene with a significant E-value, while the 113 remaining
transcripts did not share significant homology with any
Arabidopsis gene. The 535 annotated apple transcripts
corresponded to 426 unique Arabidopsis genes.

Single Enrichment Analysis (SEA) using AgriGO
showed that the ‘response to stimulus’ GO (p-value =
7.3E-16) was the most significantly over represented in
the subset of genes differentially expressed for at least
one of the three time points. At day 131, the genes with
sequence homology to response to stimulus GO includ-
ing the response to abiotic stress, the response to stress
and the cellular response to stimulus GO were signifi-
cantly up-regulated (Additional file 5: Figure S4A,
Additional file 2: Table S7A). At day 151, four main bio-
logical processes were differentially expressed: (i) the re-
sponse to stimulus, with the response to stress GO
being the most significant of the dataset (p-value=
8.90E-11) with, among others, the response to oxidative
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a Day131 Day 151

Day 222

(bearing no crop and initiating flower formation)

Fig. 3 Generalized Venn diagram with three sets of transcripts at day 131 (grey), 151 (red), and 222 (blue) and their intersections for up-regulated
genes between 'ON’ (control) and 'OFF" ‘Gala’ apple trees in (a) ‘ON' trees (bearing heavy crop that inhibits flower formation) and (b) ‘OFF’ trees

b Day 131 Day 151

Day 222

stress GO (p-value = 8.40E-05); (ii) GO belonging to cel-
lular processes; (iii) cell wall biogenesis (p-value = 1.50E-
05) as part of the cellular component biogenesis GO;
and (iv) metabolic processes, including the cellular
carbohydrate biosynthetic process (p-value =0.00094)
and the lipid metabolic process (p-value=0.00021)
(Additional file 5: Figure S4B, Additional file 2: Table
S7B). At day 222, the SEA analysis showed that the re-
sponse to stimulus was still the most significantly over-
represented GO (p-value = 1.50E-10), which included the
response to gibberellin stimulus (p-value = 4.30E-5), the
response to jasmonic acid stimulus (p-value = 5.60E-5)
and the response to oxidative stress (p-value = 2.60E-06).
In the developmental process GO, which ends in ana-
tomical structure development (p-value=0.0037), 35
transcripts were found to be differentially modulated be-
tween the two treatments. The metabolic process GO
included the carbohydrate biosynthetic process (p-value
=0.0015) and the transcription GO (p-value = 8.40E-05)
in which 31 transcripts were differentially expressed be-
tween the treatments (Additional file 5: Figure S4C,
Additional file 2: Table S7C).

GDE in metabolic processes suggest that apical buds of
trees bearing a heavy crop are starved

Among the nine transcripts up-regulated in ‘ON’ trees
over the three dates, five are homologous to genes in-
volved in the response to stresses: ASNI (GLUTAM-
INE-DEPENDENT ASPARAGINE SYNTHASE I; MDP
0000119630 and MDP0000096208), involved in cellu-
lar response to sucrose starvation, SENI (SENESCE
NCE I; MDP0000323622 and MDP0000121259), a
senescence-associated gene that is strongly induced by
phosphate starvation, and MDP0000223224, a putative

sugar phosphate exchanger Table 2,
Additional file 2: Table S8A).

One transcript homologous to LPR2 (LOW PHOSPHATE
ROOT2; MDP0000778113) involved in cellular response to
phosphate starvation was found to be over-expressed in
‘ON’ trees at day 151. At this same date, primary carbohy-
drate metabolism in apical buds of ‘ON’ trees was oriented
towards gluconeogenesis as indicated by the up-regulation
of four homologous copies of PCK1 (PHOSPHOENOLPYR-
UVATE CARBOXYKINASE; MDP0000293468, MDP00
00321913, MDP0000397215 and MDP0000517770). Two
homologous transcripts involved in carbon utilization CA1
and CA2 (CARBONIC ANHYDRASE; MDP0000215729
and MDP0000194249), and four glutaredoxin family pro-
teins homologs (MDP0000376239, MDP0000155448,
MDP0000406592, and MDP0000257455) involved in the
cellular homosteasis GO were also up-regulated in ‘ON’
trees. We also noticed a transcript homologous to ATMT3
(METALLOTHIONEIN 3; MDP0000760432) participating
in cellular copper ion homeostasis, known to be involved in
the response to fructose stimulus, growth and in the posi-
tive regulation of the flavonoid biosynthetic process as well
as a transcript homologous to SAG101 (SENESCENCE-AS-
SOCIATED GENE 101; MDP0000175733), which encodes
an acyl hydrolase involved in senescence, even though
both these transcripts had relatively low percentage of
homology, 50 % and 38 %, respectively (Table 2,
Additional file 2: Table S8B).

Among transcripts that were up-regulated in ‘ON’
trees at day 222, we particularly note MDP0000142134,
a homolog of BMY5 coding for a beta-amylase, and
MDP0000123354, a homolog of ATPHS2 coding for an
alpha-glucan phosphorylase, both involved in starch deg-
radation. At the same time, transcripts coding for a beta-

(Fig. b5a,
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Fig. 4 Gene expression profiles visualized in a user-defined number of 11 groups. At each sampling date, each gene was tagged as “a” if its log?
ratio was less than —1, “b" if its log? ratio was more than 1 or “c” if it exhibited no differential expression. Groups are numbered 1-11 (by rows
and from left to right), and the total number of genes per set is noted into parentheses. For each diagram, the x-axis shows the three time points
(day 131, 151, and 222), while the y-axis corresponds to fold change in the set of genes. Negative log? ratio corresponds to transcripts up-
regulated in trees inhibiting flowering (‘ON), and positive log? ratio corresponds to transcripts up-regulated in trees initiating flowering (OFF).
The grey domain indicates the —1 and +1 limits used to filter gene expression
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Fig. 5 Kinetics of the relative expression values (Iog2 ratio) of transcripts differentially expressed involved in response to starvation (a),
oxidoreductase activity (b) and hormonal regulation in response to stress (c) in apple spur apical buds between trees initiating flowering (OFF’)
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Table 2 Selection of differentially expressed transcripts in apple spur apical buds between ‘ON’ and ‘OFF trees. The gene identifier is
reported along with the Arabidopsis gene homolog, a short annotation, BLAST results against TAIR database (percentage of identity
and E-value), position on the apple genome (chromosome and position in bp), and the pattern of expression at day 131, 151 and
222. Negative log? ratios correspond to transcripts up-regulated in ‘ON’ trees

