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Abstract

Most deciduous fruit trees cultivated in the temperate zone require a genotype-dependent

amounts of chilling exposure for dormancy release and bud break. In Japanese apricot (Pru-

nus mume), DORMANCY-ASSOCIATED MADS-box 6 (PmDAM6) may influence chilling-

mediated dormancy release and bud break. In this study, we attempted to elucidate the bio-

logical functions of PmDAM6 related to dormancy regulation by analyzing PmDAM6-overex-

pressing transgenic apple (Malus spp.). We generated 35S:PmDAM6 lines and chemically

inducible overexpression lines, 35S:PmDAM6-GR. In both overexpression lines, shoot

growth was inhibited and early bud set was observed. In addition, PmDAM6 expression

repressed bud break competency during dormancy and delayed bud break. Moreover,

PmDAM6 expression increased abscisic acid levels and decreased cytokinins contents dur-

ing the late dormancy and bud break stages in both 35S:PmDAM6 and 35S:PmDAM6-GR.

Our analysis also suggested that abscisic acid levels increased during dormancy but subse-

quently decreased during dormancy release whereas cytokinins contents increased during

the bud break stage in dormant Japanese apricot buds. We previously revealed that

PmDAM6 expression is continuously down-regulated during dormancy release toward bud

break in Japanese apricot. The PmDAM6 expression pattern was concurrent with a

decrease and increase in the abscisic acid and cytokinins contents, respectively, in dormant

Japanese apricot buds. Therefore, we hypothesize that PmDAM6 represses the bud break

competency during dormancy and bud break stages in Japanese apricot by modulating

abscisic acid and cytokinins accumulation in dormant buds.
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Introduction

Perennial woody plants in temperate zones synchronize their annual growth patterns with sea-

sonal environmental changes. This allows plants to avoid injuries from environmental stresses,

such as cold conditions in the winter. Dormancy is a control mechanism that enables woody

perennials to adapt to seasonal environmental changes. Bud dormancy refers to the inability of

the meristem to resume growth [1]. Lang [2] and Lang et al. [3] defined plant dormancy as

“the temporary suspension of visible growth of any plant structure containing a meristem”

and classified the fruit tree bud dormancy states as paradormancy, endodormancy, and eco-

dormancy. Both paradormancy and endodormancy are states induced by the perception of

environmental or endogenous signaling cues, but they differ regarding whether they origi-

nated solely from meristem-containing tissue (endodormant) or from a structure distinct

from the one undergoing dormancy (paradormant). A certain amount of chilling exposure is

critical for inducing the shift from endodormancy to ecodormancy. Ecodormancy is a state

brought about by the limitation of growth-promoting factors, such as warm conditions and

the availability of water and nutrients. Although Lang’s definition has been widely adopted by

researchers of plant bud dormancy, recently accumulated data suggest this terminology may

need to be revised [4, 5]. For example, discriminating between paradormancy and endodor-

mancy, and endodormancy and ecodormancy, is problematic for fruit tree species of the genus

Prunus, such as peach (P. persica) and Japanese apricot (P.mume), in which lateral flower and

leaf buds are often used for dormancy research. In these fruit tree species, whether buds are

paradormant, endodormant or ecodormant has been estimated according to the competency

of bud break, which is often based on the mean time to bud break or bud break percentage in

forcing condition [4, 6, 7, 8, 9]. Without the experiments such as incubating branch or single

node cuttings in forcing condition, we cannot precisely distinguish paradormancy, endodor-

mancy and ecodormancy in field trees.

The genetic and molecular regulation of bud dormancy has been extensively studied in the

model woody perennial, poplar (Populus spp.), and much has been learned, as reviewed [1, 10,

11]. Additionally, molecular networks regulating the dormancy of various woody species,

including horticulturally important fruit tree species, have been characterized based on omics

studies of specific plant species [4]. In a previous study of Japanese apricot, which belongs to

the family Rosaceae, Yamane et al. [12] applied an RNA subtraction technique to identify the

genes expressed preferentially in endodormant buds (no bud break under forcing conditions)

compared with paradormant (higher bud break frequency under forcing conditions compared

with that of endodormant buds) and ecodormant buds (bud break frequency greater than 50%

under forcing conditions). This study identified a MADS-box gene with dormancy-associated

expression. This gene was similar to the Arabidopsis thaliana StMADS11 clade, which includes

SHORT VEGETATIVE PHASE (SVP) and AGAMOUS-LIKE24 (AGL24) [12]. In peach, a

mutant that continues to grow and fails to enter dormancy under dormancy-inducing condi-

tions has been identified. This mutant, which is known as evergrowing (evg; USDA PI442380),

was first identified in southern Mexico [13]. Sequencing and expression analyses of the evg
locus identified six StMADS11 (SVP/AGL24)-clade MADS-box genes that may be associated

with terminal bud formation [14]. These genes were named as DORMANCY-ASSOCIATED
MADS-box 1–6 (DAM1–6) genes. The gene that Yamane et al. [12] detected in Japanese apri-

cot RNA subtraction study appears to be an ortholog of peach DAM6, and was named

PmDAM6.

In the Japanese apricot genome, six tandemly arrayed PmDAM genes (PmDAM1–6) have

been identified [15, 16]. A seasonal expression analysis of the PmDAM genes in a reverse tran-

scription-quantitative PCR (RT-qPCR) [15], genome-wide transcriptomic analyses involving
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the Japanese apricot expressed sequence tag (EST) dormant bud database [17], and a 60 K-

microarray analysis [18] revealed that PmDAM genes are preferentially expressed in dormant

leaf buds, in summer (PmDAM1-3) and autumn (PmDAM4-6). Moreover, the expression lev-

els of these genes are down-regulated during the dormancy release toward bud break of the lat-

eral leaf buds. Furthermore, RT-qPCR and microarray analyses indicated that the expression

levels of all six PmDAM genes are down-regulated following a prolonged exposure to artificial

cold conditions [15]. Kitamura et al. [19], Zhang et al. [20], and Zhong et al. [21] also demon-

strated that PmDAMs are expressed in endodormant flower buds in November and their

expression levels are down-regulated during dormancy release and bud break. Meanwhile,

Zhao et al. [22] examined flower buds, and highlighted the functions of PmDAMs in flower

development as well as dormancy induction. The peach and Japanese apricot DAM6 expres-

sion levels in buds are negatively correlated with increasing bud break competency (bud-burst

frequency in forcing conditions). In peach, DAM6 expression was negatively correlated with

the time required for terminal bud break [23]. A negative correlation between peach PpDAM6
expression and the time required for bud break under forcing conditions was also reported for

lateral leaf [24] and flower [25, 26] buds. Among the other rosaceous perennials and temperate

fruit trees, the down-regulated expression of the DAM-like genes during dormancy release

and bud break has been reported for the lateral buds of raspberry (Rubus idaeus L.) [27], the

lateral leaf and flower buds of pear (Pyrus pyrifolia) [28, 29], and the terminal buds of apple

(Malus × domestica). In apple, Porto et al. [30] proposed that the ‘Golden Delicious’ apple

genome contains four DAM-like genes (MdDAM1–4). Expression analyses suggested that the

MdDAM genes undergo seasonal expression-level changes, with an up-regulation during

endodormancy [30–33]. The overexpression ofMdDAMb, which is a SVP/DAM-like gene and

up-regulated during ecodormancy [34], delays bud break [35], suggesting that DAM genes

may affect bud break in both apple and Prunus spp.

Most studies regarding Prunus DAM genes have focused on expression levels, and have

revealed a correlation between DAM expression levels and dormancy depth (days to bud break

under forcing conditions). Among the DAMs in Japanese apricot, PmDAM6 is the most prom-

ising candidate regulator of dormancy because its expression is correlated with the endodor-

mancy release and ecodormancy release (increased bud break frequency under forcing

condition). Moreover, the results of our earlier comprehensive transcriptome analysis sug-

gested that PmDAM6 showed the biggest difference in the expression-level fold change by arti-

ficial chilling exposure [17, 18]. Thus, validating the function and clarifying the downstream

factors regulated by PmDAM6 are necessary to characterize the mechanism controlling dor-

mancy in Japanese apricot buds. To elucidate the biological functions of PmDAM6, hybrid

poplar (Populus tremula × Populus tremuloides; clone T89) plants constitutively expressing

PmDAM6 under the control of the cauliflower mosaic virus 35S promoter (35S:PmDAM6)

were generated. Additionally, their phenotypes were compared with those of control plants,

which were either wild-type poplar or poplar transformed with the empty vector [15]. When

grown under long photoperiod (LP) conditions (16-h light/8-h dark), the shoot growth of 35S:

PmDAM6 poplars was inhibited. Additionally, 35S:PmDAM6 poplars set terminal buds earlier

than the control poplars. Thus, PmDAM6may function as a growth inhibitor in poplar and

induce bud set, which is a dormancy-related trait. We then attempted to obtain Japanese apri-

cot overexpressed or RNA interference (RNAi)-suppressed transformants. However, we

obtained an insufficient number of lines for a meaningful analysis of phenotypes [36]. There-

fore, in this present study, we used transgenic apples to functionally validate the role of

PmDAM6 because Japanese apricot is phylogenetically closer to apple than to poplar. More-

over, easily transformed apple lines are available. Additionally, the existence ofMdDAMs,

which are phylogenetically similar to Prunus DAMs, imply that similar DAM-controlled
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downstream factors and pathways might be conserved in apple and Prunus species. Thus,

apple transformants may be useful for a detailed analysis of the biological functions of Prunus
DAMs. On the basis of the observed phenotypes and hormone contents in the dormant buds

of transformed PmDAM6-overexpressing apple lines, we herein discuss the biological func-

tions of PmDAM6 and present a working hypothesis regarding how PmDAM6 regulates dor-

mancy and bud break in Japanese apricot.

