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e Background and Aims Recent papers indicated that epigenetic control is involved in transitions in bud dor-
mancy, purportedly controlling gene expression. The present study aimed to identify genes that are differentially
expressed in dormant and non-dormant Castanea sativa buds.

e Methods Two suppression subtractive hybridization cDNA libraries were constructed to characterize the tran-
scriptomes of dormant apical buds of C. sativa, and buds in which dormancy was released.

e Key Results A total of 512 expressed sequence tags (ESTs) were generated in a forward and reverse subtractive
hybridization experiment. Classification of these ESTs into functional groups demonstrated that dormant buds
were predominantly characterized by genes associated with stress response, while non-dormant buds were charac-
terized by genes associated with energy, protein synthesis and cellular components for development and growth.
ESTs for a few genes involved in different forms of epigenetic modification were found in both libraries,
suggesting a role for epigenetic control in bud dormancy different from that in growth. Genes encoding
histone mono-ubiquitinase HUB2 and histone acetyltransferase GCN5L were associated with dormancy, while
a gene encoding histone H3 kinase AUR3 was associated with growth. Real-time RT-PCR with a selection of
genes involved in epigenetic modification and stress tolerance confirmed the expression of the majority of inves-
tigated genes in various stages of bud development, revealing a cyclical expression pattern concurring with the
growth seasons for most genes. However, senescing leaves also showed an increased expression of several of the
genes associated with dormancy, implying pleiotropy. Furthermore, a comparison between these subtraction
c¢DNA libraries and the poplar bud dormancy transcriptome and arabidopsis transcriptomes for seed dormancy
and non-dormancy indicated a common basis for dormancy in all three systems.

e Conclusions Bud dormancy and non-dormancy in C. sativa were characterized by distinct sets of genes and are
likely to be under different epigenetic control.

Key words: Bud dormancy, Castanea sativa, epigenetic modification, gene expression, leaf development,
seed dormancy, senescence, subtraction library.
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Perennial plants, such as Castanea sativa trees, can be distin-
guished by their ability to suspend and resume growth recur-
rently in response to environmental or seasonal conditions.
The recurrent transitions of meristems into and out of dor-
mancy are of primary significance to plant productivity and
survival. In tree research, dormancy was referred to as
‘absence of visible growth in any plant structure containing
a meristem’ (Lang et al., 1987). Dormancy was more recently
re-defined as ‘the inability to initiate growth from meristems
and other organs and cells with the capacity to resume
growth under favourable conditions’ (Rohde and Bhalerao,
2007). Dormancy is crucial because it affects plant pro-
ductivity, adaptability and distribution (Chuine and
Beaubien, 2001). Perennial trees growing in temperate
regions of the world are well adapted to the seasonal cycle,

having a dormancy period in response to winter conditions
when temperatures are low and the photoperiod is short.
Chestnut trees are found in temperate forests of Asia Minor
and Mediterranean countries and their bud burst is driven
mainly by temperature (Chuine, 2000; Kramer et al., 2000).
Bud burst of many trees is often dependent on exposure to a
particular duration of cool temperatures (chilling) to release
dormancy, followed by an optimal temperature to permit
growth in the spring (Martin, 1991). Trees use environmental
cues to time growth-dormancy transitions in order to balance
maximal growth and timely protection of their meristems
against frost damage. Changes in the length of the growing
season are expected with global warming. Between 1981 and
1991, the length of the growing season has increased by 5 d
per °C temperature rise on average, or by 12 d at high latitudes
(Zhang et al., 2004). Ecological and economical consequences
have been monitored and reported (Kramer, 1995; Visser and
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Holleman, 2001; Howe et al., 2003) but processes related to
the transition of dormancy are still poorly understood at the
molecular level. This lack of knowledge might be due to inac-
cessibility of the tissues in which dormancy is imposed, time
of sampling, or poor amenability to molecular methods.
However, furthering insight in the molecular processes that
underlie dormancy will improve understanding of this
growth cessation as well as any predetermination of growth
ability for the next season. Dormancy intensity can vary
with time and conditions, e.g. dormancy release and impo-
sition is not simultaneous in all the individual tree buds, appar-
ently controlled by epigenetic mechanisms (Santamaria et al.,
2009). Molecular changes take place in the morphologically
identical dormant structures when the physiology changes
(Arora et al., 2003; Cadman et al., 2006). Excellent reports
cover physiological, hormonal and the few molecular aspects
of dormancy in woody plants (Arora et al., 2003; Tanino,
2004; Bohlenius et al., 2006; Horvath et al., 2008; Ruttink
et al., 2007; Rinne et al., 2011). However, reports on molecu-
lar and genetic components of signalling networks that regu-
late dormancy are still limited. The arabidopsis ABSCISIC
ACID-INSENSITIVE3 (ABI3) protein plays a crucial role
during late seed development and has an additional function
in the vegetative meristem, particularly during growth-
arresting conditions. Its homologue in poplar, a species well
adapted to cold winters, is expressed in buds during natural
bud set (Rohde et al., 2002). Similarly a microarray exper-
iment on poplar bud set shows the major change in the
expression 3—4 weeks after the onset of short days (Ruttink
et al., 2007). An important group of genes involved in the
acquisition of dormancy are the DAM (DORMANCY
ASSOCIATED MADS-BOX) genes which are differentially
regulated co-ordinately with endodormancy in buds of
several perennial plant species (Horvath er al, 2010;
Jiménez et al., 2010; Li et al., 2010). Derory et al. (2006)
have recently published some differentially expressed genes
during six bud flushing stages in sessile oak (Quercus
petraea). Winter reportedly disrupts the circadian clock in
chestnut (Ramos et al., 2005) and leafy spurge (Horvath
et al., 2008). mRNA levels of CsTOCI and CsLHY are
cycled daily in chestnut seedlings and adult plants but
during dormancy these genes are constitutively expressed.
This alteration also affects CsPRRS5, CsPRR7 and CsPRR9Y,
components of the circadian oscillator feedback network
(Ibafiez et al., 2008). In poplar it has been reported that redu-
cing the expression of P#TOCI, PttLHYI and PttHLY2 by
RNAI leads to a shortened internal period of clock-controlled
genes expression rhythms which results in a shorter day-length
requirement to induce growth arrest (Ibafiez et al., 2010).
The association of epigenetic control with bud burst by chro-
matin remodelling has been reported (Horvath er al., 2003).
Opposite patterns for acetylated H4 histone and genomic
DNA methylation in dormant and non-dormant chestnut tree
buds have been observed, providing evidence for different
forms of epigenetic control during transition between different
phases of dormancy that are likely to control related gene
expression (Santamaria et al., 2009). However, differences in
gene expression related to bud dormancy changes in line
with changes in the seasons have not yet been reported in
C. sativa.
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The objective of the present study was to identify genes
involved in C. sativa bud dormancy and non-dormancy using
a transcriptome approach. Two suppression subtractive hybrid-
ization libraries were constructed, enriched for transcripts
associated with dormancy or the absence of dormancy upon
release. Suppression subtractive hybridization libraries, or sub-
traction libraries, form a reflection of the transcriptome of the
studied condition. Functional classification was performed and
the functional groups from the C. sativa libraries were com-
pared with previously published datasets for dormant and non-
dormant poplar buds and arabidopsis seeds. Real-time
RT-PCR was used to verify expression of a selection of
genes using several bud dormancy stages and other tissues.

