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Abstract The production of temperate fruit crops depends on
plant developmental processes, primarily the shift from the
juvenile phase to the reproductive phase, dormancy transitions
and flowering. Apple tree (Malus x domestica Borkh.) devel-
opment is regulated by chilling temperatures, which are re-
quired for bud dormancy progression. The apple cultivar
Castel Gala is a spontaneous mutation of "Gala Standard".
"Castel Gala" is characterized by a 50 % decrease in the
chilling requirement (CR) for dormancy release, which results
in an earlier budbreak. This work explores the contrasting
phenotypes of these cultivars using suppression subtractive
hybridization (SSH). From 1,019 unigenes identified by SSH,
we selected 28 candidate genes putatively associated with
dormancy cycling. Reverse transcription-quantitative poly-
merase chain reaction was used to validate the differential
expression profiles and to transcriptionally characterize these
genes in three distinct apple cultivars ("Castel Gala", "Royal
Gala" and "Fuji Standard") during a cycle comprising growth
to dormancy. Of the 28 candidate genes analyzed, 17
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confirmed the differences in expression predicted by SSH.
Seasonal transcript accumulation during the winter was ob-
served for several genes, with higher steady-state mRNA
levels maintained longer in cultivars with a high CR. The
transcription profiles suggest that these genes may be associ-
ated with dormancy establishment and maintenance. Of the 17
candidate genes, transcripts coding for dormancy-associated
MADS-box (DAM), dehydrins, GASTI1, LTI65, NAC,
HTAS8, HTA12 and RAP2.12-like proteins displayed major
differences in gene expression between cultivars through the
winter. These genes were therefore considered good candi-
dates for key roles in the dormancy process in apple trees.

Keywords Apple - Bud dormancy - Gene expression -
Malus % domestica - RT-qPCR - Suppression subtractive
hybridization

Abbreviations

ABA Abscisic acid

AP2 APETALA2

ARCS Accumulation and replication of chloroplast 5
ARP6 Actin-related protein 6

CAMTA1 Calmodulin-binding transcription activator 1
CBF C-repeat binding factor

Cco CONSTANS

COR Cold-regulated

CR Chilling requirement

CRT C-repeat

DAM Dormancy-associated MADS-box

DHN Dehydrin

DRE Dehydration-responsive element

DREB Dehydration-responsive element binding protein
EST Expressed sequence tag

FT FLOWERING LOCUS T

GASTI1 GA stimulated transcript 1

GO Gene ontology

@ Springer


http://dx.doi.org/10.1007/s11105-013-0690-0

Plant Mol Biol Rep

GolS Galactinol synthase

GRAS GA insensitive, repressor of GA1, scarecrow

ICEl Inducer of CBF expression 1

LEA Late embryogenesis abundant

LOSI Low expression of osmotically
responsive genes 1

LTI Low-temperature inducible

LTI65 Low-temperature-induced 65

MDH Malate dehydrogenase

NAC No apical meristem

ATAF1/2  Cup-shaped cotyledon 2

RAP2.12  Related to APETALA2-12

RCI Rare cold inducible gene

RT-gPCR  Reverse transcription-quantitative
polymerase chain reaction
SCL Scarecrow-like

SD Short days

SSH Suppression subtractive hybridization

WD40 Transcription factor WD40-like
repeat domain

Introduction

Perennial woody plants from temperate climate regions, such
as apples (Malus xdomestica Borkh.), undergo a dormancy
process characterized by the cessation of visible growth
(Horvath et al. 2003; Rohde and Bhalerao 2007). Dormancy
is an adaptive mechanism for plant survival in temporarily
unsuitable environments, and a well-adjusted dormancy cycle
is a determinant for the plant to achieve its full genetic poten-
tial. Bud dormancy is conceptually divided into three different
types according to the growth inhibition mechanism:
endodormancy, when inhibitory signals reside inside the bud
itself; paradormancy, in which buds are prevented from grow-
ing due to signals produced in distal parts of the plant; and
ecodormancy, when harsh environmental conditions prevent
bud growth (Lang et al. 1987). In this work, the term dorman-
cy is used to refer to endodormancy.

Dormancy is triggered by adverse environmental conditions,
such as exposure to low temperatures and photoperiodic mod-
ifications (Horvath et al. 2003; Rohde and Bhalerao 2007).
Entrance into dormancy, especially when induced by short days
(SD), is quite well characterized. In Arabidopsis thaliana,
CONSTANS (CO) and FLOWERING LOCUS T (FT) are
proteins that are responsible for day length perception and
flowering, respectively. In aspen trees, the CO/FT module also
regulates dormancy establishment (BShlenius et al. 20006). In
poplars, dormancy entrance requires transcriptional and meta-
bolic reprogramming, directing cellular resources towards the
synthesis of osmoprotectors and cold acclimation-related pro-
teins, primarily orchestrated by abscisic acid (ABA) and
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ethylene (Ruttink et al. 2007). These hormones participate in
bud set and dormancy entrance because ethylene-insensitive
birches do not form terminal buds and have abnormal ABA
production (Ruonala et al. 2006). In peaches, a family of
dormancy-associated MADS-box genes (DAM) is required
for growth cessation and dormancy establishment (Bielenberg
et al. 2008). Molecular models for dormancy control based on
photoperiodic changes and temperature perception have been
proposed and reviewed (Horvath 2009; Campoy et al. 2011). In
these models, SD and short-term exposure to low temperatures
induce dormancy through phytochrome and C-repeat binding
factor (CBF) signaling by regulating the CO/FT module and
DAM gene expression, respectively (Bohlenius et al. 2006;
Horvath 2009).

Dormancy release and cold perception, the latter being
central in dormancy progression, are still poorly understood
processes at the molecular level in plants. Overcoming bud
dormancy requires exposure to extended periods of cold tem-
peratures. Fulfillment of this chilling requirement (CR) leaves
the bud in an ecodormant state, and the amount of the CR is
species- and/or cultivar-dependent, suggesting a strong genet-
ic control of this trait (Dennis 1987; Howe et al. 2000;
Labuschagné et al. 2002). Cold exposure can be replaced by
gibberellin application, and in fact, several genes of the gib-
berellin biosynthesis pathway are induced by cold (van der
Schoot and Rinne 2011). According to Horvath (2009), cold-
induced chromatin remodeling processes at different loci
might also participate in the regulation of genes during bud
dormancy establishment and release.

Because dormancy release depends on CR fulfillment, it is
often difficult to obtain high crop yields from temperate fruit
crops grown in mild-winter climates. Success in such produc-
tion systems requires the use of chemical or other means to
break bud dormancy to compensate for insufficient chilling.
Models of future global climate conditions predict the rising of
global mean temperatures and milder winters, which could
compromise temperate crop yields in future decades (Campoy
et al. 2011). The development of cultivars with low CRs is a
promising alternative to sustain crop production in a changing
environment. Therefore, understanding the mechanisms re-
sponsible for this phenotype may permit the development of
new strategies to reach this goal.

Apple bud dormancy regulation differs from better-studied
dormancy models, such as poplar and peach, because it is
triggered by low temperature exposure, regardless of photo-
periodic conditions (Heide and Prestrud 2005). Dormancy in
apple buds is well characterized physiologically (Faust et al.
1997). Recently, a major quantitative trait locus for flowering
time and vegetative bud break, an agronomical feature asso-
ciated with CR, has been found in a segment at the distal
region of chromosome 9 enriched with cell-cycle related
genes (van Dyk et al. 2010; Celton et al. 2011). In spite of
these advances, little transcriptional information is available
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for dormancy control in apple buds (Troggio et al. 2012). The
pioneering work published by Pichler et al. (2007) reported
variability in gene expression in summer and autumn samples
of apple spur buds as assessed by microarray analysis. That
study showed that the induction of dormancy was responsible
for up- and down-regulation of a large number of genes, but
in-depth classification, annotation and in silico characteriza-
tion of these genes was not reported.

