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Bud endodormancy in woody plants plays an important role in their perennial growth cycles. We previously identified a
MADS box gene, DORMANCY-ASSOCIATED MADS box6 (PmDAMS®6), expressed in the endodormant lateral buds of Japanese
apricot (Prunus mume), as a candidate for the dormancy-controlling gene. In this study, we demonstrate the growth inhibitory
functions of PmDAMG6 by overexpressing it in transgenic poplar (Populus tremula X Populus tremuloides). Transgenic poplar
plants constitutively expressing PmDAM®6 showed growth cessation and terminal bud set under environmental conditions in
which control transformants continued shoot tip growth, suggesting the growth inhibitory functions of PmDAMS6. In the
Japanese apricot genome, we identified six tandemly arrayed PmDAM genes (PmDAMI-PmDAMS6) that conserve an
amphiphilic repression motif, known to act as a repression domain, at the carboxyl-terminal end, suggesting that they all may
act as transcriptional repressors. Seasonal expression analysis and cold treatment in autumn indicated that all PmDAMs were
repressed during prolonged cold exposure and maintained at low levels until endodormancy release. Furthermore, PmDAM4
to PmDAMG6 responses to a short period of cold exposure appeared to vary between low- and high-chill genotypes. In the high-
chill genotype, a short period of cold exposure slightly increased PmDAM4 to PmDAMG6 expression, while in the low-chill
genotype, the same treatment repressed PmDAM4 to PmDAMG6 expression. Furthermore, PmDAM4 to PmDAM6 expression
was negatively correlated with endodormancy release. We here discuss the genotype-dependent seasonal expression patterns

of PmDAM s in relation to their involvement in endodormancy and variation in chilling requirements.

Perennial plants in temperate and boreal zones have
an annual growth cycle consisting of dormant and
active growth phases. After shoot growth cessation
and bud set, apical buds enter a dormant state called
endodormancy. At the same time, lateral buds shift to
the endodormant state from the paradormant state, in
which the major growth inhibitory effects are imposed
by apical dominance (Lang, 1987). Endodormant buds
are incapable of initiating growth under favorable
conditions without prior chilling (Crabbe and Barnola,
1996; Faust et al.,, 1997). These buds shift to the
ecodormant state after a specific amount of chilling.
In contrast to endodormancy, ecodormancy is im-
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posed by external environmental factors such as cold
or drought stress that induce critical signals and pre-
vent bud growth (Lang, 1987; Crabbe and Barnola,
1996; Horvath et al., 2003).

Although internal physiological changes related to
endodormancy in perennial plants, such as alterations
in plant hormone contents, carbohydrate metabolism,
and cell-to-cell communication (Rohde et al., 2002;
Ruonala et al., 2006; Rohde and Bhalerao, 2007), have
been extensively studied, the molecular mechanism
of bud endodormancy is not yet well understood. In
poplar trees (Populus species), the CONSTANS (CO)/
FLOWERING LOCUS T (FT) module was involved in
short day-triggered growth cessation and bud set
(Bohlenius et al., 2006). Down-regulation of CENTROR-
ADIALIS-LIKE1 (CENLI) correlates with short day-
induced growth cessation (Ruonala et al., 2008). On
the other hand, Mohamed et al. (2010) reported that
CENTRORADIALIS (CEN)/TERMINAL FLOWERI1 (TFLI)
affects dormancy release and growth after dormancy
release. These recent results suggest that flowering
regulators found in poplar also play significant roles
in growth cessation and possibly in dormancy. How-
ever, the genes involved in the induction and release of
lateral bud endodormancy in temperate fruit tree spe-
cies are not well understood. In addition, mechanisms
of cultivar-dependent chilling requirements for endo-
dormancy release are unknown.
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Endodormancy is regulated by internal factors, sug-
gesting that internal growth inhibitors, if any, are
specifically localized in buds during endodormancy
and prevent the buds from resuming growth. We
previously performed suppression subtractive hybrid-
ization combined with mirror orientation selection to
identify candidates for internal factors. We also per-
formed differential screening to identify genes that are
expressed preferentially in the endodormant buds of
temperate fruit tree species such as Japanese apricot
(Prunus mume; Yamane et al., 2008). We identified a
MADS box gene with endodormancy-associated ex-
pression. Seasonal expression analysis suggested that
the gene was up-regulated during endodormancy in-
duction and down-regulated during endodormancy
release. Full-length cDNA cloning of the MADS box
gene and phylogenetic analysis revealed that the
gene was similar to the StMADS11-clade MADS box
genes such as SHORT VEGETATIVE PHASE (SVP) and
AGAMOUS-LIKE24 (AGL24) of Arabidopsis (Arabidop-
sis thaliana; Yamane et al., 2008). Bielenberg et al. (2008)
independently identified six StMADS11-clade MADS
box genes as candidate genes associated with ter-
minal bud formation in peach (Prunus persica) and
named them DORMANCY-ASSOCIATED MADSI to -6
(DAM1-6) genes. The gene we found in Japanese
apricot appeared to be an ortholog of peach DAM6,
and we named it PmDAM6 (Yamane et al., 2008). Six
peach PpDAM genes showed distinct seasonal expres-
sion changes in the shoot apex of peach. Furthermore,
PpDAM]1, PpDAM?2, and PpDAM4 were more closely
associated with terminal bud formation (Li et al., 2009).
Horvath et al. (2008) found that DAM homologs in leafy
spurge (Euphorbia esula), EeEDAM1 and EeDAM?2, were
associated with endodormancy induction. Although
the StMADS11-clade MADS box genes were highly
repeated in the poplar genome (Leseberg et al., 2006),
ESTs similar to poplar DAM-like genes such as Populus
trichocarpa MADS9 (accession no. XM_002301057) were
up-regulated in the vascular tissue on seasonal dor-
mancy induction (Druart et al., 2007) and bud set after
short-day perception (Ruttink et al., 2007). Recently, a
strong quantitative trait locus for chilling requirement
and blooming time was found to be localized near
PpDAMG6 in peach (Fan et al., 2010). Furthermore, peach
PpDAMS5 and PpDAMS6 expression was negatively cor-
related with the time required for terminal bud break in
peach (Jiménez et al., 2010). The same trend of PpDAMS5
and PpDAME6 expression was reported for lateral veg-
etative (Yamane et al., 2011a) and flower (Yamane et al.,
2011b) buds. These results suggest that the SIMADS11-
clade MADS box genes are candidates for internal
factors controlling endodormancy in perennial plants.
However, no direct evidence is available showing that
DAM functions as a growth inhibitor and is directly
involved in bud dormancy.

In this study, we used transgenic approaches with
poplar (Populus tremula X Populus tremuloides), a model
plant species (Jansson and Douglas, 2007), to show the
growth inhibitory function of PmDAMS6 in Japanese
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apricot, one of the tree species recalcitrant to transfor-
mation. Furthermore, our survey of the Japanese apri-
cot genome revealed the presence of tandemly arrayed
PmDAMS6 homologs, PmDAMI1 to PmDAMS, in the
genome region where PmDAM6 was present. A series
of expression analyses strongly indicated the associa-
tion of PmDAMs with endodormancy induction, main-
tenance, and release in Japanese apricot.

RESULTS

Constitutive PmDAMG6 Expression Induced Growth
Cessation and Bud Set in Transgenic Poplar

To elucidate the biological functions of PmDAMS6, we
produced transgenic poplar plants that constitutively
expressed PmDAMS6. These plants constitutively ex-
pressing PmDAMG6 under the control of the cauliflower
mosaic virus 355 promoter (355:PmDAM6) were more
difficult to obtain than control transformants with
the empty vector (35S:empty) because the regeneration
rate was much lower with 355:PmDAM6 than with
35S:empty (data not shown). However, we successfully
obtained six independently transformed lines (35S:
PmDAMG6-1 to -6). Although shoot growth was re-
pressed in all six 355:PmDAME6 lines, 355:PmDAM6-1,
-5, and -6 produced much shorter shoots (Fig. 1, A-C).
In specific poplar genotypes, short days (less than ap-
proximately 14 h) are known to be an environmental
signal that triggers growth cessation, bud set, and
endodormancy (Bohlenius et al., 2006; Ruttink et al.,
2007). Under long-day (LD) conditions (16/8 h of light/
dark, 22°C), growth cessation was promoted and ter-
minal bud set was induced in transgenic poplar plants
with 355:PmDAMS6, whereas control plants, both wild-
type and 35S:empty plants, showed continuous shoot
growth (Fig. 1, D and E). To investigate the dormancy
status of the terminal and lateral buds of the transgenic
poplar plants, we excluded the inhibitory effects of
leaves on bud burst by removing all leaves and ob-
served bud growth under LD conditions. 355:PmDAM6
poplar did not resume their growth, whereas the con-
trol plants showed bud burst (Fig. 1F).

