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Abstract Physiological dormancy is a characteristic of the

seeds of plants that are exposed to adverse harsh environ-

mental conditions. Many tree seeds from the northern

hemisphere have acquired deep dormancy as an adaptation

to the winter period. Such kinds of dormancy can be

removed by cold stratification. This physiological process

is regulated through abscisic and gibberellic acids signal

transduction, in which ABI5, 14-3-3 and RGL2 have a

negative response to cold stratification and cause dormancy

breaking. Our study is, to our knowledge, the first to report

tissue localisation of ABI5 and RGL2 in deeply physio-

logically dormant seeds. Localisation of these proteins

differs in time (weeks of stratification) and space (anatomy

of the embryo root). Studies showed that changes occurred

on three levels: (1) tissue, as the fluorescence signal

throughout the weeks of stratification was localised in

different regions of the embryo axes, and these changes

were associated with changes in development regulation of

the individual regions; (2) cell, either in nucleus or in

cytoplasm, involving regulation of gene expression, and

synthesis and inactivation in cytoplasm; and (3) organelle,

specifically in nuclei/nucleoli, indicating transcription

regulation of the specific genes. At the end of stratification,

when dormancy is broken, ABI5 and RGL2 were not

noticeable in the cells of the apical meristem. ABI5 likely

blocked germination through inhibition of meristem

activity, whereas RGL2 through blocking of procambial

cell differentiation. We speculate that similar molecular

and cellular mechanisms exist among other seeds charac-

terised by physiological dormancy.

Keywords ABI5 � RGL2 � 14-3-3 � Deep physiological

dormancy � Tree � Gibberellins

Introduction

Dormancy is a key ecological adaptation which protects

seeds against germination during unfavourable conditions,

such as during the winter period (Black et al. 2008). In

temperate zones, seeds of some plant species are charac-

terised by deep physiological dormancy, located in embryo

tissues (Baskin and Baskin 2004). The mechanism of

dormancy acquisition and breaking is complex and still far

from completely understood, especially regarding deep

physiological embryo dormancy. According to Luckwill’s

(1952) theory, transition from dormancy to germination is

under the antagonistic influence of inhibitors, such as

abscisic acid (ABA), and promotors, such as gibberellins

(GA). Transduction pathways conduct a signal from the

environment through receptors and hormonal pathways to

the nucleus. Investigating the regulation of the signal cas-

cade involving ABA and GA at different levels could bring

us closer to environmental and hormonal control of

dormancy.

ABA is a plant hormone with roles in developmental

processes, stomatal movements, stress response and regu-

lations of dormancy (Pawłowski 2007, 2009; Hauser et al.

2011; Pawłowski and Staszak 2016). The signal is trans-

mitted by the PYR/PYL/RCAR receptor. The hormone and

the receptor form a complex, which impedes the activity of

2C protein phosphatases (PP2Cs) (Ma et al. 2009; Park

Communicated by H. Li.

& Tomasz A. Pawłowski

tapawlow@man.poznan.pl

1 Institute of Dendrology, Polish Academy of Sciences,
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et al. 2009). Deactivation of PP2Cs leads to enabled

autophosphorylation of SnRK2 kinases, which take part in

transcription regulation through the triggering of bZIP

transcription factors AREB/ABF/ABI5 (Nakashima et al.

2009; Ma et al. 2009; Park et al. 2009; Fujii et al. 2009).

ABA activates the expression of many genes via ABA-

responsive elements (ABREs) in their promoter regions

(Saavedra et al. 2010). The ABI5 protein is a transcrip-

tional activator for genes controlled by ABREs (Hattori

et al. 2002) is present mainly in seeds and plays a role in

seed development, germination and seedling development

(Lopez-Molina et al. 2001). In dry Arabidopsis seeds

treated with ABA, ABI5 accumulated, but after germina-

tion or elimination of ABA, ABI5 degraded quickly

(Finkelstein and Lynch 2000; Lopez-Molina et al. 2001;

Piskurewicz et al. 2008). Mechanism of ABI5 stabilisation

by ABI five binding protein (AFP) is involved in post-

embryonic growth cessation (Lopez-Molina et al. 2003).