New apple tree cultivars usually arise from spontaneous
bud sport mutations, which are clonally propagated and tested
for phenotype stability. This is the case for "Royal Gala",
which is a color mutation of "Gala Standard" largely cultivat-
ed around the world. Apart from fruit color differences, these
cultivars have identical traits, including patterns of bud dor-
mancy and CRs (Walsh and Volz 1990; EPAGRI 2006). The
Castel Gala cultivar, which also originated from a spontaneous
bud sport mutation of a "Gala Standard" apple tree, features a
low CR — 300 h— when compared to the original cultivar —
600 h (Denardi and Seccon 2005; Anzanello 2012). This new
cultivar exhibits a precocious growth cycle that starts 25 days
earlier than "Gala Standard", while producing fruits that are
anatomically and nutritionally equivalent (Denardi and
Seccon 2005).

The release of the apple genome (Velasco et al. 2010), the
available apple EST databases with over 300,000 sequences,
and new annotation tools provide good frameworks for better
exploration of high-throughput apple genomics data. This
combination of resources prompted us to explore the model
"Gala Standard" versus "Castel Gala" to obtain transcriptional
information on apple bud dormancy regulation. In this work,
the suppression subtractive hybridization (SSH) technique
was used to perform a differential gene expression study in
closed terminal buds of Gala Standard and Castel Gala culti-
vars, with the aim of identifying genes involved in dormancy
establishment, maintenance and release. Four SSH libraries
were constructed and the steady-state mRNA levels of 28
putatively differentially expressed genes were analyzed by
reverse transcription-quantitative polymerase chain reaction
(RT-qPCR) for validation. We quantified transcript accumula-
tion for 17 validated genes at diverse time points during years
2009 and 2010 for three different CR cultivars. We identified
for the first time several genes related to apple bud dormancy.
The results gathered from the expression analyses of these
genes are presented and discussed in the light of current
models of dormancy establishment and progression.

Materials and Methods
Plant Material

All samples consisted of fully closed terminal buds of apple
(Malus xdomestica Borkh.) at the phenological stage "A"

according to the Fleckinger scale (EPPO 1984). Closed ter-
minal buds were harvested from apple trees located in three
different experimental areas of Santa Catarina State, Brazil
(Fig. 1). The climate in the three locations has well-defined
seasons, evenly distributed rainfall throughout the year, and
cold winters. Harvested material was immediately frozen in
liquid nitrogen until storage at —80 °C.

Bud samples for the SSH procedure were taken in the
commercial orchard where the Castel Gala cultivar was first
identified (city of Monte Castelo, 26°37'39" S, 50°14'7.73" W
and 791 m altitude). The samples consisted of closed terminal
buds from six "Castel Gala" and two "Gala Standard" trees.
These six "Castel Gala" individuals are the starting genetic
material of this cultivar. The trees were grafted on
Marubakaido rootstock in 2001. Closed terminal buds (35—
50 each plant) from both cultivars were harvested on May 29
and August 13, 2007. Total RNAs isolated from these samples
were used to construct the SSH library (Fig. 1) and in the RT-
qPCR assays. Closed terminal buds from the same trees were
also sampled on May 29 and July 29, 2008 for RT-qPCR
analysis.

The transcripts that were identified and validated as
differentially expressed were analyzed in a new set of
closed terminal buds. The samples consisted of three
biological replicates, each containing 20 "Castel Gala" or
"Royal Gala" plants located at a commercial orchard in
the city of Papanduva (26°26'68" S, 50° 5'47" W and 788
m altitude). "Castel Gala" plants were grafted on M.9
rootstocks in 2006. "Royal Gala" trees were grafted on
Marubakaido rootstocks with M.9 as the interstock in
2003. Five closed terminal buds from each tree were
sampled at six different time points from May 2009 to
April 2010 (Fig. 1). Harvesting dates and corresponding
chilling hours (<7.2 °C) recorded during the 2009/2010
growing cycle are depicted in Table S1. RNAs extracted
from all bud samples were used in RT-qPCR studies.

The commercial orchards are subjected to standard
management practices for apple production in subtropical
climates, including the application of the dormancy break-
ing agent hydrogen cyanamide (which was conducted after
sampling). In an attempt to compensate for this issue, the
expression of validated genes was evaluated in a "Fuji
Standard" orchard (city of Cacador, 26°49'10" S, 50°59’
25" W and 935 m altitude) where hydrogen cyanamide is
not used. The samples consisted of three biological repli-
cates of four plants each. Trees were grafted on M.7
rootstocks in 2002. Forty dormant buds from each tree
were harvested at eight different time points from January
2009 to February 2010 (Fig. 1). Harvesting dates and
corresponding chilling hours (<7.2 °C) recorded during
the 2009/2010 growing cycle are depicted in Table SI.
RNAs extracted from all bud samples were also used in
RT-gPCR studies.
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Summer | Autumn | Winter | Spring I1
Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec |
2007 29 13
‘Gala Standard’ G1 G2 | 3/BB
i ) 4 0 d
‘Castel Gala’ K1 K2 i 19/
i BB
2008
‘Gala Standard’ 29 29 24/BB
‘Castel Gala’ 29 29 6/BB
2009
‘Royal Gala’ 26 30 30 24
‘Castel Gala’ 26 30 30 ‘ 24
‘Fuji Standard’ 21 26 27 1130 9 15/ 25
i BB
2010
‘Royal Gala’ 8 13
‘Castel Gala’ 8 13
‘Fuji Standard’ 9

Fig. 1 Sampling strategy for SSH library construction and RT-qPCR
analysis. Dates of sampling for each cultivar are depicted. Arrows be-
tween samples denote those used in reciprocally subtracted libraries. BB
budbreak date (50 % of buds in green tip stage; no sampling occurred);

RNA Extraction

Total RNA samples were extracted from 20 frozen buds of
each sample (approximately 200 mg) by LiCl precipitation
using the Zeng and Yang (2002) protocol modified by a
purification scale adapted to 2-ml tubes. Each extraction was
conducted in three microcentrifuge tubes; the volumes were
then pooled before the LiCl precipitation step. RNA integrity
and quantity were monitored by agarose gel electrophoresis
and UV quantitation, respectively.

Complementary DNA Library Construction and SSH

Messenger RNA from the 2007 samples was isolated from
150 pg total RNA using the Poly(A) Purist Kit (Ambion)
according to the manufacturer's protocol. Subtractions were
performed using the PCR-Select cDNA Subtraction Kit
(Clontech) according to the manufacturer's instructions, except
for the cDNA purification steps. To purify the cDNA, we used
the QIAquick PCR Purification Kit (Qiagen) according to the
manufacturer's instructions. SSH was performed using tester
and driver cDNAs as shown in Fig. 1. Subtracted cDNAs were
ligated into the pGEM-T Easy vector (Promega) and trans-
formed into TOP10F" Chemically Competent Escherichia coli
cells (Invitrogen). After growing on plates containing SOC
medium, white colonies were picked and incubated overnight
in 96-deep well plates containing Terrific Broth-ampicillin
(100 pg/ml). Glycerol (final concentration of 32.5 %) was
added to each inoculum and the inocula were placed in 96-
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G1 closed terminal buds of "Gala Standard" harvested in May 2007; G2
closed terminal buds of "Gala Standard" harvested in August 2007; K/
closed terminal buds of "Castel Gala" harvested in May 2007; K2 closed
terminal buds of "Castel Gala" harvested in August 2007

well U-bottom plates for storage at —80 °C until plasmid
purification and DNA sequencing.

