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primarily modulating ABA biosynthesis, which subse-
quently influences GA metabolism. In agreement with this, 
hyperdormancy of myb96-1D seeds was recovered by an 
ABA biosynthesis inhibitor fluridone, while hypodormancy 
of myb96-1 seeds was suppressed by a GA biosynthesis 
inhibitor paclobutrazol (PAC). Taken together, the meta-
bolic balance of ABA and GA underlies MYB96 control of 
primary seed dormancy.

Keywords Arabidopsis · Abscisic acid (ABA) · 
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Introduction

Seeds are products of plant sexual reproduction and facili-
tate the dispersal of offspring to new favorable locations. 
Dormancy enables seeds to tolerate unfavorable environ-
mental conditions and limit embryonic growth until they 
encounter optimal growth conditions (Finch-Savage and 
Leubner-Metzger 2006; Bentsink and Koornneef 2008; 
Graeber et al. 2012). Primary seed dormancy is established 
during the seed maturation stages and peaks in freshly har-
vested seeds (Holdsworth et al. 2008; Graeber et al. 2012). 
This quiescent state can be broken by stratification (cold 
imbibition) or after-ripening (dry storage) (Baskin and 
Baskin 2004), and the subsequent germination process is 
started to initiate a plant life cycle. The developmental tran-
sition from seed dormancy to germination is elaborately 
regulated in order to minimize physiological damage and 
enhance reproductive success (Willis et al. 2014).

ABA is a central phytohormone that regulates the 
induction and maintenance of seed dormancy (Grappin 
et al. 2000; Gubler et al. 2005; Kermode 2005; Finkel-
stein et al. 2008). While endogenous contents of ABA 
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are low during early embryogenesis, the ABA levels 
increase gradually as seeds mature (Finkelstein et al. 
2002; Gutierrez et al. 2007). During the late stages of 
seed maturation, high levels of ABA ensure inhibition 
of pre-harvest sprouting or viviparity (Nambara and 
Marion-Poll 2003; Gubler et al. 2005; Finch-Savage and 
Leubner-Metzger 2006; Holdsworth et al. 2008). ABA-
dependent accumulation of seed storage compounds, 
such as carbohydrates, oils, and LATE EMBRYOGEN-
ESIS ABUNDANT (LEA) proteins, also occurs during 
the late stages of seed maturation to facilitate desicca-
tion tolerance and to establish primary seed dormancy 
(Finkelstein and Somerville 1990; Meinke et al. 1994; 
Baud et al. 2008).

A number of molecular components regulating ABA-
dependent seed dormancy have been identified. One group 
includes proteins associated with ABA metabolism. The 
NCED3, NCED5, NCED6, and NCED9 proteins and addi-
tional ABA-biosynthetic enzymes, such as ABA1, ABA2, 
and ABSCISIC ALDEHYDE OXIDASE 3 (AAO3), con-
tribute to the induction and maintenance of seed dormancy 
(Koornneef et al. 1982; Seo and Koshiba 2002; González-
Guzmán et al. 2004; Lefebvre et al. 2006; Lin et al. 2007). 
Consistently, ABA-deficient mutant seeds show reduced 
dormancy (Lefebvre et al. 2006; Frey et al. 2012), whereas 
ABA overproduction leads to deep seed dormancy (Mar-
tínez-Andújar et al. 2011). Meanwhile, ABA breakdown 
is also important for the removal of seed dormancy. ABA 
catabolism is catalyzed by members of the CYP707A 
family (CYP707A1-CYP707A4) that produce an inactive 
form of ABA, 8′-hydroxy ABA (Kushiro et al. 2004; Oka-
moto et al. 2006). The genetic mutants that have defects in 
CYP707A1, CYP707A2, and CYP707A3 accumulate high 
levels of ABA and exhibit hyperdormancy in seeds (Kush-
iro et al. 2004).