Apple Gene  Arabidopsis Anmotation Homology with Arabidopsis _Postion on apple genome 28 DAFB 48DAFB 119 DAFB
Identification Homolog Percentof Identity _E-value __chr__ Position (bp) logiratio P logiratio P log'ratio P
Response to starvation
MDPOO00096208  AT3GA47340  ASNI  GLUTAMINE-DEPENDENT ASPARAGINE SYNTHASE 1 83,11 0F00  chrl 29034725 66608 25605 1603
MDPOOOOL9630  AT3G47340 ASNI  GLUTAMINE-DEPENDENT ASPARAGINE SYNTHASE 1 78,21 0F00  chrll 6240061 52608 77606 5604
MDPO000323622  ATAG35770  SENI  SENESCENCE1 71,15 6E18  chrlS 17466500 6608 15608 17603
MDPO00121259  ATAG3S770  SENI  SENESCENCE1 67,65 6E20  chrls 17472876 24803 3608 20604
MDPO000223224  ATAG32480 putative sugar phosphate exchanger 50,95 2671 chrs 4430927 52604 43603 93603
MDPOO00778113  ATIG71040  LPR2  LOW PHOSPHATEROOT2 71,46 0F00  chrl3 1692368 004  sse0l 30605 | 046 60602
MDPOO00L75733  ATSGI4930  SAGIOI  SENESCENCE-ASSOCIATED GENE 101 37,93 2636 chrl7 268780 003  socor 15606 025 28601
MDPOO0760432  AT3GIS353  ATMT3  METALLOTHIONEIN 3 s0 LEO7 D 4275935 002 s7eor 77606 [150/6511 9e.03
Metabolic process
MDPO000293468  ATAG37870  PCKI  PHOSPHOENOLPYRUVATE CARBOXYKINASE 781 OE0  chr2 705086 0,69 | 1002 65607 [0/ 74c.02
MDPO000397215  ATAG37870 PCKI  PHOSPHOENOLPYRUVATE CARBOXYKINASE 7573 0F00  chi8 25059732 | 085 290 107 035 12601
MDPOO00S17770  ATAG37870  PCKI  PHOSPHOENOLPYRUVATE CARBOXYKINASE 47,47 4E14  chrlS 42301997 | 082 1se02 205 032 42601
MDPO000321913  ATAG37870 PCKI  PHOSPHOENOLPYRUVATE CARBOXYKINASE 80,22 0F+00  chrls 42302541 035 101 siE0s 036 21801
MDPOO00215729  AT3GOIS00 CAI  CARBONICANHYDRASE 1 55,61 3ES5  ch6 6888393 013 eseor 68E0s 037 10801
MDPOO00194249  ATSGI4740 CA2  CARBONICANHYDRASE 2 57,89 3E8L  chrs 7948207 049 4zeor 36606 17e02
MDPO00040G592  AT3G62950 glutaredoxin family proteins 7,67 SE44  chr7 11413932 | 057 26e0 19804 59605
MDPO0001S5448  AT3G62930 glutaredoxin family proteins 67,9 9E38  chrl3 1196937 | 079 28602 53606 009 66E0L
MDP0000376239  AT5G18600 glutaredoxin family proteins 82,35 8E47  chrl6 12932826 012 eic01 39605 011 77601
MDP0000257455  ATSGOG470 glutaredoxin family proteins 40,21 4E5L  chrl4 5456473 037 101 74808 12602
MDPO000149570  ATIGE2660  BFRUCT3 BETA-FRUCTOSIDASE 3 55,51 0F00  chrl 23870970 007 7701 006 73601 17603
MDPO000123354  AT3GAE970  ATPHS2  ALPHA-GLUCAN PHOSPHORYLASE 2 81 0F00  chrll 7278425 005 801 009 6ac01 11603
MDPOO00142134  AT2G32290  BMYS  BETA-AMYLASES 65,95 0E00  chr9 6783538 | 068! 17e02 | 053 | ssc0s 14603
MDPO000283684  ATAGIOL20  ATSPS4F  SUCROSE-PHOSPHATE SYNTHASE 4 72,29 0F00  chrl0 298880 032 1401 | 083 13602 7.26:05
MDPO000446914  AT2G47180  ATGOLS1 ARABIDOPSIS THALIANA GALACTINOL SYNTHASE 1 77,68 6E160  chrl7 24409800 003  s0e01 025  34E01 44604
MDPOO004GEES3  AT2G47180  ATGOLS1 ARABIDOPSIS THALIANA GALACTINOL SYNTHASE 1 77,68 7E160  chrl7 24394945 004 sgse0r 010  eseo0n 1603
MDPO000426442  AT2G47180  ATGOLS1 ARABIDOPSIS THALIANA GALACTINOL SYNTHASE 1 85,25 4693 chrd 31566427  -0,14 soe0o1 008 sseor 40604
MDPO000209143  ATIGEO470  ATGOLS4 ARABIDOPSIS THALIANA GALACTINOL SYNTHASE 4 76,51 36142 chri3 6216980 022 3ze0r | 082 | 12602 34808
MDPO000251531  AT2621250 mannose 6-phosphate reductase 68,73 7E124  chr0 8090667 020  scor [NDOMMN 15605 51804
Response to oxidative stress
MDP0000208351  ATSGS6550  OXS3  OXYDATIVESTRESS 3 53,06 3618 ch0 89281346 [NEEMAM +ce0r 012 escor [HEDGOM 1ec00
Oxidoreductase activity
MDP0000208821  AT1G23740 i inc-bindi family protein 39,81 3E42 2 30224221 Lieos 022 2401 016 4301
MDPOO00796901  AT1G23740 i inc-bindii family protein 67,36 3E47  chr9 1896056 1sE04 022 20601 005 84E0L
MDP0000203102  AT1G23740 oxidoreductase, zinc-binding dehydrogenase family protein 7336 4672 chro 1880098 1E0s 002 93t01 000 9901
MDPOO00265131  AT1G23740 oxidoreductase, zinc-binding dehydrogenase family protein 57,56 1E84 9 1920595 saE0s 011  see0r 003 80801
MDPO000926793  AT1G23740 oxidoreductase, zinc-binding dehydrogenase family protein 64,58 1642 chrll 28398892 S0 003 8701 36601
MDPOO0020S651  ATAGO4610  APRI  SADENYLYLPHOSPHOSULFATE REDUCTASE 1 33,77 7609 cho 7374994 16608 83605 1603
MDPO000279311  ATIG62180 APR2  SADENYLYLPHOSPHOSULFATE REDUCTASE 2 473 LELL o 7381932 17608 40804 2,603
MDPO000244589  ATIGOA770  ATSDI1  SULPHUR DEFICIENCY-INDUCED 1 64,94 26105  chri3 31445974 37604 37603 67601
MDPO000233761  ATSGAS850  ATSDIZ  SULPHUR DEFICIENCY-INDUCED 1 65,51 26101 chrlo 16449377 18605 43608 26601
MDPO00097237  ATSGAS850  ATSDIZ  SULPHUR DEFICIENCY-INDUCED 1 66,67 SES3  chrl0 16435831 55608 8sE0s 022 43e01
MDPO000477453  ATIGS2800 MIFI  MINIZINC FINGER 1 4351 7672 chri4 13061313 031 4seor 024 2401 s7e08
MDPOO00739070  ATIGS2800 MIFI  MINIZINC FINGER 1 38,85 4E60  chr2 13203823 027 3ee0r 032 s7em2 63605
MDPO000799547  ATIGS2800 MIFI  MINIZINC FINGER 1 38,11 LES6  chrld 1306859 041 24e01  -021  33c01 5604
MDPOO0097620  ATSGE2520  SROS  SIMILAR TO RCD ONE'S 47,45 LE64  chr6 19662168 032 1ecor || -0,65 | 28603 78604
Hormonal regulation in response to stress.
MDPO000235028  ATSGE4750 ABRI  ABAREPRESSORI 74,03 SE15  chrio 2798843 [NEEEEMN ackor 006 7eor 010 63c0l
MDPOO0132623  ATAG27410  RD26  RESPONSIVE TO DESICCATION 26 72,33 LE9S  chr0 10019708 | -083 22603 038 51e02 15603
MDP0000322279  AT3G23240 ERF1  ETHYLENE RESPONSE FACTOR 1 56 2639 chrd 21746226 62k04 027 16601 83605
MDPOOOOS71689  AT3G23240  ERFI  ETHYLENE RESPONSE FACTOR 1 55,67 2645  chrl2 30476746 20603 012 soe01 46604
MDPOOOOG15948  AT2GAG680 ~ ATHB-7  ARABIDOPSIS THALIANA HOMEOBOX 7 71,62 262  chil 28578636 12600 [19065 | 45603 26601
MDPO000899B16  AT2GAGE80  ATHB-7  ARABIDOPSIS THALIANA HOMEOBOX 7 70,93 9E31  ch7 25600278 | 092  69t03 | 088 | 51c03 43603
MDPO000941692  ATIGIS6A0 JMT  JASMONIC ACID CARBOXYL METHYLTRANSFERASE 58,13 2649 chiB 3919115 4703 020 30601 73603
MDPOO00879337  ATIG73830  BEE3  BRASSINOSTEROID ENHANCED EXPRESSION 3 69,93 LE-45  chi6 23043342 SiE0s -034 1301 036 27601
MDPO000158551  AT1G53430 LRR-receptor-like 43,00 LES3  chrl0 32517732 74601 2aE07 017 4seo0l
MDPOO00175260  ATAGOB350 LRR-receptor-like 45,36 8E16  chrl0 32487966 55601 8106 -030 21601
MDPO000845743  ATIG53440 LRR-receptor-like 36,93 1E30  chrl0 32579043 018  43eor 43e07 10,72 59603
MDPO000162801  AT1G53430 LRR-receptor-like 56 2632 chri0 32521710 024 3se0r 16606 | 068 | 12602
MDPOO00S01298  AT3G14840 LRR-receptor-like 51,08 1E29  ch0 119996475 030  1se0r 33603 81604
MDPOO00131814  ATSGE3710 LRR-receptor-like 63,11 OF«0  chrls 7182082 | 084 | 2903 45607 37603
MDPO000269516  AT3G01840 protein kinase family protein 73 26113 chrl4 7286006 031 101 14603 1606
MDP0000148991  AT1G66920 serine/threonine protein kinase 37,12 2694 8 14075732 010 %01 002 9301 83605
MDPO000714504  AT1G66920 serine/threonine protein kinase 52,84 SEOL  ch2 31366342 007 sior 019 32601 3600
Hormone biosynthesis
MDPO000137705  ATIG78440  GA20x  GIBBERELLIN 2-OXIDASE 60,19 1E109  chrl0 19867370 040 12601 69604 13603
MDPOO00185333  ATIG78440 GA20x  GIBBERELLIN 2-OXIDASE 60,52 56109 chrs 14153513 -042 1601 [MEROOM 41605 21603
MDPOO00133105  ATIGS2820 GA200x  GIBBERELLIN 20-OXIDASE 397 4E63  chrlS 5313437 -042 17601 _-023 24601 63605
MDPO000307964  AT3G30180  BR6OX2  BRASSINOSTEROID-6-OXIDASE 2 62,8 0E«00  chro 4380407  -033 seor [JEEMAM 15e05 | 050 soe0z
Response to hormone stimulus / developmental process
MDP0000219833  AT3G18550 BRCI  BRANCHED1 38,04 6622  chre 22600713 0,36 2:c01 |JESHM 25606 24803
MDPOO00231714  AT2G26170 MAX1  MOREAXILLARY BRANCHES 1 67,77 0F00 chrls 636226 020 301 -020 4sE0l 18603
MDPOO00195254  AT2G39540  SNAKI  gibberellin-regulated family protein 65,91 7627 chrls 1842484 002 sseor 029 14801 76605
MDPO000297328  ATSGS9845  SNAKI  gibberellin-regulated family protein 64,04 8E27  ch3 6467601 015 secor 027 20601 3605
MDPO000366256  ATSGS9845  SNAKI  gibberellin-regulated family protein 62,9 7627 ch8 12351688 000 sseor 049 3302 51606
MDPOO001S0771  ATSGS9845  SNAKI  gibberellin-regulated family protein 62,92 4E26  chrs 12404423 008 70601 052 206802 46608
Meristem fate and floral transition
MDPOO00232008  AT2G24430 NAM  NOAPICAL MERISTEM 5097 1E84  chrs 3768192 56601 30607 032 21601
MDPOO00S0168  AT2G24430 NAM  NOAPICAL MERISTEM 4879 268 s 15267708 ase01 20605 001 9601
MDP0000945267  AT1G25560 TEM1  TEMPRANILLO 1 55,52 268  chrl7 5739781 s4c04 | 087 | secos  -0,03 93c0l
MDP0000280307  ATAGO8150  KNAT1  KNOTTED-LIKE FROM ARABIDOPSIS THALIANA 72,7 6E111  chi8 11430358 1e-02 [EIABN] 53606 0,08 s1e01
MDPO000280712  ATSGESOS0  MAF2  MADS AFFECTING FLOWERING 2 36,46 4608 chrl7 648506 9gE0l 013 4701 82604
MDPOO00B1S065 ~ ATSG24470  PRRS  PSEUDO-RESPONSE REGULATOR'S 59,38 6E24  chrl 28733565 67E01 037 5702 19604
MDPOO0010136  ATIGA3800 FTMI  FLORAL TRANSITION AT MERISTEM 64,47 3E50  chri3 15253782 006 7scor [NOMBMN secos 40604
MDPOOO0158607 ~ AT3G1S270  SPLS  SQUAMOSA PROTEIN-LIKES 61,34 1LE35  chrll 28811736 011 6101 036 6602 55604
MDPO000322647 ~ AT2G42200 SPL9  SQUAMOSA PROTEIN-LIKE 9 37,9 6E25 0 153115% 007 7%01 06  41e01 15604
MDPOO00297978  AT2G42200 SPL9  SQUAMOSA PROTEIN-LIKES 36 1ESS  chrld 7327092 034 330l 030 101 61E04
Md_miR156e miR1S6  microRNA156 010 GeE01 025 20600 023 35601
Md_miR156m miR1S6  microRNA156 014 sse01 019 30 059 s2e02
Cellular component biogenesis
MDPOO00214413  ATAGIS780 IRXI  IRREGULARXYLEM 1 81,95 0F+00  chrl0 27203159  -001 sse0r 25606 33604
MDPO000313995  ATSGI7420 IRX3  IRREGULARXYLEM 3 67,18 OF+00  chrls 39896001 029  24e01 14606 17604
MDPOO00470441  ATSG17420 IRX3  IRREGULARXYLEM 3 78,74 0F+00  chrls 7944109 002  9ge0r 21608 70604
MDPOO00S17378  ATSGIS630 IRX6  IRREGULARXYLEM 6 74,14 2623 chr7 4976314 004 sseor 38607 42604
MDPO000883782  ATSGIS630 IRX6  IRREGULARXYLEM 6 838 OF« 0  chr6 21991648 012 G601 24605 38604
MDPO000922681  ATSGIS630 IRX6  IRREGULARXYLEM 6 79,44 BESS  chrl7 4977115 006 7801 63607 17608
MDPOO00271287  ATSGSA690 IRXS  IRREGULARXYLEM & 80,75 0F00  chr3 25155828 025 3501 65608 30603
MDPOO00300098  ATSGA4030  CESA4  CELLULOSE SYNTHASE A4 66,27 0F00  chrl0 16302472 033 1401 22608 2600
MDPO000320351  ATSGA4030  CESA4  CELLULOSE SYNTHASE A4 80,25 0F00  chrl0 16283157  -0,02 9e01 7608 33603
MDPOO00214413  ATAGIS780  CESAS  CELLULOSE SYNTHASEAS 81,9 0F00  chrl0 27203159  -001 9se01 25608 33608

Significant differences (p-value < 0.05) between the two treatments were colored. Light green indicate log ratio values lower than 1 and dark green indicate
values higher than 1. Light red indicate log ratio values higher than -1 and dark red indicate values lower than -1.
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fructosidase BFRUCT3 homolog (MDP0000149570) and
sucrose-phosphate synthase ATSPS4F (MDP0000288684)
were down and up-regulated, respectively. In addition,
galactinol synthase homologs involved in the carbohydrate
biosynthetic process (MDP0000426442, MDP0000446914,
MDP0000466683 and MDP0000209143) and a mannose
6-phosphate reductase homolog (MDP0000251531) were
up-regulated in ‘ON’ trees (Table 2, Additional file 2: Table
S8C).