Materials and methods

Apple transformation

In this study, we used the binary vectors p35S:PmDAM6 [15] and p35S:PmDAM6-GR, in

which the PmDAM6 of the former vector was substituted by a fusion between PmDAM6 and

the hormone-binding domain of a mouse glucocorticoid receptor [37]. In p35S:PmDAM6-GR
transgenic apples, PmDAM6-GR was localized in the cytoplasm in the absence of glucocorti-

coid, and was recruited to the nuclei only when cells were treated with dexamethasone (DEX),

which is a glucocorticoid compound. These vectors were introduced into Agrobacterium tume-
faciens strain LBA4404, which were subsequently used to transform an apple rootstock culti-

var, ‘JM2’ [38]. Apple transformations were conducted as described by Wada et al. [39].

Agrobacterium tumefaciens cells was cultured overnight on a shaker in 20 mL of ψB medium

with 50 mg/L kanamycin at 28˚C. After a centrifugation, the pellet was resuspended in half-

strength Murashige and Skoog (MS) medium, and further diluted to an optical density at 600

nm (OD600) of 0.8. Folded small leaf explants were soaked in the Agrobacterium solution,

immediately sonicated (UT-105S; Sharp Corporation, Osaka, Japan) for 10 s, and incubated

for 15 min. Then, the inoculated explants were incubated for 1 week on the co-cultivation

medium N6+MS basic medium (pH 5.6) [38] containing 0.2 mg L−1 NAA, 5 mg L−1 BAP, 30 g

L−1 sorbitol, 2.6 g L−1 phytagel (Sigma-Aldrich, St. Louis, MO, USA), and 20 μM acetosyrin-

gone, at 22˚C in the dark. The explants were transferred to a selective medium, which was the

same as the co-cultivation medium except it contained 25 mg L−1 kanamycin and 50 mg L−1

meropenem trihydrate (MEROPEN; Dainippon Sumitomo Pharma Co., Ltd., Osaka, Japan)

and lacked acetosyringone. After 1 month, explants were incubated at 22˚C under a 16-h light/

8-h dark photoperiod and were subcultured monthly. Regenerated shoots were grown on pro-

liferation medium [basic MS medium (pH 5.8) containing 0.1 mg L−1 indole-3-butyric acid,

0.5–1 mg L−1 6-benzylaminopurine, 30 g L−1 sucrose, 7 g L−1 bactoagar, 25 mg L−1 kanamycin,

and 50 mg L−1 meropenem trihydrate]. The regenerated shoots were transferred to sterilized

vermiculite moistened with the basic MS medium supplemented with 0.1 mg L−1 indole-

3-butyric acid and 30 g L−1 sucrose (pH 5.8). When the plants rooted, they were moved to plas-

tic pots containing sterilized vermiculite moistened with 1/1,000 Hyponex (Hyponex Japan,

Osaka, Japan) and covered with a plastic bag. After several weeks of acclimatization, the plastic

bags were removed, and the plants were transplanted to larger pots (10.5 cm diameter Y pot,

Sakata Seed Corporation, Yokohama, Japan). All plants were cultivated in a growth chamber

or greenhouse with standard procedures, including pesticide, fungicide sprays, and fertilizer

treatments.

The success of apple transformations was confirmed by a DNA blot analysis as previously

described [40]. Briefly, genomic DNA was isolated from leaves with a plant DNA isolation kit

(NR-501; Kurabo, Osaka, Japan). Genomic DNA was digested withHindIII, run on a 0.8%

agarose gel, and transferred to a Biodyne PLUS membrane (Pall, Port Washington, NY, USA).

The membrane was hybridized with a digoxigenin-labeled PmDAM6 probe [36].

After an acclimatization step, apple plants from two transgenic lines, 35S:PmDAM6 (35S-2

and 35S-4) and 35S:PmDAM6-GR (GR21 and GR22), as well as wild-type (WT) control apple

Prunus DAM6 represses bud break competency and delays bud outgrowth
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plants (n = 10–17 per line) were grown under LP conditions (22˚C with a 16-h light/8-h dark

photoperiod) for 4 months beginning in December 2011. In May 2012, after all plants had

stopped growing, leaves were collected for a subsequent analysis of PmDAM6 expression lev-

els. Total RNA was isolated, and 1 μg was used as the template for a cDNA synthesis step, as

described previously [15]. The cDNA solution synthesized from approximately 20 ng of total

RNA was used for RT-qPCR, which was performed using LightCycler 480 (Roche, Basel, Swit-

zerland) and a probe master mix (Roche). Primers and probes used for the amplification of

PmDAM6 [15] are shown in S1 Fig. As a reference, an apple SAND (MDP0000185470 and/or

MDP0000202305) [41] gene was monitored by RT-qPCR using SYBR Green Master mix

(Roche) and gene-specific primers forMdSAND (S1 Table) for normalization. PCR was per-

formed using a program of 45 cycles at 94˚C for 10 s, 55˚C for 20 s, and 72˚C for 1 s, with ini-

tial denaturing at 95˚C for 5 min. For SAND gene-specific qPCR, a dissociation curve analysis

was performed to confirm that the fluorescence was only derived from gene-specific amplifica-

tion. Three biological replicates were analyzed.

Observation of growth and bud dormancy states of 35S:PmDAM6 apple

plants

In May 2012, all 2-year-old transgenic plants were moved to a closed greenhouse in Kyoto,

Japan and cultivated under a natural photoperiod. The greenhouse was cooled when the tem-

perature exceeded 25˚C (May to September) or 15˚C (October to April). The greenhouse was

not heated throughout the experimental period. From April to July 2013, three 3-year-old

plants from each line were moved from a closed greenhouse to growth chamber and incubated

under short photoperiod (SP) conditions (20˚C with an 8-h light/16-h dark photoperiod) for 3

months. Plant height and the timing of bud set were monitored. The remaining plants were

grown in a greenhouse.

For each line grown in the greenhouse with naturally occurring cold conditions, five plants

were labeled as standard plants, and their terminal bud set timing, leaf shedding timing, and

bud break dates were monitored annually from the 2013–14 season (3-year-old) through to

the 2016–17 season (6-year-old). The number of lateral buds that had burst was determined in

the 2013–14 (3-year-old) and 2014–15 seasons (4-year-old), but there were too many lateral

buds on the lateral shoots in the 2015–16 season (5-year-old) onward to be accurately counted.

Plants were photographed on 1 April 2014 (4-year-old), 24 July 2014 (4-year-old), 28 August

2015 (5-year-old) and 15 April 2016 (6-year-old).

In December 2015, 5-year-old WT and 35S-4 (n = 3) plants grown in the greenhouse were

moved to a cold room (5 ˚C in darkness). After a 30-day or 60-day cold treatment, the plants

were exposed to forcing conditions (> 15 ˚C in a greenhouse). The number of days to bud

break was determined for the terminal buds. This experiment was repeated in December 2016

using 6-year-old plants.

On 23 February and 8 March, 2017, the current year’s shoots that were approximately 15

cm long (n = 5; 1 to 2 shoots each from 3 plants per genotype) were collected from 6-year-old

35S-4 and WT plants. The basal parts of shoots were soaked in water containing 1% Misaki-

farm (OAT Agrio, Tokyo, Japan), which is a cut-flower freshness preservation agent contain-

ing nutrients and fungicides, and then incubated under forcing conditions (22 ˚C with a 16-h

light/8-h dark photoperiod). The basal parts of shoots were cut once per week to promote

water uptake, and the solution was replaced weekly. The bud break rate (%) was recorded for 1

month.

For the phytohormone analysis, terminal buds were collected from greenhouse-grown

4-year-old plants on 20 February 2015, 6-year-old plants on 25 January 2017, 23 February

Prunus DAM6 represses bud break competency and delays bud outgrowth
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2017, 8 March 2017 and 31 March 2017, after which they were immediately frozen in liquid N2

and stored at −80 ˚C until analyzed.

Observation of bud dormancy status of DEX-treated 35S:PmDAM6-GR
apple plants

In November 2013, after the trees had shed their leaves, 3-year-old GR21, GR22, and WT

plants (n = 3–5) were pruned, leaving only one main shoot from the current year, and moved

from the greenhouse to a cold room (5˚C in darkness). After 4 weeks, the plants were trans-

ferred to forcing conditions (22˚C with a 16-h light/8-h dark photoperiod) and grown for 4

months. The 20 μM DEX solution containing 0.1% Tween 20 and 0.1% ethanol or the control

solution containing 0.1% Tween 20 and 0.1% ethanol were applied every 3 days to the soil of

pot-grown plants being grown under forcing condition. The number of days to bud break for

the terminal buds and the number of lateral buds that had burst were determined. The length

of the shoots sprouting from terminal buds and bud set rate (%) were recorded after 4 months

under forcing conditions. Plants were photographed on 7 March 2014.

