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Abstract A subtractive cDNA library was developed to study genes associated with bud dormancy release in tree peonies. In order to

identify genes that are highly expressed in buds released from dormancy, 588 clones were examined by differential screening. Of

these, 185 clones were selected to be sequenced. A total of 37 unique sequences were obtained of which only 31 sequences have

matches in the NCBI database or the Arabidopsis thaliana protein database. Semi-quantitative RT-PCR was used to confirm further

the expression profiles for 12 transcripts identified within the subtractive cDNA library. Gene ontology analyses indicated that many

of the different genes identified have unknown or hypothetical functions while it is speculated that other genes play different mo-

lecular roles. In our study, genes involved in bud dormancy release were growth-related or stress-responsive, while

low-temperature-induced ribosomal proteins may also play a role in bud dormancy release. Our results provide interesting informa-

tion for further understanding of the molecular mechanism of bud dormancy release in tree peonies.
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1 Introduction

The tree peony is one of the most popular landscape
plants which moves through a continuous cycle of
dormancy and growth. The mixed buds, which finish
differentiation in July or August each year, requires a
chilling period over winter before it begins to grow
(Wang, 1986). It is this period that is considered to be
dormancy in tree peonies. This kind of dormancy is
referred to as endo-dormancy, which is controlled by
internal bud signals and prevents untimely growth
during seasonal transitions, when environmental con-
ditions often fluctuate between those permissive or
inhibitory to growth (Lang and Martin, 1987).

The signals that induce or break endo-dormancy are
reasonably well characterized. Light and temperature
both play significant roles in the induction and break-
ing of endo-dormancy. In deciduous trees, shortening
day lengths will increase cold hardiness, cease cell
division and induce dormancy in the terminal meris-
tem (Li et al., 2003). Extended chilling or freezing are
often required to break the endo-dormant state
(Henzell et al., 1991; Anderson et al., 2005; Chao et
al., 2006). As in many perennials, sufficient chilling
breaks endo-dormancy in tree peonies. Endo-dormancy
imposed growth arrest is one of the key characteristics
that prevent tree peonies from flowering well (Zhao et
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al., 2000).

More recently, there has been an effort to charac-
terize molecular changes directly as regulated during
onset and breaking of endo-dormancy. Many genes
that are perhaps associated with endo-dormancy have
been isolated from grape (Toni et al., 2003), potato
(Falvre-Rampant et al., 2004), birch (Welling et al.,
2004) and other plants (Clark et al., 1996; Brunel et al.,
2002; Faye et al., 2003). Most of these genes are re-
lated to oxidative processes, abscisic acid signals and
stress responses within the cell. These results all indi-
cate that even in the dormant state, gene expression in
the buds is still high, but genes that are directly in-
volved in the dormancy-related process have not yet
been identified in tree peonies. In some plant species
(e.g. poplar and potato), progress has been made to
identify markers for quantitative trait loci (QTL) asso-
ciated with dormancy in buds (Freyre et al., 1994;
Frewen et al., 2000). However, QTL analysis is not
suitable for tree peonies because of their poorly de-
fined genetics and lack of linkage or genetic maps.

Suppression subtractive hybridization (SSH) tech-
nique allows comparison between two populations of
mRNA and identifies genes that are differentially ex-
pressed in the two populations. This technique has
been widely used to isolate a large number of differ-
entially expressed genes (Diatchenko et al., 1996;
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Sangeeta and Anil, 2005; Zhang et al., 2005; Jia et al.,
2006). In order to understand the molecular mecha-
nism of bud dormancy release in tree peonies we con-
structed, in our research, a subtractive cDNA library
which contains genes highly expressed in buds re-
leased from dormancy by using SSH. From the sub-
tractive cDNA library, 37 unique sequences were ob-
tained. Many genes were related to growth regulation
or were stress-responsive. This study will bring us
closer to understanding the molecular mechanism of
bud dormancy release in tree peonies.