Apical buds of trees bearing a heavy crop are in
unfavorable cellular redox status

The oxidoreductase molecular function was significantly
over-represented, with eight, 21 and 25 genes up-
regulated at day 131, 151 and 222, respectively. This in-
dicates that the reduction of oxygenized molecules was
active over the three time points of the experiment. One
transcript particularly relevant to the cellular redox sta-
tus, homologous to OXS3 (OXYDATIVE STRESS 3;
MDP0000208351), which is involved in the tolerance to
oxidative stress (Table 2), was up-regulated in ‘ON’ trees
at day 131 and 222 (Fig. 6a).

Transcripts involved in the oxidoreductase activity and
the catalytic activity GO, which were both significantly
over-represented, were down-regulated at day 131 in ap-
ical buds of ‘ON’ trees (Additional file 2: Table S7A and
S8A). Five homologous copies of AT1G23740, a quinone
oxidoreductase-like protein, possibly involved in detoxi-
fication of reactive carbonyls, were found in the tran-
script set. Genes belonging to the sulfate reduction and
assimilation GO were also down-regulated in ‘ON’ trees.
Organic sulfur compounds, such as thiols, sulfolipids,
glucosinolates or alliins, are known to play important
roles in the normal plant lifecycle and in protection
against stress and pathogens. Homologs of APRI and
APR2 (5’ADENYLYLPHOSPHOSULFATE REDUCTASE;
MDP0000205651 and MDP0000279311) which encode
key enzymes of the assimilatory sulfate reduction path-
way and for which a decrease in enzyme activity leads
to sulfate accumulation in the plant, were down-
regulated in ‘ON’ trees for the three time points
(Fig. 5b). However, the difference was only statistically
significant at day 131 for the homolog of APR2 and
at day 131 and 222 for APRI homolog. Two homolo-
gous copies of ATSDII (SULFUR DEFICIENCY-
INDUCED I; MDP0000233761 and MDP0000697237),
which has a role in the regulation of stored sulfate
pools and is induced by sulfur starvation, were down-
regulated in ‘ON’ trees at both day 131 and 151
(Fig. 5b). Another homologous copy of ATSDII
(MDP0000244589) was down-regulated in ‘ON’ trees
at day 131 only. Finally, three transcripts homologous
to MIFI (MINI ZINC FINGER 1, MDP0000477453,
MDP0000739070 and MDP0000799547), an oxidoreductase
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involved in multiple hormonal regulation, were up-
regulated at day 222 in apical buds of ‘ON’ trees as
well as a transcript homologous to SRO5 (SIMILAR
TO RCD ONE 5; MDP0000697620), a gene involved
in the oxygen and reactive oxygen species metabolic
process, which was up-regulated at day 222 (Table 2).

GDE involved in hormonal regulation

At day 131, 13 transcripts homologous to genes involved
in hormonal regulation in response to stress were up-
regulated in apical buds of ‘ON’ trees, among them: RD26
(RESPONSIVE TO DESICCATION 26; MDP0000132623),
involved in response to abscisic acid stimulus; ABRI (ABA
REPRESSORI1; MDP0000235028), a member of the
ETHYLENE RESPONSE FACTOR (ERF) subfamily in-
volved in regulation of ABA-mediated stress response;
ATHB-7 (ARABIDOPSIS THALIANA HOMEOBOX 7,
MDP0000615948 and MDP0000899816), involved in
abscisic acid-mediated signaling and response to abscisic
acid stimulus. Four homologous transcripts were also in-
volved in response to ethylene: JMT (JASMONIC ACID
CARBOXYL METHYLTRANSFERASE; MDP0000941692),
which catalyzes the formation of methyljasmonate from
jasmonic acid; and BEE3 (BRASSINOSTEROID EN-
HANCED EXPRESSION 3; MDP0000879337), a transcrip-
tion factor induced by brassinosteroid, auxin and
ethylene, and repressed by abscisic acid; ERFI
(ETHYLENE RESPONSE FACTOR 1; MDP0000322279
and MDP0000871689) (Fig. 5c). Moreover, six
Leucine-Rich-Repeat (LRR) receptor-like transcripts
were up-regulated in ‘ON’ trees, in particular
MDP0000158551, MDP0000162801, MDP0000175260
and MDP0000845743 at day 151, MDP0000501298 at
day 222, and MDP0000131814 at day 151 and 222
(Table 2). These LRR proteins are known to be involved
in protein amino acid phosphorylation, which is one of
the most important and frequent regulation mechanisms
in plants.

At day 151, two transcripts homologous to GA2ox (GIB-
BERELLIN 2-OXIDASE; MDP0000137705 and MDPO
000185333) and one homolog of GA200ox (GIBBERELLIN
20-OXIDASE; MDP0000133105) were up-regulated in
‘ON’ trees. We also noted BRCI (BRANCHED 1I;
MDP0000219838), a transcription factor indirectly re-
quired for the auxin-induced control of apical dominance
and known to arrest axillary bud development, prevent
axillary bud outgrowth and delay early axillary bud devel-
opment, along with BR60X2 (BRASSINOSTEROID-6-
OXIDASE 2; MDP0000307964), which encodes a cyto-
chrome P450 enzyme that catalyzes the last reaction
in the production of brassinolides which regulate the
plant growth and productivity, and are known to alleviate
various biotic and abiotic stress effects.
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BRANCHES 1, MDP0000231714). This gene is a specific
repressor of vegetative axillary buds generated by the ax-
illary bud, known to be involved in the regulation of
meristem organization, positive regulation of flavonoid
biosynthetic process, carotenoid biosynthetic process,
secondary shoot formation and auxin polar transport
(Table 2).

Floral repressor transcripts are up-regulated in apical buds
of trees bearing a heavy crop, whereas floral enhancer
transcripts are up-regulated in defruited trees

Among transcripts involved in the flowering time path-
way, MDP0000945267 which shares 55.5 % of homology
with TEM1 (TEMPRANILLO 1 or RAV2) in Malus x
domestica Whole Genome v1.0 was found significantly
up-regulated in ‘ON’ trees at day 131 (Fig. 6¢). TEM1 is
known as a floral repressor possibly linked to the photo-
period and GA-dependent flowering pathways. Also, two
homologous copies of the transcription factor NO AP-
ICAL MERISTEM (NAM) (MDP0000690168 and
MDP0000232008) were up-regulated in trees inhibiting
floral induction (‘ON’ trees) at day 151. This transcrip-
tion factor belongs to the NAC protein family which is
involved in various plant developmental processes such
as SAM development and stress inducible floral induc-
tion. The transcription factor KNATI (KNOTTED-LIKE
FROM ARABIDOPSIS THALIANA; MDP0000280307),
known to be expressed in mid-meristem to promote leaf
fate, was also up-regulated at day 151 in SAM of ‘ON’
trees.

Two other homologous transcripts of interest were
up-regulated in ‘ON’ trees, MAF2 (MADS AFFECTING
FLOWERING 2, MDP0000280712 having 76.2 % of
homology with FLOWERING LOCUS C-Like in Japanese
pear) and PRRS (PSEUDO-RESPONSE REGULATOR 5,
MDP0000815065), but at day 222 only. In Arabidopsis,
MAF2 is known to be homologous to FLOWERING
LOCUS C and M (FLC and FLM), which are repressors
of flowering and major determinants of natural flowering
time variation in response to cold temperatures whereas
PRR5 encodes components involved in a negative feed-
back loop in the circadian clock in Arabidopsis thaliana
and could be a floral inhibitor.

Furthermore, one homologous copy of FTMI1 (FLORAL
TRANSITION AT MERISTEM, MDP0000610136) coding
for a stearoyl-ACP desaturase was down-regulated in ‘ON’
trees at both day 151 and 222, and therefore up-regulated
in ‘OFF trees (Fig. 6¢). Three transcripts sharing
homology with SPL (SQUAMOSA PROTEIN-LIKE)
family members were also down-regulated in ‘ON’
trees at day 222 (or up-regulated in ‘OFF trees),
SPL5 (MDP0000158607) and SPL9 (MDP0000297978
and MDP0000322647) (Fig. 6¢). In Arabidopsis, these
transcripts are known to be involved in the vegetative
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to reproductive phase transition and flowering regula-
tion. Expression of both SPL5 and SPL9 is regulated
by the microRNA miRI156. However, in our experi-
ment miR156 did not showed differential expression
between the two treatments (Table 2).

Apical buds of defruited trees are under active biogenesis at
day 151 and 222

The SEA analysis indicated that cell wall biosynthesis
GO, and metabolic processes including the cellular
carbohydrate biosynthetic process and the lipid meta-
bolic process were significantly up-regulated in ‘OFF
trees (Additional file 2: Table S6B and S6C). Further-
more, processes linked to cellular processes and cellular
component biogenesis ending in cell wall biogenesis
were also up-regulated, consistently with an increased
cellular activity and meristem re-organization activity in
trees initiating flowering (‘OFF’ trees). Transcripts hom-
ologous to Arabidopsis members of the cellulose syn-
thase family involved in secondary cell wall biosynthesis:
IRX1 (IRREGULAR XYLEM 1, MDP0000214413), IRX3
(MDP0000313995 and MDP0000470441), IRX6 (MDP
0000517378, MDP0000883782 and MDP0000922681)
and IRX8 (MDP0000271287), along with the CELLU-
LOSE SYNTHASE A 4 (CESA4, MDP0000300098 and
MDP0000320351) and CESA8 (MDP0000214413) were
up-regulated in ‘OFF trees at day 151 and 222, ex-
cept IRX8, which was not significantly up-regulated at
day 222 (Fig. 6b, Table 2, Additional file 2: Table S7B
and S7C).