The other group includes proteins regulating ABA sig-
nal transduction, such as protein kinases, phosphatases, 
and transcription factors. Core ABA perception compo-
nents, including PYRABACTIN RESISTANCE 1/PYR-
LIKE PROTEINs/REGULATORY COMPONENTS OF 
ABA RECEPTORs (PYR1/PYLs/RCARs), group A pro-
tein phosphatase 2Cs (PP2Cs), and SNF1-related protein 
kinase 2s (SnRK2s) (Fujii et al. 2009; Cutler et al. 2010; 
Hubbard et al. 2010), are involved in the regulation of seed 
dormancy. The loss-of-function mutants of ABA-binding 
PYR1/PYLs/RCARs are hyposensitive to ABA during seed 
germination (Gonzalez-Guzman et al. 2012; Kim et al. 
2012). Two PP2C proteins, ABA INSENSITIVE 1 (ABI1) 
and ABI2, negatively regulate ABA signaling, and accord-
ingly, the dominant-negative abi1-1 and abi2-1 mutant 
seeds exhibit hypodormancy (Koornneef et al. 1984; Fin-
kelstein 1994). Furthermore, mutations in genes encoding 
SnRK2.2, SnRK2.3, and SnRK2.6, which phosphorylate 

ABA-response element (ABRE)-binding factors/(ABRE)-
binding proteins (ABFs/AREBs) and thereby activate ABA 
signaling, result in shallow seed dormancy (Fujii et al. 2007, 
2009; Nakashima et al. 2009). In support of this, an ABA 
signaling transducer ABI3 transcription factor, together 
with FUSCA3 (FUS3), LEAFY COTYLEDON 1 (LEC1), 
and LEC2, controls seed maturation and dormancy (Parcy 
et al. 1997; Nambara et al. 2000; Raz et al. 2001; To et al. 
2006). ABI4 and ABI5 are also involved in seed dormancy 
establishment (Xi et al. 2010; Shu et al. 2013; Vaistij et al. 
2013), demonstrating the unequivocal role of ABA in seed 
dormancy.

GA is another key hormone that promotes the transition 
from seed dormancy to germination by antagonizing the 
action of ABA (Koornneef et al. 2002; Peng and Harberd 
2002; Ogawa et al. 2003; Yamauchi et al. 2004). In accord-
ance with this, GA-deficient ga1-3 seeds exhibit hyper-
dormancy (Koornneef and van der Veen 1980), whereas 
mutations in the GA2-OXIDASE (GA2ox) gene, which 
inactivates bioactive GA, reduce seed dormancy (Var-
banova et al. 2007; Yamauchi et al. 2007).

GA signaling components are also implicated in the 
control of seed dormancy and germination. The GA recep-
tor proteins, GIBBERELLIN-INSENSITIVE DWARF1s 
(GID1s), which ubiquitinate and degrade DELLA proteins 
along with an F-box protein SLEEPY1 (SLY1) in the pres-
ence of GA, stimulate GA signal transduction (McGinnis 
et al. 2003; Sun and Gubler 2004; Ueguchi-Tanaka et al. 
2007; Schwechheimer 2008). Consistently, the GID1- or 
SLY1-deficient mutants show reduced germination rate 
(Griffiths et al. 2006; Iuchi et al. 2007). In addition, five 
DELLA proteins, GA INSENSITIVE (GAI), REPRES-
SOR OF GA1-3 (RGA), RGA-LIKE 1 (RGL1), RGL2, and 
RGL3, and an additional negative regulator of GA signal-
ing SPINDLY (SPY), inhibit seed germination by maintain-
ing the dormancy state (Lee et al. 2002; Peng and Harberd 
2002; Cao et al. 2005; Penfield et al. 2006; Piskurewicz and 
Lopez-Molina 2009).

Accumulating evidence supports that ABA and GA sign-
aling is coordinated to fine-tune the transition from seed 
dormancy to germination (Gubler et al. 2008; Toh et al. 
2008; Footitt et al. 2011). Although several regulatory com-
ponents have been suggested (Yano et al. 2009; Shu et al. 
2013), the molecular mechanisms behind the crosstalk 
between ABA and GA signaling in seed dormancy remain 
yet to be discovered.

The MYB96 transcription factor regulates a wide array 
of ABA responses, such as drought tolerance, salicylic 
acid biosynthesis, lateral root development, and cuticular 
wax accumulation (Seo et al. 2009, 2011; Seo and Park 
2010). In this work, we report that MYB96 also regulates 
seed dormancy primarily through the regulation of ABA 
metabolism, which further influences GA metabolism. 
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The MYB96-deficient mutant showed reduced seed dor-
mancy, whereas delayed germination was observed in 
myb96-1D seeds. The MYB96 transcription factor posi-
tively regulates ABA biosynthesis and also affects GA 
biosynthesis. In agreement with this, hyperdormancy of 
myb96-1D seeds was recovered by an ABA biosynthesis 
inhibitor, the fluridone, and hypodormancy of myb96-
1 seeds was suppressed by a GA biosynthesis inhibitor, 
PAC. Taken together, this study demonstrates that MYB96 
regulation of GA and ABA metabolism contributes to 
establishing primary seed dormancy and provides insight 
into how developing seeds achieve metabolic balance of 
ABA and GA.