Presence of Six Tandemly Arrayed PmDAM Genes in the
Japanese Apricot Genome

Genomic DNA-blot analysis with the PmDAMG6
probe yielded plural hybridization signals, suggesting
that the Japanese apricot genome has several sequences
similar to PmDAMS6 (Fig. 2A). Four strong and three
faint bands were conserved in all cultivars tested,
although band sizes differed slightly depending on
the cultivars. Genomic library screening and shotgun
sequencing revealed that Japanese apricot contains six
tandemly arrayed MADS box genes that are putative
homologs of PpDAMI to PpDAMG6 genes in peach
(Bielenberg et al., 2008; Fig. 2B). We named these six
genes in Japanese apricot PmDAMI to PmDAMG6 (Fig.
2B). All six PmDAMs have similar genomic structures

Plant Physiol. Vol. 157, 2011



C

80

60

40

bud set (%)

20

-

| L
1 2w 3w

weeks after acclimatization

4w

PmDAM6
(32 cycles)

PHACTIN

e WT
g DAIME-1
g, DAME -2
i DAMEG-3
i D AME -4

DAME-5

DAME-6

Functional and Expressional Analyses of PmDAM Genes

if

DAM6-1 DAME-2 DAMGE-3 DAM64 DAME-5 DAME-6

Bow
Hiw
2w
W 3w
Baw

wr

emp 6-1 62 6-3 64 65 66

Figure 1. Constitutive expression of PmDAM®6 induces growth cessation, bud set, and lateral bud endodormancy in poplar. A,
PmDAMG6 overexpression inhibited growth. Growth in the control plant (35S:empty; left) continued, whereas that in 35S:
PmDAMG6-T (right) was arrested 1 month after acclimatization under LD conditions (16/8 h of light/dark, 22°C). B, Plant heights
of control (wild type [WT]) and six independent 355:PmDAMG6 transgenic plants for 4 weeks immediately after acclimatization.
C, Constitutive expression of PmDAMS6 in six transgenic lines (RT-PCR with 32 cycles). PttACTIN was used as a control. D,
Terminal bud set was induced in 355:PmDAMG6-1 (left), whereas growth in the control plant (355:empty) continued under LD
conditions. E, Bud set was induced earlier in six independent 355:PmDAMG6 transgenic plants. Percentages of bud set in seven to
14 plants of each line are shown. F, Burst of terminal and lateral buds was not observed in 355:PmDAM6-2 under LD conditions.
At approximately 6 weeks after acclimatization, leaves were removed and plants were placed under LD conditions for 2 weeks.
Bud burst was observed in the control plant (35S:empty; left), whereas 355:PmDAM®6 buds (right) entered the dormant stage.
Bars = 5 cm. [See online article for color version of this figure.]

consisting of eight exons and seven introns flanked by
translation initiation and stop codons (Fig. 2C). The
deduced amino acid sequences of all six PmDAMSs
contained the MADS box domain at the N-terminal
end and the putative I region and K box domain at the
middle position, similar to those observed in other
MIKC"-type MADS box genes, suggesting that PmDAM
genes encode a MIKC*-type MADS box (Fig. 2D). At the
C-terminal end, PmDAMSs have an ethylene-responsive
element-binding factor-associated amphiphilic repres-
sion motif, SRDX, that acts as a repression domain
and converts transcriptional activators to strong repres-
sors when fused with DNA-binding proteins (Ohta
et al., 2001). Phylogenetic analysis showed that the six
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PmDAMs belong to the StMADS11 (SVP/AGL24) clade
of angiosperm MADS box genes, similar to PpDAMSs of
peach, EeDAMs of leafy spurge, and database-registered
DAM-like genes of other species of Rosaceae (Fig. 2E).
Each pair of DAM orthologs of Prunus, such as PmDAM]1
and PpDAM1, was placed closely together in the phy-
logenetic tree.

Seasonal Endodormancy Status and PmDAM Expression
Patterns in Two Japanese Apricot Cultivars with
Different Chilling Requirements for Bud Break

The chilling requirements for bud break and sea-
sonal changes in endodormancy depth are known

487



Sasaki et al.

A B

|ate early PmDAM1  PmDAM2 PmDAM3  PmDAM4 PmDAMS PmDAM6
1234567
~2 kb ~6.3 kb ~1.2 kb ~1.3 kb ~1.1 kb
10 kb
C PmDAM1 ATG 4339 1118 340 431 151 113 455
i =
TAA
D —— - PmDAM2 ATG 3901 696 89 476 134 79 914
7012(bp)
TAA

PmDAM3 ATG 4638 2157 98 177 155 135 763
Sl

8811(bp) { 791

PmDAMA &! 3337 —

7855(bp) 79

PmDAMS ATG 4414 980 114 374 142___ 137 1118

7984(0p) {70} Loz P~ 00— s o} tot }—fo|

PmDAME ATG 4598 -

7940(bp) { 79

SvP ATG 907 286 115 85 111 610 391

3177(bp)

2702 102 85 107 96 748

"AA AT

TAG
AGL24 ATG 714 267 466 1M1 84__ 100 82
2486(0p) { o2 bl @ bmeed 00 bl bl a2l 130 {30 ]
TAG
MADS-domain
PmDAML 1 ~-MKMMREKIKIKKIDNLPARQVTFSKRRRGIFKKAAELSVLCESEVAVVIFSATGKLFDY 59
PmDAM2 1 MVKTMRKKIKIKKIDYLPARQVTFSKRRRGIFKKAEELSVLCESEVAVVIFSATGKLFDY 60
PmDAM3 1 ---MMRKKIKIKKIDCLPARQVTFSKRRRGIFKKAAELSVLCESKVAVVIFSATGKLFDY 57 ANR1
PmDAM4 1 MVKIMRKKIKIKKIDYLSARQVTFSKRRRGIFKKAAELSVLCGSEVAVVIFSATGKLFDY 60
PmDAMS 1 ----MMNKIKIKKIDYLPARQVTFSKRRRGLFKKAAELSVLCESEVAVVIFSATSKLFDY 56
PmDAMG 1 MVEKMMREKIKIKKIDYLPARQVTFSKRRRGLFKKAAELSVLCESEVAVVIFSATDKLFHY 60 B-class
SvP 1 =---MAREKIQIRKIDNATARQVTFSKRRRGLFKKAEELSVLCDADVALIIFSSTGKLFEF 57 (AP3IPI)
- I-domain K-domain —
PmDAML (=] SSSSMKDVIERYQVHINGGEKFNERS]ELQP*EYENH]RLSKELKEKSRQRQ*MKGEDL 17
PmDAMZ 61 SSSSTKNVVERYKAHTNGVEKSDEPSVELQL-ETENQIRLNKELAEKSRQLRQ-MRGEDL 118 ciD-class
PmDAM3 58 SSSSIKDVIESYKAHKNGVKKSDEPSVELQL-ENENHIGLSKELEEKSHQLRQQMKAEDL 116 (AG)
PmDAME 61 SSSSIKDVIERYKARTNGVEKSDEQSLELQL-ENENRIKLSTELEEKNRQLRR-MKGEDL 118
PmDAMS 57 SSSSTKDVIERYNADMNGVEKSNNQEIELQL-ENENHIKLSKELEKTSHQLRQ-MKGEDL 114
PmDAME 61 SSSSTENVIERYKAHTGGVEKSDKQFLELQL-ENENHIKLSKELEEKSRQLRQ-MKGEDL 118
SvP 58 CSSSMKEVLERHNLQSKNLEKLDQPSLELQLVENSDHARMSKEIADKSHRLRQ-MRGEEL 116
PmDAML 118 EELNFDELQKLEQLVDASLGRVIETKDERIMSE]MALERKRAELVKANWLRQK**MLFK 175 A-class
PmDAMZ 119 EKLNIDELQKLEQLVDASLGRVIETKEELIMSEIMALERKGAELVEANNQLRQRMVMLSR 178
PmDAM3 117 EELNFDELQKLEQLVDTSLSRVIETKEELRMSEIMALERKGAELVEANNQLKQT-VMLSG 175 (AP1)
PmDAME 119 EELDLDELLKLEQLVEATLVRVMETKEELIMSDIVALDKKGTELVEANNQM=-=-=-=-VMLR~- 173
PmDAMS 115 EGLNLDELLKLEQLVEASLGRVMETKEELIKSEIMELERKGAELVEANSQLRQTMVMLSG 174
PmDAME 119 EGLNLDELLKLEQLVEASLGRVIETKEELIMSEIMALEKKGAELVETNNQLRHRMVMLSG 178 E-class
SVP 117 QGLDIEELQQLEKALETGLTRVIETKSDKIMSEISELQKKGMQLMDENKRLRQQGTQLTE 176 (SEP)
PmDAML 176 GNIGPELMKPERLNNNFGGGGEEEGMSSESATSTT---CNSAPSLSLEDDSDD-V 231
PmDAMZ 179 GNIGPGLTEPERFINNIGDGG-EEGMSSESATNATISSCSSGLSLSLEDDCSD=-V 236 AGLE3
PmDAM3 176 GNTGPTLMDPERLNDNVGGGGEEEGMSSESAISTT---CNSALSLSLGDDSDD-V 231
PmDAME 174 ceccmmemaa DRMVMLSKRSTGPALMEPSDSATST--SCNSALSLSLEDECSDDA 221
PmDAMS 175 GNTGPALMDPERLNNNIEGGGEEEGMSAESAISTT---CNSAVSLSLEDDSSDEV 231
PmDAME 179 GNTGPAFVEPETLITNVGGGGGEDDMSSESAVIATSTSCNSAFSLSLEDDCSD=-V 237 FLC
SvP 177 ENERLGMQICNNVHAHGGAESENAAVYEEGQSSESITNAGNSTGAPVDSESSD-- 233
PmDAML 235
PDAMZ 240 ﬁ{”s
PmDAM3. 235 EESJTW
PuDAMA 225 AGL24
PMDAMS. 234 558 —MADS20
PRDAME 241 PPMADS13-2
SVP 240 PpMADS13-1
DDSDDVTLS| e S
540 Iy
DDCSDVTLA| P;Dgl::ls StMADS11
'm
DDSDDVTL P 525 bmDAM4 (SVPIAGL24)
PpDAM4
ecsDDAlSHKBGRS POAMS
DSSDE! KGR PmDAMZ
DDCSDVTL P 75l TPmDAMS
PpDAM1
ESSDTS PYGG SE AR
0.1