Distribution of differentially expressed genes on the
genome and co-localization with QTL for biennial bearing
Of the 648 differentially expressed genes in our experi-
ment, 610 genes were positioned on one of the 17 chro-
mosomes of the apple genome (Additional file 2: Table
S9). These were evenly distributed over the 881.3 Mb of
the genome, with on average one gene every 1.59 Mb
(Additional file 6: Figure S5).

In total, 81 genes were located within the eight QTL
regions linked to the control of biennial bearing in a
‘Starkrimson’ x ‘Granny Smith’ segregating population
[33]. Of these 81 genes, 62 were annotated (Additional
file 2: Table S10). The SEA analysis showed that the oxi-
doreductase activity was over-represented with eight
genes (p-value 0.0012). Transcripts with sequence hom-
ology to seven leucine-rich repeat transmembrane pro-
tein kinases that were up-regulated in ‘ON’ trees were
located within QTLs: MDP0000148991 (chr 8, day 222),
MDP0000175260, MDP0000845743, MDP0000162801
and MDP0000158551 (chr 10, day 151), MDP0000269516
(chr 14, day 151 and 222), MDP0000131814 (chr 15, day
151 and 222).
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Besides genes encoding a catalytic activity, genes in-
volved in hormone stimulus response and plant develop-
mental processes were located within QTLs. Within the
chromosome 8 QTL interval, two copies homologous to
a gene involved in the response to gibberellin stimulus
(AT5G59845) were down-regulated in trees bearing
heavy crop (‘ON’ trees) at day 222. On chromosome 14,
the transcriptional regulator SPL9 (MDP0000297978) in-
volved in the vegetative to reproductive phase transition
was down-regulated in ‘ON’ trees at day 222. In the
QTL interval for inflorescence production (chr 15), one
transcript homologous to the transcription factor NO
APICAL MERISTEM (NAM) (MDP0000232008) was
up-regulated in ‘ON’ trees at day 151.

Discussion

The defruiting treatment significantly induced flowers in
apical buds of ‘OFF’ trees

The deflowering treatment that was applied to the trees
proved effective in raising the amount of FI in the fol-
lowing spring. Trees induced to the ‘OFF’ state by re-
moving all flowers at full bloom flowered heavily in the
subsequent year, with more than 90 % of their buds pro-
ducing inflorescences, with a low variance among treated
trees. In contrast, heavy fruit load (‘ON’ trees) had a
lower FI than the conventionally thinned trees used as
controls. However, a proportion of buds (38.2 %) were
induced to flower in the ‘ON’ trees, probably because of
the tendency of ‘Gala’ to bear regularly [38]. It is likely
that cultivars with a more severe biennial bearing ten-
dency than ‘Gala’ might bear less after an ‘ON’ year.
However, cultivars even prone to be regular can be
pushed to irregularity by manipulations as shown by
62.8 % of the buds of ‘ON’ not-thinned trees that
remained vegetative. Moreover, the high variability ob-
served in ‘ON’ and control trees demonstrates that bud
fate is heterogeneous and desynchronized within a tree,
contrasting to the high degree of synchronism among
apical buds observed in ‘OFF trees where flowers had
been removed in the preceding year. The tendency to
SAM synchronization versus desynchronization has been
proposed to be genotype dependent [24, 57].

Expression pattern of flowering genes as molecular
markers of transition in apical buds

Flowering gene expression was studied using qRT-PCR
during the critical phases of bud fate, from day 118-222,
this period being assumed to include FI, transition to in-
florescence meristem and early beginning of floral differ-
entiation [29]. Because there is no single and obvious
marker of FI in SAM of apple, we used qRT-PCR to
study the expression patterns of key flowering genes.
Our results are consistent with those of previous studies,
especially for MdFT1, MdSOCI-like, AFLI and AFL2
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which exhibited similar expression patterns, although
with lower levels of expression and less contrast between
dates than those observed by Hittasch et al. [36]. In par-
ticular, we did not observe expression peaks of MdTFL1
at day 180. Expression profiles of MdTFL1, MdFT1 and
MdAFT2, and MdAP1 were similar to those observed by
Kotoda et al. [50], but again with less contrast between
dates. The differences observed among the studies might
be due to different normalization of the transcript level
(in relation to that in the plants raised in vitro by [36]),
or to the different environments in which the trees were
grown and to the use of different cultivars.

API has been proposed as a molecular marker for flower-
ing differentiation in Eucalyptus (Jaya et al. [43]). In Arabi-
dopsis, the mode of action of API is dynamic, since it acts
predominantly as a transcriptional repressor during the
earliest stages of flower development; however, it activates
regulatory genes required for floral organ formation at
more advanced stages [48]. API’s role in floral organ forma-
tion has also been confirmed in apple [53]. In our qRT-
PCR, the high expression of MdAPIa at day 118 in ‘ON’
trees might be interpreted as being related to its transcrip-
tional repressor activity on FI, whereas the high expression
levels of both MdPAla and MdAP1D in the same trees after
day 180 suggest that floral differentiation occurred after this
date. Similarly, the lower expression of MdAPla and
MdAAPIb at day 222 in ‘ON’ buds compared with that in
‘OFF buds may reflect the lower rate of FI in these buds.
The lack of significant differential expression of MdAPI in
the microarray may result from a mix of flowering and not-
flowering buds and to the relatively early date considering
the timing of flower differentiation that is assumed to occur
between day 200 and day 240 [29]. The concomitant down-
regulation of MdTFL1 from day 180 is also consistent with
previous studies showing that in apple, as in Arabidopsis,
TFLI represses API expression [50]. The late expression of
MdPI, enhanced by MdAPI, has been related to the devel-
opment of floral organs in apple [98], which is consistent
with the very low expression of MdPI detected at day 222
only (data not shown). This also suggests that the formation
of floral whorls began around day 222 and that MdPI ex-
pression increases later in the season. The qRT-PCR pro-
files developed for key flowering genes, together with
previous studies that have determined the timing of FI in
apple [29, 35, 53], led us to choose three time points for the
microarray analysis to represent the period of FI (day 131),
floral bud initiation (day 151) and the beginning of flower
differentiation (day 222). These three time points are the
most likely to pinpoint some important mechanisms of
biennial bearing and highlight differences between ‘ON’
and ‘OFF trees.

Moreover, the transcript levels of AFLI and AFL2,
MdAPla and MdAP1b, MAFTI and MAFT2, and
MATFLI, were highly correlated between qRT-PCR and
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microarray, and were considered as a validation of the
microarray results.

Triggering Fl in apical buds of adult apple trees: a
number of candidate processes

The results of the microarray analysis suggest that a
number of processes could be involved in FI in apical
buds of adult apple trees. Indeed, positioning the major
genes differentially expressed in buds sampled in ‘ON’
or ‘OFF trees in the pathways described in the literature
as controlling FI in model plants suggest that several of
these pathways could be involved in FI triggering in
adult apple trees. Many authors have previously under-
lined the multifactorial nature of FI in plants, with accel-
erated flowering in response to shade, drought, low
nutrients, decreased light quality, heat and general oxi-
dative stress [34, 59, 64, 66]. In perennial tropical trees,
in absence of cold temperatures, FI can be triggered by
water stress or other stressful practices [16, 90, 93].

Starvation and unfavorable redox status in apical buds of
trees bearing heavy crop

In this experiment, apical buds of ‘ON’ trees exhibited
differential expression in transcripts involved in meta-
bolic processes, which suggest that they could be starved
and under oxidative stress (Fig. 7). Depletion in carbohy-
drate supply in apical buds, which is one of the earliest
observed events, is likely to result from high crop load.
Even though the presence of fruit has been shown to en-
hance photosynthesis in adjacent leaves [114], the com-
petition for carbohydrates between vegetative and
reproductive growth is a well-known and documented
phenomenon [69, 90]. The necessary balance between
vegetative and reproductive growth, as well as the re-
quirement for a minimum number of leaves for fruit set
and development to take place, was suggested by Huet
[39] and Nielsen and Dennis [72], who demonstrated
that the FI rate increases with the number of leaves as-
sociated with the bourse in apple and pear. However, if
the autonomous pathway is described as the number of
leaves necessary to induce flowering [77], it will be al-
most impossible to distinguish this effect from that of
carbohydrate availability due to the corresponding
photosynthetic activity of leaves. The source/sink rela-
tionships and genetic control of precise cell territories
will need further investigation to explain the diversity of
bud fates and topology that are observed at a more inte-
grated plant scale [20].

In addition, the influence of carbohydrate allocation to
the development of specific tissues or organs could also
preside over “go/no go” decisions such as organ drop,
SAM death or FI triggering. Indeed, carbohydrates are
considered not only as nutrients but also as signaling
molecules [32], and the signaling role of starch and
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sucrose metabolism in FI has been proposed for a long
time [7, 18]. In our study, there was no evidence of a dif-
ferential expression of transcripts involved in primary
carbohydrate metabolism between apical buds of ‘ON’
and ‘OFF’ trees; however, large differences in expression
were identified in genes encoding enzymes that control
secondary  metabolism, including  phosphatase-
reductases, glycosyl-transferases, cellulose synthases,
which were all down-regulated in apical buds of ‘ON’
trees. This suggests that, even though active photosyn-
thesis can be assumed in ‘ON’ trees bearing heavy crop,
carbon may not be enough available to apical tissues,
and could lead to local carbon depletion and reduced
cellular activity. Indeed, the maintenance of cell division
and differentiation has been shown to generate a strong
carbohydrate requirement in SAM [27]. The up-
regulation in ‘ON’ trees of two transcription factors
involved in SAM maintenance (KNATI and NAM) is
consistent with this assumption. KNAT1, a member of
the KNOX family [85] and NAM [92], which is involved
in the SAM constitution during embryogenesis, are both
involved in SAM patterning and prevent meristematic
cell differentiation. Therefore their up-regulation in ‘ON’
trees is consistent with a reduction in carbon demand,
FI inhibition and maintenance of vegetative fate in SAM.
Moreover, two genes known to be involved in the con-
trol of axillary bud, MAXI and BRCI, were also up-
regulated in ‘ON’ trees. The up-regulation of MAXI,
which is an inhibitor of AM development and branching
[9] is consistent with antagonism between vegetative
growth and fruit load. BRCI, a homologue of the maize
TEOSINTE BRANCHEDI, is also known to be involved
in control of axillary branching [11]. Interestingly, BRC1
has been also shown to interact with FT and TFLI in
Arabidopsis during the floral transition of axillary meri-
stems [73].