DNA Sequencing and EST Analysis

Plasmid DNA was extracted by standard alkaline lysis proto-
col in deep-well plates and sequenced in the ACTGene
Laboratory (Centro de Biotecnologia, UFRGS, Porto
Alegre, RS, Brazil) using the automatic sequencer
ABI-PRISM 3100 Genetic Analyzer armed with 50 cm
capillaries and POP6 polymer (Applied Biosystems).
DNA templates (30—45 ng) were labeled with 3.2 pmol
of the primer 5'-GTAAAACGACGGCCAG-3" and 2 pl
of BigDye Terminator v3.1 Cycle Sequencing RR-100
(Applied Biosystems) in a final volume of 10 ul.
Labeling reactions were performed in a GeneAmp PCR
System 9700 (Applied Biosystems) thermocycler with
an initial denaturing step of 96 °C for 3 min, followed
by 25 cycles of 96 °C for 10 s, 55 °C for 5 s and
60 °C for 4 min. The labeled samples were purified by
isopropanol precipitation followed by 70 % ethanol
rinsing. The precipitated products were suspended in
10 pl formamide, denatured at 95 °C for 5 min, ice-
cooled for 5 min and electro-injected in the automatic
sequencer. The sequencing data were collected using the
software Data Collection v1.0.1 (Applied Biosystems)
programmed with the following parameters: Dye Set
"Z"; Mobility File "DT3100POP6{BDv3}vl.mob";
BioLIMS Project "3100 Projectl"; Run Module 1
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"StdSeq50 POP6_50cm_cfv_100"; and Analysis Module
1 "BC-3100SR_Seq FASTA.saz".

EST visualization and trimming, as well as contig
assembly, were performed using the CodonCode Aligner
(Licor Inc). Sequences shorter than 100 bp and/or with
low PHRED quality (<20) were excluded from the analy-
sis. Sequences were annotated by comparison with the
NCBI non-redundant protein public database with the
BlastX algorithm (Altschul et al. 1990) using an E value
cutoff of 10°°.

The enrichment of GO terms was determined by two-tailed
Fisher's exact tests using an autumn "Royal Gala" spur bud EST
library as reference (GenBank identifier LIBEST 015808;
Newcomb et al. 2006). Some tests employed the "GO slim"
function to identify more general terms. Blast searches, gene
ontology annotation from both ESTs and unigenes, and Fisher
tests were performed using the Blast2GO software (Conesa
et al. 2005).

RT-qPCR Analyses

The genomic DNA in total RNA samples was removed
using the TURBO DNA-free kit (Ambion) according to
the manufacturer's protocol. Complementary DNAs were
synthesized using the GeneAmp RNA PCR Core kit
(Applied Biosystems) according to manufacturer's instruc-
tions. Twenty-eight gene-specific primer pairs were de-
signed for each candidate gene (Table S2) using the
Primer3 v.0.4.0 software (Rozen and Skaletsky 2000) and
Oligo Analyzer (IDT; http://www.idtdna.com). Apple
genome accession codes, gene description, subtraction
group and the number of ESTs for each unigene are
shown in Table 1. RT-qPCR was performed in a
StepOnePlus Real-Time PCR System (Applied
Biosystems). SYBR Green (Invitrogen) was used to mon-
itor dsDNA synthesis and ROX (Invitrogen) was
employed as a passive fluorescence reference. Each bio-
logical sample (n=2 for 2007 and 2008 samples; n=3 for
2009/2010 samples) was analyzed in technical quadrupli-
cates. The cycling protocol consisted of one step at 95 °C
for 10 min, followed by 40 cycles at 95 °C for 15 s and
60 °C for 1 min, and finished by a dissociation curve
between 60 °C and 95 °C. The specificity of PCR ampli-
fications was assessed by the presence of a single peak in
the melting curves and by single amplification products of
the expected size in 1.5 % ethidium bromide gel electro-
phoresis. The mean relative gene expression was calculat-
ed by the Pfaffl (2001) method with the ARC5, MDH and
WD40 genes as references (Perini et al. manuscript in
preparation). Student's ¢-test and ANOVA followed by
Tukey's test were used to evaluate the statistical signifi-
cance of differences in mean expression levels between
samples when appropriate.

Results
SSH Library Construction

To explore the physiological contrast of dormancy progres-
sion between "Gala Standard" (G) and "Castel Gala" (K),
closed terminal buds of both cultivars harvested on May 29
(1) and August 13, 2007 (2) from commercial orchards were
used to construct four SSH libraries. The sampling strategy
was based on historical phenological germplasm records for
these cultivars. According to Denardi and Seccon (2005), both
cultivars enter dormancy in May, but budbreak in "Castel
Gala" usually occurs in the middle of August, while for
"Gala Standard" it occurs in late September or early October.
Hence, SSH libraries were designed to represent genes
enriched during early dormancy (named G1-K1 and KI1-
G1), dormancy maintenance (G2-K2) and dormancy release
(K2-G2). The tester and driver cDNAs were designated as
shown in Fig. 1.

The SSH technique yielded 4,241 clones of putatively
differentially expressed genes with transcript-derived frag-
ment sizes ranging from ~100 to 700 bp. From each library,
384 clones (1,536 in total) were sequenced, and the high-
quality sequences obtained (1,331) were assembled into 1,
019 unigenes. All ESTs and unigenes were functionally an-
notated by BlastX against the NCBI non-redundant database
and by Gene Ontology (GO) terms (Conesa et al. 2005).
Annotated ESTs were submitted to GenBank under accession
numbers JZ480898 to JZ482228. The best BlastX hits and
significant GO terms of assembled sequences and singlets are
presented in Table S3. The most frequent GO terms belonging
to the "biological process" domain are depicted in Fig. 2.
Several of these terms were represented in all four libraries,
such as "response to abiotic stimulus", "response to stress",
"transport", "carbohydrate metabolic process", "protein mod-
ification process" and "nucleobase, nucleotide and nucleic
acid metabolic process". We identified unique GO terms in
each library, such as "response to endogenous stimulus" and
"reproduction” for K1-G1, "signal transduction" for G1-K1,
"photosynthesis" for K2-G2, and "biosynthetic process" for
G2-K2 (Fig. 2).

To identify significantly enriched GO terms for each li-
brary, we performed Fisher's exact tests (Conesa et al. 2005)
on the full sets of functionally annotated ESTs using an
autumn "Royal Gala" spur bud EST library as reference
(Newcomb et al. 2006). The tests revealed the significantly
enriched GO terms for each library (Table 2). In the G1-K1
subtraction, only two GO terms were significantly over-
represented, namely, "small molecule metabolic process"
and "cellular amino acid and derivative metabolic process".
In the K1-G1 subtraction, no GO terms were over-
represented. In the samples from August 2007 (G2-K2 and
K2-G2), the results revealed a clear overall functional
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Table 1 Candidate genes selected from differentially expressed transcripts of apple cultivars "Gala Standard" versus "Castel Gala" identified by SSH

Name Subtraction group EST count Unigene best description (Blast2GO) Genome acession code
ABDI1 G1-K1 1 ap2 domain class transcription factor MDP0000308922
ABD2 G1-K1 1 Histone h2a MDP0000831145
ABD3 G1-K1 2 Low-temperature inducible MDP0000124634
ABD4 G1-K1/G2-K2 12 Low-temperature-induced 65-kda protein MDP0000937986
ABDS5 G1-K1/K2-G2 1/1 Histone h2a MDP0000309757
ABD6 G2-K2 2 Actin-related protein 6 MDP0000255932
ABD7 G2-K2 1 Alcohol dehydrogenase class I11 MDP0000156866
ABDS G2-K2 2 ap2 domain-containing transcription factor MDP0000137561
ABD9 G2-K2 4 Calmodulin-binding transcription activator 1 MDP0000255517
ABDI10 G2-K2 3 Constans-like protein MDP0000202669
ABDI11 (MdDHN2) G2-K2 26 Dehydrin-like protein MDP0000698024
ABDI12 (MdDHN4) G2-K2 11 Dehydrin-like protein MDP0000360414
ABDI13 (MdDHNG6) G2-K2 5 Dehydrin MDP0000265874
ABD14 G2-K2 1 Dormancy-associated MADS-box transcription factor MDP0000322567
ABDI15 G2-K2 4 Galactinol synthase MDP0000209143
ABDI16 G2-K2 7 Gibberellin-regulated protein MDP0000937996
ABD17 G2-K2 1 Gras family transcription factor MDP0000159531
ABDI18 G2-K2 3 Gras family transcription factor MDP0000264347
ABDI19 G2-K2 1 Inducer of cbf expression 1 MDP0000304669
ABD20 G2-K2 1 Lustrin a-like MDP0000240332
ABD21 G2-K2 1 Nac domain ipr003441 MDP0000169485
ABD22 G2-K2 1 Trehalose 6-phosphate synthase MDP0000258781
ABD23 K1-Gl1 1 Della protein MDP0000662303
ABD24 K1-G1 3 Elongation factor ef-2 MDP0000293608
ABD25 K1-G1 2 Rare cold inducible protein MDP0000361927
ABD26 K1-G1 2 Rare cold inducible protein MDP0000201755
ABD27 KI1-G1 1 Sterol c-14 reductase MDP0000285817
ABD28 K2-G2 1 Histone h2a MDP0000205983
ARCS Reference gene - Accumulation and replication of chloroplast 5 MDP0000138874
MDH Reference gene - Malate dehydrogenase MDP0000197620
WD40 Reference gene - transcription factor WD40-like repeat domain MDP0000168479