Figure 2. Six tandemly arrayed DAM genes in Japanese apricot. A, DNA gel-blot analysis using PmDAMG6 as the probe. Cv
Nanko (lane 1), cv Shirakaga (lane 2), and cv Oushuku (lane 3) are late-flowering cultivars, and cv Ellching (lane 4), cv Nisei
(lane 5), selection SC (lane 6), and selection ST (lane 7) are early-flowering cultivars. Genomic DNAs digested with Hindlll
were hybridized with the PmDAMG6 probe. Strong and faint bands are shown by arrowheads and horizontal lines,
respectively. B, Overview of the PmDAM locus in the Japanese apricot genome. Six PmDAM genes are located as tandem
repeats. C, Structures of PmDAM genes in Japanese apricot. Boxes and lines represent exons and introns, respectively. The
number of nucleotide base pairs of each exon and intron are indicated. D, Alignment of the deduced amino acid sequences
of PmDAMs of Japanese apricot and SVP of Arabidopsis. MADS box, K box, and | region domains are indicated by arrows.
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to vary depending on the Japanese apricot cultivar.
We previously investigated the chilling requirements
of Japanese apricot cultivars that showed different
blooming times in the field: a late-blooming cultivar,
Nanko, and an early-blooming cultivar, Ellching, and
found that the chilling requirement of cv Ellching
flower buds was much lower than that of cv Nanko
(Yamane et al., 2006). In this study, the seasonal endo-
dormancy status of lateral vegetative buds was inves-
tigated in using these two Japanese apricot cultivars.
Nanko vegetative buds did not open from July to
January under forcing conditions and were considered
to be endodormant during this period (Table I). Endo-
dormancy in cv Nanko was released in February, since
72.2% of vegetative buds opened. Endodormancy in cv
Ellching was shorter and lasted for 3 months (from
August to October). In November, 25% of the vegeta-
tive buds of cv Ellching opened, and the percentages
of bud burst in this cultivar from December to Febru-
ary were higher than those in cv Nanko. When single-
node cuttings were used instead of whole branches
to examine the dormancy status, cv Ellching buds
opened within 1 month in all the months tested, al-
though the buds in September and October took more
days to open than in other months. No cv Nanko bud
opened from August to November. These results con-
firmed that the Taiwanese early-blooming cv Ellching
is a low-chill type, while cv Nanko is a high-chill type.
Although the first bud bursts in cv Nanko and cv
Ellching were observed in April and March, respec-
tively, under field conditions, bud flush peaked almost
at the same time in April, probably because of the lack
of high-temperature days in March (data not shown).

We investigated seasonal expression changes in
PmDAM genes in the vegetative buds of two Japanese
apricot cultivars by real-time reverse transcription
(RT)-PCR using gene-specific TagMan probes and
primers (Fig. 3). Sequencing of genomic fragments
and ¢cDNAs cloned from cv Nanko and cv Ellching
revealed that the designed probe and primer se-
quences were conserved in these cultivars (data not
shown). PmDAMS6 transcript levels significantly in-
creased from June to October in c¢cv Nanko and cv
Ellching. PmDAM1 was up-regulated from June to
July in both cultivars, while PmDAM2, PmDAMS3,
PmDAM4, and PmDAMS5 transcript levels remained
relatively constant during this period. Although tran-
script levels of all six PmDAMSs decreased toward
spring, the down-regulation patterns were different
depending on the cultivars and type of PmDAMs.
Namely, PmDAM3 to PmDAMS6 transcript levels de-
creased earlier and faster in the low-chill cultivar, and
PmDAM3 to PmDAMG transcript levels were higher in

Functional and Expressional Analyses of PmDAM Genes

cv Nanko than in cv Ellching throughout the period
analyzed, while the PmDAMI transcript level was
higher in cv Ellching than in cv Nanko. The accumu-
lation of PmDAM?2 transcripts was similar in both
cultivars. This trend was also found in another bio-
logical replicate, although the relative values of mRNA
levels were not exactly the same between the two,
especially when the transcript levels were low (Fig. 3;
Supplemental Fig. S1).

We also performed seasonal expression analysis of
PmDAMs in cv Nanko leaves. Vegetative bud burst
and growth in cv Nanko occurred in April under field
conditions. Shoot growth cessation was first observed
in late June, and the majority of shoots stopped their
active growth in August; trees shed their leaves by
early December. The seasonal expression change in
PmDAMs in leaves was investigated from April to
November. PmDAMs showed roughly two distinct
seasonal expression trends (Fig. 4). This trend was
confirmed by an experiment using another biological
replicate (Supplemental Fig. S2). PmDAM1 to PmDAM3
were rapidly up-regulated in spring until the begin-
ning of summer and were gradually down-regulated
toward autumn. In contrast, PmDAM4 to PmDAMG6
transcript levels gradually increased until the peak
in November immediately before leaf fall. Seasonal
changes in the accumulation of PmDAM transcripts
were similar in leaves and buds. Thus, in buds, the
accumulation of PmDAMI to PmDAMS3 transcripts
peaked in early summer, while that of PmDAM4 to
PmDAMG6 transcripts peaked in autumn (Figs. 3 and 4;
Supplemental Figs. S1 and S2).

PmDAM Down-Regulation by Prolonged Cold
Exposure (5°C-9°C)

Buds are released from endodormancy by pro-
longed cold exposure. To investigate the effect of
prolonged cold exposure on PmDAM expression, we
placed branches collected in October under prolonged
cold [cold(+)] or noncold [cold(—)] temperature con-
ditions. As shown in Table II and Figure 5, the low-
chill cv Ellching required less chilling exposure for
dormancy release than the high-chill cv Nanko.

PmDAM expression can be approximately classified
into two distinct patterns (Fig. 6). PmDAMI1 to
PmDAMS3 expression levels decreased by a relatively
short period of cold exposure and were steadily re-
pressed by a prolonged period of cold exposure in
both cv Nanko and cv Ellching, with both cultivars
showing similar expression levels of these genes.
PmDAMI1 to PmDAMS3 expression remained constant
during cold(-) treatment in both cultivars (Fig. 6).

Figure 2. (Continued.)

The boxes indicate the conserved ethylene-responsive element-binding factor-associated amphiphilic repression motif. E,
Phylogenetic relationship among 40 Arabidopsis MADS box proteins and six Japanese apricot, six peach, two leafy spurge, two
pear, one apple, and one poplar DAM-like proteins (Supplemental Table S2). The number at each branch indicates the bootstrap
value of 1,000 replicates, and branches with more than 50% bootstrap values are shown.
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Table 1. Seasonal endodormancy status of lateral vegetative buds of two Japanese apricot cultivars tested under forcing condlitions (16 h of

light/8 h of dark, 22°C)

Long one-year-old branches and single-node cuttings from the long 1-year-old branches of field-grown trees were used for tests. For days to bud
burst, first bud burst was observed within 10 d (++), within 30 d (+), or not observed within 30 d (—).