The link between nutritional and redox status is
known to be mediated by the circadian clock that en-
ables daily regulation of cell metabolism, energy balance
and redox status [37]. In our study, several genes in-
volved in the control of oxidative stress tolerance, cellu-
lar ion homeostasis, cellular redox status and senescence
were up-regulated in apical buds of ‘ON’ trees. This sug-
gests that ROS could accumulate in these buds. In Ara-
bidopsis, the transition from vegetative to reproductive
phase has been associated with enhanced accumulation
of oxidized proteins [46] and a mutant lacking thylakoid
ascorbate peroxidase and cytosolic ascorbate peroxidasel
exhibited an early bolting phenotype [66]. It has thus been
suggested that plants subjected to stress flower earlier
and that there might be a commensurate response to
stress intensity, stepping up from a strategy based on
tolerating the effects of stress, for instance through
OXS expression, to stress escape via reproduction [8].
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of spurs sampled on adult ‘Gala’ apple trees, between 'ON’ (fruited) and ‘OFF’ (deflowered) trees. In apical buds of ‘ON' trees, more likely to be in vegetative
state, transcripts highlighted responses to stresses such as starvation for sucrose and phosphates, stress hormonal signaling and down-regulated cell
detoxification processes, whereas transcripts homologous to genes known as repressor of flowering induction (such as TEMPRANILLO 1) and involved in
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as defined by Foster et al. [29] are exemplified by photos of histological longitudinal sections in apical buds of ‘Gala’ apple trees

However, depending on the species both delayed and early
flowering have been observed under stress conditions
and the decision on FI triggering may differ between
annual and perennial plants. Further characterization
of the putative link between cell redox status in
SAM and flowering could contribute to deciphering
the physiological mechanisms involved in FI in adult
apple trees.

The hormones could contribute to the decision to flower

The hormonal responses differentially expressed between
‘ON’ and ‘OFF trees appeared consistent with the nutritional
and oxidative stress perceived by apical buds in ‘ON’ trees
compared with that in ‘OFF trees. In particular, the redox
hub activity is linked to hormonal signaling and results in

plant resistance to biotic and abiotic stresses. For instance, in
addition to its antioxidant function, ascorbic acid is required
for the biosynthesis of the plant hormones abscisic acid, GA,
and ethylene [3, 4]. Moreover, low amounts of ascorbic acid
promote the accumulation of the phytoalexin camalexin [17]
as well as salicylic acid [6] and this has been demonstrated
to influence flowering time [63]. As genes and transcription
factors induced by brassinosteroid and auxin were also dif-
ferentially expressed in our study, most hormonal functions
were differentially oriented between ‘ON” and ‘OFF trees.
Among them, GA biosynthesis represents the stron-
gest candidate function for its direct involvement in the
regulation of flowering control in apple, even though the
roles of the different forms of GA have not so far been
elucidated. Application of GA to apple trees has showed
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that GA; has the most inhibitory effect on FI [102], and
horticultural practices commonly involve the application
of GA during ‘OFF’ years to prevent an excessive FI and
thus attenuate the biennial bearing cycle [84]. Hence,
bioactive GAs appear to have an inhibitory effect on key
flowering genes/steps in apple, and are considered to
have an opposite effect on FI in perennial plants, com-
pared with their role in annual plants [42]. It is note-
worthy that in our study several differentially expressed
transcripts involved in the GA biosynthesis pathway
were identified in QTL cluster intervals that control
tree production and alternation: MdGA20oxla and
MdAGA3ox-like-b on LG1 and MdGA20x8a on LGI10
[33]. In addition, two copies of GA20x and one copy of
GA200x, which contribute to catabolism and metabol-
ism of active GA forms, respectively, were up-regulated
in apical buds of ‘ON’ trees. These results reinforce the
assumption that, in apple, bioactive GAs may play a
role in the control of key flowering genes/steps.

Putative flowering genes and floral repressors involved in
Fl in adult apple trees
Transcripts with sequence homology to major genes
known as key actors in control of FI were differentially
expressed in apical buds of adult apple trees: two were
floral repressors (TEM1 and AGL31/FLC-Like) that were
up-regulated in ‘ON’ trees, whereas genes enhancing flow-
ering such as SPL genes were up-regulated in ‘OFF’ trees.

In our experiment, TEMI was up-regulated in ‘ON’
trees at both day 131 and 151. This gene belongs to the
complex RAV family of transcription factors [14, 65, 74],
in which there may be functional redundancy, since both
TEMI and TEM?2 act as direct repressors of the FT gene.
TEM1 transcription is induced when leaf senescence is ac-
celerated by phytohormones such as ethylene or methyl
jasmonate [1, 40] and TEM I has been described as an in-
tegrator of different flowering pathways (age dependent,
GA, light quality and intensity, ambient temperature and
brassinosteroids) [65]. TEMI has been shown to be
expressed in vascular and mesophyll tissues in leaves al-
though the levels and spatial distribution change through
development [14]. In the present study, we found that
TEM1 is expressed in apical buds at early stages after
full bloom (day 131 and 151) and with differential
expression levels consistent with an inhibitory role on
FI in ‘ON’ trees. As TEMI1 and TEM2 exhibit a
circadian-clock dependent expression profile with a
maximum at midafternoon [14], further investigations
on the diurnal pattern of TEMI expression in apple
tree apical buds should be performed before drawing
any conclusions.

Up-regulation in ‘ON’ trees of the transcription factor
MAF2 (MADS AFFECTING FLOWERING 2), which be-
longs to a large MADS-box family of flowering repressors
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was found, but at day 222 only, i.e. after the normal FI
period. In Arabidopsis, MAF2 is known to be homologous
to FLOWERING LOCUS C and M (FLC and FLM) and to
be involved in the vernalization pathway and in the adap-
tation of flowering time of Arabidopsis thaliana to cold
temperatures [97]. Since FLC and FLC-like transcription
factors have been reported to be up-regulated by oxidized
glutathione [49], the late expression of MAF2 could result
from the redox status in apical buds of ‘ON’ trees. Simi-
larly, the differential expression of the PSEUDO RE-
SPONSE REGULATOR (PRR) protein PRRS, which was
observed in this experiment and which is known to en-
code components of the circadian clock in Arabidopsis
thaliana [81] might be linked to the daily cellular detoxifi-
cation and regulation of redox status. However, these sug-
gestions will need further investigations.

Other putative actors in our system were SQUAMOSA
PROMOTER BINDING-LIKE (SPL) transcription factors.
In Arabidopsis, expression of both SPL5 and SPLY is reg-
ulated by the microRNA miR156. However, in our ex-
periment miR156 did not show differential expression
between ‘ON’ and ‘OFF’ trees, consistently with the up-
regulation of SPL-like genes found in citrus without dif-
ferential expression of miR156 [88]. However, the role of
miR156 in floral induction will need further investiga-
tions since miR156 abundance is reduced with plant age
and is associated with vegetative phase transition in Ara-
bidopsis thaliana [113]. In our data, SPL5 and SPL9 were
up-regulated in ‘OFF’ trees at day 222 only and had simi-
lar expression patterns to those of MdAPIa and
MdAPI1bD. This could be in line with SPL9 role in promot-
ing the expression of API in Arabidopsis [109], but as a
late event in the FI process. Interestingly, recent results
highlighted interactions between GA and SPL transcrip-
tion factors in SAM of Arabidopsis thaliana under long
days [2, 75]. These authors showed that GA is required
in vascular tissues to increase the levels of FT and TWIN
SISTER OF FT (TSF) mRNAs which encode a systemic
signal transported from the leaves to SAM during FL
They suggest that GA might have spatially separated
functions between leaves and SAM since GA could facili-
tate the activation of FT in leaves and SPL genes in the
meristem. In addition, Torti et al. [101] described a FT-
independent pathway, in which FTM1 was expressed in
SAM under long days. Our results could be consistent
with this scheme, since FTMI transcript was differen-
tially expressed at the time of floral bud initiation (day
151) and afterwards, until flower meristem differentiation
(day 222). Even though it is impossible to speculate on
FT involvement in FI triggering since leaves were not
considered in this experiment and despite SHORT VEGE-
TATIVE PHASE (SVP), which could be suspected to be
present, was not differentially expressed in the micro-
array, several major genes were present and differentially
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expressed in apical buds between ‘ON’ and ‘OFF’ apple
trees: GA20x, FTM1, SPL5 and SPL9.

Conclusion

The transcripts differentially expressed between in-
ductive (‘OFF’) and non-inductive (‘ON’) conditions in
adult apple trees suggests that different flowering
pathways could be involved in the control of FI in
adult apple trees. Changes in the nutritional and
redox status could be part of the autonomous path-
way, whereas GA (through GA20ox and GA20x) and
circadian clock (through PRR5) and ambient
temperature (through FLC-Like) pathways could be
involved as well. The main hypothesis emerging from
our results is that unfavorable redox and nutritional
status of buds could induce hormonal response that
may in turn activate key regulators of meristem fate.
However, at that stage causes and effects cannot be
inferred from the data. In addition, we found that key
regulators of stress signaling (LRR-receptor-like and
protein kinase) and of meristem transition in Arabi-
dopsis thaliana (NO APICAL MERISTEM and SPL9)
were present in QTL intervals for traits linked to
biennial bearing in apple. Studying allelic diversity of
the apple tree genes and comparing them to the
phenotypic behavior can yield powerful tools for use
in breeding regular varieties using molecular markers.

Availability of data and materials

Microarray samples were deposited in NCBI's Gene
Expression Omnibus [5] and are accessible through GEO
Series accession number GSE64646 (http://www.ncbi.nlm
.nih.gov/geo/query/acc.cgi?token=onsdgqwotbuhbox&acc
=GSE64646). Normalized data along with the R script
used for analyzing the data were deposited on GitHub
(https://github.com/Baptiste-Guitton/Microarray_biennial
_bearing_apple_Gala) that enable the reproducibility of
the analyses.