After the 2013–14 season, uniform DEX applications were not possible owing to the

increasing plant sizes. Therefore, we allowed the branches to take up the DEX solution by

soaking the basal parts of branches in 20 μM DEX. This treatment method prevented us from

observing phenotypes over long periods. Dormant shoots require relatively long incubation

periods for the to uptake liquids taken up at the basal parts of cut branches to reach the termi-

nal buds and influence phenotypes. Thus, we were unable to determine the effects of DEX on

the dormancy stage. Consequently, we tested the effects of DEX on dormant buds during the

bud break stage. On 6 March 2017, the current year’s shoots that were approximately 15 cm

long (n = 6–10, 1 to 2 shoots from 5 plants per genotype) were collected from 6-year-old

GR21, GR22, and WT plants. The basal parts of shoots were soaked in 20 μM DEX or control

solutions and incubated under forcing conditions (22˚C with 16-h light/8-h dark photope-

riod). For the phytohormone analysis, terminal buds were collected after 0, 24, and 96 h for

GR21 and after 0 and 96 h for WT under forcing conditions, immediately frozen in liquid N2,

and stored at –80 ˚C until analyzed. After a 7-day incubation, the bottom parts of shoots were

cut to promote water uptake, and solution was replaced by a fresh solution. After a 15-day

incubation, the shoots sprouting from buds were photographed, and the blade lengths of the

three most developed leaves sprouting from the buds were measured.

Investigation of the phytohormone contents of the terminal buds of

transgenic apple plants

Terminal bud samples were freeze-dried and ground to a fine powder using a Multi-beads

shocker (Yasui Kikai Co., Osaka, Japan). For 35S:PmDAM6 apple plants, plant hormones were

extracted from 20-mg samples in a methanol–formic acid buffer (methanol:water:formic

acid = 15:4:1) containing a deuterium-labeled hormone internal standard [i.e., 40 ng d6-

abscisic acid (ABA); 4 ng d5-indole acetic acid (IAA); 0.4 ng d5-trans zeatin (tZ), and d6-iso-

pentenyl adenine (iP)]. Hormones were extracted overnight at 4 ˚C in darkness. Supernatants

were purified with Oasis HLB columns (Waters Co., Milford, MA, USA) and then evaporated.

The dry resulting pellets were resuspended in 1 M formic acid and then added to Oasis MCX

columns (Waters). Acid and basic fractions were extracted in 100% methanol and 0.35% NH3

in 60% methanol, respectively. Samples were evaporated, and the remaining pellets were resus-

pended in reconstitution solution (acetonitrile:water:formic acid = 85:15:0.1). Phytohormone

contents were determined by liquid chromatography–triple quadrupole mass spectrometry
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(Waters; liquid chromatography system: Waters 2695, mass spectrometer: Quattro micro ARI

Waters 2996).

For GR21 apple plants, phytohormone contents were analyzed as previously described [42]

with minor changes. Briefly, harvested tissue samples were lyophilized and the exact dry weights

(around 20 mg per sample) were determined. To avoid the effects of the ion suppression of sali-

cylic acid (SA) on apple bud samples, we modified the solution used during the SA elution step.

After sample purification by HLB and MCX columns, the acidic fraction was loaded onto an

Oasis WAX column (Waters), and the main acidic fraction was eluted with 1% AcOH and 80%

MeCN. A solution comprising 3% formic acid and 97% MeCN was then applied to the WAX

column to elute SA. The eluates were evaporated to dryness, reconstituted in 1% AcOH and

subjected to phytohormone quantification using an Agilent 1260–6410 Triple Quad LC/MS

system (Agilent Technologies Inc., Santa Clara, CA, USA) equipped with a ZORBAX Eclipse

XDB-C18 column and an XDB-C8 Guard column (Agilent Technologies Inc.). In this analysis,

IAA, tZ, iP, ABA, jasmonic acid (JA), JA-isoleucine (JA-Ile), and SA contents were determined.

Investigation of phytohormone contents in dormant leaf and flower buds

of Japanese apricot

Japanese apricot ‘Nanko’ grown at the experimental farm of Kyoto University, Kyoto, Japan

(34˚N, 135˚E) were used in this study. Leaf buds and flower buds collected monthly from Sep-

tember to March during the 2005–06 were immediately frozen in liquid nitrogen and stored at

−80˚C until used for plant hormone analyses. Phytohormone contents were determined as

previously described [43] without MS Probe modification. In this analysis, IAA, tZ, trans zea-

tin riboside (tZR), iP, isopentenyl adenine riboside (iPR), and ABA contents were determined.

Results

Shoot growth and dormancy induction phenotypes of 35S:PmDAM6 and

35S:PmDAM6-GR apple plants

When the p35S:PmDAM6 binary vector was used to transform the apple rootstock cultivar

‘JM2’, the transformation efficiency was 0.25%, which was approximately 10 times lower than

usual (approximately 1%–5%). We obtained two 35S:PmDAM6 lines, 35S-2 and 35S-4. A

genomic DNA blot analysis using the PmDAM6 probe indicated that a single copy was

inserted into each transgenic line (S1 Fig). Additionally, PmDAM6mRNA was detected in

both 35S-2 and 35S-4, with a higher expression level in 35S-4 than in 35S-2 (S1 Fig). Moreover,

PmDAM6-GRmRNA was also detected in two 35S:PmDAM6-GR lines used in this study.

Shoot growth was inhibited in 2-year-old 35S:PmDAM6 plants under LP conditions (Fig

1A) and in 3-year-old plants under SP conditions (Fig 1B). The shoots stopped growing in all

35S:PmDAM6 and WT plants terminated their shoot growth in even under LP conditions. The

node numbers and internode lengths were significantly lower in the 35S:PmDAM6 plants than

in the WT plants (P< 0.01) (S2 Table). There was no major difference between the 35S:

PmDAM6 and WT plants regarding the exact timing of terminal bud set even under SP condi-

tion. When 35S:PmDAM6 and WT plants were exposed to a cool conditions (10˚C), leaf shed-

ding was observed at around the same time. Reduced plant size of 35S:PmDAM6 plants

compared to WT plants were observed even in 5-year-old plants (Fig 1C).

In contrast to the 2- and 3-year-old plants, 4-year-old 35S:PmDAM6 plants set terminal

buds approximately 1 week earlier than WT plants (Fig 2). Inhibited shoot growth and earlier

bud set was also observed in 4-year-old PmDAM6 activity-inducible transgenic lines, GR21

and GR22, when they were transferred to forcing conditions after bud break and treated with
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DEX continuously for 4 months (S3 Table). DEX treatment did not affect these traits in WT

plants (S3 Table). The timing of leaf shedding for the 35S:PmDAM6 plants was similar to that

of WT plants throughout the observation period.

Bud break phenotypes and the dormancy depth of transgenic apple plants

overexpressing PmDAM6
After plants had adapted to the growing conditions in a greenhouse without additional heating

(semi-field conditions) in the Kyoto, Japan climate, we determined terminal bud break dates

Fig 1. Inhibited shoot growth and reduced plant size of 35S:PmDAM6 apple plants. (A) Shoot growth was inhibited in the

2-year-old 35S:PmDAM6 lines, 35S-2 and 35S-4, relative to the growth of wild-type (WT) plants, under long photoperiod (16-h

light/8-h dark) conditions. Plant height of 35S-2 and 35S-4 were significantly lower (P< 0.01) than those of WT in all examined

periods (Student’s t-test) (B) Photographs of 3-year-old plants taken after they stopped growing under short photoperiod (SP) (8-h

light/16-h dark) conditions. 35S:PmDAM6 plants were shorter than the WT plants (right). (C) Photograph of 5-year-old plants taken

on 28 August 2015. The 35S:PmDAM6 plants were shortened than the WT plants. Plants were grown in a greenhouse without

heating, resulting in exposure to naturally occurring cold conditions in the winter.

https://doi.org/10.1371/journal.pone.0214788.g001
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for 3- to 6-year-old 35S:PmDAM6 plants annually for 4 consecutive years from the 2013–14

season to the 2016–17 season.

For 3-year-old plants, PmDAM6 inhibited only lateral bud break and rather accelerated ter-

minal bud break. Terminal bud break of 35S:PmDAM6 plants, 35S-2 and 35S-4 occurred at

4.0 ± 5.0 and 8.0 ± 7.7 days after 28 February, respectively, whereas that of WT occurred at

16.0 ± 10.0. Earlier terminal bud break was observed in 35S:PmDAM6 plants compared to WT

plants, but the difference was not significant (S4 Table). There were fewer open lateral buds in

35S:PmDAM6 plants than in WT plants (Fig 3A and 3B, S4 Table). Furthermore, for 3-year-

old 35S:PmDAM6-GR plants, terminal bud break occurred significantly earlier in DEX-

treated plants than in the control plants (Table 1). Additionally, significantly fewer lateral buds

underwent bud break in DEX-treated plants than in control plants (Table 1).

The bud break dates were then continuously observed in 4- to 6-year-old 35S:PmDAM6
plants grown under semi-field conditions from the 2014–15 season to the 2016–17 season. In

contrast to 3-year-old plants, the number of open lateral buds was similar between the 4-year-

old 35S:PmDAM6 and WT plants. Additionally, terminal bud break occurred later in the 35S:

PmDAM6 plants than in the WT plants during these 3 consecutive years (Table 2, Fig 4).