Month
Cultivar
June July August September October November December January February
days to bud burst
Long 1-year-old branches
Nanko ++ - - - - - - - ++
Ellching ++ + - - - + ++ ++ ++
% bud burst
Nanko 333 0 0 0 0 0 0 0 72.2
Ellching 70 5 0 0 0 25 85 100 100
days to bud burst
Single-node cuttings
Nanko ++ ++ - - - - + ++ ++
Ellching ++ ++ ++ + + ++ ++ ++ ++
However, PmDAM4 to PmDAMG6 showed distinct DISCUSSION

expression patterns depending on the cultivar. After
a short period of cold(+) treatment, PmDAM4 to
PmDAMG6 expression slightly increased or remained
constant in cv Nanko, while it decreased in cv Ellching.
However, prolonged cold exposure repressed PmDAM4
to PmDAMG6 in both cultivars, although expression
levels in cv Ellching were significantly lower than
those in cv Nanko. In both cultivars, PmDAM4 to
PmDAMG6 were slightly up-regulated or remained
constant during cold(—) treatment. Another biological
replicate also showed the same trends in expression

Transgenic studies have been used effectively to
show the involvement of the poplar homolog of FT
(Bohlenius et al., 2006), birch (Betula pendula) homolog
of FRUITFULL (Hoenicka et al., 2008), oat (Avena
sativa) homolog of PHYTOCHROME A (Olsen et al,,
1997), and poplar homolog of the CEN/TFL1 subfam-
ilies (Mohamed et al., 2010) in seasonal growth cycles
of shoots and buds in higher plants. In addition to
these genes, transgenic experiments in this study
indicated the possible involvement of PmDAMS6, a
Japanese apricot homolog of SVP/AGL24, in perennial

patterns (Supplemental Fig. S3). growth cycles of plants. To our knowledge, this is the
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Figure 3. Seasonal expression changes in PmDAMs in the lateral vegetative buds of two Japanese apricot cultivars. Gene
expression in the lateral vegetative buds of cv Nanko and cv Ellching grown in the field was assessed at monthly intervals by real-
time PCR using TagMan probes from June to March. Transcript levels of each gene were normalized by PmUBQ. The means of
three technical replicates are shown, with error bars representing sb. The means of another biological replicate are shown in
Supplemental Figure S1. Changes in expression are shown as logarithmic graphs. PmDAM1 and PmDAM2 transcripts in cv
Nanko in March were present at undetectable levels under our experimental conditions; thus, we did not plot them in the figures.
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Figure 4. Seasonal expression changes in PmDAM:s in the leaves of the Japanese apricot cv Nanko. Gene expression in cv Nanko
leaves grown in the field from April to November was assessed at monthly intervals by real-time PCR as described in Figure 3.
Transcript levels of each gene were normalized by PmUBQ. The means of three technical replicates are shown, with error bars
representing sb. The means of another biological replicate are shown in Supplemental Figure S2. Changes in expression are
shown as logarithmic graphs. PmDAMSG6 transcripts in April, May, and June were present at undetectable levels under our
experimental conditions; thus, we did not plot them in the figures. The period when shoot growth cessation was first observed
until the majority of shoots stopped growing in the field is shown by arrows.

first report to use a transgenic technique to function-
ally characterize SVP/AGL24 homologs in woody
plant species.

We successfully obtained transgenic poplar lines
constitutively expressing PmDAMS6; however, the re-
generation rate was much lower with 355:PmDAM®6
than with 355:empty. The same trend was observed in
transformation experiments with Japanese apricot and
apple (Malus X domestica; H. Yamane, M. Wada, and
R. Tao, unpublished data). The regeneration rate of 35S:
PmDAMG6 apple was approximately 10-fold lower than
that of control apple transformants. In addition, during
root initiation and acclimatization, shoot growth was
repressed in some 355:PmDAMS6 lines, resulting in
shorter plant heights in 355:PmDAMG6 than in control
lines (Fig. 1B). It is obvious that PmDAMS6 could affect
adventitious shoot regeneration processes and shoot
growth during root initiation and acclimatization as
well as after acclimatization. Because several growth
cessation-related genes have been reported in poplar,
such as CENL1, CO, and FT (Bohlenius et al., 2006;
Ruonala et al., 2008), and because DAM genes of leafy
spurge have been hypothesized to regulate FT (Horvath
et al., 2008, 2010), it would be interesting to determine
if ectopic expression of PmDAMSG6 has any effect on the
expression of the above-mentioned growth cessation-
related genes in transgenic poplar. No significant dif-
ference was observed in CO2 expression in leaves
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and CENLI expression in shoot apices between 355:
PmDAME6 and wild-type poplar (data not shown). FT1
was present at undetectable levels in both 35S:
PmDAME6 and wild-type poplar (data not shown). FT2
expression varies with transgenic lines. FI2 expression
was repressed in transgenic lines whose growth was
strongly inhibited (355:PmDAM-1, -5, and -6), whereas
it was not affected or up-regulated in transgenic lines
whose growth was not strongly inhibited immediately
after acclimatization (355:PmDAM-2, -3, and -4; Fig. 1B;
Supplemental Fig. S4A). Since a distinct difference in
PmDAMEG6 expression level was not found among 355:
PmDAMEG6 poplar, we are unable to conclusively state
anything about the correlation between PmDAM6 and

Table Il. Effects of a prolonged cold temperature (5°C-9°C) on
endodormancy release of Japanese apricot

First bud burst was observed within 10 d (++), within 30 d (+), or not
observed within 60 d (—).

Days to Bud Burst after

Days for Cold Transferring to Forcing Conditions

Temperature Treatment

cv Nanko cv Eliching
O — —_
16 - -
32 - +
64 + ++
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Eliching

Figure 5. Difference in the endodormancy status of two Japanese
apricot cultivars. Endodormancy in cv Ellching (left) was released with
a relatively short period of cold exposure, while cv Nanko (right)
remained endodormant. Each plant was transferred to forcing condi-
tions (greenhouse controlled at 25°C * 3°C under natural daylength)
after 32 d of cold exposure (7°C *= 2°C). Only cv Ellching resumed
growth and produced new leaves. [See online article for color version
of this figure.]

FT2 transcript levels. Furthermore, no direct correlation
between PmDAM6 and PmFT (Esumi et al., 2009) ex-
pression levels was indicated from the seasonal changes
in PmFT expression patterns in Japanese apricot (Sup-
plemental Fig. S4, B and C). Thus, the involvement of
PmDAMS6 in CO-, CENLI-, or FI-mediated growth

cessation is currently unclear. A comprehensive expres-
sion survey such as microarray analysis would be
required to evaluate the biological role of PmDAM6
in 355:PmDAMG6 poplar. Although this study does not
provide conclusive information on how PmDAMS6 func-
tions in transgenic lines, it is noteworthy that over-
expressed PmDAMBS6 had a growth inhibitory function
in transgenic poplar.

Endodormancy is presumed to be regulated by
putative internal growth inhibitors that may be local-
ized in endodormant buds to prevent the resumption
of growth. Because PmDAMG6 was originally identified
as the gene up-regulated during the endodormancy
period (Yamane et al., 2008) and expressed in the area
containing shoot apical meristem and rib meristem
regions within Japanese apricot buds (Supplemental
Fig. S5), we assumed a growth inhibitory function of
PmDAMG6 in buds. Because not only growth cessation
but also terminal bud set was observed in 35S:
PmDAMS6 poplar under environmental conditions in
which the control plants continued shoot tip growth,
our hypothesis is that PmDAM6 may function through
its growth inhibitory effect to control endodormancy.
We are now transforming Japanese apricot, one of the
tree species resistant to transformation, to test our
hypothesis in a homologous plant system.