MATERIALS AND METHODS
Plant material

Apical buds for the suppression subtractive hybridization were
sampled in 2006 from 20 3-year-old Castanea sativa Mill.
trees growing in Grado Asturias (experimental station ‘La
Mata’). These trees had been produced from seed and grown
under ambient conditions in 15-cm-diameter pots with soil
containing peat/perlite. Bud collection was performed during
bud burst in spring on 7 April (B01-03), 15 April (B0O8) and
23 April (B09-10) and during bud set in the autumn on 25
October (B93), 1 November (B99) and 10 November (B0O0)
at three different time points in the day (1000 h, 1500 h and
2000 h) and pooled to avoid any effect of the circadian
clock. To confirm gene expression during different bud dor-
mancy stages and in several more tissues the same trees
were sampled in 2008 following the same sampling strategy.
Three biological replicate samples were collected for six
apical bud development stages, four leaf development stages,
as well as roots and stems (Fig. 1 and Table 1).

Suppression subtractive hybridization

Total RNA was isolated from dormant (D) and non-dormant
(ND) buds using the hot borate protocol with optimized PVP
concentrations: 4-3mg mL~' for ND buds and 14-3 mg
mL ™! for D buds (Santamaria et al., 2010). The RNA was
used to generate two subtraction libraries, one enriched with
dormancy-associated gene transcripts (D library) and the
other enriched with gene transcripts associated with the
absence of dormancy (ND library), using the Clontech
PCR-Select™ cDNA Subtraction Kit (Clontech,
Saint-Germain-en-Laye, France). For this purpose, total RNA
from the samples was used both as ‘tester’ and ‘driver’ in
two reciprocal experiments, to create both a forward and
reverse library. The subtracted and amplified cDNAs were
inserted into pGEM-T Easy and transformed to JM109 high-
efficiency competent cells (Promega, Southampton, UK).

DNA sequencing and sequence analysis

Sequencing was performed on an ABI 3700 automated
sequencer (Perkin-Elmer, Foster City, CA, USA) at the DNA
Synthesis and Sequencing Facility, Macrogen (Seoul, Korea).
EST homologies were analysed with BLASTN and
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Fi1G. 1. Development stages of buds, leaves and control tissues of C. sativa, used for gene expression studies. The codes refer to the phenology stages according
to the extended general BBCH scale (Hack et al., 1992) adapted for chestnut trees (Table 1).

TABLE 1. Chestnut tree phenology stages according to the extended BBCH general scale

Code Tissue Development stage Sampling date
B93 Buds Leaves turn colour 19 September 2008
L93 Leaves Leaves turn colour 19 September 2008
L95a Green leaves 50 % of leaves have dropped 23 September 2008
L95b Brown leaves 50 % of leaves have dropped 23 September 2008
B99 Buds Winter or vegetative rest 25 November 2008
B0O Buds Winter dormancy 26 January 2009
B01-03 Buds Swelling of buds 13 March 2009
B08 Buds Opening of buds 27 March 2009
B09-10 Buds Growth of new green leaves 27 March 2009
L11-12 Leaves Start of leaf development 14 April 2009

S Stem 50 % of final stem length was reached 14 April 2009

R Root 50 % of final stem length was reached 14 April 2009

BLASTX, querying the National Center for Biotechnology
(NCBI) database and the populus database (Sterky et al.,
2004). Each EST was evaluated by scoring the chance of
random alignment with a database entry [E(xpect)Value], the
highest percentage identity for a set of aligned segments to
the same subject sequence [Max(imum)Identity].

Most ESTs showed high sequence similarities to plant genes
(E-value < 0-05); for only three ESTs similarity was insuffi-
cient. Unique sequences were deposited in the NCBI dbEST
database (GenBank accession nos. HO847068-HO847579;
Supplementary Data Tables S1-S3, available online).
Functional classification and categorization of genes were
carried out using the Munich Information Centre for Protein
Sequences (MIPS) database (http:/mips.helmholtz-muenchen
.de/proj/funcatDB/search_main_frame.html; Schoof et al,
2002). Functional groups were considered to be over-
represented if a 1-5-fold or greater difference in EST abun-
dance between the two subtraction libraries was observed
that had a binomial probability (P) of 0-10 or smaller.