2 Materials and methods
2.1 Plant materials

Mixed buds were collected from tree peonies (Paeo-
nia suffruticosa ‘Lu He Hong’) every ten days during
the period of bud dormancy release (from November 7,
2005 to January 17, 2006) in Qingdao, Shandong
Province, China. About 30 mixed buds were collected
each time. The anatomical changes of mixed buds
were observed in order to ascertain the stages of dor-
mancy by using about 10 buds each time. Buds at the
dormant and breaking stages were used to isolate RNA
for the establishment of subtractive cDNA libraries
and confirming gene expressions by semi-quantitative
RT-PCR.

2.2 Subtractive library construction, differential
screening and sequencing

Total RNA was isolated from growing and dormant
buds using standard CTAB extraction and lithium
chloride precipitation (Chang et al., 1993). Suppres-
sion subtractive hybridization (SSH) (Diatchenko et
al., 1996) was performed to create forward and reverse
subtracted cDNA libraries using the PCR-Select
cDNA Subtraction Kit (Clontech). The Poly A" RNA
fractions from each plant sample were isolated using
the Oligotex mRNA Purification Midi Kit (Qiagen).
For the forward library, the “driver” cDNA was syn-
thesized from the mRNA isolated from dormant buds
and the “tester” cDNA was produced from mRNA
isolated from the growing buds, which had been ex-
posed to a chill treatment. The reverse subtraction was
made by reversing tester and driver cDNAs, where the
products were only used as probes in differential
screening. Purified secondary PCR-amplified products
(40 ng) of the forward library were cloned into the
pMD-18-T vector (Promega). Originally, the forward
library contained about 4,000 independent cDNA
clones. About 1,000 recombinant colonies were ran-
domly selected to confirm the quality and quantity of
inserts by PCR using a forward (5-TCGAGCG-
GCCGCCCGGGCAGGT-3") and a reverse (5'-AGC-

GTGGTCGCGGCCGAGGT-3') primer.

High quality PCR products, in large amounts (> 100
pg-uL™) from 588 colonies, were selected for further
differential screening with the PCR-Select Differential
Screening Kit (Clontech) to identify genes that are
highly expressed in the breaking buds. One microlitre
of each denatured PCR product was spotted onto a
Hybond N" membrane (Amersham Biosciences) in
four duplicate replications. All the Hybond N* mem-
branes were dried at room temperature overnight and
stored at —20°C for future use. In order to normalize
the expression of all the clones in dormancy release,
the PCR products of the constitutively expressed
genes (elongation factor) were also spotted onto each
Hybond N membranes and used as control. During
differential screening, four probes were used: the for-
ward- and reverse-subtracted probes, and the forward-
and reverse-unsubtracted probes. The first two probes
were made from the same subtracted cDNA used to
generate the forward subtracted and reverse subtracted
cDNA libraries. The forward- and reverse-unsubtracted
probes were made from unsubtracted “tester” (grow-
ing buds) and “driver” (dormancy buds) cDNA. The
four differential probes (about 25 ng for each) were all
3?P-labeled using the Primer-a-Gene Labeling System
(Promega) and hybridized with the four duplicate
membranes respectively. The results of arrays were
scanned and recorded with a Packard Instantimager
(Packard Instrument Co.).

Clones showed stronger (more than 4-fold) hy-
bridization signals when forward-subtracted probes
were used than when other probes were used, proba-
bly due to the differentially expressed genes in grow-
ing buds. All these clones were selected and se-
quenced at the Huada Gene Research Center (Beijing,
China) using M13 universal primers. Contig and se-
quence analysis were carried out using the Lasergene
6.0 sequence analysis software (DNASTAR).