Additional files

Additional file 1: Figure S1. Apple bud sampling strategy. (PDF 130 kb)

Additional file 2: Table S1. List of genes and primers used for real-
time quantitative PCR analyses. Table S2. Genomic position of the gen-
etic markers of the ‘Starkrimson’ x ‘Granny Smith’ apple genetic map [35].
Table S3. Genomic position of the QTL related to biennial bearing using
the ‘Starkrimson’ x ‘Granny Smith’ apple genetic map [25, 35]. Table S4.
Significance of the effect estimated by ANOVA for each apple gene
studied by gRT PCR. Table S5. Significance of the difference of relative
expression between apple trees inhibiting flowering (ON’) and trees initi-
ating flowering (OFF’) for each studied gene and at each date. Table S6.
Number of genes, mean and

standard error per group of genes with a differential expression at least
one time of the three sampled dates. Table S7. Gene ontology (GO)
categorization of genes differentially expressed in apical buds of apple
trees inhibiting flowering (ON) or initiating flowering (‘OFF’) at day

131 (A), 151 (B) and 222 (C). Table S8. List of apple genes showing

Page 19 of 22

significant differential expression at day 131 (A), 151 (B) and 222 (Q).
Table S9. Genomic position of the genes expressed differentially in apple
trees inhibiting flowering (ON’) and trees initiating flowering (‘OFF) on
the ‘Golden Delicious’

genome. Table S10. List of genes showing significant differential expres-
sion between apple trees inhibiting flowering (‘ON’) and trees initiating
flowering (OFF’) at least one of the three dates of the experiment and
located within QTL intervals for traits related to biennial bearing using
the ‘Starkrimson’ x ‘Granny Smith’ genetic map [25, 35]. (XLS 1000 kb)

Additional file 3: Figure S2. Expression pattern of MdfT1, MdFT2, AFL1,
AFL2, MdAP1a, MdAP1b, MdSOC1-like and MdTFLT during the growing season
in ‘Gala” apple trees measured by quantitative real-time PCR using spur apical
buds harvested at day 118, 131, 151, 180 and 222. (PDF 61 kb)

Additional file 4: Figure S3. Validation of microarray relative expression
(log2 ratio) by expression of selected candidate genes by qRT-PCR. (PDF 63 kb)

Additional file 5: Figure S4. Hierarchical tree graph of over-represented
Gene Ontology (GO) terms in biological process category generated by Single
Enrichment Analysis (SEA) for differentially expressed apple genes at day

131 (A), 151 (B) and 222 (Q). (PDF 533 kb)

Additional file 6: Figure S5. Physical position on the apple reference

genome of QTL related to biennial bearing and genes significantly
differentially expressed. (PNG 1549 kb)

Competing interests
The authors declare that they have no competing interests.

Authors’ contributions

BG performed field observations, qRT-PCR, statistical analyses on microarray
and wrote the paper; JJK performed field observations, contributed to gRT-
PCR and statistical analyses on microarray, and to paper writing; XS provided
gRT-PCR expertise and access to laboratory facilities; JPR and JMC designed
the microarray and helped elaborating the results; EC and DC designed the
experiment, interpreted microarray results and wrote the paper. All authors
have read and approved the final version of the manuscript.

Acknowledgements

We thank the genotyping platform of CIRAD (Montpellier, France) for providing
the facilities for RNA extraction and qRT-PCR measurements and the ANAN plat-
form of the QuaSaV research federation for providing the microarray facility. We
acknowledge T. Legavre for fruitful discussions and valuable advice on RNA extrac-
tions, as well as S. Gardiner and S. Tustin for critical reading of the manuscript. This
work was supported by the Plant Breeding Department of the National Institute
of Agronomic Research of France (INRA), by The New Zealand Institute for Plant &
Food Research Limited (Pipfruit Internal Investment Project), and by the New
Zealand Ministry of Business Innovation and Employment [Horticultural Genomics
programme (CO6X0810)].

Author details

TINRA, UMR AGAP, CIRAD-INRA-SupAgro, AFEF team (Architecture et
Fonctionnement des Espéces Fruitiéres) TA 108/03, Avenue Agropolis, 34398,
Montpellier CEDEX 5, France. 2ICRISAT, Samanko station, BP320, Bamako, Mali.
3CIRAD, UMR AGAP, CIRAD-INRA-SupAgro, TA 108/03, Avenue Agropolis,
34398, Montpellier CEDEX 5, France. 4SupAgro, UMR AGAP,
CIRAD-INRA-SupAgro, AFEF team (Architecture et Fonctionnement des
Especes Fruitieres) TA 108/03, Avenue Agropolis, 34398, Montpellier CEDEX 5,
France. °INRA, UMR1345 IRHS, Institut de Recherche en Horticulture et
Semences, AgroCampus-Ouest-INRA- QUASAV, Bretagne-Loire University,
49071 Beaucouzé, France. °The New Zealand Institute for Plant & Food
Research Limited, Private Bag 11600, Palmerston North 4442, New Zealand.

Received: 24 July 2015 Accepted: 17 February 2016
Published online: 29 February 2016

References

1. Alonso JM, Stepanova AN, Leisse TJ, et al. Genome-Wide Insertional
Mutagenesis of Arabidopsis thaliana. Science. 2003;301:653-7.

2. Andrés F, Porri A, Torti S, et al. SHORT VEGETATIVE PHASE reduces
gibberellin biosynthesis at the Arabidopsis shoot apex to regulate the floral
transition. Proc Natl Acad Sci U S A. 2014;111:E2760-9.


http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?token=onsdgqwotbuhbox&acc=GSE64646
http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?token=onsdgqwotbuhbox&acc=GSE64646
http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?token=onsdgqwotbuhbox&acc=GSE64646
https://github.com/Baptiste-Guitton/Microarray_biennial_bearing_apple_Gala
https://github.com/Baptiste-Guitton/Microarray_biennial_bearing_apple_Gala
dx.doi.org/10.1186/s12870-016-0739-y
dx.doi.org/10.1186/s12870-016-0739-y
dx.doi.org/10.1186/s12870-016-0739-y
dx.doi.org/10.1186/s12870-016-0739-y
dx.doi.org/10.1186/s12870-016-0739-y
dx.doi.org/10.1186/s12870-016-0739-y

Guitton et al. BMC Plant Biology (2016) 16:55

22.

23.

24.

25.

26.

27.

Arrigoni O, Tullio MCD. Ascorbic acid: much more than just an antioxidant.
Biochimica et Biophysica Acta (BBA) - General Subjects. 2002;1569:1-9.
Arrigoni O, Tullio MCD. The role of ascorbic acid in cell metabolism:
between gene-directed functions and unpredictable chemical reactions.

J Plant Physiol. 2000;157:481-8.

Barrett T, Wilhite SE, Ledoux P, et al. NCBI GEO: archive for functional
genomics data sets  update. Nucleic Acids Res. 2013;41:D991-5.

Barth C, Moeder W, Klessig DF, Conklin PL. The Timing of Senescence and
Response to Pathogens Is Altered in the Ascorbate-Deficient Arabidopsis
Mutant vitamin c-1. Plant Physiol. 2004;134:1784-92.

Bernier G, Havelange A, Houssa C, Petitjean A, Lejeune P. Physiological
Signals That Induce Flowering. Plant Cell. 1993;5:1147-55.

Blanvillain R, Wei S, Wei P, Kim JH, Ow DW. Stress tolerance to stress escape
in plants: role of the OXS2 zinc-finger transcription factor family. EMBO J.
2011;30:3812-22.

Booker J, Sieberer T, Wright W, et al. MAXT Encodes a Cytochrome P450
Family Member that Acts Downstream of MAX3/4 to Produce a Carotenoid-
Derived Branch-Inhibiting Hormone. Dev Cell. 2005;8:443-9.

Bradley D, Ratcliffe O, Vincent C, Carpenter R, Coen E. Inflorescence
Commitment and Architecture in Arabidopsis. Science. 1997,275:80-3.
Braun N, de Saint Germain A, Pillot JP, et al. The Pea TCP Transcription
Factor PsBRCT Acts Downstream of Strigolactones to Control Shoot
Branching. Plant Physiol. 2012;158:225-38.

Brunner AM, Nilsson O. Revisiting tree maturation and floral initiation in the
poplar functional genomics era. New Phytologist. 2004;164:43-51.

Buban T, Faust M. Flower bud induction in apple trees: internal control and
differentiation. Horticultural Reviews. 1982;4:174-203.

Castillejo C, Pelaz S. The Balance between CONSTANS and TEMPRANILLO
Activities Determines FT Expression to Trigger Flowering. Curr Biol.
2008;18:1338-43.

Celton JM, Gaillard S, Bruneau M, Pelletier S, Aubourg S, Martin-Magniette
ML, Navarro L, Laurens F, Renou JP. Widespread anti-sense transcription in
apple is correlated with siRNA production and indicates a large potential
for transcriptional and/or post-transcriptional control. New Phytologist.
2014;203:287-99.

Chaikiattiyos S, Menzel C, Rasmussen T. Floral Induction in Tropical Fruit
Trees: Effects of Temperature and Water Supply. J Hortic Sci Biotechnol.
1994,69:397-416.

Colville L, Smirnoff N. Antioxidant status, peroxidase activity, and PR protein
transcript levels in ascorbate-deficient Arabidopsis thaliana vtc mutants.

J Exp Bot. 2008;59:3857-68.

Corbesier L, Lejeune P, Bernier G. The role of carbohydrates in the induction
of flowering in Arabidopsis thaliana: comparison between the wild type and
a starchless mutant. Planta. 1998,206:131-7.

Costes E. Winter Bud Content According to Position in 3-year-old Branching
Systems of “Granny Smith” Apple. Ann Bot. 2003;92:581-8.

Costes E, Crespel L, Denoyes B, Morel P, Demene MN, Lauri P-E, Wenden B. Bud
structure, position and fate generate various branching patterns along shoots of
closely related Rosaceae species: a review. Frontiers in Plant Sci. 2014;5:666.
Crabbé J, Escobedo-Alvarez JA. Activités méristématiques et cadre temporel
assurant la transformation florale des bourgeons chez le Pommier (Malus x
domestica Borkh,, cv. Golden Delicious). In: L'Arbre, Biologie et
développement, 2eme Collogue International sur I'Arbre, C. Edelin (ed.
Montpellier: Hors Série; 1991. p. 369-79.

Czechowski T, Stitt M, Altmann T, Udvardi MK, Scheible WR. Genome-wide
identification and testing of superior reference genes for transcript
normalization in Arabidopsis. Plant Physiol. 2005;139:5-17.

Dadpour MR, Movafeghi A, Grigorian W, Omidi Y. Determination of floral
initiation in Malus domestica: a novel morphogenetic approach. Biologia
Plantarum. 2011;55:243-52.

Durand JB, Guitton B, Peyhardi J, Holtz Y, Guédon Y, Trottier C, Costes, E.
New insights for estimating the genetic value of segregating apple
progenies for irregular bearing during the first years of tree production.

J Exp Bot. 2013;64:5099-113.

Du Z, Zhou X, Ling Y, Zhang Z, Su Z. agriGO: a GO analysis toolkit for the
agricultural community. Nucleic Acids Res. 2010;38:W64-70.

Esumi T, Tao R, Yonemori K. Isolation of LEAFY and TERMINAL FLOWER 1
homologues from six fruit tree species in the subfamily Maloideae of the
Rosaceae. Sex Plant Reprod. 2005;17:277-87.

Eveland AL, Jackson DP. Sugars, signalling, and plant development. J Exp
Bot. 2012,63:3367-77.

28.