Subtraction group, number of ESTs corresponding to each unigene and best Blast2GO unigene description are shown. Genome accessions are provided
based on codes presented by the "Malus x domestica Genome" database (http://genomics.research.iasma.it/). ABD apple bud dormancy

distinction between the sets. G2-K2 subtraction was signifi-
cantly enriched in GO terms related to response to abiotic
stress and carbohydrate metabolism, while K2-G2 subtraction
was enriched with terms related to cell parts and photosynthe-
sis (Table 2).

Validation of Dormancy-Related Candidate Genes
by RT-gPCR

From the 1,019 unigenes identified by SSH, we selected 28
candidates based on bioinformatics analysis and putative par-
ticipation in dormancy regulation (Table 1; Taji et al. 2002; He
et al. 2003; Penna 2003; Horvath 2009; Kumar and Wigge
2010; Yant et al. 2010; Kurbidaeva and Novokreshchenova
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2011; van der Schoot and Rinne 2011; Bailey-Serres et al.
2012). Because the SSH procedure may yield false positives
(Kuhn 2001), we reassessed candidate gene expression by RT-
gPCR in the original RNA samples (harvested in 2007) and a
second group of RNAs extracted from closed terminal buds
harvested in 2008 from the same "Gala Standard" and "Castel
Gala" apple trees at approximately the same dates (see
Materials and Methods). SSH results were considered validat-
ed when the differential gene expression profiles between
cultivars were confirmed in both RNA groups by RT-qPCR
with statistical significance (p<0.05; Fig. 3; Fig. S1).
Differential expression was validated by RT-qPCR for 17 of
the 28 candidate genes selected from SSH. These 17 genes code
for alcohol dehydrogenase (ADH; ABD7), GA-stimulated
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Fig. 2 Gene Ontology (GO)
terms belonging to the biological
process domain attributed to
unigene groups identified in SSH
libraries. Dormant buds of "Gala
Standard" (G) or "Castel Gala"
(K) harvested in May (/) or
August 2007 (2) were used to
construct four SSH libraries
representing genes in early
dormancy (G1-K1 and K1-G1),
dormancy maintenance (G2-K2)
and dormancy release (K2-G2).
Only GO term classifications
populated by at least ten unigenes
are shown. The number of

unigenes annotated within each
term is shown

m biological regulation

M carbohydrate metabolic process

M cellular component organization

M nucleobase, nuclectide and
nucleic acid metabolic process
post-embryonic development

m reproduction

M responseto endogenous stimulus

M biosynthetic process
 catabolic process
B multicellular organismal development
B photosynthesis
M protein modification process
M responseto abiotic stimulus
Hresponseto stress
translation

m signal transduction

m transport

transcript 1 (GAST1; ABDI16), galactinol synthase (GolS;
ABD15), three dehydrins (DHNs; ABD11, ABD12 and
ABDI13), histone H2A 12 (HTA12; ABD28), histone H2A
variant H2A.Z 8 (HTA8; ABDS), low-temperature inducible
65 (LTI65; ABD4) and the transcription factors APETALA2
(AP2; ABDS), calmodulin-binding transcription activator 1
(CAMTA1; ABD9), DAM (ABDI14), GA insensitive/
repressor of GAl/scarecrow (GRAS; ABD17), inducer of
CBF expression 1 (ICEl; ABD19), no apical meristem/
ATAF2/cup-shaped cotyledon 2 (NAC; ABD21), related to
AP2.12 (RAP2.12; ABDI) and scarecrow-like (SCL;
ABDIS; Fig. 3). Interestingly, two of these genes were found
and validated in distinct subtractions. The expression of ABD4

was higher in G1-K1 and G2-K2, and the gene encoding ABD5
was expressed at higher levels in the G1-K1 and K2-G2 librar-
ies (Fig. 3).

Eleven SSH-selected candidate genes were not validated
by RT-qPCR, including those putatively encoding actin-
related protein 6 (ARP6; ABD6), CO-like (ABD10),
DELLA (ABD23), ESKIMO1 (ABD20), FACKEL
(ABD27), histone H2A variant H2A.Z 11 (HTA11; ABD2),
low expression of osmotically responsive genes 1 (LOSI;
ABD24), LTI (ABD3), two rare cold-inducible genes (RCI1
and RCI2; ABD25 and ABD26) and trehalose-6-phosphate
synthase (T6PS; ABD22; Fig. S1). Out of the ten candidate
genes chosen from the May 2007 samples (G1-K1 and K1-
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Table 2 Significantly enriched (p <0.05) GO classifications after projec-
tion to more generic GO terms related to plants (GO plant slim, Conesa
et al. 2005)

Library GO term description p value EST number
G1-K1  Small molecule metabolic 1231074 22
process
Cellular amino acid and 1.23x10™* 22
derivative metabolic process
K1-G1  Not significant - -
G2-K2  Carbohydrate metabolic process ~ 3.33x107° 37
Response to stress 6.79x107° 68
Response to abiotic stimulus 271x107% 55
Response to stimulus 1.88x107° 81
K2-G2  Cell part 573x107° 192
Cellular component organization  1.14x107> 43
Membrane 2.07x107 88

257x107° 162
2.73x107° 136

Cellular process
Intracellular organelle

Organelle 2.73x107° 136
Photosynthesis 2.87x107 15
Intracellular part 3.02x107 163
Lipid metabolic process 449107 15

G1), seven were not validated by RT-qPCR (70 %). However,
only four of the 20 genes tested in the August 2007 samples
(G2-K2 and K2-G2) were not confirmed (20 %).

Characterization of Dormancy-Related Genes by RT-qPCR
in Different Apple Cultivars

All 17 validated genes had their transcript accumulation pro-
files further analyzed by RT-qPCR in samples of closed ter-
minal buds from three different apple tree cultivars collected
in 2009/2010. RNA samples were extracted from closed ter-
minal buds harvested in 2009 and 2010 from "Royal Gala"
and "Castel Gala" trees in a nearby commercial orchard. The
450 chilling hours accumulated by "Royal Gala" and "Castel
Gala" samples in July 2009 (Table S1) is sufficient to break
the dormancy of "Castel Gala" buds but not "Royal Gala"
buds, as determined under controlled conditions (Anzanello
2012). Accordingly, "Castel Gala" buds were visibly more
advanced towards dormancy completion in July 2009, as
shown by the presence of a higher number of brindles with
silver tips (which were not sampled).

Because the experimental area sampled in 2009 belonged
to a commercial orchard, dormancy release was artificially
forced with the application of hydrogen cyanamide after our
sampling. This is the reason for the lack of sampling points
between July and November 2009. To compensate for this
gap between sampling points, closed terminal buds of "Fuji
Standard" trees from a third experimental area were
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transcriptionally profiled. "Fuji Standard" is a high CR cul-
tivar (Botelho et al. 2006) and the transcriptional profiles of
the selected genes in these samples were explored to help
confirm the patterns associated with CR fulfillment and for
genotype-dependent comparisons (see the following sec-
tion). No hydrogen cyanamide was sprayed in the "Fuji
Standard" orchard.