Real-time RT-PCR

Total RNA was extracted from buds, leaves, roots and stems
using the hot borate protocol. Total RNA was purified using the
RNeasy Plant Mini Kit (Qiagen, Crawley, UK) and each of the
biological replicates was reverse transcribed using the
Transcriptor First Strand cDNA Synthesis Kit (Roche

Diagnostics, Burgess Hill, UK). Primers for real-time PCR were
generated using the DNASTAR software package PrimerSelect
(Lasergene) and ordered from Invitrogen. The PCR conditions
were 40 cycles with 10 s at 95 °C, 10 s at the specified annealing
temperature (Table 2) and 30 s at 72 °C. PCR reactions were per-
formed in 20 pL LightCycler®Capillaries using LightCycler®™
FastStart DNA Master SYBR® Green 1. The reactions were
carried out in a LightCycler 2-0 PCR thermal cycler and results
were analysed using the LightCycler Software 4-05 (Roche
Diagnostics). The MgCl, concentration was optimized separately
for each primer pair (Table 2). For negative controls, 1 wL of
water was used instead of cDNA, as well as an RNA sample
without reverse transcription (no-RT). Primer efficiency was
tested using a standard curve for each gene. Subsequent to ampi-
fication, a melting curve analysis was performed to verify gene-
specific amplification.

The absence of genomic DNA was confirmed by the no-RT
control. Analysis of dissociation curves was performed to
check gene-specific amplification. Agarose gel electrophoresis
of the PCR products was used to verify amplicon size.
Reactions were performed in duplicate for each biological
replicate. Relative expression values for each target gene
were expressed as fold-change using the AACt method
(Livak and Schmittgen, 2001). Actin was tested and found to
be not differentially expressed; therefore, relative expression
values were normalized for actin and relative to the expression
at stage BOO (Table 1).
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TABLE 2. Gene-specific primer sequences, annealing temperatures and MgCl, concentrations used for real-time RT-PCR

Product length Annealing temp. MgCl,

Gene EST # (bp) Forward primer sequence Reverse primer sequence (°C) (mm)
GCNSL K-D4-A01 300 ACTGGCATCTGGGCGTGTG ATGAAGCGGGCAATCGTGAC 60-0 3
HUB2 K-D7-D01 433 AGCCCCATGACGCACTGT GCCTCGGTAAGCTCCAAAAC 550 3
GOLS K-D8-G07 244 AGATGATTTACCTAGACGGAGACA AAAGAAGCCAGCATTGAAGTAT 534 5
RADSAM  L1-2-40 596 CCGGTTCAATCTGGGAGTG TTAGTGCAAGGCGAACATTTAG 60-0 3
SAMS K-G4-C06 240 AGGGCCATTGCTCAGGTCTCT CCAGGTGAAGTCAGGGTCGTC 60-0 15
AUR3 K-G2-H03 174 AACGCATTTTCTTGATTCTCG ATATACGTGGCAGCTTTGTTCTCG 60-0 3
HSPTF K-G5-A04 167 CGAGTTGCCCGAGTTTCTTTC GGCTTTTGCACCATTGGACTATTA 550 3
HSPTF90 K-G4-D02 136 ACTTTGGTGAGGTCCTTGGTAGAG AGGGAAATTGGGTAGCTGATAAAC 550 3
ACTIN 188 TCCATCATGAAGTGCGATGT AACCTCCGATCCAGACACTG 54-8 4.5

Data analysis

Changes in gene expression among tissues and stages were
analysed by analysis of variance (ANOVA) in Genstat 11 using
the AACt values. Duncan’s multiple range test was used to
compare samples post-hoc.

RESULTS
Library construction and sequence analysis

Two subtraction libraries enriched for C. sativa bud transcripts
associated with non-dormancy and dormancy were con-
structed, referred to here as the ND library and the D library,
respectively. The lengths of the partial cDNAs varied from
89 to 1151 bp with an average length of 530 bp. In total,
806 sequences were generated. After sequencing, this initial
set of 806 sequences was reduced to 512 unique consensus
EST sequences (unigenes) comprising 150 contigs and 362
singletons. Only one of the ESTs was observed in both
libraries, which is indicative of the high quality; this EST
was removed from the genelist and analysis. The number of
ESTs forming each contig varied between two and 22. The
ND library contained 187 singletons and 67 contigs, while
the D library contained 175 singletons and 83 contigs. The
percentage redundancy was 26 % for the ND library and
32 % for the D library. After BLAST analysis and annotation
a functional classification was performed according to a modi-
fied MIPS scheme.

MIPS classification

Of all ESTs, 86 % were annotated while for only three ESTs
insufficient homology was retrieved for accurate identification.
A further 13 % of the sequences showed similarity to proteins
whose classification is not yet clear or unclassified. A modified
MIPS classification was used to characterize the similarities
and differences between the two subtraction libraries, based
on functional groups of sequences (Fig. 2). Among the biologi-
cal processes a high proportion of functionally assigned uni-
genes fell into the following classes Metabolism (67
sequences); Cellular Transport, Transport Facilities and
Transport Routes (49 sequences); and Protein Fate (39
sequences); together accounting for 30 % of the assignable
unigenes (Supplementary Data Table S1, available online).
No over-representation was found for these classes in either

library relative to the other library. Other assigned classes
without over-representation in either of the two subtraction
libraries relative to the other library and with substantial
EST numbers were Transcription; Subcellular Localization;
and Development.

In the ND library there was a greater representation relative
to the D-library of ESTs in the classes: Energy; Protein with
Binding Function or Cofactor Requirement; Protein
Synthesis; Biogenesis of Cellular Components; Cell Cycle
and DNA Processing. The functional group Cell Cycle and
DNA Processing contained five cyclin-associated genes, of
which four were present in the ND library. The functional
group Biogenesis of Cellular Components contained five
ESTs homologous to tubulins that were all found in the ND
library, and eight ESTs homologous to histones of which
seven ESTs were present in the ND library and only one
EST in the D library. The functional group Protein with
Binding Factor or Cofactor Requirement contained eight
ESTs homologous to laccases; seven ESTs for these lignin bio-
synthesis enzymes were present in the ND library and only one
EST in the D library. In total, 77 ESTs fell in the five func-
tional groups with over-representation in the ND library,
while only 24 ESTs belonging to these functional groups
were found in the D library. In addition, three ESTs with hom-
ology to aquaporins were found in the ND library and only one
in the D library, included in the functional group Cellular
Transport. Together, these results indicated higher transcrip-
tion during bud burst of genes involved in growth, division
and differentiation of cells.