29.

30.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

52.

53.

54.

Page 20 of 22

Flachowsky H, Szankowski I, Waidmann S, Peil A, Trankner C, Hanke MV. The
MdTFLT gene of apple (Malus x domestica Borkh.) reduces vegetative growth
and generation time. Tree Physiol. 2012,;32:1288-301.

Foster T, Johnston R, Seleznyova A. A morphological and quantitative
characterization of early floral development in apple (Malus x domestica
Borkh.). Ann Bot. 2003;92:199-206.

Franceschini A, Szklarczyk D, Frankild S, et al. STRING v9. 1: protein-protein
interaction networks, with increased coverage and integration. Nucleic
Acids Res. 2013:41:D808-15.

Fulford RM. The morphogenesis of apple buds. lll. The inception of flowers.
Ann Bot. 1966;30:207-19.

Gibson SI. Control of plant development and gene expression by sugar
signaling. Curr Opin Plant Biol. 2005;8:93-102.

Guitton B, Kelner JJ, Velasco R, Gardiner SE, Chagné D, Costes E. Genetic
control of biennial bearing in apple. J Exp Bot. 2012;63:131-49.

Halliday KJ, Koornneef M, Whitelam GC. Phytochrome B and at Least One Other
Phytochrome Mediate the Accelerated Flowering Response of Arabidopsis
thaliana L. to Low Red/Far-Red Ratio. Plant Physiol. 1994;104:1311-5.

Hanke MV, Flachowsky H, Peil A, Héttasch C. No flower no fruit - genetic
potentials to trigger flowering in fruit trees. Genes Genomes Genomics.
2007;1:1-20.

Hattasch C, Flachowsky H, Kapturska D, Hanke MV. Isolation of flowering genes
and seasonal changes in their transcript levels related to flower induction and
initiation in apple (Malus domestica). Tree Physiol. 2008;28:1459-66.

Haydon MJ, Hearn TJ, Bell LJ, Hannah MA, Webb AAR. Metabolic regulation
of circadian clocks. Semin Cell Dev Biol. 2013;24:414-21.

Hucbourg B, Montagnon J, Ramonguilhem M, Lauri P. Fiche variétale: Gala
et ses mutants. Réussir - Fruits et Légumes. 2003;221:insert4p.

Huet J. Etude des effets des feuilles et des fruits sur l'induction florale des
brachyblastes du poirier. Physiologie végétale. 1972;10:529-45.

Hu YX, Wang YH, Liu XF, Li JY. Arabidopsis RAVT is down-regulated by
brassinosteroid and may act as a negative regulator during plant
development. Cell Res. 2004;14:8-15.

Immink RGH, Posé D, Ferrario S, Ott F, Kaufmann K, Valentim FL, Folter, S de,
Wal, F van der, Dijk ADJ van, Schmid, M, Angenent, GC. Characterization of
SOCT's Central Role in Flowering by the Identification of Its Upstream and
Downstream Regulators. Plant Physiol. 2012;160:433-49.

Jackson DI, Sweet GB. Flower initiation in temperate woody plants. A review
based largely on the literature of conifers and deciduous fruit trees. In:
Horticultural Abstracts. 1972. p. 9-24.

Jaya ES, Clemens J, Song J, Zhang H, Jameson PE. Quantitative expression
analysis of meristem identity genes in Eucalyptus occidentalis: APT is an
expression marker for flowering. Tree Physiol. 2010;30:304-12.

Jeong DH, Sung SK, An G. Molecular cloning and characterization of
Constans-like cODNA clones of the "Fuji” apple. J Plant Biol. 1999;42:23-31.
Johansson M, Staiger D. SRR is essential to repress flowering in non-
inductive conditions in Arabidopsis thaliana. J Exp Bot. 2014,65:5811-22.
Johansson E, Olsson O, Nystrom T. Progression and specificity of protein
oxidation in the life cycle of Arabidopsis thaliana. J Biol Chem. 2004,279:22204-8.
Jonkers H. Biennial bearing in apple and pear: a literature survey. Sci Hortic.
1979;11:303-17.

Kaufmann K, Wellmer F, Muifio JM, Ferrier T, Wuest SE, Kumar V, Serrano-
Mislata, A, Madueno, F, et al. Orchestration of floral initiation by APETALAT.
Science. 2010;328:85-9.

Kocsy G, Tari |, Vankova R, Zechmann B, Gulyds Z, Podr P, Galiba, G. Redox
control of plant growth and development. Plant Sci. 2013;211:77-91.
Kotoda N, Hayashi H, Suzuki M, et al. Molecular characterization of
FLOWERING LOCUS T-like genes of apple (Malus x domestica Borkh.). Plant
Cell Physiol. 2010;51:561-75.

Kotoda N, lwanami H, Takahashi S, Abe K. Antisense expression of MdTFLT, a
TFL1-like gene, reduces the juvenile phase in apple. J Am Soc Hortic Sci.
2006;131:74-81.

Kotoda N, Wada M. MdTFL1, a TFL1-like gene of apple, retards the transition
from the vegetative to reproductive phase in transgenic Arabidopsis. Plant
Sci. 2005;168:95-104.

Kotoda N, Wada M, Komori S, Kidou S, Abe K, Masuda T, Soejima, J. Expression
pattern of homologues of floral meristem identity genes LFY and APT during
flower development in apple. J Am Soc Hortic Sci. 2000;125:398-403.

Kotoda N, Wada M, Kusaba S, Kano-Murakami Y, Masuda T, Soejima J.
Overexpression of MdMADS5, an APETALAT-like gene of apple, causes early
flowering in transgenic Arabidopsis. Plant Sci. 2002;162:679-87.



Guitton et al. BMC Plant Biology (2016) 16:55

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

Kotoda N, Wada M, Masuda T, Soejima J. The break-through in the
reduction of juvenile phase in apple using transgenic approaches. In: XXVI
International Horticultural Congress: Biotechnology in Horticultural Crop
Improvement: Achievements, Opportunities and 625. 2002. p. 337-43.
Kurokura T, Mimida N, Battey NH, Hytonen T. The regulation of seasonal
flowering in the Rosaceae. J Exp Bot. 2013,64:4131-41.

Lauri PE, Térouanne E, Lespinasse JM, Regnard JL, Kelner JJ. Genotypic
differences in the axillary bud growth and fruiting pattern of apple fruiting
branches over several years - an approach to regulation of fruit bearing. Sci
Hortic. 1995,64:265-81.

Lee J, Lee . Regulation and function of SOCT, a flowering pathway
integrator. J Exp Bot. 2010,61:2247-54.

Levy YY, Dean C. The Transition to Flowering. Plant Cell. 1998;10:1973-89.
Lifschitz E, Ayre BG, Eshed Y. Florigen and anti-florigen - a systemic
mechanism for coordinating growth and termination in flowering plants.
Frontiers in Plant Sci. 2014;5:465.

Liliegren SJ, Gustafson-Brown C, Pinyopich A, Ditta GS, Yanofsky MF.
Interactions among APETALAT, LEAFY, and TERMINAL FLOWER] Specify
Meristem Fate. Plant Cell. 1999;11:1007-18.

Lu Q, Zhao L, Li D, Hao D, Zhan Y, Li W. A GmRAV Ortholog Is Involved in
Photoperiod and Sucrose Control of Flowering Time in Soybean. PLoS One.
2014,9:289145.

Martinez C, Pons E, Prats G, Ledn J. Salicylic acid regulates flowering time and
links defense responses and reproductive development. Plant J. 2004;37:209-17.
Martinez-Zapater J, Coupland G, Dean C, Koornneef M. The transition to
flowering in Arabidopsis. In: Arabidopsis. NY: Cold Spring Harbor Laboratory
Press, Cold Spring Harbor; 1994. p. 403-33.

Matias-Herndndez L, Aguilar-Jaramillo AE, Marin-Gonzélez E, Suédrez-Lopez P,
Pelaz S. RAV genes: regulation of floral induction and beyond. Ann Bot.
2014;114:1459-70.

Miller G, Suzuki N, Rizhsky L, Hegie A, Koussevitzky S, Mittler R. Double Mutants
Deficient in Cytosolic and Thylakoid Ascorbate Peroxidase Reveal a Complex
Mode of Interaction between Reactive Oxygen Species, Plant Development,
and Response to Abiotic Stresses. Plant Physiol. 2007;144:1777-85.

Mimida N, Kidou S, Kotoda N. Constitutive expression of two apple (Malus x
domestica Borkh.) homolog genes of LIKE HETEROCHROMATIN PROTEINT
affects flowering time and whole-plant growth in transgenic Arabidopsis.
Mol Genet Genomics. 2007;278:295-305.

Mimida N, Kotoda N, Ueda T, Igarashi M, Hatsuyama Y, lwanami H, Moriya S,
Abe K. Four TFL1/CEN-like genes on distinct linkage groups show different
expression patterns to regulate vegetative and reproductive development
in apple (Malus x domestica Borkh.). Plant Cell Physiol. 2009;50:394-412.
Monselise SP, Goldschmidt EE. Alternate Bearing in Fruit Trees. Hortic Rev.
1982;4:128-73.

Munoz-Fambuena N, Mesejo C, Agusti M, Tarraga S, Iglesias DJ, Primo-Millo
E, Gonzélez-Mas MC. Proteomic analysis of “Moncada” mandarin leaves with
contrasting fruit load. Plant Physiol Biochem. 2013;62:95-106.

Nakagawa M, Honsho C, Kanzaki S, Shimizu K, Utsunomiya N. Isolation and
expression analysis of FLOWERING LOCUS T-like and gibberellin metabolism
genes in biennial-bearing mango trees. Sci Hortic. 2012;139:108-17.

Neilsen JC, Dennis FG. Effects of seed number, fruit removal, bourse shoot
length and crop density on flowering in “Spencer Seedless” apple. Acta
Horticult. 2000,527:137-46.

Niwa M, Daimon Y, Kurotani K, et al. BRANCHEDT Interacts with FLOWERING
LOCUS T to Repress the Floral Transition of the Axillary Meristems in
Arabidopsis. Plant Cell. 2013;25:1228-42.

Osnato M, Castillejo C, Matfas-Hernandez L, Pelaz S. TEMPRANILLO genes link
photoperiod and gibberellin pathways to control flowering in Arabidopsis.
Nat Commun. 2012;3:808-15.

Porri A, Torti S, Romera-Branchat M, Coupland G. Spatially distinct regulatory
roles for gibberellins in the promotion of flowering of Arabidopsis under
long photoperiods. Development. 2012;139:2198-209.

Preston JC, Hileman LC. Functional Evolution in the Plant SQUAMOSA-
PROMOTER BINDING PROTEIN-LIKE (SPL) Gene Family. Frontiers in Plant Sci.
2013:4:1-13.