The quantitative expression analysis of the 17 genes previ-
ously validated by RT-qPCR on samples harvested in 2009/
2010 revealed that ten genes exhibited the same pattern of
transcript accumulation revealed by SSH in "Royal Gala" and
"Castel Gala" samples — ABDI, ABD4, ABDS5, ABDII,
ABDI12, ABDI13, ABD14, ABD16, ABD21 and ABD28
(Fig. 4). ABD11 and ABD16 — showed the most contrast in
levels of steady-state mRNA between "Royal Gala" and
"Castel Gala" in samples harvested in July 2009 (winter), with
much higher levels in "Royal Gala" than in "Castel Gala", but
dropping to similar levels at the beginning of summer
(November/December 2009; Fig. 4). In accordance with this
observation, the ESTs for these two genes were among the
most redundantly sequenced in the G2-K2 subtraction pool
(26 and seven times, respectively; Table 1). Although not as
prominent, ABD12, ABDI13, ABD14 and ABD2] also exhib-
ited higher transcript accumulations in "Royal Gala" than in
"Castel Gala" in July 2009, with lower and similar levels in the
spring and summer samples. Contrarily, ABDI, ABD5 and
ABD28 exhibited higher transcript levels in "Castel Gala"
than in "Royal Gala" samples harvested in July 2009. In the
spring, however, inverted levels were observed between the
cultivars (November 2009; Fig. 4). In contrast to all the others,
ABD4 exhibited differences in transcript levels only in sam-
ples harvested at the end of autumn 2009 (May), being higher
in "Royal Gala" than in "Castel Gala". Similar levels of
transcripts for this gene were observed for both cultivars from
June 2009 to April 2010, although it is worth mentioning the
remarkable induction of expression (~80-fold) in the winter
compared to the summer (Fig. 4).

The transcript profiles of the other seven validated genes,
namely ABD7, ABD8, ABDY, ABD15, ABD17, ABDI18 and
ABD19, were different from those observed in the SSH and
RT-qPCR results. For these genes, the expected profile is for
"Royal Gala" to display more transcript accumulation during
the winter (July 2009) because all these genes were identi-
fied in the G2-K2 subtraction. However, ABD7, ABDS,
ABD9, ABD17 and ABDI19 displayed a peak of transcript
accumulation in "Castel Gala" rather than "Royal Gala" in
the July 2009 samples (Fig. S2). In addition, these genes, as
well as 4BD18, did not display a clear seasonal pattern of
transcript accumulation, as did most of the validated genes
in the same subtraction. ABDI5 had similar levels of tran-
script accumulation for both cultivars over the 2009/2010
sampling points, with a noteworthy peak of expression (~70-
fold) during the winter (Fig. S2).
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Fig. 3 RT-qPCR relative expression levels of 17 candidate genes iden-
tified by SSH, validating this screening technique. Subtractive cDNA
libraries were constructed as described in the legend for Fig. 2. The
subtraction groups in which each transcript was identified are displayed
in Table 1. RT-qPCRs were performed with the 2007 original samples
(used for SSH library construction) and also with two additional 2008

Interestingly, only samples harvested in May 2009
(autumn), July 2009 and February 2010 (summer) showed
statistically significant differential expression between the
cultivars for all 17 genes (Fig. 4; Fig. S2). However, samples
harvested in June 2009 (winter), November 2009 (spring) and
April 2010 (autumn) did not show significant differences in
transcript accumulation.

The same 17 genes were assayed by RT-gPCR in closed
terminal bud samples harvested from "Fuji Standard" apple
trees. ABD4, ABD5, ABDI11, ABDI3, ABD14, ABDI6,
ABD?21 and ABD28 had almost overlapping seasonal patterns
of transcript accumulation in the 2009/2010 "Royal Gala" and
"Fuji Standard" samples (Figs. 4 and 5). Transcript accumu-
lation for these genes decreased close to the end of dormancy
(September 15th), except for the histones (ABDS5 and ABD2S,;
Fig. 5), in agreement with "Castel Gala" (Fig. 4). However,

ABDS5

ABD7

ABD19 ABD21
1.8 2.0
— - 1.5 —
" i 1.0 o e
] I

0.6 . . 05 _
0.0 0.0

2007 2008 2007 2008

samples from both cultivars. Black, "Castel Gala" first sampling (K1);
dark grey, "Royal Gala" first sampling (G1); light grey, "Castel Gala"
second sampling (K2); white, "Royal Gala" second sampling (G2).
Relative transcript levels in the G1 sampling were set to 1. Standard error
bars are shown. Asterisks indicate statistical significance between culti-
vars at the same sampling point (unpaired ¢ test: **p <0.01, *p <0.05)

ABDS8, ABD9, ABD17 and ABD19 were expressed in a very
similar fashion between "Fuji Standard" and "Castel Gala"
(Figs. S2 and S3). ABD4 and ABDI15 exhibited the same
seasonal patterns in the three cultivars, with a noticeable peak
of transcript accumulation during the winter (Figs. S2 and S3).

Genotype-Dependent Expression of Validated Genes

To better assess genotype-related differences in the expression
of validated genes, the RT-qPCR data derived from the three
apple cultivars sampled on July 30, 2009 were relativized to
"Castel Gala" mRNA levels (Fig. 6). These samples were
harvested nearly at the same time (9 to 10:00 am) and expe-
rienced similar amounts of chilling hours (Table S1). ABD14
was more highly expressed in the high CR cultivars, while
ABD28 was more highly expressed in "Castel Gala". ABD4,
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Fig. 4 RT-qPCR relative expression levels of ten genes over 2009/2010.
RT-gPCRs were performed using RNAs extracted from closed terminal
bud samples harvested from "Royal Gala" and "Castel Gala" apple trees.
Solid lines, "Royal Gala"; dashed lines, "Castel Gala". Relative transcript
levels in the February 2010 sample of "Royal Gala" were set to 1.

ABDS8, ABDI11, ABD12, ABDI15, ABD16, ABDI18, ABD19
and ABD21 showed higher expression only in the "Fuji
Standard" samples. No significant difference was observed
in ABD7 gene expression. Unexpectedly, ABDI and ABD17
exhibited similar transcript levels in bud samples from "Castel
Gala" and "Fuji Standard" and lower levels in "Royal Gala".
Finally, ABD9 expression differed statistically only between
the "Fuji Standard" and "Royal Gala" samples, while ABDS
and ABD13 differed only between the "Castel Gala" and
"Royal Gala" samples.

Discussion

Apple Bud Dormancy and the "Gala Standard" versus
the "Castel Gala" Model

Naturally occurring genetic variation provides a good starting
point for characterizing biological phenomena, and differential
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Standard error bars are shown. Asterisks indicate statistical significance
between cultivars to the same sampling point (unpaired ¢ test: **p <0.01,
*p<0.05). ABDI12 and ABD21 had ¢ test p values of 0.066 and 0.076,
respectively, in July 2009

expression screening may point to molecular mechanisms as-
sociated with such variance. In addition to the research oppor-
tunity, crop genetic variation is the basis for the establishment of
new varieties (Arora et al. 2003; Fernie et al. 2006). In the
Castel Gala apple cultivar, a low CR cultivar derived from a
"Gala Standard" background, budburst is nearly a month earlier
compared to "Gala Standard" (or "Royal Gala") under natural
field conditions (Denardi and Seccon 2005; Anzanello 2012).
With the availability of this unique germplasm resource for
comparing the CR for bud dormancy release in apple trees,
our strategy was to identify genes putatively involved in bud
dormancy control. To identify the effects of the "Castel Gala"
mutation over its original genetic counterpart at the transcrip-
tional level, two reciprocal subtractions between cultivars were
made when both cultivars had fully established bud sets (May
29, 2007 samples). These samples provided an opportunity to
study differences in dormancy regulation between quite similar
genetic backgrounds, while avoiding transcriptional informa-
tion with no direct relationship with the mutation. Reciprocal
subtractions derived from samples harvested on August 13
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Fig. 5 RT-qPCR relative expression levels of ten genes over 2009/2010.
RT-qPCRs were performed using RNA samples extracted from closed
terminal bud samples harvested from "Fuji Standard" apple trees. Dotted

2007 were undertaken to identify differential expression at a
time point when closed terminal buds were mostly different
between cultivars. These differences were inferred by the prox-
imity of the budbreak date of "Castel Gala" and historical
phenological data (Fig. 1; Denardi and Seccon 2005;
Anzanello 2012).