Materials and methods

Plant materials and growth conditions

Arabidopsis thaliana (Columbia-0 ecotype) was used for 
all experiments described, unless specified otherwise. 
Plants were grown under long day conditions (LDs; 16-h 
light/8-h dark cycles) with cool white fluorescent light 
(100 μmol photons m−2 s−1) at 23 °C. The myb96-1D 
and myb96-1 mutants (GABI_120B05) were previously 
reported (Seo et al. 2009, 2011).

Quantitative real-time RT-PCR analysis

Total RNA was extracted using TRI agent (TAKARA Bio, 
Singa, Japan) according to the manufacturer’s recom-
mendations. Reverse transcription (RT) was performed 
using Moloney Murine Leukemia Virus (M-MLV) reverse 
transcriptase (Dr. Protein, Seoul, South Korea) with oligo 
dT(18) to synthesize first-strand cDNA from 2 μg of total 
RNA. Total RNA samples were pretreated with an RNAse-
free DNAse. The synthesized cDNAs were diluted to 
100 μL with TE buffer, and 1 μL of diluted cDNA was 
used for PCR amplification.

Quantitative RT-PCR reactions were performed in 
96-well blocks using the Step-One Plus Real-Time PCR 
System (Applied Biosystems). The PCR primers used are 
listed in Supplementary Table S1. The values for each set 
of primers were normalized relative to the EUKARYOTIC 
TRANSLATION INITIATION FACTOR 4A1 (eIF4A) gene 
(At3g13920). All RT-qPCR reactions were performed in 
biological triplicates using total RNA samples extracted 
from three independent replicate samples. The comparative 
CT method was used to evaluate relative quantities of each 
amplified product in the samples. The threshold cycle (CT) 
was automatically determined with default parameters. The 
specificity of RT-qPCR reactions was determined by melt 
curve analysis.

Seed germination assays

All genotypes were grown at 23 °C under LD conditions, 
and seeds were collected at the same time. Harvested seeds 
were dried at room temperature at least 1 week before 
the germination assays. For the seed germination assays, 
40–50 seeds of each line were sterilized and plated on 
MS-medium (half-strength MS salts, 0.05 % MES, pH 
5.7, and 0.7 % agar) with or without stratification treat-
ment for 3 days at 4 °C. Plates were incubated in a culture 
room set at 23 °C with a 16-h light/8-h dark cycle. Germi-
nation was scored at the indicated time points by counting 
the frequency of radicle emergence from the seed coat and 
endosperm. For each germination assay, biological tripli-
cates were performed.

To investigate the effects of ABA and GA biosynthetic 
inhibitors, fluridone (MB-F4369) and PAC (MB-P5699) 
were purchased from MB cell (Los Angeles, CA) and used 
at final concentrations of 10 μM and 15 μM, respectively, 
as previously described (Seo et al. 2006; Martínez-Andújar 
et al. 2011; Barua et al. 2012; Shu et al. 2013).

Chromatin immunoprecipitation (ChIP) assays

ChIP assays were performed as previously described (Yang 
et al. 2011). 35S:MYB96-MYC transgenic plants, anti-MYC 
antibodies (Millipore, Billerica, USA), and salmon sperm 
DNA/protein A agarose beads (Millipore, Billerica, USA) 
were used for ChIP. DNA was purified using phenol/chlo-
roform/isoamyl alcohol and sodium acetate (pH 5.2). The 
level of precipitated DNA fragments was quantified by 
quantitative real-time PCR using specific primer sets (Sup-
plementary Table S2). Values were normalized with the 
level of input DNA. The values in pBA002 control plants 
were set to 1 after normalization against eIF4a for quantita-
tive PCR analysis.

Results

myb96-1 seeds exhibit hypodormancy

The MYB96 transcription factor mediates a variety of ABA 
responses (Seo et al. 2009, 2011; Seo and Park 2010). Since 
seed dormancy is one of the representative traits regulated 
by ABA, we wanted to know whether MYB96 is involved 
in establishing primary seed dormancy. To that end, we first 
compared the germination rate of myb96-1D, myb96-1, and 
wild-type seeds, which were subjected to dry storage for 
1 week. Without cold stratification, higher germination rate 
was observed in myb96-1 seeds, whereas myb96-1D seeds 
exhibited delayed germination relative to wild-type seeds 
(Fig. 1a). At 2 days after sowing, the germination rate of 
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myb96-1 seeds reached to 85 %, while 65 % of wild-type 
seeds germinated. The germination rate of myb96-1D seeds 
was only about 40 % at this time point (Fig. 1a).