The dormancy depth of terminal buds was estimated by counting the days to bud break

under forcing conditions of 35S-4 and WT plants using 5- and 6-year-old plants in the 2015–

16 and 2016–17 seasons, respectively. As shown in Table 2, dormancy was significantly deeper

Fig 2. Early bud set observed in 4-year-old 35S:PmDAM6 apple plants. Photographs of 4-year-old plants taken on 24 July 2014.

Early bud set was observed in 35S-2 plants (left).

https://doi.org/10.1371/journal.pone.0214788.g002
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(P< 0.01) in 35S-4 plants than in WT plants after the same amount of chilling exposure. In

other words, bud break competency was significantly repressed in 35S-4 plants relative to that

in WT plants. A similar difference was observed between 35S-4 and WT plants during the fol-

lowing growing season (Table 2).

Phytohormone contents in the terminal buds of transgenic apple plants

overexpressing PmDAM6 from dormancy through the bud break stage

The terminal buds of 4-year-old 35S-4 plants collected in February 2015 (late dormancy

period) contained more ABA than the corresponding WT buds, whereas there were no signifi-

cant differences in the cytokinins (CK) contents (Fig 5A). Among 6-year-old plants, the ABA

content of terminal buds was greater in 35S-4 plants than in WT plants during the late dor-

mancy stage, especially at the beginning of March (Fig 5B). In contrast, the contents of two

CKs, tZ and iP, were lower in 35S-4 plants than in WT plants in March (Fig 5B). Regarding

the samples collected on 25 January 2014, tZ was undetectable in both 35S-4 and WT plants.

The IAA level was lower in 35S-4 plants than in WT plants, although the difference was not

Fig 3. Inhibition of lateral bud break in 3-year-old 35S:PmDAM6 apple plants during the spring in a greenhouse without

heating (semi-field conditions). (A) Photo taken on 1 April 2014. (B) Number of lateral buds that opened by 25 March, 1 April, and

8 April 2014 in the 35S:PmDAM6 apple lines, 35S-2 and 35S-4, and wild-type (WT) plants. Significant differences between 35S:
PmDAM6 and WT at P< 0.01 and P< 0.05 (Student’s t-test) are indicated with �� and �, respectively.

https://doi.org/10.1371/journal.pone.0214788.g003

Table 1. Accelerated terminal bud break and inhibition of lateral bud break in 3-year-old 35S:PmDAM6 and 35S:PmDAM6-GR apple plants treated with DEX.

35S:PmDAM6-GR line# 21 (GR21) 35S:PmDAM6-GR line# 22 (GR22) WT

DEX Control DEX Control DEX Control

Terminal bud break datea 38.1 ± 2.2 (n = 9) 49.0 ± 5.7 (n = 10) 37.6 ± 1.8 (n = 8) 46.3 ± 7.1 (n = 8) 44.7 ± 9.3 (n = 3) 41.0 ± 5.2 (n = 4)

Significant differenceb �� �� n.s.

Number of opened lateral budsc 0 (n = 9) 3.0 ± 2.1 (n = 10) 0.1 ± 0.4 (n = 8) 2.6 ± 1.8 (n = 8) 4.3 ± 1.2 (n = 3) 3.0 ± 1.4 (n = 4)

Significant differenceb �� �� n.s.

aTerminal bud break timing was determined by counting the days to bud break after plants chilled for 4 weeks were transferred to forcing conditions (> 15 ˚C in a

greenhouse).
bSignificant difference between DEX and control treatments (P < 0.01; Student’s t-test) is indicated with ��, n.s., not significant.
cNumber of sprouted lateral buds counted after 8 weeks under forcing conditions

https://doi.org/10.1371/journal.pone.0214788.t001
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significant (S7 Table). The dormancy states of these buds were briefly compared by determin-

ing the days to bud break under forcing conditions. More than 50% of WT and 35–4 shoots

collected on 8 March underwent bud break in 1 and 2 weeks, respectively, suggesting that the

dormancy was deeper and bud break competency was lower for the 35S-4 plants than for the

WT plants in March.

In the 2016–17 season, the dormancy states of 6-year-old DEX-treated GR21 and GR22

plants were also determined. Bud outgrowth was significantly retarded in DEX-treated GR21

and GR22 lines compared with the control plants (Fig 6). The DEX treatment did not affect

the bud outgrowth rate or the phytohormone contents in terminal buds of WT plants (Fig 6).

However, DEX-treated GR21 plants accumulated more ABA and less iP and tZ by 96 h after

the treatment compared with the control plants (Fig 6). In particular, the iP content was signif-

icantly decreased by DEX at 24 h after the treatment. There were no significant differences

between DEX-treated and control plants regarding the contents of the other phytohormones,

IAA, JA, JA-Ile, and SA.

Seasonal changes in the phytohormone contents of Japanese apricot

dormant buds

Our above described analysis suggested that overexpression of PmDAM6 represses bud break

competency in 4- to 6-year-old transgenic apples and also increased ABA levels during dor-

mancy and bud break stage and decreased cytokinin contents during bud break stage. To

address whether PmDAM6 also increased ABA levels and decreased cytokinins in Japanese

apricot leaf and flower buds, we aimed to clarify the relationship between PmDAM6 expres-

sion changes and phytohormone contents of Japanese apricot leaf and flower buds during

endodormancy release toward bud break. Several previous studies reported PmDAM6 was up-

regulated during endodormancy and then down-regulated toward bud break in leaf buds and

flower buds [4, 15, 18, 19].

Previous studies revealed that Japanese apricot ‘Nanko’ flower and leaf buds gradually shift

from endodormancy to ecodormancy in December and January and bud break occurs in

Table 2. Delayed bud break timing and repressed bud break competency of dormant terminal buds of 4- to 6-year old 35S:PmDAM6 apple plants.

Plant age or treatment WT 35S:PmDAM6 (35S-2)c,d 35S:PmDAM6 (35S-4)c

Terminal bud break datea

four-year-old plants 2.0 ± 2.0 13.4 ± 5.0�� 15.8 ± 9.7��

five-year-old plants 2.4 ± 2.2 8.8 ± 2.7�� 12.4 ± 2.2��

six-year-old plants 6.8 ± 5.2 13.2 ± 5.2 18.6 ± 4.1��

Bud break competency of dormant budsb

Five-year-old plants

After thirty days of chilling treatment 28.0 ± 0.0 n.t. 48.7 ± 6.6�

After sixty days of chilling treatment 18.0 ± 0.0 n.t. 25.7 ± 2.9

Six-year-old plants

After thirty days of chilling treatment 30.3 ± 3.8 n.t. 52.7 ± 7.4�

After sixty days of chilling treatment 17.3 ± 2.1 n.t. 26.0 ± 2.8�

aDays after 6 March 2015, 1 April 2016, and 23 March 2017, were counted for 4-, 5-, and 6-year old plants, respectively.
bChilling requirements for bud break were determined by counting the days to terminal bud break after chilled plants were transferred to forcing conditions (> 15 ˚C in

a greenhouse).
cSignificant differences between 35S:PmDAM6 and WT plants at P < 0.01 and P < 0.05 (Student’s t-test) are indicated with �� and �, respectively.
dn.t., not tested

https://doi.org/10.1371/journal.pone.0214788.t002
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February and end of March, respectively, under the climate conditions where samples were

collected [15, 19]. In the current study, the ABA contents in buds steadily decreased after peak-

ing in October (Fig 7). Decreases in the ABA content were synchronized with the shift from

endodormancy to ecodormancy in both flower and leaf buds and also from ecodormancy to

bud break in leaf buds. This suggested that the ABA concentrations in buds are associated with

the depths of endodormancy and ecodormancy. The IAA contents decreased in buds as the

Fig 4. Terminal bud break in the spring was delayed in 5-year-old 35S:PmDAM6 apple plants. Photograph taken

on 15 April 2016. Plants were grown in a greenhouse without heating, resulting in an exposure to naturally occurring

cold conditions in the winter.

https://doi.org/10.1371/journal.pone.0214788.g004
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season progressed, but increased just before bud break (Fig 7). The iP levels increased slightly

during endodormancy release and increased further during ecodormancy release until bud

break (Fig 7). The tZ contents did not undergo any major changes until February and January

in leaf and flower buds, respectively, and then rapidly increased just before bud break (Fig 7).

The results suggested that PmDAM6 expression changes [15, 19] may be positively correlated

with ABA contents in Japanese apricot leaf and flower buds. Additionally, increase in cytoki-

nins was detected in bud break stage when PmDAM6 expression was undetectable level in leaf

and flower buds [15, 19]. Therefore, the obtained results appeared not contradictory to our

hypothesis that PmDAM6may mediate increase and decrease in the abscisic acid and cytoki-

nins contents, respectively, in dormant Japanese apricot buds.