In this study, we found six PmDAM genes, including
PmDAMS, in a tandem arrangement in the Japanese
apricot genome. The presence of tandemly arrayed
PmDAM6 homologs in the genome was expected
because the six PmDAM6 homologs in peach, a close
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Figure 6. The effect of prolonged cold exposure on PmDAM expression in October. One-year-old branches were cut from cv
Nanko and cv Ellching trees in October, artificially defoliated, and placed in a growth chamber for cold(+) treatment (7°C = 2°C)
or cold(—) treatment (25°C = 3°C) under dark conditions. Vegetative buds were collected from the middle portions of branches
at0, 16, 32, or 64 d of cold(+) or cold(—) treatment. Gene expression was measured by real-time PCR as described in Figure 3.
Transcript levels of each gene were normalized by PmUBQ. The means of three technical replicates are shown, with error bars
representing sp. The means of another biological replicate are shown in Supplemental Figure S3. Changes in expression are
shown as logarithmic graphs.
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relative of Japanese apricot, have also been reported
to be tandemly arrayed in its genome. However, more
than six bands found on the DNA blot could suggest
the possible presence of additional DAM-like genes in
the Japanese apricot genome. When the whole genome
sequences of peach were searched on the Genome
Database for Rosaceae Web site (http://www.rosaceae.
org/), we found at least two more SVP-like genes
(peach gene accession nos. ppa011063 and ppa022274).
Although these two SVP-like genes may have some
function in dormancy, we focused on tandemly
arrayed PmDAM6 homologs in Japanese apricot in
this study. Based on their homology to PpDAMs
and results obtained with phylogenetic analysis, we
named these tandemly arrayed genes with PmDAM6
as PmDAM1, PmDAM2, PmDAM3, PmDAM4, and
PmDAMS.

Along with PmDAMG6 (Yamane et al., 2008) and
other PpDAMSs of peach (Bielenberg et al., 2008) and
EeDAMs of leafy spurge (Horvath et al., 2010), PmDAM1
to PmDAMSb5 belong to the StMADS11 (SVP/AGL24)
clade of MIKC"-type MADS box genes. Interestingly,
the deduced amino acid sequences of PmDAMSs are
similar to each other, and all PmDAMSs contain the
SRDX repressor motif at the C-terminal end (Ohta
et al., 2001). This suggests that all six PmDAMs may
act as transcriptional repressors and have functional
redundancy. Although PmDAMSs showed distinct
seasonal expression changes as discussed below, all
PmDAMs were up-regulated after growth cessation
and down-regulated in February and March, when
buds have the ability to resume growth under favor-
able conditions. Furthermore, all six PmDAMs were
repressed by prolonged cold exposure. Prolonged cold
exposure in winter is known to induce endodormancy
release in perennial plants (Rohde and Bhalerao, 2007).
These results may indicate that PmDAMs have func-
tional redundancy and that unknown target genes of
PmDAMs are up-regulated when buds are released
from endodormancy. However, PmDAMs may have
been subfunctionalized during evolution. Despite
the similarity in peach PpDAM coding sequences,
Jiménez et al. (2009) detected strong purifying selec-
tion in all six PpDAM genes. Furthermore, a peach
evergrowing mutant lacking PpDAM1 to PpDAMG6 ex-
pression showed dimorphism with an inability to
set terminal buds and enter lateral bud dormancy
(Rodriguez et al., 1994; Bielenberg et al., 2004, 2008;
Li et al., 2009). Based on these facts, Jiménez et al.
(2009) proposed the possibility of peach PpDAM sub-
functionalization. Although it is unclear whether ter-
minal bud set and lateral bud endodormancy are
under the control of the same regulatory pathway,
our transformation study showed that constitutive
expression of PmDAMG6 alone could modify both
terminal bud set and dormancy induction. Further
transformation studies using the five PmDAMSs other
than PmDAMG6 would help address questions regard-
ing the functional redundancy or subfunctionalization
of PmDAMs.
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After flushing in April and subsequent active shoot
growth, the majority of cv Nanko shoots had stopped
growing by August and all six PmDAMs in leaves
were up-regulated compared with their expression in
April. Using branch cuttings, we determined that
endodormancy periods in cv Nanko and cv Ellching
trees under our experimental conditions were from
July to January and from August to October, respec-
tively. During these months, the deep dormant periods
of cv Nanko and cv Ellching can be estimated to
be from August to November and from September
to October, respectively, on the basis of the results
obtained using single-node cuttings. PmDAMG6 expres-
sion levels showed positive correlations with in-
duction of lateral bud endodormancy. On the other
hand, in both cultivars, negative correlations between
changes in expression and endodormancy release
were found in PmDAM3 to PmDAMS6. These obser-
vations suggested that the transcriptional control of
PmDAM s is different, although they may have func-
tional redundancy (i.e. they could act as internal
growth inhibitors), as suggested for PmDAM6 from
the transgenic experiment in this study. Seasonal ex-
pression patterns of PmDAMs in buds and leaves were
roughly classified into two distinct patterns. PmDAM]1
to PmDAM3 showed earlier expression peaks (in sum-
mer), while PmDAM4 to PmDAMG6 showed later ex-
pression peaks (in autumn). Because Japanese apricot
buds enter deep dormancy in autumn (September and
October), PmDAM4 to PmDAMG6 expression appeared
to be more closely correlated with endodormancy depth
than PmDAM]1 to PmDAMS3 expression. We assumed
that this difference could be at least partly due to
variation in PmDAM1 to PmDAM3 and PmDAM4 to
PmDAMG6 responses to an ambient cool temperature in
September (15°C-18°C). The artificial cool-temperature
treatment in September significantly increased the ac-
cumulation of PmDAM4 to PmDAMS6 transcripts in
buds (Supplemental Fig. S6). Peach DAMs, PpDAMb5
and PpDAMS6, were also up-regulated by cool temper-
ature in September (Yamane et al., 2011a).

As suggested by the phylogenetic similarity of DAM
orthologs between Japanese apricot and peach (Fig.
2E), all PmDAMSs, except PmDAM4, showed seasonal
expression changes similar to the respective peach
orthologs, in that DAM1 and DAM?2 peaked in sum-
mer and decreased before winter, whereas DAMS3,
DAMS5, and DAM6 showed negative correlation with
endodormancy release (Li et al., 2009; Jiménez et al.,
2010; Yamane et al., 2011a). Although PmDAM4 and
PpDAM4 expression was negatively correlated with
endodormancy release, as shown in this study and as
reported by Leida et al. (2010), PmDAM4 peaked in
autumn (this study) whereas PpDAM4 peaked in sum-
mer (Li et al., 2009). Nevertheless, all DAMs of Japanese
apricot and peach reported so far are down-regulated
when buds are able to resume their growth (Bielenberg
et al., 2008; Yamane et al., 2008, 2011a, 2011b; Li
et al., 2009; Jiménez et al., 2010; Leida et al., 2010).
Because prolonged cold exposure down-regulated
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DAMS5 and DAMG6 in both species (Jiménez et al., 2010;
Yamane et al,, 2011a, 2011b; this study), these genes
could function in endodormancy release in Prunus.

PpDAM4 to PpDAM6 were shown to be responsive
to a reduction in daylength under controlled environ-
mental conditions (Li et al., 2009). Although we did
not analyze short-day effects on PmDAM expression,
reduction in daylength could be one of the triggers
for PmDAM4 to PmDAMG6 because they were up-
regulated toward autumn (Fig. 3). In this study, in-
stead, we found that PmDAM4 to PmDAMG6 were
up-regulated by low temperature (Supplemental Fig.
S6). Horvath et al. (2010) found that EeDAM1 was
cold stress (11°C) responsive and contained putative
C-repeat/DRE-Binding Factor (CBF) sites, which are
cis-regulating motifs targeted by the cold/drought
stress CBF regulon found within the 2,000-bp region
upstream of the EeDAM1 translation initiation codon.
This finding suggested that the cold-responsive Ee-
DAM]1 gene was controlled by the CBF protein. Similar
to EeDAM1 (Horvath et al., 2010), conserved CBF sites
were found within the 1,000-bp region upstream of
DAM4 to DAMG6 translation initiation codons of both
peach and Japanese apricot. In particular, the positions
of CBF sites were highly conserved in DAM5 and
DAMBG6 of peach and Japanese apricot. CBF sites were
found at 527 and 536 bp upstream of the translation
initiation codon of peach and Japanese apricot DAMS,
respectively, while they were at 692 and 652 bp up-
stream of the translation initiation codon of peach
and Japanese apricot DAMS, respectively. In contrast,
putative CBF sites were not found within 1,000 bp
upstream of DAM1, DAM2, and DAMS3 of peach and
Japanese apricot. These results could suggest that the
CBF-mediated cold response may be conserved in
DAM4 to DAMG6 of Japanese apricot and peach.

Cold treatment in October induced endodormancy
release in cv Nanko and cv Ellching at 64 and 32 d,
respectively, coinciding very well with a prominent
decrease in PmDAM4 to PmDAMS6 transcript levels in
buds. In particular, it is notable that dormancy release
was observed when PmDAM4 to PmDAMSG6 transcript
levels were down-regulated to an approximately 10-
fold decrease from their peak levels. Taking these
results into consideration, along with the seasonal
expression changes in PmDAM4 to PmDAMBS, it is
suggested that PmDAM4 to PmDAMG6 expression
could be associated with endodormancy release by
chilling accumulation. In contrast, although PmDAM1
to PmDAM3 were responsive to cold temperature,
their transcript levels decreased well before endo-
dormancy release at a similar rate in both cv Nanko
and cv Ellching. This could indicate that PmDAM]I to
PmDAMS3 cannot be considered as determinants of
endodormancy release, even though they could still
serve as internal growth inhibitors.