In contrast, ESTs with greater representation in the D library
fell into the classes: Cell Rescue, Defence and Virulence;
Interaction with the Environment; Systemic Interaction with
the Environment. Furthermore, 27 ESTs with homology to
dehydrins, late embryogenesis abundant (LEA) proteins, Em
proteins and heat shock proteins (HSPs) were found in the D
library while only three ESTs in this group were found in the
ND library. A small number of three ESTs with homology to
chitinases were found, all of them in the D library. In total, 66
ESTs belonged to these five functional groups over-represented
in the D library, and only 22 ESTs belonging to these functional
groups were found in the ND library. Many of the ESTs in
dormant buds were associated with stress, with greater represen-
tation in the D library (63 ESTs) across the MIPS classes Cell
Rescue, Defence and Virulence (15 ESTs); Interaction with
the Environment (14 ESTs); Systemic Interaction with the
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Fi1G. 2. Frequency distribution for the different classes of the modified MIPS classification with greater representation of the ND library (top) and the D library
(middle), and for classes without over-representation (bottom); as well as frequencies for sequences without classification or homology. Numbers in brackets refer
to the MIPS class identifier.

Environment (seven ESTs); and dehydrins, LEA proteins and
Em proteins (27 ESTs), depending on the kind of stress per-
ceived. Conversely, only 22 stress response-associated ESTs
(eight, eight, three and three ESTs, respectively) were found in
the ND library for these classes. Dormant buds contained a
lower water content (P < 0-001), which might explain the
higher number of stress-associated ESTs in the D library
(Supplementary Data Fig. S1). ESTs with homology to different
genes involved in epigenetic modifications were found in the D
library (three) and the ND library (four). This suggested that epi-
genetic modifications control expression of genes involved in
dormancy and growth.

Confirmation of gene expression

The EST BLAST analysis and functional classification
allowed the identification of putative gene function. The pres-
ence of an EST in one of the two subtraction libraries is pur-
portedly the result of higher expression of that gene under one
of the conditions used for the suppression subtractive hybrid-
ization. To confirm differential expression in dormant and non-
dormant buds a number of ESTs were selected that have a
function consistent with epigenetic modifications or drought

tolerance, two important events for bud development. The
selected ESTs were orthologues of the following arabidopsis
genes: a histone mono-ubiquitination 2 (HUB2; D library), a
GCNS5-like gene (GCNSL; D library), a histone H3 kinase
(AUR3; ND library), S-adenosyl-L-methionine synthetase
(SAMS; ND library) and a radical SAM protein (RADSAM;
ND library). HUB2 catalyses the histone H2 mono-
ubiquitination which plays a key role in seed dormancy poss-
ibly by regulating ABA levels, ABA sensitivity and other
mechanisms (Liu et al., 2007; Chinnusamy et al., 2008). The
CsHUB?2 sequence was very similar to AtHUB?2 and the puta-
tive amino acid sequence of both AtHUB2 and CsHUB2 con-
tained a Structural Maintenance of Chromosomes (SMC)
domain (TIGR02169; Supplementary Data Fig. S2). GCN5L
function has not yet been described in plants, but its structure
resembles that of GCNS5, which plays a role in the regulation of
histone acetylation and regulation of gene expression in
response to light (Benhamed ef al, 2006). In humans a
GCNSL gene was held responsible for acetylation of H3K14
(Meyer et al., 2008). The putative CsGCNSL sequence con-
tained a GCNS5-like protein 1 domain (Supplementary Data
Fig. S2). AUR3 is a histone serine kinase specific for H3S10
with transcripts and proteins most abundant in tissues
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containing dividing cells (Demidov et al., 2005). The putative
CsAUR3 sequence is highly similar to the arabidopsis AUR3
sequence (Supplementary Data Fig. S2) as well as two other
AUR genes of arabidopsis (data not shown) and contains a
conserved protein kinase domain PKc. Radical SAM proteins
catalyse diverse reactions, including unusual methylations,
through generation of a radical species by reductive cleavage
of S-adenosylmethionine (Sofia et al., 2001). Substrates for
the radical SAM proteins are not nucleophilic, as opposed to
conventional DNA methyltransferases: they are either electro-
philic or sites normally considered to be unreactive. The puta-
tive amino acid sequence of CSRADSAM contained a radical
SAM protein domain as well as a 2-methylthioadenine synthe-
tase domain (Supplementary Data Fig. S2). SAMS is involved
in DNA methylation and its gene expression is modified by
ethylene induction (Yang and Hoffman, 1984). Most of the
putative amino acid sequence contained a methionine adeno-
syltransferase domain (Supplementary Data Fig. S2). In
addition to these genes involved in epigenetic control, the
orthologues of galactinol synthase (GOLS; D library) and
two heat shock protein transcription factors (HSPTF and
HSPTF90; both ND library), purportedly playing an upstream
role in tolerance to drought and heat stress (Yamada and
Nishimura, 2008; Riechmann et al., 2000), were used for con-
firmation of expression. GOLS is highly expressed in seeds and
in desiccation-tolerant parts of resurrection plants (Taji et al.,
2002). Conserved domain analysis confirmed cDNA sequence
analysis (Supplementary Data Fig. S2).