Discussion

To investigate the role of PmDAM6 in dormancy regulation, we used apple, a relative of Japa-

nese apricot, both belonging to Rosaceae, because there are easily transformable apple acces-

sions [38]. However, the efficiency of the transformation of apple plants with the p35S:

PmDAM6 construct was very low, suggesting that PmDAM6may inhibit adventitious shoot

Fig 5. Abscisic acid and cytokinins (tZ and iP) contents in the terminal buds were higher and lower, respectively, in the

dormancy-enhanced 35S:PmDAM6 apple plants than in the WT plants. Phytohormone contents in the terminal buds of 4-year-

old plants collected on 20 February 2015 (A), and of 6-year-old plants collected on 25 January, 23 February, and 8 and 31 March

2017 (B). Values are presented as the means of three replicates. Bars indicate standard errors. Significant differences in the

phytohormone contents between WT and 35S:PmDAM6 apple plants are indicated with �� and � at P< 0.01 and P< 0.05 (Student’s

t-test), respectively.

https://doi.org/10.1371/journal.pone.0214788.g005
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Fig 6. Dexamethasone (DEX) treatments inhibited bud outgrowth, increased the ABA level, and decreased cytokinin (tZ and

iP) levels in the terminal buds of 35S:PmDAM6-GR plants. The branches collected from 6-year-old 35S:PmDAM6-GR lines, GR21

and GR22, and WT plants on 9 March, 2017 were incubated in DEX- or control solutions under forcing conditions (22˚C with a

16-h light/8-h dark photoperiod). The subsequent bud outgrowth and changes in phytohormone contents were analyzed. (A)

Branches were photographed at 15 days after initiating the treatment. Control (con) or DEX-treated (DEX) GR21, GR22, and WT

plants are presented. (B) Average leaf blade length of the largest leaves on shoots that germinated from buds collected at 15 days after

the treatment. (C) Phytohormone contents in the dormant terminal buds of branches at 0, 24, and 96 h after the treatment. Values

are presented as the mean of three replicates. Bars indicate standard errors. Significant differences in the phytohormone contents of

control and DEX-treated samples at the same time point in each line are indicated with �� and � at P< 0.01 and P< 0.05 (Student’s

t-test), respectively.

https://doi.org/10.1371/journal.pone.0214788.g006
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Fig 7. Seasonal changes in the phytohormone contents of dormant Japanese apricot ‘Nanko’ buds. The PmDAM6
expression levels and dormancy status are briefly described at the bottom based on the previous studies. Values are

presented as the mean of three replicates. Bars indicate standard deviations.

https://doi.org/10.1371/journal.pone.0214788.g007
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regeneration in apple. The low regeneration efficiency after the overexpression of SVP-like or

DAM-like genes in apple was also reported forMdSVPa andMdDAMb [35]. Nonetheless, two

PmDAM6-overexpressing transgenic lines were obtained. We also generated transgenic apple

lines that expressed a fusion between PmDAM6 and the hormone-binding domain of a gluco-

corticoid receptor (PmDAM6-GR). In these transgenic apple plants, PmDAM6-GR was acti-

vated by DEX treatments, as developed by Aoyama and Chua [37]. This system allowed us to

evaluate the function of PmDAM6 during dormancy release, while avoiding its effects on

shoot growth prior to dormancy establishment.

PmDAM6 inhibited growth regardless of plant age and induced bud set in

4-year-old apple plants

The shoot growth of 35S:PmDAM6 apple plants was inhibited over two consecutive seasons

under both LP and SP conditions. Differences in node numbers and internode lengths resulted

in significantly different plant heights between WT and 35S:PmDAM6. Thus, PmDAM6may

inhibit shoot elongation by affecting both meristem activity and cell elongation. In response to

a naturally-occurring cold conditions during the 2013–2014 season, 4-year-old 35S:PmDAM6
plants exhibited an earlier bud set compared with WT plants (Fig 2). The earlier bud set in

4-year-old PmDAM6-overexpressing apple plants was confirmed by the bud-set timing of the

DEX-treated GR lines (S3 Table). Thus, dormancy induction might be affected by the overex-

pression of PmDAM6 in apple. In peach, DAM genes are thought to be responsible for termi-

nal bud set [14]. In fact, peach DAM6 is up-regulated when terminal bud set is observed in the

field [44]. In the perennial herbaceous species leafy spurge (Euphorbia esula), the DAM homo-

logs DAM1 and DAM2 are associated with dormancy induction [45]. Indeed, early bud set has

been observed in 35S:PmDAM6 poplar [15]. In contrast, transgenic apple plants overexpres-

singMdDAMb do not exhibit early bud set [35], although the phenotypes of 35S:MdDAMb
plants were observed only during the first 2 years. In the current study, the 35S:PmDAM6
apple plants did not exhibit earlier bud set during the first 2 years. Dormancy induction and

establishment may be controlled by a complex genetic mechanism that is affected by environ-

mental conditions [46]. Although this study demonstrated that PmDAM6 promotes dormancy

entry in apple, future studies should aim to clarify whether PmDAM6 also influences dor-

mancy establishment as discussed below.

PmDAM6 inhibited lateral bud break, but accelerated terminal bud break

in 3-year-old apple plants

When 3-year-old 35S:PmDAM6 apple plants were grown under semi-field conditions, the lat-

eral bud break was inhibited (Fig 3), while the terminal bud break was advanced relative to

that of the WT plants. Moreover, the DEX-treatment of GR plants also accelerated the terminal

bud break and inhibited lateral bud break (Table 1). This phenotype was observed only in

3-year-old plants consisting of a single 1-year-old shoot. In contrast, older plants bearing mul-

tiple 1-year-old shoots exhibited delayed terminal bud break (Table 2). The mechanisms

underlying the PmDAM6-mediated inhibition of the lateral bud break and acceleration of the

terminal bud break in 3-year-old plants, remain unclear. One possibility is that PmDAM6-

induced growth inhibition may be antagonized with a strong sink activity at the terminal buds

that take up water and nutrients. Consequently, only the lateral buds exhibit inhibited bud

break in PmDAM6 overexpressing lines. Alternatively, PmDAM6may directly inhibit only the

lateral buds and not the terminal buds. In fact, SVP-like in hybrid poplar, SVL induces TCP18/
BRC1 which suppress lateral bud break [47]. Another possible explanation is that PmDAM6
may enhance apical part dominance effects during the bud break stage in 3-year-old plants.
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Faust et al. [48] conducted decapitation experiments using apple dormant shoots. They con-

cluded that apical dominance effects occur during the later phase of apple dormancy, and that

a prolonged chilling exposure releases both apical dominance and endodormancy. Recently,

Yao and Finlayson proved that ABA restricts the outgrowth of lower buds and promotes corre-

lated inhibition [49]. These findings raise the possibility that ABA is one of the first upstream

factors regulating the apical dominance responses to the red:far red ratio [50]. As discussed

below, the overexpression of PmDAM6 increased the days to bud break in forcing condition,

implying that PmDAM6 enhanced the dormancy depth of terminal buds during the adult

phase. Additionally, PmDAM6 increased the ABA contents in apple terminal buds. Accord-

ingly, we can hypothesize that PmDAM6 inhibits bud break in 3-year-old plants only in the

lower lateral buds, possibly by increasing ABA contents. This hypothesis will need to be tested

in future studies. Nevertheless, it remains unclear why this phenotype was observed only in

3-year-old plants and not in older plants.

PmDAM6 represses bud break competency and delays bud outgrowth via

the accumulation of ABA and decrease in cytokinins contents in terminal

buds of 4- to 6-year-old apple plants

The overexpression of PmDAM6 delayed lateral and terminal bud break in apples after 4 years

under semi-natural conditions (Table 2, Fig 4). Additionally, the dormancy depth was

increased owing to the overexpression of PmDAM6 in apple (Table 2). This is consistent with

the results of a previous study on transgenic kiwifruit overexpressing SVP2, in which it pre-

vented premature bud break [51]. If PmDAM6 is an important regulator for dormancy release,

then it may induce major physiological changes in dormant buds. Thus, we investigated the

phytohormone contents of the terminal buds from transgenic plants. Among the phytohor-

mones, ABA is important for winter bud dormancy in woody perennials and the axillary bud

dormancy of herbaceous species [1, 49, 50, 52, 53]. Our data suggest that PmDAM6 enhanced

dormancy and delayed bud break, while simultaneously inducing the accumulation of ABA in

the terminal buds of transgenic apple plants (Fig 5). Moreover, the ABA concentration was

higher during the endodormant period and decreased during endodormancy release in Japa-

nese apricot buds (Fig 7). We previously reported that PmDAM6 expression is down-regulated

during endodormancy release toward bud break [15, 19]. These findings suggest the seasonal

down-regulation of PmDAM6 expression coincides with a decrease in the ABA contents dur-

ing endodormancy release and bud break (Fig 7) in Japanese apricot leaf buds. Therefore, we

hypothesize that PmDAM6 contributes to enhance the dormancy of Japanese apricot buds by

mediating an increase in ABA contents (Fig 8). Tuan et al. [54] reported that pear PpDAM1
up-regulates the expression of the gene encoding 9-cis-epoxycarotenoid dioxygenase (NCED)

by binding to the CArG motif in the promoter. Additionally, high levels of hybrid poplar SVP-
like, SVL expression induces NCED3 [47]. Thus, PmDAM6may contribute to the accumula-

tion of ABA in terminal buds by promoting ABA biosynthesis. Although Wu et al. [51] did not

find major differences in the ABA concentrations of 35S:SVP2 and control kiwifruit plants,

their RNA-Sequencing analysis suggests that ABA and dehydration response pathways are

modulated by the overexpression of SVP2. Thus, some SVP/DAMs genes may have conserved

functions regarding the inhibition of bud break in poplar and several temperate fruit tree spe-

cies during dormancy release and the bud break stage. These functions may involve modulat-

ing ABA accumulation and/or signaling.