2.3 Semi-quantitative RT-PCR analysis

The expression levels of many cDNA clones selected
by differential screening were further tested by
semi-quantitative RT-PCR. Total RNAs isolated from
dormant buds and growing buds were treated with
DNasel (Invitrogen), and then reverse transcriptions
were performed using a SuperScript First-Strand Syn-
thesis Kit (Invitrogen) to produce total cDNA. From
each of these unique sequences, different annealing
temperatures and cycles (less than 35) were examined
to obtain a linear range of amplification before per-
forming PCR with at least two sets of biological rep-
licates. Elongation factors served as the internal con-
trols at the same time. Different primers and PCR
conditions were not shown. DNA bands on ethidium
bromide stained gels were recorded using the BioRad
Imaging System.
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3 Results

3.1 Anatomical changes of mixed buds during bud
breaking

In order to determine which developmental bud stage
would be suitable for constructing the cDNA library,
we observed anatomical bud changes during dor-
mancy release. As shown in Fig. 1, the multi-petal
flowers of ‘Lu He Hong’ are constituted of epigynous
and hypogynous flowers which are differentiated from
the same flower primordia. The center carpels of hy-
pogynous flowers develop into the outboard petals of
epigynous flowers. The morphological change of epi-
gynous flowers can indicate the stages of dormancy
release. We observed that the third stage (when epi-
gynous flowers ceased to grow) was the time buds
entered dormancy, while the sixth stage (when epigy-
nous flowers resumed growth) was the time the buds
burst.

3.2 Differential screening and sequencing

Differential screening results indicated that 185 out of
588 clones showed four-fold stronger hybridization
signals when forward-subtracted probes were used,
rather than other probes (Fig. 2). A total of 144 se-
quences were retained after removing low quality and
vector sequences. Sequence analysis revealed that
seven sequences (5%) were singletons. The other 137
sequences (95%) were assembled into 30 contigs,
where each contig has 2—14 overlapping sequences. A
putative mitochondrial phosphate transporter (MPT)
appeared 14 times and a protein similar to an unknown
protein (ABA46787) appeared ten times. Thus, from
the original 144 sequences, a total of 37 unique se-
quences were obtained. These unique sequences have
been submitted to GenBank with accession numbers
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EF607139, EF608929-43, EU072919-30, EU091152-54
and EU200687-92. All sequences can be accessed at the
NCBI database (http://www.ncbi. nlm.nih.gov).

3.3 Blast searches of 37 unique sequences and
classification of molecular function

Because of the methods used to develop the subtrac-
tive libraries, non-contiguous sequences could be
produced from the same gene. These 37 sequences
were in this way searched against the nucleotide or
protein database of the NCBI and the Arabidopsis
thaliana protein database at a cutoff e-value of 1e-05.
The results showed that 31 sequences (84%) had one
or more hits to 25 different genes. The remaining six
sequences (16%) had no hits. Thus, there are 31 genes
represented among the 37 clones, assuming that each
of the six unmatched sequences represents an individ-
ual gene (Table 1).

For functional annotation, the top match at the
Arabidopsis thaliana protein database was parsed and
identifiers were used to search for gene ontology (GO)
terms from the GO annotated Arabidopsis database of
TAIR. The 25 matched sequences were manually
categorized into eight molecular functional groups
based on the GO Slim Classification for Plants devel-
oped at TAIR (htstage://www.arabidopsis.org/help/
helppages/go_slim_help.jsp) while six unmatched se-
quences were classified into ‘no matches’ group. Of
the annotated results generated, 11 clones (44%) were
in a structural molecule activity group while the re-
maining clones were identified as belonging to other
functional groups as follows: kinase activity (1 se-
quence, 4%), protein binding (2 sequences, 8%), other
bindings (1 sequence, 4%), transporter activity (1 se-
quence, 4%), other enzyme activities (2 sequences, 8%),
other molecular functions (1 sequence, 4%) and un-
known molecular functions (6 sequences, 24%) (Fig. 3).
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Fig. 1 Morphological change of mixed buds during dormancy release
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. Stage 3 epigynous flowers cease growth) was considered as

the time buds entered dormancy, while stage 6 (epigynous flowers resume growth) was the time of bud burst; hp: petals of hypogy-
nous flowers; sp: stamen primordia; hc: carpels of hypogynous flowers; ef: epigynous flowers.
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Fig. 2 Differential screening of a subtracted cDNA library
from mixed buds of Paeonia suffruticosa. Four duplicate filter
arrays of randomly selected clones from the library were hy-
bridized with *?P-labeled ¢cDNA populations of 10° cpm-mL™
activity made from (A) forward subtracted cDNA, (B) forward
unsubtracted cDNA, (C) reverse subtracted cDNA and (D) re-
verse unsubtracted cDNA. Clones which have strong hybridiza-
tion signals (more than four-fold) are representative of genes
highly expressed in buds released from dormancy. The posi-
tion of clones on the filter arrays is from left to right and from
the top down. The clone at the top left corner is an elongation
factor. There is only the hybridization result of 1-288 clones
and the result of 289588 clones is not shown.