ABI5 cooperates with ABI3, which enhances transcription

(Lopez-Molina et al. 2002), and is regulated by itself and

ABI4, suggesting a complex regulatory interaction (Xu

et al. 2014). ABI5 is involved in stress response and

development adjustments (Fujita et al. 2011). The role of

ABI5 in dormancy induction is discussed (Finkelstein et al.

2008) mostly because of the lack of such research con-

cerning Arabidopsis seeds (Dekkers et al. 2016). Research

with orthologues, however, has confirmed that ABI5

homologues are more highly expressed in dormant sor-

ghum cultivars (Rodrı́guez et al. 2009). Despite this,

Finkelstein et al. (2008) concluded that further studies were

required to confirm the role of ABI5 in seed dormancy.

The 14-3-3 proteins act as a modulator of the activity of

target proteins by attaching to their phosphorylated motifs

(Ferl 1996). In plants, they take part in the regulation of a

wide range of physiological functions, such as develop-

ment and response to stress conditions (Denison et al.

2011; de Boer et al. 2013). They can affect signalling

pathways, which transduce information from the environ-

ment, and also have influence on effector proteins that

induce the physiological response (Denison et al. 2011).

14-3-3 proteins have been linked to ABA signalling, with

its role in seed germination (Schoonheim et al. 2007). They

interplay specifically with members of the ABF/AREB/

ABI5 family (e.g. ABI5) (Jakoby et al. 2002), leading to

alterations in the transcription of ABA-responsive genes.

14-3-3s enable contact between ABI3/VP1 (co-activator of

transcription) and the ABF/AREB/ABI5 family of tran-

scription factors (Himmelbach et al. 2003; Schoonheim

et al. 2007). Additionally, gibberellins influence 14-3-3

protein accumulation (Schoonheim et al. 2009), which

implies that 14-3-3 proteins take part in cross-talk of the

hormonal pathways of ABA and GA (Schoonheim et al.

2009).

Gibberellins influence plant growth and development

via DELLA proteins, which are a member of the GRAS

family (Sun et al. 2012). DELLAs are repressors of GA-

responsive genes (de Lucas et al. 2008). They act as inte-

grators and regulators of environmental signals (Achard

et al. 2006; Sun et al. 2010). Aromatic or hydrophobic

domains of DELLA proteins directly interplay with the

GA-tied receptor GID1 and that connection plays a crucial

role in transducing GA signals during the control of plant

development (Murase et al. 2008; Sun et al. 2010). Crea-

tion of GA-GID1-DELLA complex leads to DELLA decay

by the 26S proteasome through addition of a polyubiquitin

chain to DELLAs by the GA-dependent SCFGID2/SLY1 E3

ubiquitin ligase (Heckmann et al. 2006). Mutants overex-

pressing the DELLAs show insensitivity to GA and

dwarfism, besides mutants underexpressing the DELLAs

have constitutive GA-response phenotypes (de Lucas et al.

2008; Feng et al. 2008). Disintegration or deactivation of

DELLAs modulates plant growth by GA, thereby de-re-

pressing GA-regulated genes. DELLAs could act as tran-

scriptional co-activators of phytochrome interacting factors

(PIFs), belonging to the basic helix-loop-helix (bHLH)

transcription factor family (Itoh et al. 2005). In the absence

of GA, DELLAs prevent PIF3 and PIF4 from binding to

their target promoters. Disintegration of DELLAs by GA

releases PIF3 and PIF4, enabling them to perform their

function and regulate gene expression. DELLAs regulate

seed germination by interaction with PIF1 (Oh et al. 2009).

RGL2 is a DELLA protein associated with germination

repression (Lee et al. 2002; Cao et al. 2005), and it has

been recognised as a factor that is associated with dor-

mancy acquisition by up-regulation of several genes asso-

ciated with dormancy (Stamm et al. 2012). RGL2 links to

the GA and ABA signalling pathway by influencing ABA

biosynthesis and activation of ABI5 and ABI3 (Piskur-

ewicz et al. 2008; Piskurewicz et al. 2009). RGL2 controls

cell growth by influencing cell wall-affecting genes, such

as EXPA3 and EXPA8, by direct inhibition of transcription

of these genes (Stamm et al. 2012).