During the bud break stage, the overexpression of PmDAM6 increased ABA and decreased

cytokinins levels in the terminal buds of apple plants (Fig 5). To the best of our knowledge,

this is the first report of a possible interaction between DAM genes and cytokinins in woody
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Fig 8. Schematic diagram of the proposed model of PmDAM6 functions during dormancy and bud outgrowth in PmDAM6-

overexpressing transgenic apple plants and in Japanese apricot. (A) Proposed model of PmDAM6 functions in 35S:PmDAM6
apple plants. PmDAM6 induces the accumulation of ABA and inhibits the accumulation of cytokinins (CK) in dormant terminal

buds, which represses bud break competency and inhibited bud outgrowth. (B) Model of PmDAM6-mediated dormancy regulation

in Japanese apricot based on data obtained from transgenic apple plants (this study), seasonal changes in PmDAM6 expression levels

[15, 19] and seasonal changes in phytohormone contents (this study) in Japanese apricot leaf buds. The expression of PmDAM6 is

up-regulated during endodormancy and down-regulated during the endo- and ecodormancy release stages. Additionally, PmDAM6
expression is undetectable during bud break [15, 19]. Down-regulated PmDAM6 expression coincides with a decrease in ABA

during the endo- and ecodormancy release stages and with an increase in CK levels during the ecodormancy release and bud break

stages. We hypothesize that PmDAM6maintains endodormancy by repressing bud break competency and increasing ABA levels

and inhibits dormancy release by increasing ABA and decreasing CKs contents in dormant Japanese apricot buds.

https://doi.org/10.1371/journal.pone.0214788.g008
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plants. Cytokinins generally facilitate cell division and elongation, as well as bud outgrowth

[55]. In fact, auxin and cytokinins levels increase in buds during the late stages of ecodormancy

release toward bud break in Japanese apricot, suggesting that they influence bud outgrowth

rather than dormancy. Additionally, in Rosa hybrida, ABA and cytokinins may function antag-

onistically during the regulation of axillary bud break in response to light intensity [56]. We

observed that ABA contents continue to decrease not only from endodormancy to ecodor-

mancy but also from ecodormancy to bud break in Japanese apricot leaf buds (Fig 7). Recently,

Kitamura et al. [8] suggested that PmDAM6 transcripts levels at ecodormant stage are associ-

ated with the days to bud break in forcing condition in one F1 population of Japanese apricot.

Therefore, PmDAM6may affect bud break competency during the endodormancy release

stage as well as the bud break stage. Our results presented herein suggest that PmDAM6may

retard bud outgrowth by mediating increasing ABA and decreasing cytokinins contents in

buds during the bud break stage (Fig 8).

PmDAM6 may be a growth inhibitor and act as a lateral bud break

repressor in Japanese apricot buds

Our study demonstrated that PmDAM6 inhibits plant regeneration and growth, and promotes

bud set, as well as represses bud break competency in transgenic apple plants. Additionally,

PmDAM6 inhibits lateral bud break, as well as terminal bud break with the exception of those

in young transgenic apple plants. Moreover, a working hypothesis regarding how PmDAM6
affects dormancy release and bud break in Japanese apricot has been developed based on the

results of this study (Fig 8). Specifically, PmDAM6might inhibit dormancy release and main-

tain dormancy by inducing the accumulation of ABA in dormant buds. Additionally, it may

delay bud outgrowth by affecting the balance of endogenous ABA and cytokinins, which func-

tion antagonistically in the regulation of bud break and bud outgrowth. Our data provide a

foundation for future analyses of PmDAM6 functions affecting the complex cross-talk between

ABA and cytokinins that regulates dormancy and bud break. The putative role of PmDAM6 in

repressing lateral bud break competency during dormancy revealed in this study appears to be

consistent with the finding that PmDAM6 expression is up-regulated and down-regulated dur-

ing “endodormancy” induction and release, respectively [15]. According to Sasaki et al. [15],

“endodormancy” induction and release were estimated based on the decrease and increase in

bud break frequency and/or the decrease and increase in the number of days to bud break

under forcing conditions, respectively. Because all PmDAMs were expressed when bud break

competency is repressed in lateral leaf buds [15], we hypothesize that all PmDAMs may share

the conserved bud break repressor function as PmDAM6 does. However, SVP clade where

PmDAMs belong to is supposed to be under positive selection [57], exact role of other

PmDAMs should be elucidated by future genetic studies. Although the present study suggested

the possible involvement of PmDAM6 in dormancy entry, it still remains unclear whether

PmDAM6 also affects dormancy establishment. Considine and Considine [5] recently pro-

posed changes to dormancy terminology, and suggested that bud dormancy can be further

divided into either dormant (D) or quiescent (Q) states depending on the chromatin state in

dormant meristem [i.e., heterochromatin (D state) or euchromatin (Q state)]. To verify the

possible involvement of PmDAM6 for dormancy establishment, we may have to first deter-

mine whether D state cells exist in Prunus (and other fruit tree species in Rosaceae) dormant

buds or not, then if any, the critical time points when the D state begins and ends in the leaf

bud meristem.

In poplar, ABA mediates short-photoperiod induction of SVP-like, SVL expression during

bud dormancy establishment [58]. In Rosaceae, dormancy of Prunus species is induced by the
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interaction of short photoperiod and low temperature [59]. In contrast, apple is typically not

sensitive to short photoperiod for dormancy induction [60]. However, Wisniewski et al. [61]

reported that peach CBF-overexpressing apple is sensitive to short photoperiod and induced

bud set, which suggests that short photoperiod-induced dormancy pathway may be, at least in

part, conserved in rosaceous fruit tree species. Additionally, our previous investigation indi-

cated there is a close relationship between PmDAM6 transcripts levels and ABA contents in

flower buds of two Japanese apricot cultivars with contrasting chilling requirement for dor-

mancy release [19, 62]. These results collectively suggested that Japanese apricot dormancy

may be at least partially induced by short photoperiod and ABA-dependent, which appeared

to be similar to the SVL-mediated poplar dormancy. If the PmDAM6-mediated dormancy

release pathway is somehow similar to SVL-mediated dormancy regulation in poplar [47, 58,

63], ABA biosynthesis and/or signaling may be a putative upstream key factor for PmDAM6-

mediated regulation of dormancy and bud break in Japanese apricot.

Supporting information

S1 Fig. Confirmation of apple transformants overexpressing PmDAM6.

(PPTX)

S2 Fig. Three-year-old plants grown under short photoperiod (8-h light/16-h dark) condi-

tions. The current year’s shoot growth was inhibited in the 35S:PmDAM6 lines compared

with WT.

(TIF)

S1 Table. Primer sequences used for RT-qPCR analyses of transgenic apple plants.

(DOCX)

S2 Table. Node numbers and internode lengths of 3-year-old WT and 35S:PmDAM6 apple

plants.

(XLSX)

S3 Table. Inhibited shoot growth and early bud set observed in 4-year-old 35S:

PmDAM6-GR apple plants treated with dexamethason (DEX).

(XLSX)

S4 Table. Terminal bud break date of 3- to 6-year-old plants and the number of open lat-

eral buds in 3-year-old WT and 35S:PmDAM6 apple plants.

(XLSX)

S5 Table. Terminal bud break date and the number of open lateral buds in 4-year-old 35S:

PmDAM6-GR plants.

(XLSX)

S6 Table. Repressed bud break competency of 5- and 6-year-old WT and 35S:PmDAM6
apple plants.

(XLSX)

S7 Table. Phytohormone contents in the terminal buds of 4-year-old plants collected on 20

February 2015.

(XLSX)

S8 Table. Phytohormone contents in the terminal buds of 6-year-old plants collected on 25

January, 23 February, and 8 and 31 March 2017.

(XLSX)

Prunus DAM6 represses bud break competency and delays bud outgrowth

PLOS ONE | https://doi.org/10.1371/journal.pone.0214788 April 9, 2019 20 / 24

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0214788.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0214788.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0214788.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0214788.s004
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0214788.s005
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0214788.s006
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0214788.s007
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0214788.s008
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0214788.s009
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0214788.s010
https://doi.org/10.1371/journal.pone.0214788


S9 Table. Bud outgrowth rate of the branches of 6-year-old 35S:PmDAM6-GR plants.

(XLSX)

S10 Table. Phytohormone contents in the terminal buds of DEX-treated or control WT

and GR21 plants at 0, 24, and 96 h after treatment.

(XLSX)

S11 Table. Phytohormone contents of Japanese apricot ‘Nanko’ leaf and flower buds.

(XLSX)

Acknowledgments

We thank Prof. Takashi Aoyama (Kyoto University, Japan) for providing the vector containing

the hormone-binding domain of a mouse glucocorticoid receptor. We also thank Ms. Y. Hos-

aka and Mr. S. Mimura, Master’s course students at Kyoto University, for their assistance with

the experiments. This study was financially supported by the Japan Society for the Promotion

of Science (Grant-in-Aids KAKENHI Nos. 23380017, 26252005, and 18H02198). We thank

Lesley Benyon, PhD, from Edanz Group (www.edanzediting.com/ac) for editing a draft of this

manuscript.

Author Contributions

Conceptualization: Hisayo Yamane.

Data curation: Hisayo Yamane, Takakazu Matsuura, Yoko Ikeda, Takashi Hirayama, Mei

Gao-Takai.

Formal analysis: Hisayo Yamane, Takakazu Matsuura, Yoko Ikeda.

Funding acquisition: Hisayo Yamane.

Investigation: Hisayo Yamane, Takashi Hirayama, Yutaro Osako, Mei Gao-Takai, Mikiko

Kojima.