Cold stratification breaks seed dormancy and promotes 
seed germination (Wang et al. 2009; Arc et al. 2012). We 
examined whether cold imbibition reduces dormancy of 
myb96-1D seeds. Following cold stratification of 1-week-
stored seeds for 3 days, the seeds germinated under long 
day (LD) conditions. The germination rates of myb96-1D 
and myb96-1 mutant seeds were comparable to those of 
wild-type seeds, and all genotypes were fully germinated 
2 days after sowing (Fig. 1b). Two-week-stored seeds 
showed similar results. Without stratification, the myb96-1 
seeds germinated earlier than wild-type seeds, but delayed 
germination was observed in myb96-1D seeds (Fig. 1c). 
The differences in germination rate were compromised by 
stratification treatment (Fig. 1d).

After-ripening is a developmental factor that reduces 
seed dormancy (Finch-Savage et al. 2007; Holdsworth 

et al. 2008). To examine the effect of after-ripening on seed 
dormancy, 6-month-stored fully ripened seeds of myb96-
1D, myb96-1, and wild-type were used for scoring ger-
mination rates. Seed germination rates of myb96-1D and 
myb96-1 were indistinguishable from those of wild-type 
seeds, regardless of stratification treatment (Fig. 1e, f).

Vivipary is a result of reduced seed dormancy. Hence, 
we examined whether myb96-1 seeds show vivipary in 
developing long-green siliques (Martínez-Andújar et al. 
2011). Wild-type, myb96-1D, and myb96-1 seeds in devel-
oping siliques were put on either MS-medium or soil and 
germinated under LD conditions. The myb96-1 seeds ger-
minated more quickly than wild-type seeds (Fig. 2a, b), 
whereas myb96-1D seeds showed delayed germination rate 
(Fig. 2a, b). Ten days after sowing, the germination rate of 
myb96-1D seeds was approximately half that of wild-type 
seeds, but most of the myb96-1 seeds had already produced 
cotyledons (Fig. 2c), indicating that the MYB96 protein is 
a positive regulator of seed dormancy establishment.
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Fig. 1  Germination rate of myb96-1D, myb96-1, and wild-type 
seeds. Seeds were stored for 1 week (a, b), 2 weeks (c, d), or 
6 months (e, f) after harvest and germinated on MS-medium with or 
without stratification treatment. The seed germination percentage of 

the indicated genotypes was quantified. Radicle emergence was used 
as a morphological marker for germination. At least 50 seeds per 
genotype were measured in each replicate. Biological triplicates were 
averaged. Bars indicate the SE of the mean
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MYB96 positively regulates ABA biosynthesis

The role of MYB96 in seed dormancy is likely to be inde-
pendent of DELAY OF GERMINATION 1 (DOG1) and 
ABI5 (Supplementary Fig. 1), master regulators of the 
dormancy acquisition (Lopez-Molina et al. 2001; Bent-
sink et al. 2006; Vaistij et al. 2013). We therefore supposed 
that MYB96 may be involved in the control of hormone 
homeostasis.

Seed dormancy is intimately associated with ABA con-
tents in seeds. ABA promotes seed dormancy (Ali-Rachedi 
et al. 2004), but cold stratification or after-ripening reduces 
the ABA contents in mature seeds to stimulate germina-
tion (Corbineau et al. 2002; Gubler et al. 2008). To look 
into the molecular mechanism underlying MYB96 regula-
tion of seed dormancy, we analyzed the expression of ABA 
biosynthetic genes, such as NCED2, NCED3, NCED5, 
NCED6, NCED9, ABA1, ABA2, and AAO3, and ABA cat-
abolic genes CYP707A1, CYP707A2, and CYP707A3 in 
myb96-1D, myb96-1, and wild-type seedlings. Quantitative 

real-time RT-PCR (RT-qPCR) analysis revealed that most 
genes examined were not significantly altered in myb96-
1D and myb96-1 mutants, except for NCED2, NCED5, 
NCED6, and NCED9. The NCED genes were substantially 
up-regulated in myb96-1D but slightly down-regulated in 
myb96-1 (Fig. 3), suggesting that MYB96 induces ABA 
biosynthesis to establish primary seed dormancy.