The objects of dormancy research are usually seeds with

coat-imposed dormancy, which is defined as a non-deep

physiological dormancy (Finch-Savage and Leubner-Met-

zger 2006), for example seeds of Arabidopsis thaliana.

Tree species such as Norway maple (Acer platanoides L.)

(Pawłowski 2009; Staszak and Pawłowski 2014), sycamore

(Acer pseudoplatanus L.) (Pawłowski and Staszak 2016)

and beech (Fagus sylvatica L.) (Reyes et al. 2006;

Pawłowski 2007; Saavedra et al. 2010) have been the

objects of research concerning embryo dormancy, defined

also as deep physiological dormancy (Finch-Savage and

Leubner-Metzger 2006). Norway maple produces seeds

that are deeply physiologically dormant (Pawłowski 2010).

This species is categorised as orthodox according to seed
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storage behaviour and requires cold stratification lasting

approximately 3 months for germination.

Despite all of the above findings, there is a lack of

knowledge of the details concerning the involvement of

abscisic and gibberellic acid pathways in regulation of

dormancy breaking during cold stratification. New findings

in signal transduction cascades could allow for better

understanding of ABA- and GA-mediated dormancy. The

current research concentrated on three main regulators of

ABA (ABI5 and 14-3-3) and GA (RGL2) signals. The

main goal of this study was to describe the relationship

between cold treatment dormancy breakage and ABA and

GA signal regulators in deeply physiologically dormant

seeds. We investigated the accumulation and immunolo-

calisation of ABI5, 14-3-3 and RGL2 proteins. This

investigation showed the role of ABA and GA signalling

regulators in dormancy and germination regulation in tree

seeds.

Materials and methods

Materials

Norway maple (Acer platanoides L.) seeds were picked up

in the Kórnik Arboretum, Poland (N52�140 and E17�050)
during the autumn of 2009. The seeds were dried at

ambient temperature and humidity until they reached a

moisture content of 9%. They were then stored in plastic

containers at - 3 �C. Prior to the experiments, the seeds

were allowed to imbibe water for 48 h at room tempera-

ture. The seeds were then subjected to cold stratification at

3 �C (a dormancy-breaking temperature) for up to

17 weeks in closed plastic boxes without medium and in

the dark. Germination tests (four replicates of 50 seeds

each) were carried out at 3 �C in accordance with the

recommendations of the International Seed Testing Asso-

ciation (1999).

Western blotting

Embryo axes were taken weekly from seed samples during

the period of stratification at 3 �C. Samples ranged from

dry dormant seeds to germinated seeds, which were defined

by the protrusion (* 1 mm) of the radicle. Embryos were

removed and immediately frozen in liquid nitrogen and

subsequently stored at - 80 �C until undergoing further

processing. Samples were ground in liquid nitrogen and

incubated in acetone at -20 �C. After several washes in

acetone and centrifugation (20,8009g for 5 min at 4 �C),

the resulting pellets were dried in vacuum, and then,

extraction buffer was added (0.5 M Tris pH 6.8; 10% SDS;

7% glycerol; 0.015% DTT 15). Samples were incubated for

10 min at 100 �C and centrifuged again (20,8009g for

10 min at 4 �C). Supernatants were taken, and protein

content was determined via Bradford assay (Bradford

1976).

Proteins were separated using 12% SDS-PAGE on Mini-

PROTEAN� 3 (Bio-Rad, Hercules, Ca, USA) with protein

weight markers SeedBlue MagicMarkt (Life Technologies,

Carlsbad, CA, USA) after being transferred onto PVDF

membrane (Bio-Rad, Hercules, Ca, USA) at 260 mA for

75 min in transfer buffer [25 mM Tris, 192 mM glycine,

20% (v/v) methanol, pH 8.7]. After blocking the mem-

branes with TBS-T and 5% BSA, incubation with primary

rabbit polyclonal antibody was carried out. Primary anti-

bodies were used against ABI5, 14-3-3 and RGL2

(Agrisera, Vännäs, Sweden), dilution 1:7500. Bound anti-

bodies were detected using an antirabbit horseradish per-

oxidase-conjugated secondary antibody (diluted 1:50,000

for ABI5 and 1:30,000 for 14-3-3 and RGL2) and visu-

alised with enhanced chemiluminescent reagent Clarity

(Bio-Rad, Hercules, Ca, USA). Signal was detected on

X-ray film (Kodak), and then, an X-ray film for each

antibody was scanned using optical scanner Image Scanner

III in LabScan programme (GE Healthcare, Little Chalfont,

UK). Western blot images were analysed using 2D Image

Master 7 Platinum (GE Healthcare, Little Chalfont, UK)