Functional Enrichment of Genes Identified by SSH

Despite the distinct dormancy stages displayed by the buds
used in the construction of the four SSH libraries, the sequenc-
ing and characterization of derived ESTs revealed common
functional roles. Interestingly, closed terminal buds from K2-
G2, which had begun the dormancy release process, exhibited
a pool of unigenes characterized by the same GO terms as
those derived from the fully dormant subtraction G2-K2
(Fig. 2). Except for a few exclusive GO terms attributed to
some groups of unigenes from each cultivar, overall they
shared the same GO terms. Other studies of bud dormancy
using the SSH technique have described subtractions with
transcripts belonging to overlapping functions, even between

lines, "Fuji Standard". Relative transcript levels in the February 2010
sample of "Fuji Standard" were set to 1. Standard error bars are shown

reciprocal libraries (Leida et al. 2010; Krishnaraj et al. 2011).
This functional equivalence indicates that basal metabolic
pathways are equally active throughout the dormancy cycle,
although the genes involved may not be necessarily the same.

Fisher's exact test (Conesa et al. 2005) was used to identify
GO terms over-represented in our EST sets in comparison to
an external dormant bud EST library (Newcomb et al. 2006).
The four subtractions showed functional profiles consistent
with the expected physiological stage of the buds (Table 2).
The G1-K1 subtraction was enriched in metabolism-related
GO terms. This result is analogous to that found in poplar,
where massive metabolic changes take place during dormancy
entrance, at the same time that bud tissues cold-acclimate
(Ruttink et al. 2007). The EST pool resulting from the G2-
K2 subtraction also presented GO term enrichment towards
metabolism. In addition, GO terms related to stress response
and abiotic stimuli were over-represented in G2-K2. This
result is in close agreement with Leida et al. (2010), who
found enrichment of stress-related genes in a very similar
subtraction-derived library in peach. The K2-G2 subtraction
showed a significant enrichment of GO terms related to
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growth and photosynthesis. Likewise, Pacey-Miller et al.
(2003) reported higher transcription levels of genes related
to cell structure, plant growth, photosynthesis and metabolism
during dormancy release in grapevine. Furthermore, "Castel
Gala" buds flushed 6 days after the August 2007 sampling
date; hence, the transcriptional program at this harvesting
point could reflect preparation for growth resumption
(Table 2).

Validation of Apple Dormancy-Related Candidate Genes
by RT-qPCR

To validate the differential expression of selected candidate
genes by RT-qPCR, we used closed terminal buds harvested in
2007 and 2008 from the same trees sampled for the SSH.
From 28 specifically selected genes, 17 (60.7 %) displayed the
expression patterns previously identified. This number of
validated genes is high compared to other dormancy studies.
In a recent approach using SSH to address a list of dormancy-
related genes in peach, Leida et al. (2010) found that only a
low percentage (approximately 15 to 48 %) of the clones were
validated. Similar results were also reported for bud dormancy
in Japanese apricot (Yamane et al. 2008). The number of genes
confirmed as differentially expressed was significantly higher
in G2-K2 and K2-G2 subtractions than in G1-K1 and K1-G1
subtractions. This result is in agreement with the higher con-
trast of functional classes (GO terms) detected previously by
Fisher's test in G2-K2 and K2-G2 subtractions (Table 2),
whose samples were in contrasting dormancy stages, as
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reflected by the distinct budbreak dates of both cultivars
(Fig. 1).

Transcriptional Characterization of Apple Bud
Dormancy-Related Candidate Genes

With the aim of better characterizing the expression of vali-
dated genes, we profiled RNAs derived from closed terminal
buds harvested throughout the 2009/2010 cycle from three
contrasting CR apple tree cultivars. The comparison of tran-
script accumulation in "Royal Gala" and "Castel Gala" bud
samples growing under the same field conditions was a good
opportunity to further study the differential expression found
through the SSH technique. "Castel Gala" and "Royal Gala"
scions were grafted onto M.9 and Marubakaido rootstocks,
respectively, with the latter bearing an M.9 interstock. The
flowering periods of "Gala" trees do not differ between these
two rootstock systems (Petri et al. 2012). Additionally, July
2009 (winter) RT-qPCR data allowed the comparison of sam-
ples at a time point when the phenological differences be-
tween cultivars were evident because "Castel Gala" trees were
in a more advanced stage of dormancy, close to budburst. The
complementary "Fuji Standard" sampling was useful to con-
firm seasonal gene expression profiles, to evaluate the associ-
ation of expression patterns with a low (Castel Gala) or high
(Royal Gala) CR cultivar and to assess transcription profiles in
a non-"Gala" genetic background ("Fuji Standard").

The transcript accumulation analysis of the 17 candidate
genes would allow the identification of genes that could be
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assigned to roles in dormancy regulation. Possible roles for
genes putatively associated with dormancy can be investigat-
ed by studying their seasonal expression and then linking the
data to bud physiology (Mathiason et al. 2009; Yamane et al.
2011). It would be expected for a dormancy-related gene to be
regulated during late autumn and winter, and this was ob-
served for most of the validated genes presented here.
Although the genes profiled here represent a wide range of
cellular functions, such as cold-responsiveness, gibberellin
signaling, hypoxia signaling and chromatin remodeling, we
identified several transcripts sharing the same patterns of
transcript accumulation. These results suggest that many path-
ways regulate dormancy progression in apple, as reported
previously for dormancy induction in poplar (Ruttink et al.
2007).

Interestingly, the statistically significant differences in gene
expression between "Royal Gala" and "Castel Gala" for the 17
genes were concentrated at some sampling points, namely
May and July 2009, and February 2010. Because it is known
that "Castel Gala" buds flush more than 1 month earlier than
"Gala Standard" or "Royal Gala" buds (Denardi and Seccon
2005; Anzanello 2012), it could be suggested that the entire
"Castel Gala" cycle is anticipated and that the differential gene
expression observed is the result of the developmental time
shift between cultivars. However, at least for the genes tested,
the steady-state mRNA levels that differed in the three sam-
pling points do not provide enough support for a consistent
differential expression derived only from a developmental
time shift. This suggests that the molecular mechanisms re-
sponsible for "Gala Standard" or "Royal Gala" and "Castel
Gala" phenological differences act episodically (Fig. 4;
Fig. S2).

In the model plant 4. thaliana, a set of cold-regulated
genes is responsive to the CBF/DREBI transcription factors
(Thomashow 2010). The concerted action of these proteins
regulates the expression of cold-related (COR) genes, which
confer cold-tolerance (Kurbidaeva and Novokreshchenova
2011). In our work, several genes that putatively participate
in the CBF/DREBI pathway were identified and validated,
such as CAMTAI (ABD9), DHNs (ABDI11, ABDI2 and
ABD13), GolS (ABD15) and ICEI (ABD19).