GA biosynthetic genes are down-regulated in myb96-1D

GA is also an important hormone that governs the transi-
tion from seed dormancy to germination (Koornneef et al. 
2002; Graeber et al. 2012). Given the intensive meta-
bolic crosstalk between ABA and GA in seeds (Gubler 
et al. 2008; Toh et al. 2008; Yano et al. 2009; Shu et al. 
2013), we speculated that GA metabolism may also be 
altered in myb96-1D and myb96-1 mutants. To estimate 
the role of MYB96 in the regulation of GA metabolism, 
we analyzed the expression of GA biosynthetic genes, 
including GA3, GA3ox1, GA20ox1, GA20ox2, GA20ox3, 
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Fig. 2  Viviparous phenotype of myb96-1 seeds. Immature develop-
ing siliques at the long-green stage were collected and germinated 
on MS-medium (a) or soil (b) without stratification treatment. The 

siliques were germinated for 10 days under LD conditions. The seed 
germination percentage of the indicated genotypes was quantified (c). 
Biological triplicates were averaged. Bars indicate the SE of the mean
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ENT-KAURENOIC ACID OXYDASE 1 (KAO1), and KAO2, 
and a GA catabolic gene GA2ox8 (Ogawa et al. 2003; Rieu 
et al. 2008). RT-qPCR analysis showed that the expression 
of examined GA metabolism genes was largely unaltered, 
except for GA3ox1 and GA20ox1. Their expression lev-
els were significantly reduced in myb96-1D, but slightly 
elevated in myb96-1 (Fig. 4). These results support that 
MYB96 also influences GA biosynthetic activity in the 
control of seed dormancy.

MYB96 balances accumulation of ABA and GA in mature 
seeds

To confirm the involvement of ABA and GA metabolism 
in MYB96 regulation of seed dormancy, we analyzed the 
germination rates of 1-week-stored myb96-1, myb96-1D, 
and wild-type seeds in the presence of either ABA bio-
synthesis inhibitor fluridone or GA biosynthesis inhibi-
tor PAC. Without stratification, earlier germination was 
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Fig. 3  Expression of genes involved in ABA metabolism in myb96-
1D and myb96-1 mutants. Ten-day-old seedlings grown under LD 
conditions were harvested for total RNA isolation. Transcript accu-
mulation was analyzed by quantitative real-time RT-PCR (RT-qPCR). 
The eIF4a gene was used as an internal control. Biological triplicates 

were averaged. Bars indicate the SE of the mean. Statistically signifi-
cant differences between the wild-type and mutants are indicated by 
asterisks (Student’s t test, *P < 0.05). The y-axis is presented on a 
logarithmic scale for better comparison of fold changes
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observed in myb96-1 seeds, whereas myb96-1D seeds 
showed delayed germination (Fig. 5a). In the presence of 
fluridone, hyperdormancy of myb96-1D seeds was recov-
ered to a level comparable to wild-type seeds (Fig. 5b). 
In addition, hypodormancy of myb96-1 seeds was sup-
pressed by PAC (Fig. 5c), indicating that a metabolic bal-
ance of GA and ABA underlies MYB96 control of seed 
dormancy.

MYB96 binds to promoters of NCED2 and NCED6

MYB96 regulates ABA and GA metabolism to properly 
establish seed dormancy. Given the regulation hierarchy 
between ABA and GA in seed germination (Seo et al. 
2006) and the biochemical nature of MYB96 as a tran-
scriptional activator (Seo et al. 2009, 2011), it was most 
likely that MYB96 primarily regulates ABA biosynthesis. 
We therefore asked whether MYB96 binds directly to the 
consensus motifs on the promoters of the NCED genes. 
Sequence analysis revealed that their promoters contain at 
least three conserved sequence motifs that are analogous to 
the R2R3-type MYB-binding sequences (Fig. 6a–d). The 
presence of MYB-binding cis-elements led us to examine 
whether MYB96 is targeted to the NCED promoters.

To perform ChIP assays, we employed 35S:MYB96-MYC 
transgenic plants (Seo et al. 2011). Total protein extracts 
from control pBA002 and 35S:MYB96-MYC transgenic 
plants were immunoprecipitated with anti-MYC-antibody. 
DNA bound to MYB96 proteins was analyzed by qPCR 
assays. ChIP analysis showed that the B region of the 
NCED2 promoter and the H region of the NCED6 promoter 
were enriched by MYB96 (Fig. 6a, c). In contrast, genomic 
fragments on the promoters of NCED5 and NCED9 were not 
enriched (Fig. 6b, d), supporting the specific interaction of 
MYB96 with the NCED2 and NCED6 promoters. In addi-
tion, the control ChIP with resin alone did not enrich the B 
and H fragments (Supplementary Fig. 2). These results indi-
cate that MYB96 specifically targets promoter sequences of 
the NCED2 and NCED6 genes to activate its expression.