software. Patterns from three independent biological sam-

ples were aligned, and normalised spot volumes of the

bands were determined. Statistical analyses were carried

out for the obtained results using ANOVA and the Tukey–

Kramer HSD test. Results were considered significant for

P\ 0.05. The data are presented in relative units calcu-

lated as the intensity and the area of the band.

Immunolocalisation

Embryo axes of Norway maple were isolated from intact

seeds during stratification (from dry to germinated seeds).

Plant material was fixed in an ethanol solution of

paraformaldehyde (4%) and glutaraldehyde (0.25%) for

4 h (for 1.5 h in a vacuum) at room temperature. In the

next step, material was washed in PBS three times for

15 min, and then, material was dehydrated in a series of

PBS with ethanol (5, 10, 20, 30, 50, 70, 80, 90, 95, 100,

100%) for 15 min each. Embryo axes with 100% ethanol

were supplemented with a proportional amount of Steed-

man wax (Electron Microscopy Sciences, Hatfield, PA,

USA) at 37 �C. Material was cut into 10-lm-thick slides

and affixed on microscope glasses with protein glycerol

(Roth, Karlsruhe, Germany). Slides were stained after

rehydration in a series of PBS with ethanol (100, 100, 95,

90, 80, 70, 50, 30, 10%) for 15 min each. Slides were

treated with ammonium chloride (0.1 M) for 5 min and

then 5% BSA for 30 min, at room temperature. Slides were
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incubated overnight at 4 �C with primary antibodies in a

dilution of 1:140 for ABI5 and RGL2 (Agrisera, Vännäs,

Sweden). Afterwards, slides were washed with PBS. Slides

were incubated with secondary antibodies conjugated with

fluorescein isothiocyanate isomer I (FITC; Sigma-Aldrich,

Poznan, Poland) at a dilution of 1:50 for 2 h at room

temperature. Staining was done with propidium iodide for

20 min; then, each slide was sealed with the antifadent

solution AF1 (Citifluor, London, UK). Confocal imaging of

stained tissues was performed using a Leica SP5 confocal

microscope (Leica Microsystem GmbH, Wetzlar, Ger-

many). Imaging used 488 nm and emission wavelengths

were collected at 525 nm.

Results

An analysis of Norway maple seed germination (Figs. 1, 2,

3), after dormancy breaking caused by cold stratification,

showed that seeds started to germinate during week 7 of

stratification, and by week 12, seeds reached 43% of ger-

mination. Stratification ended in week 17 when seeds

reached 94% of germination.

Immunodetection of ABI5, 14-3-3 and RGL2

proteins

Western blot analysis used to estimate the accumulation of

transcription factor ABI5 indicated the presence of this

protein in dormant dry Norway maple seeds at a relatively

high level. From the beginning of stratification, ABI5

increased in abundance until week 2 and then diminished

gradually until week 8 (Fig. 1), reaching its minimum

value in germinated seed. ABI5 accumulation increased in

week 10 of stratification, however, when germination

started to rise. A decrease in ABI5 accumulation was

associated with beginning of seed germination.