Methodology: Hisayo Yamane, Masato Wada, Chikako Honda, Takakazu Matsuura, Takashi

Hirayama, Mei Gao-Takai, Ryutaro Tao.

Project administration: Ryutaro Tao.

Resources: Hisayo Yamane, Masato Wada, Chikako Honda.

Validation: Hitoshi Sakakibara, Ryutaro Tao.

Writing – original draft: Hisayo Yamane.

Writing – review & editing: Hisayo Yamane, Masato Wada, Chikako Honda, Yoko Ikeda,

Mei Gao-Takai, Ryutaro Tao.

References
1. Rohde A, Bhalerao RP. Plant dormancy in the perennial context. Trends in plant science. 2007; 12

(5):217–223. https://doi.org/10.1016/j.tplants.2007.03.012 PMID: 17416545

2. Lang GA. Dormancy: a new universal terminology. HortScience. 1987; 22(5):817–820.

3. Lang GA, Early JD, Martin GC, Darnell RL. Endo-, para-, and ecodormancy: physiological terminology

and classification for dormancy research. HortScience. 1987; 22(3), 371–377.

4. Yamane H. Regulation of bud dormancy and bud break in Japanese apricot (Prunus mume Siebold &

Zucc.) and peach [Prunus persica (L.) Batsch]: A summary of recent studies. Journal of Japanese Soci-

ety for Horticultural Science. 2014; 83(3):187–202.

Prunus DAM6 represses bud break competency and delays bud outgrowth

PLOS ONE | https://doi.org/10.1371/journal.pone.0214788 April 9, 2019 21 / 24

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0214788.s011
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0214788.s012
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0214788.s013
http://www.edanzediting.com/ac
https://doi.org/10.1016/j.tplants.2007.03.012
http://www.ncbi.nlm.nih.gov/pubmed/17416545
https://doi.org/10.1371/journal.pone.0214788


5. Considine MJ, Considine JA. On the language and physiology of dormancy and quiescence in plants.

Journal of Experimental Botany. 2016; 67(11): 3189–3203. https://doi.org/10.1093/jxb/erw138 PMID:

27053719

6. Balandier P, Bonhomme M, Rageau R, Capitan F, Parisot E. Leaf bud endodormancy release in peach

trees: evaluation of temperature models in temperate and tropical climates. Agricultural and Forest

Meteorology. 1993; 67: 95–113.

7. Fan S, Bielenberg DG, Zhebentyayeva TN, Reighard GL, Okie WR, Holland D et al. Mapping quantita-

tive trait loci associated with chilling requirement, heat requirement and bloom date in peach (Prunus

persica). New Phytologist. 2010; 185(4): 917–930. https://doi.org/10.1111/j.1469-8137.2009.03119.x

PMID: 20028471

8. Kitamura Y, Habu T, Yamane H, Nishiyama S, Kajita K, Sobue T, et al. Identification of QTLs controlling

chilling and heat requirements for dormancy release and bud break in Japanese apricot (Prunus

mume). Tree Genetics & Genomes. 2018; 14(2):33.

9. Balandier P, Gendraud M, Rageau R, Bonhomme M, Richard JP, Parisot E. Bud break delay on single

node cuttings and bud capacity for nucleotide accumulation as parameters for endo- and paradormancy

in peach trees in a tropical climate. Scientia Horticulturae. 1993; 249–261.

10. Cooke JK, Eriksson ME, Junttila O. The dynamic nature of bud dormancy in trees: environmental con-

trol and molecular mechanisms. Plant Cell and Environment. 2012; 35(10):1707–1728.

11. Maurya JP, Bhalerao RP. Photoperiod-and temperature-mediated control of growth cessation and dor-

mancy in trees: a molecular perspective. Annals of botany. 2017; 120(3):351–360. https://doi.org/10.

1093/aob/mcx061 PMID: 28605491

12. Yamane H, Kashiwa Y, Ooka T, Tao R, Yonemori K. Suppression subtractive hybridization and differen-

tial screening reveals endodormancy-associated expression of an SVP/AGL24-type MADS-box gene in

lateral vegetative buds of Japanese apricot. Journal of American Society for Horticultural Science.

2008; 133(5):708–716.

13. Rodriguez J, Sherman WB, Scorza R, Wisniewski M, Okie WR. Evergreen peach, its inheritance and

dormant behavior. Journal of American Society for Horticultural Science. 1994; 119(4):789–792.

14. Bielenberg DG, Li Z, Zhebentyayeva T, Fan S, Reighard GL, Scorza R, et al. Sequencing and annota-

tion 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 Genetics and

Genomes. 2008; 4(3):495–507.

15. Sasaki R, Yamane H, Ooka T, Jotatsu H, Kitamura Y, Akagi T, Tao R. Functional and expressional anal-

yses of PmDAM genes associated with endodormancy in Japanese apricot (Prunus mume). Plant

Physiology. 2011; 157(1):485–497.

16. Zhang Q, Chen W, Sun L, Zhao F, Huang B, et al. The genome of Prunus mume. Nature Communica-

tions. 2012; 3:1318. https://doi.org/10.1038/ncomms2290 PMID: 23271652

17. Habu T, Yamane H, Igarashi K, Hamada K, Yano K, Tao R. 454-pyrosequencing of the transcriptome in

leaf and flower buds of Japanese apricot (Prunus mume Sieb. et Zucc.) at different dormant stages.

Journal of Japanese Society for Horticultural Science. 2012; 81(3):239–250.

18. Habu T, Yamane H, Sasaki R, Yano K, Fujii H, Shimizu T, et al. Custom microarray analysis for tran-

script profiling of dormant vegetative buds of Japanese apricot during prolonged chilling exposure. Jour-

nal of Japanese Society for Horticultural Science. 2014. 83(1):1–16.

19. Kitamura Y, Takeuchi T, Yamane H, Tao R. Simultaneous down-regulation of DORMANCY-ASSOCI-

ATED MADS-box6 and SOC1 during dormancy release in Japanese apricot (Prunus mume) flower

buds. The Journal of Horticultural Science and Biotechnology. 2016; 91(5):476–482.

20. Zhang Z, Zhuo X, Zhao K, Zheng T, Han Y, Yuan C, et al. Transcriptome profiles reveal the crucial roles

of hormone and sugar in the bud dormancy of Prunus mume. Scientific reports. 2018; 8:5090 https://

doi.org/10.1038/s41598-018-23108-9 PMID: 29572446

21. Zhong W, Gao Z, Zhuang W, Shi T, Zhang Z, Ni Z. Genome-wide expression profiles of seasonal bud

dormancy at four critical stages in Japanese apricot. Plant Molecular Biology. 2013. 83(3):247–264.

https://doi.org/10.1007/s11103-013-0086-4 PMID: 23756818

22. Zhao K, Zhou Y, Ahmad S, Xu Z, Li Y, Yang W, et al. Comprehensive cloning of Prunus mume Dor-

mancy Associated MADS-box genes and their response in flower bud development and dormancy.

Frontiers in Plant Science. 2018; 9:17 https://doi.org/10.3389/fpls.2018.00017 PMID: 29449849

23. Jiménez S, Reighard GL, Bielenberg DG. Gene expression of DAM5 and DAM6 is suppressed by chill-

ing temperatures and inversely correlated with bud break rate. Plant Molecular Biology. 2010; 73(1–

2):157–167. https://doi.org/10.1007/s11103-010-9608-5 PMID: 20143130

Prunus DAM6 represses bud break competency and delays bud outgrowth

PLOS ONE | https://doi.org/10.1371/journal.pone.0214788 April 9, 2019 22 / 24

https://doi.org/10.1093/jxb/erw138
http://www.ncbi.nlm.nih.gov/pubmed/27053719
https://doi.org/10.1111/j.1469-8137.2009.03119.x
http://www.ncbi.nlm.nih.gov/pubmed/20028471
https://doi.org/10.1093/aob/mcx061
https://doi.org/10.1093/aob/mcx061
http://www.ncbi.nlm.nih.gov/pubmed/28605491
https://doi.org/10.1038/ncomms2290
http://www.ncbi.nlm.nih.gov/pubmed/23271652
https://doi.org/10.1038/s41598-018-23108-9
https://doi.org/10.1038/s41598-018-23108-9
http://www.ncbi.nlm.nih.gov/pubmed/29572446
https://doi.org/10.1007/s11103-013-0086-4
http://www.ncbi.nlm.nih.gov/pubmed/23756818
https://doi.org/10.3389/fpls.2018.00017
http://www.ncbi.nlm.nih.gov/pubmed/29449849
https://doi.org/10.1007/s11103-010-9608-5
http://www.ncbi.nlm.nih.gov/pubmed/20143130
https://doi.org/10.1371/journal.pone.0214788


24. Yamane H, Ooka T, Jotatsu H, Hosaka Y, Sasaki R, Tao R. Expressional regulation of PpDAM5 and

PpDAM6, peach (Prunus persica) dormancy-associated MADS-box genes, by low temperature and

dormancy-breaking reagent treatment. Journal of Experimental Botany. 2011a; 62(10):3481–3488.

25. Yamane H, Ooka T, Jotatsu H, Sasaki R, Tao R. Expression analysis of PpDAM5 and PpDAM6 during

flower bud development in peach (Prunus persica). Scientia Horticulturae. 2011b; 129(4):844–848.