A. thaliana DHNs are a type of COR genes, with well-
characterized roles in dehydration-related stresses, protecting
membranes and proteins (Kosova et al. 2007). In temperate
woody species, dormant buds reduce their free water content
and DHN proteins are known to accumulate during the winter
(Faust et al. 1997; Erez et al. 1998). In our SSH studies, we
identified three DHN genes, which were recently identified,
cloned and characterized in apple (Liang et al. 2012). ABD11
was highly expressed in dormant buds and was also described
as midwinter-expressed (Garcia-Banuelos et al. 2009).
Another transcript identified in our study, ABD13, was iden-
tified in an EST collection as a cold-responsive gene

(Wisniewski et al. 2008). The remaining gene, ABDI2, is
presented in our work for the first time as related to bud
dormancy, being seasonally controlled and highly influenced
by the genotype background (Figs. 4, 5 and 6). The higher
transcript accumulation observed for these genes over the
winter in all three cultivars (Figs. 4 and 5) suggests that they
may be playing important roles during dormancy, as described
for DHNs of other perennial tree species such as birch
(Welling et al. 2004), Japanese apricot (Yamane et al. 2006),
and Norway spruce (Yakolev et al. 2008). In addition, ABD11
displayed a dormancy-dependent transcriptional pattern
among the three cultivars analyzed during 2009/2010. Both
of the high CR cultivars, "Fuji Standard" and "Royal Gala",
which stayed dormant until September, had high transcription
levels at least until July 2009. Conversely, "Castel Gala", the
low CR cultivar, presented an anticipated sharp decline of
transcript levels in July 2009 (winter) immediately prior to
growth resumption. Garcia-Bafiuelos et al. (2009) have previ-
ously suggested the use of this gene as a molecular marker to
follow dormancy progression in apple trees. Our data provide
additional evidence for the association between ABDI] ex-
pression and dormancy progression, reinforcing its potential
usefulness for breeding or biotechnological purposes.

In A4. thaliana, in addition to genes encoding DHNs, CBF/
DREBI transcription factors are known to induce the expres-
sion of a galactinol synthase gene (AtGolS3 ; Maruyama et al.
2009). This enzyme participates in the production of
galactinol, a building block for the synthesis of raffinic sugars,
which accumulate in response to cold, freezing and water
deficit (Klotke et al. 2004). In our study, for the first time in
apple dormant buds, transcripts for a GolS were found highly
enriched in midwinter samples, primarily in "Fuji Standard"
buds (Fig. 6 and Figs. S2 and S3). The transcriptional profiles
obtained for this gene from all three cultivars suggest midwin-
ter expression (Figs. S2 and S3), as reported in stems of hybrid
poplar (Unda et al. 2012), dormant buds of sessile oak (Derory
et al. 2006) and chestnut (Santamaria et al. 2011). Our find-
ings, combined with published data, suggest an important
adaptive participation of raffinic sugars in bud dormancy
progression. Because apple dormant buds contain reduced
free water content (Faust et al. 1997), the accumulation of
compatible raffinic sugars could be a mechanism to preserve
cellular integrity under freezing and water deficit conditions
during dormancy.

In addition to genes putatively regulated by CBF/DREBI ,
in the G2-K2 subtraction we identified two transcripts (ABD9
and ABD19) that potentially encode proteins upstream in the
signal transduction cascade. In A. thaliana, these genes en-
code frans-acting proteins that transduce cold signals
(Kurbidaeva and Novokreshchenova 2011). To our knowl-
edge, this is the first time that CAMTAI has been identified
in a dormancy-related study, although the differential expres-
sion of genes similar to /CE! during dormancy have been
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reported for at least two other plants (Horvath et al. 2008;
Leida et al. 2010). More recently, a putative /CE/ ortholog
from apple was characterized (Feng et al. 2012), but the EST
cloned in our study was not derived from the same predicted
gene model. Higher expression levels of ABD9 and ABD19
were expected for "Royal Gala" in relation to "Castel Gala" in
July 2009, as observed for "Gala Standard" during the winter
(Fig. 3). However, this profile was not confirmed (Fig. 6;
Fig.S2). In fact, no clear relationship of transcript accumula-
tion for these genes between the high CR cultivars was ob-
served in the 2009/2010 samples (Fig. 6; Figs. S2 and S3).
Because the transcription of AtCAMTA genes has been report-
ed to be responsive to various elicitors and abiotic stresses
(Yang and Poovalah 2002), the RT-qPCR data derived from
the 2009 samples for this gene may result from some source of
regulation not related to those affecting previous samplings.
Furthermore, other levels of regulation may account for mod-
ulation of gene product activity. For example, post-
translational modifications of ICE1 are triggered by cold
exposure (Miura et al. 2007; Feng et al. 2012). The data
suggest the participation of the CBF/DREBI regulon during
the maintenance of the apple bud dormant state (Horvath
2009; Wisniewski et al. 2011).

Gibberellin signaling is important for dormancy progres-
sion. Ectopic application of active gibberellins was shown to
substitute for chilling exposure (Hartmann et al. 2011; van der
Schoot and Rinne 2011). Recently, a study provided a mech-
anistic view of dormancy release as the reestablishment of
symplastic connections by gibberellin-induced degradation of
plasmodesmal callose (Rinne et al. 2011). In our work, at least
three genes potentially related to gibberellin signaling, GAST/
(ABD16), GRAS (ABD17) and SCL (ABD18), were enriched
in dormant buds. ABD16 showed a striking contrast in ex-
pression level between "Royal Gala" and "Castel Gala" buds
in May and July 2009 (Fig. 4), as well as between summer and
winter samples of both high CR cultivars (Figs. 4, 5 and 6). A
putative GAST! homolog has been described as enriched in
dormant buds of leafy spurge (Dogramaci et al. 2010).
Although the exact function of GAST1 is unknown, its re-
ported responsiveness to gibberellins suggests its involvement
in the signaling of this hormone class during bud dormancy
(Shi et al. 1992; Raventos et al. 2000).

The GRAS protein family and its SCL members are tran-
scription factors involved in global functions such as growth,
development, gibberellin signaling and light signal transduc-
tion (Lee et al. 2008). In our study, transcripts potentially
coding for GRAS and SCL-like proteins were identified and
validated in 2007 and 2008 as enriched in the G2-K2 library
(Fig. 3). The same pattern of transcript accumulation was not
observed in the 2009 samples (Fig. S2). However, RT-qPCR
analysis allowed us to detect significantly higher expression
levels of both genes in "Gala Standard" and "Royal Gala" in
late autumn (May) samples throughout the three years of
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sampling (Fig. 3 and Fig. S2). ABD17 is very similar to the
PHYTOCHROME A SIGNAL TRANSDUCTION gene from
A. thaliana, which is involved in far-red light signaling (Bolle
etal. 2000). A gene with the same annotation was identified in
peach trees by SSH when comparing dormant buds with
dormancy-released buds from a high CR cultivar, as well as
comparing dormancy-released buds from high CR to low CR
cultivars (Leida et al. 2010).

DAM genes were first described by the characterization of
the ever-growing mutant of peach (Prunus persica (L.)
Batsch), which does not enter into dormancy even under
arrest-inducing conditions (Bielenberg et al. 2008). This cul-
tivar has a 41,746 bp deletion at the EVG locus of chromo-
some 1, affecting a cluster of six SSIMADS11-clade MADS-
box genes and impairing the expression of four of them. Of
these six genes, PpDAMS5 and PpDAM6 were shown to have
expression patterns in buds consistent with a growth-
repressing role, increasing during autumn and declining
through the winter (Li et al. 2009; Yamane et al. 2011).
Similar genes were found in pear (Ubi et al. 2010), leafy
spurge (Horvath et al. 2010), Japanese apricot (Sasaki et al.
2011) and kiwifruit (Wu et al. 2012), but to date, no DAM
gene orthologs have been characterized in apple.

"Gala Standard" buds revealed the accumulation of tran-
scripts derived from a DAM-like (ABD14) gene with high
levels of expression during the winter (Fig. 3). This gene
displayed a dormancy-related expression pattern in all three
cultivars analyzed throughout the 2009/2010 cycle, with its
transcript accumulation strongly decreasing in the summer in
a very similar fashion to peach PpDAMS5 and PpDAMG6 genes
(Figs. 4, 5 and 6; Li et al. 2009; Yamane et al. 2011).
Moreover, ABDI4 transcript accumulation decreased earlier
in the low CR cultivar Castel Gala than in the high CR
cultivars Royal Gala and Fuji Standard. This result is similar
to that reported by Sasaki et al. (2011) for the Prunus mume
DAM orthologs PmDAM3, PmDAM4, PmDAMS and
PmDAMG6 and by Yamane et al. (2011) for peach PpDAMS
and PpDAMG6. In an independent approach, our group identi-
fied six putative DAM genes by in silico analyses exploring
the Malus x domestica predicted gene models (Velasco et al.
2010). Four of them showed seasonal- and cold-regulated
transcriptional profiles, including the one found in the present
study (Porto et al. manuscript in preparation). Finally, because
peach and apple are evolutionarily close (Illa et al. 2011), it is
tempting to speculate that the DAM-like gene described here
participates in dormancy establishment in apples analogously
to PpDAM genes.