Six stages of bud development were used for confirmation
and to further investigate expression of the selected ESTs
from the two subtraction libraries, from early bud formation
at the end of the growing season to bud burst at the start of
the next growing season (Table 1). For CsHUB2, CsGCN5L
and CsGOLS that were found in the D library higher
expression was detected during the dormancy stages B99 and
BOO than in the non-dormant stages BO8 and B09-10 (P <
0-009). This formed part of a transient increase in gene
expression observed in the buds between the end of the
growing season (B93) and the start of the next growing
season (B09-10; Fig. 3), coinciding with bud set and bud
burst. Three of the ESTs that were found in the ND library
(representing CsRADSAM, CsHSPTF90 and CsAURS3)
showed lower expression in one of the dormant stages B99
or BOO than in one of the non-dormant stages BO8 or
B09-10 (Fig. 3; P <0-014). The expression pattern of
CsRADSAM displayed a negative reciprocal pattern of
expression to that of CsHUB2, CsGCN5SL and CsGOLS, dis-
playing a transient decrease. CsHSPTF90 showed a similar
transient decrease, with a peak when buds start to open
(BO8) and a second decrease at the start of the growing
season  (B09-10). CsHUB2, CsGCNSL, CsGOLS,
CsRADSAM and CsHSPTF90 all displayed a cyclical pattern
of expression that coincided with but set and bud burst. For
CsAUR?3 a steady increase in expression was observed, reach-
ing a maximum during bud burst. Expression of CsHSPTF,
found in the ND library, appeared higher in non-dormant
buds B09-10 than in dormant buds B0O. This result confirmed
the result of the subtraction library, although it was not signifi-
cant by a small margin (Fig. 3; P = 0-069). The only EST for
which no confirmation was found was CsSAMS, which was

Santamaria et al. — Transcriptome analysis of chestnut bud dormancy

found in the ND library, showing a strongly fluctuating
expression pattern with higher expression during early bud
development B93, vegetative rest B99 and during swelling of
the buds at the end of the winter season BO1-03. Although sig-
nificant, these results for CsSAMS were incongruous with bud
set and bud burst.

Gene expression during leaf development

Since buds produce leaves at the start of the growing season,
expression of the eight selected ESTs was also studied in leaves
to see if trends in transcript abundance during induction and
release from bud dormancy persisted during the different
stages of subsequent growth. The hypothesis was tested that
the genes represented in the D library are expressed low in the
various stages of leaf development compared with dormant
buds, while the genes represented in the ND library are expressed
high. The three ESTs found in the D library, CsHUB?2,
CsGCNS5L and CsGOLS, showed significant differences (P <
0-009) in expression between the different leaf development
stages, including young leaves and senescing leaves (Fig. 4).
Young leaves L.11-12 exhibited lower expression than dormant
buds BOO for each of these genes, confirming association of tran-
script abundance with the presence of dormancy; and expression
increased again in older and senescing leaves (stages L93 and
L95). Expression of CsHSPTF (P < 0-001) was higher in
young leaves L11-12 than in dormant buds BOO confirming
association of transcript abundance with the absence of dor-
mancy. The expression pattern of CsHSPTF90 was similar
(P = 0-027); however, expression of CsHSPTF in older leaf
development stages was low, while that of CsHSPTF90 was
low as ageing leaves turned colour (stage L.93), but increased
again in senescing leaves (stage L.95). Although expression of
CsRADSAM and CsAUR3 appeared higher in young leaves
(L11-12) than in dormant buds (B00) these differences were
not significant. Expression of CsSAMS also did not differ signifi-
cantly between the different leaf development stages. Although
the hypothesis was accepted for four genes (CsHUB?2,
CsGCNSL, CsGOLS and CsHSPTF), this was only valid for
young leaves in the case of the dormancy genes, and for senes-
cing leaves in the case of CsHSPTF. Senescing leaves did not
always demonstrate a clearly different expression level than
dormant buds for the dormancy genes, which indicated that
these genes play a pleiotropic role in these different development
stages.

Expression of the selected genes was not restricted to buds
and leaves. Similar levels of transcript abundance were
observed in stem and root tissue for CsGCNSL, CsGOLS,
CsRADSAM, CsHSPTF, CsHSPTF90 and CsAUR3 (Fig. 5).
Expression of CsSAMS appeared 100-fold higher in stems
and 1500-fold higher in roots than in dormant buds, although
this was not significant. Expression of CsHUB2 was 5-fold
lower in root and stem tissue than in dormant buds (B00).
Gene expression in all investigated tissues is summarized in
Supplementary Data Table S4.

A transcriptome comparison between poplar and C. sativa buds

A transcriptome analysis was recently described for the
induction of bud dormancy in poplar (Ruttink er al., 2007).
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relative to actin and normalized for stage BOO (highlighted in black; n = 3). Identical letters above the bars indicate no significant differences between stages in a Duncan’s multiple range test, following a
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Fi1G. 4. Relative gene expression of HUB2, GCN5SL, GOLS, RADSAM, SAMS, HSPTF, HSPTF90 and AUR3 during four stages of C. sativa leaf development, assessed by real-time RT-PCR. Expression is
relative to actin and normalized for stage BOO (highlighted in black; n = 3). Identical letters above the bars indicate no significant differences between stages in a Duncan’s multiple range test, following a
significant ANOVA test result. Development stages are described in Table 1.
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The ESTs for C. sativa buds were compared with the genelists
for poplar, comparing the induction of bud dormancy in poplar
with the release from bud dormancy in C. sativa. Of the 196
poplar genes orthologous to the C. sativa ESTs in the D
library, 55 showed concurring increasing expression with
induction of dormancy, while 27 showed decreasing and 114
unaltered expression. Conversely, of the 210 poplar genes
orthologous to the C. sativa ESTs in the ND library, 78
showed concurring decreasing expression with induction of
dormancy, while 38 showed an increasing and 94 unaltered
expression (Supplementary Data Tables S2 and S3). These
data indicated a relatively small similarity in transcriptome
composition of the D (28 %) and ND libraries (37 %)
between C. sativa and poplar. However, the real-time PCR
data suggested a high reliability of both C. sativa subtraction
libraries. Furthermore, for the seven confirmed ESTSs six
poplar orthologues were available with expression data; of
these, only two poplar orthologues (GOLS and AUR3)
showed a similar expression pattern in C. sativa while four
orthologues (GCN5L, HUB2, HSPTF and HSPTF90) were
not significant in poplar. This difference between genelists
and gene expression patterns in poplar and C. sativa buds poss-
ibly highlights the difference between induction of and release
from bud dormancy.