26. Yamane H, Tao R, Ooka T, Jotatsu H, Sasaki R, Yonemori K. Comparative analyses of dormancy-asso-

ciated MADS-box genes, PpDAM5 and PpDAM6, in low- and high-chill peaches (Prunus persica L.).

Journal of the Japanese Society for Horticultural Science. 2011c; 80(3):276–283.

27. Mazzitelli L, Hancock RD, Haupt S, Walker PG, Pont SDA, McNicol J, et al. Co-ordinated gene expres-

sion during phases of dormancy release in raspberry (Rubus idaeus L.) buds. Journal of Experimental

Botany. 2007; 58(5):1035–1045. https://doi.org/10.1093/jxb/erl266 PMID: 17244630

28. Ito A, Saito T, Sakamoto D, Sugiura T, Bai S, Moriguchi T. Physiological differences between bud

breaking and flowering after dormancy completion revealed by DAM and FT/TFL1 expression in Japa-

nese pear (Pyrus pyrifolia). Tree physiology. 2015; 36(1):109–120. https://doi.org/10.1093/treephys/

tpv115 PMID: 26546364

29. Saito T, Bai S, Ito A, Sakamoto D, Saito T, Ubi BE, et al. Expression and genomic structure of the dor-

mancy-associated MADS box genes MADS13 in Japanese pears (Pyrus pyrifolia Nakai) that differ in

their chilling requirement for endodormancy release. Tree Physiology. 2013; 33(6):654–667. https://

doi.org/10.1093/treephys/tpt037 PMID: 23761324

30. Porto DD, da Silveira Falavigna V, Arenhart RA, Perini P, Buffon V, Anzanello R, et al. Structural geno-

mics and transcriptional characterization of the Dormancy-Associated MADS-box genes during bud

dormancy progression in apple. Tree Genetics & Genomes. 2016; 12(3):46.

31. Kumar G, Arya P, Gupta K, Randhawa V, Acharya V, Singh AK. Comparative phylogenetic analysis

and transcriptional profiling of MADS-box gene family identified DAM and FLC-like genes in apple

(Malus x domestica). Scientific reports 2016; 6:20695.

32. Mimida N, Saito T, Moriguchi T, Suzuki A, Komori S, Wada M. Expression of DORMANCY-ASSOCI-

ATED MADS-BOX (DAM)-like genes in apple. Biologia plantarum. 2015; 59(2):237–244.

33. Wisniewski M, Norelli J, Artlip T. Overexpression of a peach CBF gene in apple: a model for understand-

ing the integration of growth, dormancy, and cold hardiness in woody plants. Frontiers in Plant Science.

2015; 6:85. https://doi.org/10.3389/fpls.2015.00085 PMID: 25774159

34. Falavigna VS, Guitton B, Costes E, Andres F. I want to (Bud) break free: The potential role of DAM and

SVP-like genes in regulating dormancy cycle in temperate fruit trees. Frontiers in Plant Science. 2019;

9:1990 https://doi.org/10.3389/fpls.2018.01990 PMID: 30687377

35. Wu R, Tomes S, Karunairetnam S, Tustin SD, Hellens RP, Allan AC, et al. SVP-like MADS box genes

control dormancy and budbreak in apple. Frontiers in Plant Science. 2017a; 8:477.

36. Yamane H, Gao-Takai M, Tao R. An attempt to control expression of PmDAMs in Prunus mume by

Agrobacterium-mediated transformation. Journal of Beijing Forestry University. 2013; 35(Suppl.

1):33–37.

37. Aoyama T, Chua N-H. A glucocorticoid-mediated transcriptional induction system in transgenic plants.

Plant Journal. 1997; 11(3):605–612. PMID: 9107046

38. Soejima J, Bessho H, Tsuchiya S, Komori S, Abe K, Kotoda N. Breeding of Fuji apples and performance

on JM rootstocks. Compact Fruit Tree. 1998; 31(1):22–24.

39. Wada M, Ureshino A, Tanaka N, Komori S, Takahashi S, Kudo K, et al. Anatomical analysis by two

approaches ensures the promoter activities of apple AFL genes. Journal of Japanese Society for Horti-

cultural Science. 2009; 78(1):32–39.

40. Yamane H, Fukuta K, Matsumoto D, Hanada T, Gao M, Habu T, et al. Characterization of a novel self-

compatible S3’ haplotype leads to the development of a universal PCR marker for two distinctly origi-

nated self-compatible S haplotypes in Japanese apricot (Prunus mume Sieb. et Zucc.). Journal of Japa-

nese Society for Horticultural Science. 2009; 78(1):40–48.

41. Velasco R, Zharkikh A, Affourtit J, Dhingra A, Cestaro A, Kalyanaraman A, et al. The genome of the

domesticated apple (Malus × domestica Borkh). Nature Genetics 2010; 42(10):833–839. https://doi.

org/10.1038/ng.654 PMID: 20802477

42. Gupta A, Hisano H, Hojo Y, Matsuura T, Ikeda Y, Mori IC, et al. Global profiling of phytohormone

dynamics during combined drought and pathogen stress in Arabidopsis thaliana reveals ABA and JA as

major regulators. Scientific Reports 2017; 7(1):4017. https://doi.org/10.1038/s41598-017-03907-2

PMID: 28638069

43. Kojima M, Kamada-Nobusada T, Komatsu H, Takei K, Kuroha T, Mizutani M, et al. Highly sensitive and

high-throughput analysis of plant hormones using MS-probe modification and liquid chromatography-

Prunus DAM6 represses bud break competency and delays bud outgrowth

PLOS ONE | https://doi.org/10.1371/journal.pone.0214788 April 9, 2019 23 / 24

https://doi.org/10.1093/jxb/erl266
http://www.ncbi.nlm.nih.gov/pubmed/17244630
https://doi.org/10.1093/treephys/tpv115
https://doi.org/10.1093/treephys/tpv115
http://www.ncbi.nlm.nih.gov/pubmed/26546364
https://doi.org/10.1093/treephys/tpt037
https://doi.org/10.1093/treephys/tpt037
http://www.ncbi.nlm.nih.gov/pubmed/23761324
https://doi.org/10.3389/fpls.2015.00085
http://www.ncbi.nlm.nih.gov/pubmed/25774159
https://doi.org/10.3389/fpls.2018.01990
http://www.ncbi.nlm.nih.gov/pubmed/30687377
http://www.ncbi.nlm.nih.gov/pubmed/9107046
https://doi.org/10.1038/ng.654
https://doi.org/10.1038/ng.654
http://www.ncbi.nlm.nih.gov/pubmed/20802477
https://doi.org/10.1038/s41598-017-03907-2
http://www.ncbi.nlm.nih.gov/pubmed/28638069
https://doi.org/10.1371/journal.pone.0214788


tandem mass spectrometry: An application for hormone profiling in Oryza sativa. Plant Cell and Physiol-

ogy. 2009; 50(7):1201–1214.

44. Li Z, Reighard GL, Abbott AG, Bielenberg DG. Dormancy-associated MADS genes from the EVG locus

of peach [Prunus persica (L.) Batsch] have distinct seasonal and photoperiodic expression patterns.

Journal of Experimental Botany. 2009; 60(12):3521–3530. https://doi.org/10.1093/jxb/erp195 PMID:

19553369

45. Horvath DP, Sung S, Kim D, Chao W, Anderson J. Characterization, expression and function of DOR-

MANCY ASSOCIATED MADS-BOX genes from leafy spurge. Plant Molecular Biology. 2010; 73(1–

2):169–179. https://doi.org/10.1007/s11103-009-9596-5 PMID: 20066557

46. Rohde A, Storme V, Jorge V, Gaudet M, Vitacolonna N, Fabbrini F, et al. Bud set in poplar—genetic dis-

section of a complex trait in natural and hybrid populations. New Phytologist. 2011; 189(1):106–121.

https://doi.org/10.1111/j.1469-8137.2010.03469.x PMID: 21039557

47. Singh RK, Maurya JP, Azeez A, Miskolczi P, Tylewicz S, Stojkovic K, et al. A genetic network mediating

the control of bud break in hybrid aspen. Nature communications. 2018; 9:4173. https://doi.org/10.

1038/s41467-018-06696-y PMID: 30301891

48. Faust M, Liu D, Wang SY, Stutte GW. Involvement of apical dominance in winter dormancy of apple

buds. Acta Horticulturae. 1995; 395:47–56.

49. Yao C, Finlayson SA. Abscisic acid is a general negative regulator of Arabidopsis axillary bud growth.

Plant Physiology. 2015; 169(1):611–626 https://doi.org/10.1104/pp.15.00682 PMID: 26149576

50. Nguyen TQ, Neil Emery RJ. Is ABA the earliest upstream inhibitor of apical dominance? Journal of

Experimental Botany. 2017; 68(5):881–884.

51. Wu R, Wang T, Warren BA, Allan AC, Macknight RC, Varkonyi-Gasic E. Kiwifruit SVP2 gene prevents

premature budbreak during dormancy. Journal of Experimental Botany. 2017b, 68(5):1071–1082.

52. Ruttink T, Arend M, Morreel K, Storme V, Rombauts S, Fromm J. et al. A molecular timetable for apical

bud formation and dormancy induction in poplar. The Plant Cell. 2007, 19(8):2370–2390. https://doi.

org/10.1105/tpc.107.052811 PMID: 17693531
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