In addition to the putative DAM gene, at least two other
transcripts potentially coding for transcription factors were
found enriched in the G2-K2 subtraction, namely a NAC
(ABD21) and an AP2 (ABD8) domain-containing protein.
Transcripts coding for similar transcription factors were found
in dormant buds of peach by SSH (Leida et al. 2010). ABD21
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showed a profile similar to ABD/4 in the 2009/2010 samples,
with a decay in transcript accumulation prior to budbreak in
the "Castel Gala" and "Fuji Standard" samples (Figs. 4 and 5),
suggesting an association with the dormancy process. AP2
was described in Arabidopsis thaliana as a major negative
regulator of flowering (Yant et al. 2010) and its identification
in the G2-K2 subtraction data suggests participation in dor-
mancy maintenance. Hence, a transcriptional profile for
ABDS similar to the ones observed in 2009/2010 samples
for ABD14 and ABD21 genes could be predicted. This profile
was only found in "Fuji Standard" samples (Fig. S3). "Castel
Gala" and "Royal Gala" samples did not support this hypoth-
esis (Fig. S2) because this clear seasonal pattern could not be
observed.

Hypoxic conditions induce alternative methods of respira-
tion (Bailey-Serres et al. 2012). Dormancy breaking of grape
buds by hydrogen cyanamide or heat shock application in-
duces the expression of a range of hypoxia-related genes such
as those coding for ADH and pyruvate decarboxylase for a
short period of 4 days (Or et al. 2000; Ophir et al. 2009). In
peach, an ADH gene was associated with dormancy release by
SSH (Leida et al. 2010). We identified a transcript putatively
coding for ADH (ABD7) with an opposite pattern of mRNA
accumulation to these findings in the 2007 and 2008 samples
(Fig. 3). In 2009, ABD7 steady-state mRNA levels did not
show clear seasonal variation in the three cultivars (Figs. S2
and S3). Our sampling strategy may not have represented the
short interval in which the peak of ABD7 expression related to
budbreak occurs (Or et al. 2000; Pacey-Miller et al. 2003).

Recently, a key transcription factor in hypoxia signaling,
RAP2.12, was described in 4. thaliana . 1t directly senses low
oxygen concentrations and induces the expression of hypoxia-
related genes (Licausi et al. 2011). A unigene (ABDI) very
similar (62.2 %) to RAP2.12 was identified in the G1-KlI
subtraction and is recurrently more highly expressed in
"Gala Standard" and "Royal Gala" than in "Castel Gala"
during the autumn (Figs. 3 and 4). The higher transcript
accumulation of ABDI in "Castel Gala" buds during the
winter (Fig. 4) suggests enhanced hypoxia-related gene ex-
pression near budbreak, similar to observations in grapes (Or
et al. 2000; Ophir et al. 2009).

Histones are central players in cell division and DNA
metabolism. Some histone variants may have roles in tran-
scriptional control, such as H2A.Z, which regulates gene
expression according to ambient temperature (Kumar and
Wigge 2010). The SSH K2-G2 subtraction allowed us to
identify many ESTs and unigenes matching histones. We
further investigated transcripts matching an A4. thaliana ca-
nonical H2A (AtHTAI2; ABD28) and an H2A.Z variant
(AtHTAS; ABDS5). ABD5 and ABD28 were more highly
expressed in "Castel Gala" and "Fuji Standard" buds close to
budburst, in agreement with their function in cell division and
growth (Figs. 4 and 5). In A. thaliana, the H2A.Z variant

AtHTAS was slightly more expressed during the S phase of the
cell cycle (March-Diaz and Reyes 2009), and canonical H2A
AtHTA12 is also cell cycle regulated (Yi et al. 2006). Although
these genes belong to distinct histone groups in A. thaliana, a
similar expression pattern was observed in our data, with a
higher scale of induction for ABD28. Dormancy release also
involves the induction of histone transcripts in raspberry
(Mazzitelli et al. 2007) and in grape (Mathiason et al. 2009).

Finally, we validated and analyzed the transcript accumulation
for the putative apple L7165 gene (ABD4), which still does not
have a clearly described function. Transcription of the A. thaliana
AtLTI6S gene (also known as AtRD29B) was highly induced in
response to abiotic stress (Msanne et al. 2011). However, con-
trary to the expectation, knockout mutants were more stress-
tolerant than the wild-type. These data suggested that the protein
encoded by A1LT165 does not directly protect cells (Msanne et al.
2011). In our study, the variation in transcript abundance ob-
served for this gene throughout 2009/2010 is remarkable (Figs. 4
and 5), mainly during winter in the "Fuji Standard" genetic
background (Fig. 5). The seasonal transcription profiles for
ABD4 in the three cultivars analyzed nearly overlapped, suggest-
ing an environmental control of expression. Close homologs for
AtLTI65 were not reported for relevant crop species (Msanne
etal. 2011).

The identification of differential gene expression related to
CR may be a useful tool for accelerating the breeding of new
cultivars. In this sense, at least two other studies have mea-
sured mRNA levels to separate high- from low-CR cultivars
(Yooyongwech et al. 2009; Leida et al. 2012). As reported by
Yooyongwech et al. (2009), the expression of two aquaporins
could be used to indicate the state of dormancy release in
peach buds. Leida et al. (2012) analyzed five genes and found
correlations between gene expression and the CR measure-
ments performed by Utah and Dynamic models. We analyzed
gene expression of the 17 validated genes in three distinct CR
cultivars to assess genotype-related differences of this trait.
Interestingly, two genes displayed significant differences be-
tween high- and low-CR cultivars, namely 4BDI4 and
ABD28 (Fig. 6). While the first transcript was more expressed
in both high CR cultivars, the second transcript was more
expressed in the low CR cultivar. More studies are needed to
confirm these relationships, but these results strongly suggest
that in the future an efficient method to analyze distinct CR
cultivars by gene expression could be implemented.

In conclusion, the transcriptional profiles obtained for sev-
eral genes during the 2009/2010 cycle allow us to suggest that
down-regulation of genes associated with dormancy mainte-
nance, as well as up-regulation of genes associated with
dormancy release, are anticipated in "Castel Gala". Most of
these genes displayed a markedly seasonal expression profile
in a close relationship with the winter period. Seventeen genes
belonging to a broad range of functions were identified as
differentially expressed in apple buds from the different CR

@ Springer



Plant Mol Biol Rep

cultivars. The unigenes annotated as CAMTAI, HTAS,
RAP2.12 and LTI65 were identified in this study as related
to dormancy for the first time, while the other transcripts had
similar counterparts in previously described gene expression
studies of dormancy progression in other species (Derory et al.
2006; Horvath et al. 2008; Yamane et al. 2008; Leida et al.
2010). Of these 17 candidates, the DAM, DHNs, GASTI,
HTAS, HTAI2, LTI65, NAC and RAP2.12 genes presented
the most consistent differential expression profiles over culti-
vars and seasons, which confirm their potential role as partic-
ipants in dormancy regulation. To the best of our knowledge,
this work is the first to describe genes that are differentially
expressed in the main stages of bud dormancy progression in
apple. Our findings provide additional support reinforcing the
existence of putative common pathways (e.g., DAM family
and gibberellin signaling) involved in dormancy progression,
as observed in other temperate species (Horvath 2009; van der
Schoot and Rinne 2011). In addition to confirming the rele-
vance of the SSH-selected genes during dormancy progres-
sion, the next step will be the functional characterization of the
DAM gene family and encoded proteins and their involve-
ment in dormancy control in apple buds.
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