A transcriptome comparison between arabidopsis seeds
and C. sativa buds

Like buds, seeds can cycle through dormant states and gene
expression for these different states of dormancy has been
studied in arabidopsis seeds. The functional classification of
the dormant and non-dormant C. sativa buds in this paper
was compared with the functional classification of dormant
and non-dormant arabidopsis seeds, using the arabidopsis
sets of 442 genes associated with dormancy and 779 genes
associated with non-dormancy (Cadman et al., 2006).
Several similarities between both analyses were observed.
Similar to dormant C. sativa buds, a reduced number of
genes were observed in dormant arabidopsis seeds associated
with the classes Protein Synthesis and Energy. Moreover,
similar to dormant seeds, a higher number of genes associated
with stress response were found in the D library than in the ND
library. A difference was formed by genes involved in the class
Cell Cycle and DNA Processing, for which in arabidopsis
seeds a similar number of genes were found in dormant and
non-dormant seeds; as well as the class Transcription, for
which in arabidopsis seeds over-representation was observed
in dormant seeds.

Of the 442 arabidopsis genes with higher expression in
dormant seeds, orthologues of ten specific genes were found
in the C. sativa D library. These were predominantly
stress-associated genes and included a dormancy-associated
gene (DRMI1) and a second dormancy-associated gene
(AT2G33830), as well as a NAD+ ADP-ribosyltransferase,
an LEA protein, two Em-like proteins (GEA6 and GEAI),
two heat-shock proteins (HSP70 and HSP101), a shoot gravi-
tropism gene (SGR2) and a galactinol synthase gene (GOLS2)
(Supplementary Data Table S5). Conversely, five orthologous
genes were found in the C. sativa D library with higher
expression in non-dormant aradidopsis seeds, indicating
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some differences between the two systems. These were an
extracellular dermal glycoprotein, a potassium transporter
(KUP3), a cysteine proteinase, a dehydrin (COR47) and a
60S ribosomal protein (L27AB). Of the 779 arabidopsis
genes with higher expression in non-dormant seeds, 13 ortho-
logous genes were found in the C. sativa ND library, predomi-
nated by the functional groups Metabolism and Biogenesis of
Cellular Components. This group contained three tubulin
genes (TUA4, TUA6 and TUBI) as well as genes encoding a
histone H2A, a cysteine proteinase (RDI9A), a gibberellin
response protein (GASA4), a serine carboxipeptidase S10, a
hydroxymethylbilane synthase, a xyloglucan:xyloglucosyl
transferase (XTH33), 2-dehydro-3-deoxyphosphoheptonate
aldolase 1 (DHS2), glyceraldehyde-3-phosphate dehydrogen-
ase (GAPC), a kinase interacting family protein and a
SPIRAL-like protein. No discrepancy was found for ortholo-
gues in the C. sativa ND library that displayed higher
expression in the dormant arabidopsis seeds. Of these 28
orthologous shared genes between arabidopsis seeds and
C. sativa buds, 25 were also shared with poplar buds
exposed to short days to induce bud dormancy, but only ten
showed a similar expression pattern in association with dor-
mancy (Ruttink er al., 2007; Supplementary Data Table S5).
This lower similarity in gene expression between the
C. sativa and poplar buds is likely to be due to the difference
in sampling strategy, as concluded above. Overall, comparison
between C. sativa bud dormancy and arabidopsis seed dor-
mancy transcriptomes indicated strong similarities as well as
some discrepancies.

DISCUSSION

Bud dormancy is fundamental to the study of plant develop-
mental processes and its regulation is of significant economic
importance to fruit and horticultural industries. Gaining
knowledge of the genes involved in bud burst and bud set gen-
erates insight in this process, enables the development of
markers and offers the potential to control bud dormancy for
scientific and applied purposes. This paper reports a functional
gene classification during dormant and non-dormant stages
and a collection of differentially expressed genes in dormant
and non-dormant C. sativa buds, generated with suppression
subtractive hybridization and validated with real-time
RT-PCR. Suppression subtractive hybridization is efficient in
generating cDNA libraries highly enriched for differentially
expressed genes of both high and low abundance
(Diatchenko et al., 1996). Several recent studies have also
used similar approaches or whole-genome transcriptomics to
study the dormancy process in other systems (Pnueli e al.,
2002; Rohde et al., 2002, 2007; Schrader et al., 2004;
Horvath er al., 2005, 2006, 2008; Cadman et al., 2006;
Finch-Savage et al., 2007; Mazzitelli et al., 2007; Rohde
and Bhalerao, 2007; Ruttink et al., 2007; Mathiason et al.,
2009; Ophir et al., 2009). Comparing the lists of genes and
functions from different studies using different dormancy
systems allows the identification of shared pathways of
common importance. The results from this report were com-
pared with the poplar bud dormancy study and the arabidopsis
seed dormancy study (Cadman er al., 2006; Ruttink er al.,
2007).
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Bud dormancy is associated with stress tolerance