O Structural molecular activity
@ Kinase activity
S W Protein binding
\ @ Other bindings
@ Transporter activity
/O Other enzyme activities
/W Other molecular functions
O Unknown molecular functions
B No matches

Fig. 3 Pie chart of molecular functional groups of candidate
sequences in the subtractive cDNA library. The annotation
results generated 11 clones (44%) in the structural molecular
activity group, while the remaining clones were in other func-
tional groups as follows: kinase activity (1 sequence, 4%),
protein binding (2 sequences, 8%), other binding (1sequence,
4%), transporter activity (1sequence, 4%), other enzyme activ-
ity (2 sequences, 8%), other molecular functions (1 sequence,
4%) and unknown molecular functions (6 sequences, 24%).

3.4 Gene expression levels at dormancy and
growing stages confirmed by semi-quantitative
RT-PCR analysis

To confirm the differential screening results,
semi-quantitative RT-PCR analyses were used to ex-
amine the expression levels of candidate genes at
dormancy and growing stages. Among the 37 clones,
12 unique clones (PS18, PS43, PS53, PS60, PS68,
PS125, PS138, PS142, PS199, PS527, PS557 and
PS588) were selected on the basis of their putative
molecular function. The RT-PCR analysis showed that
PS60 and PS588 showed no detectable DNA bands
while the other ten clones were detectable within 35

cycles. All the ten clones showed a higher expression
level at stage 6 (growth stage) than at stage 3 (dor-
mancy stage) (Fig. 4).

4 Discussion and conclusions

4.1 Differential screening, analytically sequenced
and differentially expressed genes

Differential screening was used to identify the positive
clones from the subtractive cDNA library. From 588
clones, 185 positive clones (about 31.5%) were se-
lected for further research. It was reported that the
ratio of the positive cDNA clones obtained by SSH
ranged from 10% to 90% (Diatchenko et al., 1996).
After screening 588 clones and sequencing 144 clones
successively, we identified 37 unique sequences from
the subtractive cDNA library. The results indicate that
most clones were attributed to highly redundant cDNAs.
High redundancy may be a result of the nature of the
samples subtracted against each other or over-expression
of these genes in the samples. Large-scale library
screening, using the redundant clones as probes before
sequencing, reduced highly redundant clones and was
an effort-saving approach to obtain differentially
regulated genes. RT-PCR analysis of clones further
confirmed that the cDNAs from the subtractive library
were almost represented for genes highly expressed in
the “tester” and indicated that the subtractive hybridi-
zation between “tester” and “driver” was effective.

Stage 3 Stage 6

PSI8

PS43

PS53

PS68

PS125

PS138

PS142

PS199

PS527
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Fig. 4 The expression patterns of 12 clones (PS18, PS43,
PS53, PS60, PS68, PS125, PS138, PS142, PS199, PS527,
PS557, PS588) selected from the subtractive cDNA library at
dormancy stage and growing stage by semi-quantitative
RT-PCR. Total RNA was extracted from buds at stage 3 (dor-
mancy stage) and stage 6 (growing stage). 10 genes appeared
visible DNA bands within 35 cycles and PS60 and PS588
showed no detectable signal which was not shown. Elongation
factor (EF) served as the internal control at the same time.
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4.2 Gene expression at low levels

Blast searches revealed that 16% of the 37 unique se-
quences had no matches in the NCBI and Arabidopsis
thaliana protein databases. The results indicate that
many of the subtractive selected clones were repre-
sentative of rare mRNA species. In fact, a high num-
ber of rare mRNA species may be reflected by the
results of differential screening where radioactive sig-
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nals in many hybridized clones were low. Moreover,
in RT-PCR analysis, two sequences in 12 clones gen-
erated no detectable band within 35 cycles and de-
signing new primer pairs did not improve the results.
Secondary structures in the mRNA usually hamper
PCR reactions, yet rare mRNA species can also be the
cause of setbacks in PCR reactions. Thus, subtractive
hybridization appeared to be a useful tool for isolating
rare mRNA species that may be differentially regulated.