Analysis of 14-3-3 protein accumulation during dor-

mancy release of Norway maple seeds showed the presence

of this protein in dormant dry seeds at a relatively high

level. Generally, the level of protein increased from the

Fig. 1 Changes in accumulation of ABI5 protein in Norway maple

(Acer platanoides L.) seeds during dormancy breaking. Western blot

analyses were performed during stratification (dry—germinated

seeds). Statistically significant differences were indicated with

different letters. Data are mean ± SD of three independent replica-

tions, n = 3

Fig. 2 Changes in accumulation of 14-3-3 protein in Norway maple

(Acer platanoides L.) seeds during dormancy breaking. Western blot

analyses were performed during stratification (dry—germinated

seeds). Statistically significant differences were indicated with

different letters. Data are mean ± SD of three independent replica-

tions, n = 3

Fig. 3 Changes in accumulation of RGL2 protein in Norway maple

(Acer platanoides L.) seeds during dormancy breaking. Western blot

analyses were performed during stratification (dry—germinated

seeds). Statistically significant differences were indicated with

different letters. Data are mean ± SD of three independent replica-

tions, n = 3
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beginning of stratification until week 5 and then decreased

to levels similar to those found in dry seeds (Fig. 2).

Similar to ABI5, a decrease in 14-3-3 accumulation was

observed together with the start of germination.

Analysis of RGL2 protein accumulation in Norway

maple seeds showed the presence of this protein in dormant

dry seeds at a relatively high level, and it decreased after

48 h of imbibition. In week 4 of stratification, accumula-

tion of RGL2 increased to level similar to this found in dry

seeds. During week 12, when seeds reached 43% of ger-

mination, RGL2 reached its maximum level. Germinated

seeds of Norway maple showed a similar pattern of RGL2

accumulation as that found in dry seeds.

Immunolocalisation of ABI5 and RGL2

Analysis of ABI5 immunolocalisation showed the fluo-

rescence signal in each part of the embryo axes of dormant

dry Norway maple seeds (Fig. 4). Fluorescence was indi-

cated in the nuclei of cells of the root apical meristem.

High intensity of fluorescence was noted also in nuclei of

epidermal cells and the outer layers of the cortex. In the

fourth week of stratification, we observed changes in the

localisation of the fluorescent signal. Along with still being

observed in all regions of the embryonic root, strong flu-

orescence was observed in nucleoli, usually two in the

nucleus of some cortex cells. In the eighth week of strati-

fication, fluorescence intensity was very poor in the apical

meristem cells and the upper layers of the root cap col-

umella. Fluorescence also decreased in the cells of the

primary cortex and the axial cylinder, whereas it remained

strong in the nuclei of root cap cells. After germination,

strong fluorescence was still observed in the nuclei of the

root cap, epidermal and the outer layers of the cortex cells.

In the other regions, no ABI5 signal was observed.

The RGL2 visualisation experiment showed a very weak

fluorescence signal in the cell nuclei of the epidermis and

outer layers of the cortex in dormant dry seeds (Fig. 5).

Fluorescence was observed in all cells of the root cap.

Within the root cap, a particularly intense signal was

Fig. 4 Localisation of ABI5 fluorescence signal in embryo root of

Norway maple isolated from dry seeds (Dry), following weeks of seed

stratification (4, 8) and germinated seed (Germ.); longitudinal section,

CLSM; Ep epidermis. Dry A = part of root apex with root apical

meristem (RAM; frame); fluorescence of nucleus is visible in all

parts. Dry B = part of embryo root, fluorescence signal of nucleus in

root cap cells, epidermis cells, cortex and vascular cylinder.

4 = intense fluorescence of large nucleoli in nuclei of some cells of

the cortex. 8 = root apex with fluorescence in nuclei of cap cells,

epidermis; in RAM (frame), weak fluorescence of nuclei is visible in

only some cells. Germ. = fluorescence of nuclei in root cap cells,

epidermis and cortex cells; in some cells of epidermis, fluorescence

signals are visible in two nucleoli in the nucleus
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indicated in a specific region consisting of a couple of cells.

Strong fluorescence was noted in the endoderm cells and

also in the cells forming into vascular bundles. In the other

regions of the root, fluorescence was weak and present only

in single cells. In the fourth week, a strong increase in the

intensity of the fluorescent signal was observed. In addition

to the previously mentioned regions, fluorescence was also

found in all the cortex cells and the axial cylinder. In the

nuclei of primary cortical cells, the presence of nucleoli

with a particularly strong fluorescence was indicated.