The chilling requirements for dormancy release vary
widely depending on the genotypes of a given species.
However, the molecular basis for differences in chill-
ing requirements has yet to be elucidated. This study
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demonstrated the association of seasonal expression
changes in PmDAMSs with temperature-mediated phe-
nological dormancy events in two Japanese apricot
cultivars differing in chilling requirements. If we closely
observe the seasonal expression patterns of PmDAM4
to PmDAM6 and their cold temperature response in
October, genotype-dependent regulation patterns can
be found. PmDAM4 to PmDAM6 expression was
up-regulated until late autumn or early winter, after
which it was down-regulated toward spring. Although
no substantial difference was observed in the initial
up-regulation patterns of PmDAM4 to PmDAM6 ex-
pression in c¢v Nanko and cv Ellching, PmDAM4 to
PmDAMSG6 expression levels in low-chill cv Ellching
started to decrease earlier and faster than those in high-
chill cv Nanko. From October to December, the differ-
ence between the two cultivars was prominent. Namely,
PmDAM4 to PmDAMS6 in low-chill cv Ellching were
down-regulated while those in high-chill cv Nanko
were up-regulated or remained constant. This difference
could be attributed to variation in the response to cold
temperature in PmDAM4 to PmDAMG6 between the two
cultivars in October. Cold treatment in October readily
induced PmDAM4 to PmDAM6 down-regulation in
low-chill cv Ellching, while PmDAM4 to PmDAMSG6 in
high-chill cv Nanko remained constant or were up-
regulated during the first 32 d of treatment. Although
the cause of the distinct responses of PmDAM4 to
PmDAMSG to cold temperature in these two cultivars is
unknown, these results may indicate that low-chill cv
Ellching reacts to cold temperature in October as chill-
ing but high-chill cv Nanko does not. Alternatively, a
certain amount of chilling accumulation may be neces-
sary for PmDAM4 to PmDAM6 down-regulation in
high-chill cv Nanko. In any case, the distinct changes in
PmDAM4 to PmDAMS6 expression may possibly con-
tribute to the different amounts of chilling requirements
for dormancy release in cv Nanko and cv Ellching.

CONCLUSION

In this study, we demonstrated the growth inhibi-
tory functions of PmDAMG6 in transgenic poplar over-
expressing it. We identified six tandemly arrayed
PmDAM genes (PmDAMI1-PmDAMS6) and found that
all PmDAMSs were repressed during prolonged cold
exposure and maintained at low levels until endodor-
mancy release, suggesting that all PmDAMs, similar to
PmDAMBS, act as growth inhibitors. Our study, along
with other reported studies, strongly suggests that
DAM genes play significant roles in the regulation of
bud dormancy in perennial plants. Thus, it is apparent
that DAM genes could be one of the most promising
key bud dormancy factors. Hence, elucidation of the
genetic, molecular, and biochemical aspects of DAM
genes would be of great interest in a wide range of
studies of environmental adaptation.

Our study also suggested the association of PmDAMSs
with the genetic control of chilling requirements for
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dormancy release, because PmDAM4 to PmDAM6
down-regulation was correlated with cold temperature-
mediated phenological events of dormancy release
in two Japanese apricot cultivars differing in chilling
requirements for dormancy release. The genotype-
dependent changes in PmDAM4 to PmDAMG6 expres-
sion may possibly contribute to the different levels of
chilling requirements, providing new insights in the
understanding of the molecular basis of chilling re-
quirements for dormancy release in temperate fruit
trees.

MATERIALS AND METHODS
Transformation of Poplar and Growth Conditions

Hybrid poplar (Populus tremula X Populus tremuloides; clone T89) was
transformed with a chimeric gene construct containing PmDAM6. PmDAM6
was introduced into wild-type plants for constitutive expression under the
control of the cauliflower mosaic virus 35S promoter. To construct the binary
vector p35S:PmDAMS6, PmDAM6 cDNA (National Center for Biotechnology
Information accession no. AB437345; Yamane et al., 2008) was blunt-end li-
gated in the sense orientation at the BamHI site located between the cauli-
flower mosaic virus 35S promoter and terminator sequences in the T-DNA
region of the binary vector pDU92.3103 (Tao et al., 1995). pDU92.3103 was
used for control transformation. p35S:PmDAM6 and pDU92.3103 vectors
were introduced in the disarmed Agrobacterium tumefaciens strain EHA105 and
used to transform hybrid poplar by the conventional method (Nilsson et al.,
1996). Six independent transformed lines and a single control transformed line
were obtained. PmDAM6 expression was confirmed by RT-PCR using
PmDAMS6-F2 and PmDAM6-R2 primers (Supplemental Table S1). RT-PCR
was performed with cDNAs synthesized from total RNAs extracted from the
leaves of each transgenic plant immediately after acclimatization using the
RNeasy Plant Mini Kit (Qiagen). PCR conditions were as follows: 32 cycles at
98°C for 10's, 57°C for 30 s, and 72°C for 20 s, with initial denaturation at 98°C
for 3 min and final extension at 72°C for 7 min. Transgenic shoots were
transplanted to half-strength Murashige and Skoog (1962) medium for root
initiation. As controls, the control transformed line (35S:empty) and wild-type
plants were simultaneously grown under the same conditions. When the
plants rooted, they were planted in plastic pots covered with plastic bags
containing vermiculite that had been autoclaved and wetted with 1:1,000
Hyponex (Hyponex Japan). They were grown under LD conditions (16/8 h of
light/dark, 22°C) with cool-white fluorescent light (60 umol m~%s™!; FL 40SS
W/37 lamps; Matsushita Electronics) for 4 weeks of acclimatization. At
4 weeks, the plastic bags were removed and the plants were transplanted to
larger pots.

Phenotypic Assessment of Transgenic Poplar

Transgenic and control poplar plants were grown under LD conditions for
4 weeks after acclimatization (namely for 4 weeks after removing the plastic
bags). Plant height and the timing of terminal bud set were investigated.
Growth cessation and terminal bud set in transgenic plants were observed
within 1 month after removing the plastic bags. Six weeks after acclimatiza-
tion, or approximately 2 to 3 weeks after growth cessation and terminal bud
set in transgenic lines, both transgenic and control plants were defoliated and
grown under LD conditions for 2 weeks to observe bud burst.

Plant Materials for Genomic DNA-Blot and Expression
Analyses of Japanese Apricot

The two Japanese apricot (Prunus mume) cultivars used in this study were
the early-blooming Taiwanese cultivar, Ellching (19 years old, seed grafted),
and a Japanese cultivar with an average blooming time in Japan, Nanko (18
years old, seed grafted). Both cultivars were grown at the Horticultural
Experiment Center of the Wakayama Research Center of Agriculture, Forestry,
and Fisheries in Gobo, Japan (34°N, 135°E). Two-year-old pot-grown cv Nanko
and cv Ellching self-rooted plants were also used. For genomic DNA-blot
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analysis, five other cultivars showing blooming times similar to cv Nanko (cv
Shirokaga and cv Oushuku) or cv Ellching (cv Nisei, selection SC, selection ST)
were used. These cultivars and selections were grown at the Kyoto University
Experimental Farm in Kyoto, Japan (34°N, 135°E).

Genomic DNA-Blot Analysis

Genomic DNAs were isolated from young leaves of seven cultivars and
selections using the Nucleon PhytoPure Plant and Fungal DNA Extraction Kit
(GE Healthcare), with some modifications (Yamane et al., 2009). In brief, 1.5 g
of frozen leaves was ground to a powder using the Multi-Beads Shocker (Yasui
kikai), suspended in washing buffer (10 mm Tris-HCI [pH 9.0], 0.5 M Suc,
10 mm EDTA [pH 8.0], and 80 mm KCl), and mixed thoroughly. The mixture
was centrifuged (6,500 at 4°C for 15 min) to collect the pellet; the pellet was
resuspended in washing buffer and centrifuged again. Genomic DNA was
isolated from the pellet using the above-mentioned plant and fungal DNA
extraction kit and further purified by phenol/chloroform extraction.

Genomic DNA (5 ug) was digested with Hindlll, run on a 0.8% (w/v)
agarose gel, and transferred to a Biodyne Plus nylon filter (Pall). The
membrane was hybridized with a digoxigenin-labeled PmDAMG6 probe
containing nucleotide sequences corresponding to the MADS domain of
PmDAMG6 to detect all PmDAMSs. After hybridization at 60°C, the membrane
was washed under low-stringency conditions (Watari et al., 2007). The
hybridized signals were visualized using LAS-3000 mini (Fujifilm).