Ramirez F, Davenport TL, Fischer G. The number of leaves required for floral
induction and translocation of the florigenic promoter in mango (Mangifera
indica L) in a tropical climate. Sci Hortic. 2010;123:443-53.

R Core Development Team. R: A language and environment for statistical
computing. Vienna: R Foundation for Statistical Computing; 2014. Available
at: http//www.R-project.org/.

79.

80.

82.

83.

84.

85.

86.

87.

88.

89.

90.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

104.

Page 21 of 22

Reid KE, Olsson N, Schlosser J, Peng F, Lund ST. An optimized grapevine
RNA isolation procedure and statistical determination of reference genes for
real-time RT-PCR during berry development. BMC Plant Biol. 2006;6:27.
Robles P, Pelaz S. Flower and fruit development in Arabidopsis thaliana. Int
J Dev Biol. 2005/49:633-43.

Romera-Branchat M, Andrés F, Coupland G. Flowering responses to seasonal
cues: what's new? Curr Opin Plant Biol. 2014;21:120-7.

Samach A, Onouchi H, Gold SE, Ditta GS, Schwarz-Sommer Z, Yanofsky MF,
Coupland G. Distinct roles of CONSTANS target genes in reproductive
development of Arabidopsis. Science. 2000;288:1613-6.

Sawa M, Kay SA. GIGANTEA directly activates Flowering Locus T in
Arabidopsis thaliana. Proc Natl Acad Sci U S A. 2011;108:11698-703.
Schmidt T, McFerson J, Elfving D, Whiting M. Practical gibberellic acid
programs for mitigation of biennial bearing in apple. Acta Horticult. 2009;
884:663-70.

Scofield S, Murray JAH. KNOX gene function in plant stem cell niches. Plant
Mol Biol. 2006;60:929-46.

Sgamma T, Jackson A, Muleo R, Thomas B, Massiah A. TEMPRANILLO is a
regulator of juvenility in plants. Sci Rep. 2014:4:3704.http://www.nature.com/
articles/srep03704

Shalom L, Samuels S, Zur N, Shlizerman L, Doron-Faigenboim A, Blumwald
E, Sadka A. Fruit load induces changes in global gene expression and in
abscisic acid (ABA) and indole acetic acid (IAA) homeostasis in citrus buds.
J Exp Bot. 2014;65:3029-3044.

Shalom L, Samuels S, Zur N, Shlizerman L, Zemach H, Weissberg M, Ophir R,
Blumwald E, Sadka A. Alternate Bearing in Citrus: Changes in the Expression
of Flowering Control Genes and in Global Gene Expression in ON- versus
OFF-Crop Trees. PLoS One. 2012;7:¢46930.

Singh LB. Studies in biennial bearing: Ill. Growth studies in “ON" and "OFF"
year trees. J Hortic Sci. 1948,24: 123-48.

Smith HM, Samach A. Constraints to obtaining consistent annual yields in
perennial tree crops. I: Heavy fruit load dominates over vegetative growth.
Plant Sci. 2013,207:158-67.

Song YH, Ito S, Imaizumi T. Flowering time regulation: photoperiod- and
temperature-sensing in leaves. Trends Plant Sci. 2013;18:575-83.

Souer E, van Houwelingen A, Kloos D, Mol J, Koes R. The No Apical
Meristem gene of Petunia is required for pattern formation in embryos and
flowers and is expressed at meristem and primordia boundaries. Cell. 1996;
85:159-70.

Stern RA, Adato I, Goren M, Eisenstein D, Gazit S. Effects of autumnal water
stress on litchi flowering and yield in Israel. Sci Hortic. 1993;54:295-302.
Sung SK, Yu GH, An G. Characterization of MdMADS2, a Member of the
SQUAMOSA Subfamily of Genes, in Apple. Plant Physiol. 1999;120:969-78.
Sung SK, Yu GH, Nam J, Jeong DH, An G. Developmentally regulated
expression of two MADS-box genes, MdMADS3 and MdMADS4, in the
morphogenesis of flower buds and fruits in apple. Planta.
2000;210:519-28.

Sung ZR, Chen L, Moon YH, Lertpiriyapong K. Mechanisms of floral
repression in Arabidopsis. Curr Opin Plant Biol. 2003;6:29-35.

Suter L, Riiegg M, Zemp N, Hennig L, Widmer A. Gene regulatory variation
mediates flowering responses to vernalization along an altitudinal gradient
in Arabidopsis thaliana. Plant Physiol. 2014;166:1928-42.

Tanaka N, Wada M, Komori S, Bessho H, Suzuki A. Functional analysis of
MdPI, the PISTILLATA gene homologue of apple, in Arabidopsis. J Japanese
Soc Hortic Sci. 2007;76:125-32.

Tanaka N, Ureshino A, Shigeta N, Mimida N, Komori S, Takahashi S, Tanaka-
Moriya Y, Wada M. Overexpression of Arabidopsis FT gene in apple leads to
perpetual flowering. Plant Biotechnol. 2014;31:11-20.

Tan FC, Swain SM. Genetics of flower initiation and development in annual
and perennial plants. Physiol Plant. 2006;128:8-17.

Torti S, Fornara F, Vincent C, Andrés F, Nordstrom K, Gébel U, Knoll D,
Schoof H, Coupland G. Analysis of the Arabidopsis Shoot Meristem
Transcriptome during Floral Transition Identifies Distinct Regulatory Patterns
and a Leucine-Rich Repeat Protein That Promotes Flowering. Plant Cell.
2012,24:444-62.

Tromp J. Flower-bud formation in apple as affected by various gibberellins.
J Hortic Sci. 1982;57:277-82.

. Turnbull C. Long-distance regulation of flowering time. J Exp Bot. 2011;62:

4399-413.
Udvardi MK, Czechowski T, Scheible WR. Eleven golden rules of quantitative
RT-PCR. Plant Cell Online. 2008;20:1736-7.


http://www.r-project.org/
http://www.nature.com/articles/srep03704
http://www.nature.com/articles/srep03704

Guitton et al. BMC Plant Biology (2016) 16:55

105.

106.

107.

108.

109.

110.

111

2.

113.

114.

115.

116.

117.

118.

Van der Linden CG, Vosman B, Smulders MIJM. Cloning and characterization
of four apple MADS box genes isolated from vegetative tissue. J Exp Bot.
2002,53:1025-36.

Velasco R, Zharkikh A, Affourtit J, et al. The genome of the domesticated
apple (Malus x domestica Borkh.). Nat Genet. 2010;42:833-9.

Wada M, Cao Q, Kotoda N, Soejima J, Masuda T. Apple has two
orthologues of FLORICAULA/LEAFY involved in flowering. Plant Mol Biol.
2002;49:567-77.

Wahl V, Ponnu J, Schlereth A, et al. Regulation of Flowering by
Trehalose-6-Phosphate Signaling in Arabidopsis thaliana. Science. 2013;
339:704-7.

Wang JW, Czech B, Weigel D. miR156-Regulated SPL Transcription Factors
Define an Endogenous Flowering Pathway in Arabidopsis thaliana. Cell.
2009;138:738-49.

Wang JW, Park MY, Wang LJ, Koo Y, Chen XY, Weigel D, Poethig RS. miRNA
Control of Vegetative Phase Change in Trees. PLoS Genet. 2011;7:¢1002012.
Wilkie JD, Sedgley M, Olesen T. Regulation of floral initiation in horticultural
trees. J Exp Bot. 2008,59:3215-28.

Wu G, Park MY, Conway SR, Wang JW, Weigel D, Poethig RS. The Sequential
Action of miR156 and miR172 Regulates Developmental Timing in
Arabidopsis. Cell. 2009;138:750-9.

Wu G, Poethig RS. Temporal Regulation of Shoot Development in
Arabidopsis Thaliana By mir156 and Its Target SPL3. Development. 2006;133:
3539-47.

Winsche JN, Palmer JW, Greer DH. Effects of Crop Load on Fruiting and

Gas-exchange Characteristics of "Braeburn’/M.26 Apple Trees at Full Canopy.

J Am Soc Hortic Sci. 2000;125:93-9.
Yao JL, Dong YH, Kvarnheden A, Morris B. Seven MADS-box Genes in Apple

are Expressed in Different Parts of the Fruit. J Am Soc Hortic Sci. 1999;124:8-13.

Yao JL, Dong YH, Morris BAM. Parthenocarpic apple fruit production
conferred by transposon insertion mutations in a MADS-box transcription
factor. Proc Natl Acad Sci U S A. 2001;98:1306-11.

Yoo SJ, Chung KS, Jung SH, Yoo SY, Lee JS, Ahn JH. BROTHER OF FT AND TFL1
(BFT) has TFLI-like activity and functions redundantly with TFLT in inflorescence
meristem development in Arabidopsis. Plant J. 2010,63:241-53.

Zhu QH, Helliwell CA. Regulation of flowering time and floral patterning by
miR172. J Exp Bot. 2011,62:487-95.

Page 22 of 22

Submit your next manuscript to BioMed Central
and we will help you at every step:

* We accept pre-submission inquiries

e Our selector tool helps you to find the most relevant journal

* We provide round the clock customer support

e Convenient online submission

* Thorough peer review

e Inclusion in PubMed and all major indexing services

* Maximum visibility for your research

Submit your manuscript at

www.biomedcentral.com/submit () BioMed Central




	Abstract
	Background
	Results
	Conclusions

	Background
	Methods
	Plant material
	RNA extraction and quantification
	RNA profiling by qRT-PCR
	Microarray analysis
	Gene filtering and functional categorization
	Genomic position of genes and QTL

	Results
	Evaluation of trees’ return to bloom
	Screening for expression of flowering genes by qRT-PCR and in the microarray
	Overview of genes differentially expressed in the microarray
	GDE in metabolic processes suggest that apical buds of trees bearing a heavy crop are starved
	Apical buds of trees bearing a heavy crop are in unfavorable cellular redox status
	GDE involved in hormonal regulation
	Floral repressor transcripts are up-regulated in apical buds of trees bearing a heavy crop, whereas floral enhancer �transcripts are up-regulated in defruited trees
	Apical buds of defruited trees are under active biogenesis at day 151 and 222

	Distribution of differentially expressed genes on the genome and co-localization with QTL for biennial bearing

	Discussion
	The defruiting treatment significantly induced flowers in apical buds of ‘OFF’ trees
	Expression pattern of flowering genes as molecular markers of transition in apical buds
	Triggering FI in apical buds of adult apple trees: a number of candidate processes
	Starvation and unfavorable redox status in apical buds of trees bearing heavy crop
	The hormones could contribute to the decision to flower
	Putative flowering genes and floral repressors involved in FI in adult apple trees

	Conclusion
	Availability of data and materials
	Additional files
	Competing interests
	Authors’ contributions
	Acknowledgements
	Author details
	References