Weaker, unevenly located signal was also present in the

rest part of the nuclei. This RGL2 position was maintained

in the sixth week, wherein two large nucleoli were indi-

cated in the nuclei of primary cortex cells. In the eighth

week, fluorescence was weaker and nearly invisible within

the apical meristem. A strong signal was observed only in

the apical part of the root cap and the area of vascular

bundles. Similar images were also recorded in the tenth

week. The change in RGL2 localisation occurred in the

twelfth week. At that time, fluorescence of nuclei in the

cortex cells was not observed, but strong point signals were

observed in the cytoplasm. In germinated seeds, there was

no fluorescence in the region of the root apical meristem.

Instead, the signal was intense in the nuclei of epidermal

Fig. 5 Localisation of RGL2 fluorescence signal in embryo root of

Norway maple isolated from dry seeds (Dry), following weeks of seed

stratification (4, 6, 8, 10, 12) and germinated seed (Germ.);

longitudinal section, CLSM; Ep epidermis, Nu nucleoli, RC root

cap. Dry A = root cap cells with fluorescence signal in nuclei. Dry

B = fluorescence in RAM is not visible; very weak signal in

epidermis and cortex cells. Dry C = intensive signal in procambium;

weak in epidermis cells. 4 A = fluorescence signal is visible in nuclei

of epidermis, cortex cells, procambium (signal especially intense) and

vascular cylinder cells. 4 B = in nuclei of cortex there are large

nucleoli with an intense fluorescent signal; unevenly distributed, weak

signal is also visible in chromatin area. 6 = in cortex, fluorescence

was observed only in large nucleoli (often two in nucleus). 8 = a root

cap with fluorescence in nuclei. 8 B = in RAM signal is poorly

visible. 10 = intense signal in epidermis, cortex cells and procam-

bium; fluorescence in nuclei of vascular cylinder is weak. 12 = flu-

orescence observed as a spot in cytoplasm of cortex cells. Germ.

A = in RAM fluorescence is not visible. Germ. B = fluorescence

signal visible in nuclei of all parts of root. Germ. C = fragment of

Germ. B; in nucleus, signal is unevenly distributed as a spot. Germ.

D = different fragments of Germ. B; intense signal in nuclei of

epidermis cells
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cells and primary cortex cells. Fluorescence was also

reported, but weaker, in a part of axial cylinder cells. In the

nuclei, we observed lack of nucleoli and the fluorescence

signal did not cover the whole surface of the nucleus;

signal was instead diffused.

Discussion

It was hypothesised that seed dormancy status is controlled

according to antagonistic influences of GA and ABA

(Luckwill 1952). This hypothesis has been confirmed in

previous studies carried out on seeds characterised mostly

by non-deep dormancy (Piskurewicz et al. 2008). In this

report, we present the results of an investigation of the

association of ABA and GA signalling regulators with deep

dormancy breaking caused by cold stratification. Norway

maple seeds were chosen as the model for investigation

because of their deep physiological embryo dormancy

(Staszak and Pawłowski 2012).

Quantitative changes in ABI5 and 14-3-3 protein

accumulation

ABI5 plays a key role in ABA signal transduction, but its

association with regulation of seed germination and seed-

ling growth is not yet well elucidated (Dekkers et al. 2016).

ABI5 functions as a transcriptional regulator by binding to

an ABA-responsive element, ABRE, which is found in the

ABA-induced gene promoters (Hattori et al. 2002). The

high level of ABA in dry seeds promotes SnRK2-depen-

dent phosphorylation and stabilisation of ABI5 proteins

(Nakashima et al. 2009). ABA stimulates ABI5 gene

expression, resulting in germination suppression (Piskur-

ewicz et al. 2009). During stratification, when dormancy is

breaking, the level of ABA decreases (Piskurewicz et al.