Table 1 Blast results in the NCBI database or the Arabidopsis thaliana protein database of 37 unique sequences and classification of

their molecular functions

Clone ID  Accession Blast in NCBI homolog gene

number accession number (e-value)

Blast in TIGR/TAIR
Hit ID (e-value)

Functional annotation

Structural molecule activities

PS353 EF608934

PS401* EF608933
PS11 EF608936
PS446 EF608935
PS85 EF608937
PS390* EF608943
PS7 EF608929
PS21 EF608930
PS248* EF608932

PS188 EF608931
PS128 EF608942

ABA40437 (4¢-06)
ABF93903 (4e-14)
ABK63942 (4¢-06)
QIM5M7 (3e-21)
ABD96966 (2¢-47)
EAZ25517 (6e-16)
QYZRSS (3¢-35)
AARS3877 (2e-40)
QYLE95 (8¢-08)
ABES8548 (3¢-14)
QYZRB2 (3e-74)

AT1G48830 (3e-06)
AT1G57860 (4e-16)
AT1G61580 (3e-06)
AT1G66580 (Se-21)
AT3G02560 (1e-47)
AT3G04400 (5e-18)
AT3G10950 (9e-36)
AT3G16780 (1e-38)
AT3G63490 (7e-10)
AT4G16720 (2¢-15)
AT5G12250 (3e-75)

Kinase activity, transferase activity and receptor binding or activity

PS527 EU072923

Protein binding
PS138/ EU091152/
PS420 EU072929

PS557*  EF608939
Other bindings

PS142/ EU072922/
PS75 EU072930

Transporter activity
PS173 EU072927

Other enzyme activities
PS60* EF607139
PS420 EU072928

Other molecular functions

PS18 EU072920

BAD32780 (5¢-66)

ABL85046 (1¢-05)

CAB71090 (6¢-14)

CAH59632 (3e-09)

CAN67115 (6¢-10)

AAT92092 (2e-46)
CAC33768 (5e-14)

AAC78332 (2e-55)

Unknown molecular functions

PS125 EF698938
PS68 EU072919
PS57/ EF608940/
PS126 EU072924
PS199 EU072921
PS127 EF608941
PS43/ EU091154/
PS44/ EU072925/
PS190/ EU072926/
PS311 EU091153

ABA46787 (5¢-37)
AAX84678 (7e-23)
NP_564931 (le-12)

ABB89007 (6¢-23)
AAN77145 (4e-06)
AAX92687 (1¢-05)

AT1G71830 (1e-65)

AT1G80420 (4¢-07)

AT3G61600 (Se-16)

AT5G14040 (le-12)

AT5G64500 (1e-05)

AT5G51810 (3e-77)
AT5G43330 (7e-12)

ATAG01900 (6e-51)

AT1G26750 (2e-22)
AT1G28330 (5¢-22)
AT1G68490 (4e-14)

AT1GA47480 (6¢-22)
AT1G02750 (5e-06)
AT3G50980 (1e-05)

40S ribosomal protein S7 (RPS7A)
60S ribosomal protein L21
Structural constituent of ribosome
60S ribosomal protein L10

40S ribosomal protein S7 (RPS7B)
Embryo defective related

60S ribosomal protein L37a

60S ribosomal protein L19
Ribosomal protein L1 family protein
60S ribosomal protein L15

TUB6

Somatic embryogenesis receptor kinase 1

DNA repair protein, putative (XRCC1)