Dormant buds of C. sativa were characterized by a high rep-
resentation of transcripts involved in cell rescue, defence and
virulence, interaction with the environment, low temperature
stress and dehydratation protection. Different proteins were
reported to accumulate during water loss to protect and estab-
lish cellular structures during dehydration. These include the
LEA proteins (Ingram and Bartels, 1996; Phillips et al.,
2002) and HSPs (Wehmeyer and Vierling, 2000). Dehydrins
and Em proteins (members of LEAs) may also protect the
cells during dehydration. In buds from oak (Derory et al.,
2006) and poplar (Ruttink et al., 2007) LEA gene expression
was also higher during the dormant stage. The expression
across different dormant states of arabidopsis seeds shows
higher expression of genes encoding LEA and Em proteins
as well as HSPs compared with non-dormant states (Cadman
et al., 2006). Certain HSPs are induced in response to low
temperatures, and recent data suggest that they are involved
in cold acclimation in C. sativa (Ramos et al., 2005).
HSPTFs are transcription factors that control the expression
of heat-shock proteins. CsHSPTF and CsHSPTF90 found in
the ND library are likely to induce HSPs during bud burst
and subsequent leaf growth when required by the conditions.
Gene expression for CsHSPTF90 was higher during bud
burst, while for CsHSPTF expression appeared higher during
subsequent early bud growth (Fig. 3). During early leaf devel-
opment transcript abundance for both HSPTFs indeed
appeared higher (Fig. 4), supporting a role for HSPTFs sub-
sequent to bud burst.

Stress tolerance and drought tolerance are of quintessential
importance for the survival of buds. Galactinol synthase has
been described to play an important role in this (Taji et al.,
2002). Galactinol synthase is a key regulatory enzyme in the
biosynthesis of the raffinose family of oligosaccharides
(RFOs) and has been associated with bud dormancy as well
as leaf senescence. Galactinol synthase was expressed from
1 week after the onset of short days and remained expressed
throughout the dormant period in poplar buds (Rohde and
Bhalerao, 2007). Galactinol synthase is highly expressed in
dormant buds from sessile oak (Derory et al., 2006), in
seeds and in desiccation-tolerant parts of resurrection plants
(Taji et al., 2002). RFOs are thought to play a role in desicca-
tion tolerance of seeds and galactinol synthase was reported to
be involved in drought and heat-stress tolerance (Pukacka and
Wojkiewicz, 2002; Taji et al., 2002; Zhao et al., 2003).
CsGOLS expression was observed to be higher in dormant
buds than in non-dormant buds. Together, these data strongly
indicated that dormant buds of C. sativa contain multiple
mechanisms to protect against the adverse effects of dehy-
dration. The results from the C. sativa D library were in agree-
ment with published data.

Bud burst is associated with the cell cycle

The C. sativa ND library was characterized by cDNAs for
proteins involved in growth (cyclins, histones and tubulins)
and water relations, energy and metabolism. Dormancy
release resulted in the up-regulated transcription of cyclins
and histone genes (Devitt and Stafstrom, 1995; Horvath
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et al., 2002; Freeman et al., 2003). In underground buds of
leafy spurge, histone H3 and a tubulin were shown to be differ-
entially expressed in adventitious shoot buds after breaking
paradormancy (Anderson and Horvath, 2001; Horvath et al.,
2002). B-Tubulin, which has been suggested as a marker for
monitoring dormancy in tree buds (Bergervoet et al., 1999),
is a basic structural unit of microtubules whose function is
required for cell division and cell elongation. High expression
of three H2A genes was observed in non dormant arabidopsis
seeds, as well as in onion bulbs where the peak in expression
indicated the time of dormancy break (Carter er al., 1999;
Cadman et al., 2006). In general, high expression of genes
involved in cell cycle and translation was observed in non-
dormant systems.

Aquaporins are a class of membrane-bound water channel
proteins that facilitate water transport across membranes
(Maurel, 1997). ESTs with similarity to an aquaporin gene
were found to be down-regulated at the dormancy to growth-
phase transition in Rubus idaeus buds (Mazzitelli et al., 2007).
The over-representation of aquaporins in the ND library of
C. sativa concurs with the published literature and with the
increased water content of buds associated with growth in this
development stage (Supplementary Data Fig. S1).

Laccases are widespread in plants, and are involved in the
biosynthesis of lignin. In fungi, laccases are involved in
lignin degradation, development-associated pigmentation,
detoxification and pathogenesis; in bacteria, laccases are
related to endospore coat protein biosynthesis (Sharma and
Kuhad, 2008). A large number of laccases were found in the
C. sativa ND library, putatively playing a role in lignin syn-
thesis in the growing tissues. This result is consistent with
the increased expression of laccase genes after chemical induc-
tion of dormancy release in grape buds (Ophir et al., 2009).
The results from the ND library identified many genes
involved in active growth, which is in agreement with the
literature.

A comparison of dormancy in C. sativa buds with poplar buds and
arabidopsis seeds

A relatively small similarity in transcriptome composition
was observed between the C. sativa D and ND libraries and
the poplar genesets. Various explanations are conceivable.
Firstly, the two species are phylogenetically too distant to
display the same genesets. This seems unlikely given the
greater similarity between the transcriptomes of C. sativa
bud dormancy and arabidopsis seed dormancy. Not only
were the studied tissues different; the two species are also
located in different phylogenetic clades. Secondly, cDNA sub-
traction libraries may not be a proper reflection of the differ-
ences in transcriptomes. This too seems unlikely, since
several publications have reported reliable results with this
technique (e.g. Diatchenko et al., 1996). Thirdly, induction
of and release from bud dormancy may not be entirely compar-
able, and only a limited number of genes could have an
expression pattern that mirrors dormancy changes.
Surprisingly, this last explanation seems most probable since
the number of confirmed genes with dissimilar expression pat-
terns between poplar and C. sativa was high (four out of six).
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It has been hypothesized that seed and bud dormancy
involve similar processes (Rohde et al., 2002). This hypothesis
was tested by comparing the C. sativa D library with the ara-
bidopsis seed dormancy transcriptome, which was character-
ized by whole-genome transcriptomics. The absence of
dormancy in both C. sativa buds and arabidopsis seeds was
strongly associated with energy and protein synthesis
(Cadman et al., 2006). Conversely, both arabidopsis seed dor-
mancy and C. sativa bud dormancy showed strong association
with stress response, which is likely to prepare them for
unfavourable conditions. A total of 28 putative orthologous
genes were shared between C. sativa buds and arabidopsis
seeds, of which 23 were correctly matched for the state of dor-
mancy. The shared functional groups of proteins suggest that
seed and bud dormancy use similar molecular pathways.
Moreover, the high degree of sequence conservation of the
shared orthologous genes underlines the importance of these
molecular pathways in both dormancy systems. Seeds as well
as buds are suitable structures to survive adverse conditions
outside the growing season, thus contributing to the survival
of the individual. Dormancy is of benefit since it results in
scattering over time of sprouting or germination.
Synchronization of these events with the start of the growing
season inevitably requires an appropriate environmental cue
to signal suitable conditions for growth resumption.
Therefore, it is not surprising to detect the convergence of
molecular pathways that underlie bud and seed dormancy,
even in two different species.