Genomic DNA Library Construction, Screening,
and Sequencing

Fosmid libraries were constructed from the genomic DNAs of the Japanese
apricot cv Nanko and cv Ellching using the CopyControl Fosmid Library
Production Kit (Epicentre). The libraries were screened using a digoxigenin-
dUTP-labeled probe synthesized from a PmDAMG6 partial fragment corre-
sponding to the K box region. The cv Nanko library was also screened with
probes synthesized from PmDAM2 c¢DNAs cloned by RT-PCR (data not
shown), and the cv Ellching library was screened with probes from the
PmDAMS3 cDNA of cv Nanko. Positive clones were subjected to gene-specific
PCR to confirm the presence of PmDAMSs. Nucleotide sequences of the
selected fosmid clone were determined by partial digestion and shotgun
sequencing using the BigDye Terminator version 3.1 Cycle Sequencing Kit
(Applied Biosystems) and an ABI 3730xl capillary sequencer (Applied Bio-
systems).

Phylogenetic Analysis

PmDAMSs of Japanese apricot (this study), DAMs reported in other plant
species (leafy spurge [Euphorbia esula] and peach [Prunus persica]), database-
registered DAM-like genes of poplar, apple (Malus X domestica), pear (Pyrus
communis), rosaceous fruit tree species other than Japanese apricot and peach,
and 39 MIKC-type MADS box genes of Arabidopsis (Arabidopsis thaliana)
were used to construct the phylogenetic tree. AGL23 of Arabidopsis, which
belongs to type I MADS box genes, was used as an outgroup. Accession
numbers of the genes used are shown in Supplemental Table S2. Phylogenetic
analysis was performed using the ClustalW program at the DNA Data Bank
of Japan (http://clustalw.ddbj.nig.ac.jp/top-j.html). The tree was displayed
using NJplot software.

Seasonal Endodormancy Status and Expression Analysis
of Japanese Apricot

For each cultivar, 1-year-old branches (current season’s growth; n = 3) with
a length of approximately 40 cm (containing approximately 25 buds) were cut
at monthly intervals from trees in the field from June to March, 2005 and 2006,
for cv Nanko or from June to February, 2005 and 2006, for cv Ellching. Lateral
vegetative buds on the middle portion of each branch were used to calculate
the percentage of bud burst. When the branches were collected before the trees
shed their leaves in the field, they were artificially defoliated. The branches
were placed in water containing Misakifarm (Otsuka kagaku; containing
nutrients and fungicides). At the same time, the basal parts of 10 single-node
cuttings obtained from the middle portion of each of the three branches were
placed in water containing Misakifarm. The branches and single-node cut-
tings were maintained at 22°C under cool-white fluorescent light (60 wmol
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m~ 2 s7?) for a 16-h-light/8-h-dark photoperiod. The water containing Mis-
akifarm was replaced every 2 weeks. After 1 month in the growth chamber,
buds showing green leaves were considered to have burst.

The lateral vegetative buds excised from the middle portions of branches of
both cv Nanko and cv Ellching and cv Nanko leaves were collected at monthly
intervals, immediately frozen in liquid nitrogen, and stored at —80°C until
use. Total RNA was isolated from the buds and leaves as described by Yamane
et al. (2008). After DNasel treatment (Takara BIO), 1 ug of total RNA was used
for cDNA synthesis with SuperScript III reverse transcriptase (Invitrogen).
Based on the genomic DNA and cDNA sequences for PmDAM1 to PmDAME6,
gene-specific TagMan probes and primers (Supplemental Table S1) for
detecting each gene were synthesized. Real-time PCR analysis using a
TagMan probe was performed using LightCycler 480 (Roche) and a probe
master mix (Roche). The reaction mixture consisted of 1X probe master mix,
500 nm each of forward and reverse primers, 200 nm TagMan probe, and cDNA
equivalent to 4 ng of total RNA in 20-uL reaction volumes. As a reference, the
accumulation of the Japanese apricot UBIQUITIN (PmUBQ) transcript was
monitored by real-time PCR using SYBR Green Master Mix (Roche) and gene-
specific primers (Supplemental Table S1). PCR was performed using a
program of 45 cycles at 95°C for 10 s and 60°C for 20 s, with initial heating
at 95°C for 5 min. For PmUBQ gene-specific real-time PCR, dissociation curve
analysis was performed to confirm that the fluorescence was only derived
from gene-specific amplification. Two biological replicates each with three
technical replicates were performed for each gene. Quantities of PmDAM!I to
PmDAMG6 transcripts in each sample were normalized using PmUBQ tran-
scripts.

Prolonged Cold Exposure under Controlled
Environmental Conditions

For prolonged cold treatment in October, 1-year-old long branches of cv
Nanko and cv Ellching trees were collected in October 2007. In addition, 12
pot-grown trees of each cultivar were used for estimating the endodormancy
status of vegetative buds. Collected branches and pot-grown trees were
artificially defoliated and transferred to a growth chamber at 7°C * 2°C [cold
(+)] or 25°C = 3°C [cold(—)] under dark conditions. The branches were placed
in water containing Misakifarm, and the water was replaced every 2 weeks.
The pots were watered once a week. After 16, 32, or 64 d, three pot-grown trees
of each cultivar were transferred to a greenhouse controlled at 25°C = 3°C
under natural daylength to force growth. Lateral vegetative buds were excised
from the middle portions of branches at 0, 16, 32, or 64 d of cold(+) or cold(—)
treatment, immediately frozen in liquid nitrogen, and stored at —80°C until
further use. Total RNA was isolated from the buds stored at —80°C and used
for the analysis of PmDAM1 to PmDAM®6 expression as described above. Two
biological replicates each with three technical replicates were performed for
each gene.

Sequence data from the article can be found in the GenBank/EMBL/DNA
Data Bank of Japan data libraries under the following accession num-
bers: PmDAMI (AB576350), PmDAM?2 (AB576351), PmDAMS3 (AB576352),
PmDAM4 (AB576353), and PmDAMS5 (AB576349).

Supplemental Data

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

Supplemental Figure S1. Biological replicate of seasonal expression
changes in PmDAMs in the lateral vegetative buds of two Japanese
apricot cultivars.

Supplemental Figure S2. Biological replicate of seasonal expression
changes in PmDAM s in the leaves of the Japanese apricot cv Nanko.

Supplemental Figure S3. Biological replicate of changes in PmDAM
expression affected by prolonged cold exposure.

Supplemental Figure S4. Expression of FT orthologs in transgenic poplar
and Japanese apricot.

Supplemental Figure S5. Expression of PmDAMS6 in shoot apex of lateral
vegetative buds of Japanese apricot.

Supplemental Figure S6. Effect of ambient cool temperature in autumn on
PmDAM expression in Japanese apricot.
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Supplemental Table S1. Sequences of primers and TagMan probes used in
this study.

Supplemental Table S2. Genes used for constructing the phylogenetic tree
and their accession numbers.

ACKNOWLEDGMENTS

We thank Dr. Yoshikazu Ozawa (former director of the Horticultural
Experiment Center of Wakayama Research Center of Agriculture, Forestry,
and Fisheries, Japan) and Dr. Kyohei Hayashi (Wakayama Research Center of
Agriculture, Forestry, and Fisheries, Japan) for helping us to collect exper-
imental materials. P. tremula X P. tremuloides T89 clones were kindly provided
by Dr. Nobuyuki Nishikubo (Oji Paper Group, Japan) by courtesy of Prof.
Bjorn Sundberg (Umea Plant Science Centre, Swedish University of Agricul-
tural Sciences).

Received June 20, 2011; accepted July 26, 2011; published July 27, 2011.