2008). The reduction in ABA content in Norway maple

seeds associated with loss of dormancy was observed by

Pinfield et al. (1990). In the present results, accumulation

of ABI5 in Norway maple seeds also decreased with loss of

dormancy, which probably blocked ABA-dependent gene

expression and caused dormancy breaking and, conse-

quently, seed germination. High level of ABI5 in dry

Norway maple seeds is responsible for deep dormancy

maintenance. The increase in ABI5 accumulation observed

after imbibition and during the first few weeks of stratifi-

cation suggests the preventing role of this ABA signalling

regulator in germination control. Cold stratification

diminished this influence, as ABI5 levels decreased and

seeds germinated. Germinated Norway maple seeds have a

relatively small amount of ABI5 protein, which was also

observed for Arabidopsis (Lopez-Molina et al. 2002). The

presence of ABI5 in germinated seeds may be connected

with preparation for post-germination growth, which is

regulated via the ABI5 protein (Lopez-Molina et al. 2001;

Dai et al. 2013). Increase in ABI5 accumulation observed

when germination started to rise was associated probably

with activation of some, finally unsuccessful, processes

inhibiting germination. We can conclude that accumulation

of ABI5 is associated with level of dormancy in Norway

maple seeds.

The 14-3-3 proteins are the modulators of effector pro-

teins that bind phosphorylated motifs (Ferl 1996). These

proteins interact with ABI5 in ABA signal pathway

(Schoonheim et al. 2009). RNAi silencing of 14-3-3 inhi-

bits GA induction of the alpha-amylase gene (Schoonheim

et al. 2009). The 14-3-3 protein interplays with ABA

binding factors (ABFs), which also interplay with the

ABA-responsive kinase PKABA1, a mediator kinase

between the GA and ABA pathways. 14-3-3s and ABFs

play a regulatory function in the GA signalling, and

PKABA1 and ABFss are cross-talk intermediates in ABA

and GA pathways (Schoonheim et al. 2009). Analysis of

14-3-3 accumulation during dormancy breaking of Norway

maple seeds showed similar patterns to ABI5 accumula-

tion. The increase in accumulation of these proteins in the

first few weeks of stratification was likely associated with

dormancy maintenance. Start of germination was associ-

ated with decrease in accumulation of these proteins.

Overall, this suggests an association between the ABA

signal pathway and dormancy level in Norway maple

seeds.

Localisation of ABI5

Little is known about tissue localisation of the ABI5 pro-

tein in seeds. This protein has shown nuclear localisation in

epidermal cells (of onion and Nicotiana benthamiana),

stamen and corn (of gladiolus) (Wu et al. 2015). In dry

Norway maple seeds, ABI5 was noticeable in cell nuclei in

each part of the embryo axes. During stratification, the

localisation changed and ABI5 was observed mainly in the

cortex. Localisation of ABI5 was noticed in the nucleoli of

some cortex cells, which suggests that de novo transcrip-

tion of ABA-dependent genes associated with dormancy

breaking was activated. At the end of stratification, when

dormancy is broken, ABI5 was not noticeable in the cells

of the apical meristem. In germinated seeds, ABI5 was

present in the nuclei of epidermal cells and the outer layers

of the cortex. It can be concluded that ABI5 localisation

changed during dormancy release, from apical meristem to

cortex. The presence of ABI5 in germinated seeds suggests

that it has a part in regulation of processes during post-

germinative growth.

Nuclear localisation of ABI5 was characteristic for

Norway maple, as well as for Arabidopsis seeds, which is
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associated with the fact that gene activation and deactiva-

tion occurred in the nucleus (Lopez-Molina et al. 2002).

The KEG E3 protein maintains low level of ABI5 by tar-

geting it for degradation in the cytoplasm (Liu and Stone

2013). Thus, in the absence of ABA, nuclear accumulation

of ABI5 is reduced (Liu and Stone 2013). In the present

study, we noticed reduction in the ABI5 fluorescence signal

in nuclei of meristem cells. KEG E3 is likely involved in

this degradation.

Quantitative changes in RGL2 concentration

GA fosters germination by increasing the disintegration of

DELLA repressors by ubiquitin/proteasome mechanism

(Piskurewicz et al. 2009). Members of DELLA protein

family play a role in different processes of plant life, such

as development of chloroplasts, fruits, leaves and senes-

cence (Chen et al. 2014; Gallego-Giraldo et al. 2014).

RGL2 takes part in the dormancy maintenance as a key

negative controller of seed germination (Lee et al. 2002),

but it is also involved in floral development, in cooperation

with RGA and RGL1 (Cheng et al. 2004; Tyler et al. 2004).

DELLAs control gene expression through interactions with

bHLH transcription factors, such as PIF3, PIF4, PIL5, PIL2

and SPT (de Lucas et al. 2008; Gallego-Bartolomé et al.