A role for epigenetic modification in bud dormancy transitions

Epigenetic modifications control expression of targeted
genes through chromatin remodelling. Two forms of epige-
netic control, DNA methylation and H4 acetylation, have
been reported to play a role in C. sativa bud burst and bud
set (Santamaria et al., 2009). HUB1- and HUB2-mediated
H2B monoubiquitination facilitates transcriptional control of
targeted genes in arabidopsis, possibly through H3 hyper-
methylation, which controls flowering time (Cao et al.,
2008). Both the hubl and hub2 mutants displayed reduced
seed dormancy (Liu er al., 2007), while early leaf and root
growth were inhibited (Fleury er al., 2007). The latter was
achieved by down-regulating cell proliferation through
reduced expression of genes involved in the cell cycle and
cytokinesis. A described role for histone H2B ubiquitination
in these different developmental processes highlights the
importance of this control mechanism in plant development.
In C. sativa buds, HUB2 was found in the D library and the
expression peaked during dormancy induction and leaf senes-
cence. Therefore, it is possible that in C. sativa H2B monou-
biquitination plays a role in bud dormancy, possibly by
reducing the expression of genes involved in cell cycling
(Fig. 2). AtAUR3 encodes a histone serine kinase (H3-S10
specific). Aurora-like kinases play a role in chromosome seg-
regation and cytokinesis in yeast, plant and animal systems
(Demidov et al., 2005). The transcripts and proteins of all
three kinases are most abundant in tissues containing dividing
cells (Gutierrez, 2009). An AUR3 orthologue was found in the
ND library and gene expression was higher during bud burst
and new leaves than during bud set. Thus, it is possible that
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phosphorylation of histone H3 serine plays a role in cell div-
ision upon bud burst in C. sativa. Expression of a
GCN5-related gene (AT4G19985) is lower in dormant seeds
of arabidopsis than in non-dormant seeds (Cadman et al.,
2006). Therefore, it is plausible that completion of arabidopsis
seed germination coincides with and is preceded by histone
hyperacetylation. Acetylation of H3 has been described to
depend on GCNS5 (Wang et al., 1998). The hyperacetylated
form of histone H3 was also associated with continued plant
growth and delayed senescence, as was concluded from a
study with the hda6 mutant with strongly reduced transcript
levels for a histone deacetylase (Wu et al., 2008). It is there-
fore surprising that GCN5L, similar in structure to GCNS,
was observed in the D library and that its expression was
increased both in dormant buds and in senescing leaves of
C. sativa. One possible explanation is that GCN5SL and
GCNS play complementary roles in acetylation of subsets of
histones, hence controlling different sets of genes associated
with either the metabolically inactive state (GCNSL) or the
growing phase (GCNS5). Although results for CsGCN5SL
appeared inconsistent, this seems to reflect the strong lack of
studies into GCNSL in plants. On the whole, different forms
of epigenetic control seem closely linked to bud set and bud
burst in C. sativa.

The data indicate that the observed differences in expression
of CsHUB2, CsGCNSL, CsGOLS, CsRADSAM, CsHSPTF,
CsHSPTF90 and CsAUR3 in apical buds and leaves are a
reflection of the dormancy status and development in these
tissues, and that the cDNA subtraction libraries are a good rep-
resentation of the transcriptomes during bud dormancy and
bud burst. However, some of these genes are likely to
display pleiotropy, since their transcript abundance is also
associated with leaf senescence. Transcriptome comparisons
between arabidopsis seeds and C. sativa buds are consistent
with a common basis for dormancy in both processes.

SUPPLEMENTARY DATA

Supplementary data are available online at www.aob.oxford
journals.org and consist of the following tables and figures.
Table S1: EST numbers per functional group in the D and
ND libraries. Table S2: EST list of the D library, containing
C. sativa data and sequence similarity to the best hit in a
NCBI BLAST search, the best hit and sequence similarity in
a populus DB BLAST search, closest arabidopsis homologue,
and poplar gene expression data from Ruttink er al. (2007).
Table S3: EST list of the ND library, containing C. sativa
data and sequence similarity to the best hit in a NCBI
BLAST search, the best hit and sequence similarity in a
populus DB BLAST search, closest arabidopsis homologue,
and poplar gene expression data from Ruttink ef al. (2007).
Table S4: a summary of gene expression in various C. sativa
tissues. Table S5: genes found in the C. sativa D library as
well as in the arabidopsis seed dormancy transcriptome;
genes in the C. sativa D library and in the arabidopsis tran-
scriptome associated with non-dormancy; and genes found in
the C. sativa ND library as well as in the arabidopsis transcrip-
tome associated with non-dormancy. Fig. S1: relative water
content in buds with different developmental stages which
are described in Table 1; the bar in the top right corner
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depicts the maximum LSD. Fig. S2: translated amino acid
alignments of CsGCNS5L1, CsHUB2, CsGOLS,
CsRADSAM, CsSAMS, CsAUR3, CsHSPTF90 and
CsHSPTF with truncated orthologous sequences from arabi-
dopsis and other species.
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