POZ/BTB containing-proteinl

Mitochondrial phosphate transporter

Membrane protein-related

GA20 oxidase
Malate dehydrogenase

PII protein/glutamine synthetase B1

Expressed protein
Dormancy associated protein]
Hypothetical protein

Unknown protein
Drought-responsive family protein
Dehydrin

* represents the sequences which are singletons. Six other sequences identified by differential screening but unmatched in Arabidop-
sis thaliana protein database are: PS52 (EU200688), PS53* (EU200689), PS218 (EU200687), PS416 (EU200690), PS452
(EU200691) and PS588* (EU200692).
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4.3 Genes involved in bud dormancy release:
growth regulation or stress-responsive

Based on sequence information, the potential function
of some unique sequences may be postulated. For
example, the deduced amino acid sequence of PS68
was very similar to that of anxin-repressed protein
(ARP) and that of PS527 to somatic embryogenesis
receptor kinase (SERK1). The ARP of strawberry and
Elaeagnus umbellate proved to be associated with
fruit growth and root nodule formation respectively
(Reddy, 1990; Kim et al., 2007) while SERKI in
Arabidopsis thaliana (AtSERK1) was implemented
during early embryo development (Hecht et al., 2001),
and function in a common signaling pathway em-
ployed in both sporophytic and gametophytic cells
(Kwaaitaal et al., 2005). In our study, these two genes
showed higher expression at the growth stage than at
the dormancy stage, so we regarded these genes
maybe promote bud dormancy release and involve in
the development of floral organs.

On the other hand, low temperature as an environ-
mental signal also induced the expression of some
stress-responsive genes. PS43 cDNA encoded a dehy-
drin which was found to be associated with dormancy
and/or seasonal changes in woody plants (Arora and
Rowland, 1997). It is apparently triggered by low
temperatures and abscisic acid (ABA), bound water,
which leads to frost protection and simultaneous
deepening of dormancy (Faust et al., 1997). Rorat
(2006) also proved that dehydrins (DHNs) accumu-
lated in responsive to stress (e.g. drought, low tem-
perature and salinity) which leads to cellular dehydra-
tion. The expression of dehydrin was upregulated at
dormancy release, so we consider that dehydrin is re-
sponse to low temperature and not to accelerate bud
dormancy. At the same time, we found a gene (PS199)
similar to carboxylesterase (CXE) which is a large fam-
ily of enzymes that hydrolyzes esters of short-chain
fatty acids and expressed higher at dormancy release.
It has been proven that this gene plays a role in
plant-pathogen interactions (Sean et al., 2003) and
may be involved in signaling pathways (Stuhlfelder et
al., 2002). According to the expression levels of these
stress-responsive genes, we speculate that they all play
important roles in increasing the resistance to low tem-
peratures which is needed in bud dormancy release.

4.4 Low-temperature induced ribosomal protein:
involvement in bud breaking?

In our results, the sequences in structural molecule
activity group were almost ribosomal protein. Kim et
al. (2004) considered that induction of ribosomal pro-
tein genes might enhance the translation process or
help proper ribosome functioning under low-temperature
conditions and that ribosomal protein genes may be

due to secondary signals during chilling treatment.
Toorop et al. (2005) also found two ribosomal proteins
which were associated with the germination of Arabi-
dopsis thaliana seeds. The expression of the two
genes were undetectable in dry seed, in low level
dormant seed and in high levels under conditions that
allowed completion of germination (Toorop et al.,
2005). We thus presumed that all ribosomal proteins
might be induced by low temperatures and played an
important role in bud breaking.

In conclusion, we have identified and analyzed
many genes of the tree peony during the period of bud
dormancy release. These results provide evidence that
suppression subtractive hybridization (SSH) may be of
potential value for isolation of cDNAs expressed in
the target tissues without any prior knowledge of the
genes. The analyses of these genes indicate that al-
though no outward signs are obvious, the expression
of genes is high during dormancy. Many genes associ-
ated with bud dormancy release were growth-regulated
or stress-responsive and ribosomal proteins may per-
haps play important roles in dormancy release. Overall,
our results open up new perspectives for clarifying the
functional roles of various proteins and the mecha-
nism of dormancy release in woody plants. Future
research is ongoing to determine the regulation and
function of these genes during bud dormancy release.
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