2010), as well as through interaction with the GID1 GA

receptor (Ueguchi-Tanaka et al. 2005; Murase et al. 2008).

GA promotes expression of expansin genes by removing

the DELLA repression effect during seed germination (Yan

et al. 2014).

In seeds of Norway maple, the level of RGL2 accu-

mulation was relatively high in dry seeds and diminished

with imbibition, but increased again during stratification.

Our results differ from the results of Wang et al. (2013),

who observed that the expression of PpRGL2 was

highest in dormant Pyrus pyrifolia seeds, but decreased

significantly in the imbibed and germinating embryos.

This decrease was suppressed by exogenous ABA (Wang

et al. 2013). RGL2 inhibited germination of Arabidopsis

seeds by stimulation of ABA synthesis and activity of

ABI5 and ABI3 (Piskurewicz et al. 2008, 2009). RGL2

also regulated ABA release in the endosperm to control

embryo growth (Lee et al. 2010). These previous studies

suggest that there is a link between ABA and GA sig-

nalling pathways in germination control, but in the

present study this was not confirmed by the results.

Similar results were noticed by Tyler et al. (2004) in

imbibed Arabidopsis seeds, where a decrease in RGL2

accumulation was associated with high amounts of GA.

Gallego-Bartolomé et al. (2010) showed that the level of

RGL2 expression increased after even 190 h of imbibi-

tion in light exposition. A similar effect was noticed in

the present study, but it appeared to be caused by cold

stratification. Germinated seeds had relatively low level

of RGL2 accumulation which suggests that its inhibitory

effect was removed. The high RGL2 in after-ripened

seeds of Arabidopsis sly1 mutant also did not stop seed

germination, which may indicate that repressive activity

of RGL2 can be lost over time (Ariizumi and Steber

2007).

Localisation of RGL2

During dormancy release of Norway maple seeds, changes

were observed in localisation of the RGL2 protein. In dry

dormant seeds, RGL2 was indicated in nuclei of the root

cup. The nuclear localisation of RGL2 transcripts was also

observed by Gallego-Bartolomé et al. (2010) in Ara-

bidopsis 7-day seedlings. During the first few weeks of

stratification of Norway maple seeds, RGL2 was noticed

mainly in the nuclei of cortex cells and procambium. In the

following weeks, it was visible in primary cortical cell

nuclei, mostly in nucleoli, which indicates its involvement

in the transcription process. Chen et al. (2015) reported the

presence of nucleoli in plumular apical meristem and the

first true leaves in Acer morrisonense seeds stratified for

12 weeks. At the end of stratification, when Norway maple

seeds started to germinate, RGL2 was almost invisible in

the apical meristem but appeared in the area of vascular

bundles. RGL2 regulates several aspects of seed germina-

tion, such as cell elongation growth via inhibition of

EXPA3 and EXPA8 gene activity by binding to the pro-

moters (Stamm et al. 2012). The role of RGL2 in vascular

bundle formation could perhaps be explained by inhibition

of its growth.

In the germinated Norway maple seeds, RGL2 was

highly noticeable in the nuclei of cells of the epidermis and

primary cortex cells. Nuclear localisation of the RGL2

protein in Arabidopsis seedlings seven days after germi-

nation also demonstrated that the protein was prevalent in

the outer layers of the root (Gallego-Bartolomé et al. 2010).

RGL2 gene expression was also limited to the elongation

region of the root after seeds imbibed water (Lee et al.

2002). The presence of RGL2 in germinated seeds shows

that it is likely an important element of the GA pathway

even after germination. This confirms our results, as well as

the results of Gallego-Bartolomé et al. (2010), wherein the

expression of RGL2 in seeds of Arabidopsis was up-regu-

lated in germinated seeds.

These changes in RGL2 presence in tissues of Norway

maple embryos can be explained by proteasome degrada-

tion via SCFSLY1/GID2 and de novo synthesis of RGL2

(Achard and Genschik 2009). During dormancy breaking,

strong point signals were observed in the cytoplasm, sug-

gesting degradation or synthesis of this GA signal

regulator.
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