LITERATURE CITED

Bielenberg DG, Li Z, Zhebentyayeva T, Fan S, Reighard GL, Scorza R,
Abbott AG (2008) Sequencing and annotation of the evergrowing locus
in peach [Prunus persica (L.) Batsch] reveals a cluster of six MADS-box
transcription factors as candidate genes for regulation of terminal bud
formation. Tree Genet Genomes 4: 495-507

Bielenberg DG, Wang Y, Fan S, Reighard GL, Scorza R, Abbott AG (2004)
A deletion affecting several gene candidates is present in the Ever-
growing peach mutant. ] Hered 95: 436—444

Bohlenius H, Huang T, Charbonnel-Campaa L, Brunner AM, Jansson S,
Strauss SH, Nilsson O (2006) CO/FT regulatory module controls timing
of flowering and seasonal growth cessation in trees. Science 312:
1040-1043

Crabbe J, Barnola P (1996) A new conceptual approach to bud dormancy in
woody plants. In GA Lang, ed, Plant Dormancy: Physiology, Biochem-
istry and Molecular Biology. CAB International, Wallingford, UK, pp
83-113

Druart N, Johansson A, Baba K, Schrader J, Sjodin A, Bhalerao RR,
Resman L, Trygg J, Moritz T, Bhalerao RP (2007) Environmental and
hormonal regulation of the activity-dormancy cycle in the cambial
meristem involves stage-specific modulation of transcriptional and
metabolic networks. Plant ] 50: 557-573

Esumi T, Hagihara C, Kitamura Y, Yamane H, Tao R (2009) Identification of
an FT ortholog in Japanese apricot (Prunus mume Sieb. Et Zucc.). ] Hortic
Sci Biotechnol 84: 149-154

Fan S, Bielenberg DG, Zhebentyayeva TN, Reighard GL, Okie WR,
Holland D, Abbott AG (2010) Mapping quantitative trait loci associated
with chilling requirement, heat requirement and bloom date in peach
(Prunus persica). New Phytol 185: 917-930

Faust M, Erez A, Rowland L], Wang SY, Norman HA (1997) Bud dormancy
in perennial fruit trees: physiological basis for dormancy induction,
maintenance, and release. HortScience 32: 623-629

Hoenicka H, Nowitzki O, Hanelt D, Fladung M (2008) Heterologous
overexpression of the birch FRUITFULL-like MADS-box gene BpMADS4
prevents normal senescence and winter dormancy in Populus tremula L.
Planta 227: 1001-1011

Horvath DP, Anderson JV, Chao WS, Foley ME (2003) Knowing when to
grow: signals regulating bud dormancy. Trends Plant Sci 8: 534-540

Horvath DP, Chao WS, Suttle JC, Thimmapuram J, Anderson JV (2008)
Transcriptome analysis identifies novel responses and potential regu-
latory genes involved in seasonal dormancy transitions of leafy spurge
(Euphorbia esula L.). BMC Genomics 9: 536

Horvath DP, Sung S, Kim D, Chao WS, Anderson JV (2010) Characteri-
zation, expression and function of DORMANCY ASSOCIATED MADS-
BOX genes from leafy spurge. Plant Mol Biol 73: 169-179

Jansson S, Douglas CJ (2007) Populus: a model system for plant biology.
Annu Rev Plant Biol 58: 435-458

Jiménez S, Lawton-Rauh AL, Reighard GL, Abbott AG, Bielenberg DG
(2009) Phylogenetic analysis and molecular evolution of the dormancy
associated MADS-box genes from peach. BMC Plant Biol 9: 81

Jiménez S, Reighard GL, Bielenberg DG (2010) Gene expression of DAM5

Plant Physiol. Vol. 157, 2011



and DAMG6 is suppressed by chilling temperatures and inversely corre-
lated with bud break rate. Plant Mol Biol 73: 157-167

Lang GA (1987) Dormancy: a new universal terminology. HortScience 22:
817-820

Leida C, Terol J, Marti G, Agusti M, Llacer G, Badenes ML, Rios G (2010)
Identification of genes associated with bud dormancy release in Prunus
persica by suppression subtractive hybridization. Tree Physiol 30: 655-666

Leseberg CH, Li A, Kang H, Duvall M, Mao L (2006) Genome-wide
analysis of the MADS-box gene family in Populus trichocarpa. Gene 378:
84-94

Li Z, Reighard GL, Abbott AG, Bielenberg DG (2009) Dormancy-associated
MADS genes from the EVG locus of peach [Prunus persica (L.) Batsch] have
distinct seasonal and photoperiodic expression patterns. ] Exp Bot 60:
3521-3530

Mohamed R, Wang CT, Ma C, Shevchenko O, Dye SJ, Puzey JR,
Etherington E, Sheng X, Meilan R, Strauss SH, et al (2010) Populus
CEN/TFL1 regulates first onset of flowering, axillary meristem identity
and dormancy release in Populus. Plant J 62: 674—688

Murashige T, Skoog F (1962) A revised medium for rapid growth and
bioassays with tobacco tissue cultures. Physiol Plant 15: 473-497

Nilsson O, Little CHA, Sandberg G, Olsson O (1996) Expression of two
heterologous promoters, Agrobacterium rhizogenes rolC and cauliflower
mosaic virus 355, in the stem of transgenic hybrid aspen plants during
the annual cycle of growth and dormancy. Plant Mol Biol 31: 887-895

Ohta M, Matsui K, Hiratsu K, Shinshi H, Ohme-Takagi M (2001) Repres-
sion domains of class IT ERF transcriptional repressors share an essential
motif for active repression. Plant Cell 13: 1959-1968

Olsen JE, Junttila O, Nilsen J, Eriksson ME, Martinussen I, Olsson O,
Sandberg G, Moritz T (1997) Ectopic expression of oat phytochrome A
in hybrid aspen changes critical daylength for growth and prevents cold
acclimatization. Plant J 12: 1339-1350

Rodriguez AJ, Sherman WB, Scorza R, Wisniewski M, Okie WR (1994)
‘Evergreen’ peach, its inheritance and dormant behavior. ] Am Soc
Hortic Sci 119: 789-792

Rohde A, Bhalerao RP (2007) Plant dormancy in the perennial context.
Trends Plant Sci 12: 217-223

Rohde A, Prinsen E, De Rycke R, Engler G, Van Montagu M, Boerjan W
(2002) PtABI3 impinges on the growth and differentiation of embryonic
leaves during bud set in poplar. Plant Cell 14: 1885-1901

Plant Physiol. Vol. 157, 2011

Functional and Expressional Analyses of PmDAM Genes

Ruonala R, Rinne PL, Baghour M, Moritz T, Tuominen H, Kangasjirvi J
(2006) Transitions in the functioning of the shoot apical meristem in
birch (Betula pendula) involve ethylene. Plant ] 46: 628-640

Ruonala R, Rinne PL, Kangasjirvi J, van der Schoot C (2008) CENLI
expression in the rib meristem affects stem elongation and the transition
to dormancy in Populus. Plant Cell 20: 59-74

Ruttink T, Arend M, Morreel K, Storme V, Rombauts S, Fromm J,
Bhalerao RP, Boerjan W, Rohde A (2007) A molecular timetable for
apical bud formation and dormancy induction in poplar. Plant Cell 19:
2370-2390

Tao R, Uratsu SL, Dandekar AM (1995) Sorbitol synthesis in transgenic
tobacco with apple cDNA encoding NADP-dependent sorbitol-6-phos-
phate dehydrogenase. Plant Cell Physiol 36: 525-532

Watari A, Hanada T, Yamane H, Esumi T, Tao R, Yaegaki H, Yamaguchi M,
Beppu K, Kataoka I (2007) A low transcriptional level of S°-RNase in the
Se-haplotype confers self-compatibility in Japanese plum. J] Am Soc
Hortic Sci 132: 396-406

Yamane H, Fukuta K, Matsumoto D, Hanada T, Gao M, Habu T, Fuyuhiro
Y, Ogawa S, Yaegaki H, Yamaguchi M, et al (2009) Characterization of a
novel self-compatible S* haplotype leads to the development of a
universal PCR marker for two distinctly originated self-compatible S
haplotypes in Japanese apricot (Prunus mume Sieb. et Zucc.). J Jpn Soc
Hortic Sci 78: 40-48

Yamane H, Kashiwa Y, Kakehi E, Yonemori K, Mori H, Hayashi K,
Iwamoto K, Tao R, Kataoka I (2006) Differential expression of dehydrin
in flower buds of two Japanese apricot cultivars requiring different
chilling accumulation for bud break. Tree Physiol 26: 1559-1563

Yamane H, Kashiwa Y, Ooka T, Tao R, Yonemori K (2008) Suppression
subtractive hybridization and differential screening reveals endodor-
mancy-associated expression of an SVP/AGL24-type MADS-box gene in
lateral vegetative buds of Japanese apricot. ] Am Soc Hortic Sci 133:
708-716

Yamane H, Ooka T, Jotatsu H, Hosaka Y, Sasaki R, Tao R (2011a)
Expressional regulation of PpDAM5 and PpDAMG6, peach (Prunus
persica) dormancy-associated MADS-box genes, by low temperature
and dormancy-breaking reagent treatment. ] Exp Bot 62: 3481-3488

Yamane H, Ooka T, Jotatsu H, Sasaki R, Tao R (2011b) Expression analysis
of PpDAMS5 and PpDAM6 during flower bud development in peach
(Prunus persica). Sci Hortic (Amsterdam) 129: 844-848

497