Taken together, MYB96 regulates the seed dormancy 
state by coordinating ABA and GA metabolism. The tran-
scription factor directly binds to the promoters of ABA bio-
synthetic genes, such as NCED2 and NCED6, and activates 
their expression. MYB96 activation of ABA biosynthesis 
probably leads to reduced GA accumulation by repressing 
the expression of GA3ox1 and GA20ox1, re-establishing 
GA and ABA homeostasis.

Discussion

Regulation of seed dormancy through coordinated ABA 
and GA metabolism

Seed dormancy and germination processes are intricately 
regulated in order to ensure plant productivity and reproduc-
tion. Deep seed dormancy delays germination and thereby 
decreases the time period for growth in the growing season, 
whereas shallow seed dormancy results in preharvest sprout-
ing and/or viviparity. Hence, complex molecular mechanisms 
have been evolved to optimize the timing of germination.
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Fig. 5  Effects of ABA and GA biosynthesis inhibitors on seed dor-
mancy of myb96-1 and myb96-1D. Seeds were stored for 1 week after 
harvest and germinated on MS-medium (a) or MS-medium supple-
mented with 10 μM fluridone (b) or 15 μM PAC (c). The seed ger-
mination percentage of the indicated genotypes was quantified using 
radicle emergence as a morphological marker for germination. At 
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cal triplicates were averaged. Bars indicate the SE of the mean
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ABA and GA are key hormones that regulate seed dor-
mancy and germination (Grappin et al. 2000; Koornneef 
et al. 2002; Graeber et al. 2012). Consistent with their 
importance, ABA and GA levels are dynamically regu-
lated and closely interconnected with multiple crosstalk in 
the transition from seed development to germination. One 
notable example is ABA suppression of GA biosynthesis in 
seeds (Seo et al. 2006). The aba2 seeds accumulate higher 
levels of GA (Seo et al. 2006).

Several molecular components have been recently iden-
tified, which are involved in the coordination of ABA and 
GA metabolism during the establishment of seed dormancy. 
The APETALA2 (AP2)/ETHYLENE-RESPONSIVE FAC-
TOR (ERF) transcription factor ABI4 is a possible regula-
tor in this process (Finkelstein et al. 1998; Shu et al. 2013). 
The germination rate of abi4-1 seeds is higher than that 
of wild-type seeds without stratification (Shu et al. 2013). 
The difference in germination rate between wild-type and 
abi4-1 mutant seeds is compromised after stratification or 
after-ripening (Shu et al. 2013), indicating the role of ABI4 
in seed dormancy. Notably, ABI4 promotes ABA accumu-
lation but decreases GA levels in mature seeds (Shu et al. 
2013). GA biosynthetic and ABA catabolic genes are up-
regulated, while GA catabolic and ABA biosynthetic genes 
are down-regulated in abi4 mutant seeds (Shu et al. 2013). 
This coordination is accomplished by direct binding of 
ABI4 to the CYP707A1 and CYP707A2 promoters.

The HONSU (HON) protein, a member of the group A 
PP2C family, also negatively regulates seed dormancy by 
modulating ABA and GA metabolism. In the presence of 
ABA, PYR1/PYLs/RCARs interact with HON and inacti-
vate its activity. Subsequently, SnRK2s are liberated from 
the negative action of HON (Kim et al. 2013), activating 
ABA signaling. The hon-deficient mutant shows delayed 
germination, whereas transgenic plants overexpressing 
HON (HON-OX) exhibit shallow seed dormancy (Kim 
et al. 2013). Consistent with the fact that ABA signaling 
influences ABA metabolic genes through a negative feed-
back regulation (Nakashima et al. 2009), the HON-OX 
plants show increased expression of an ABA biosynthetic 
gene NCED6, whereas the expression of an ABA catabolic 
CYP707A2 gene is elevated in the hon mutant (Kim et al. 
2013). In addition, expression of GA3ox1 and GA3ox2 is 
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reduced in the hon mutant, but the mutant shows increased 
expression of the GA catabolic gene GA2ox2, indicating 
that HON coordinates ABA and GA metabolism in order to 
properly control seed dormancy. Altogether, the dormancy 
state of seeds is elaborately regulated by hormonal inter-
actions and multiple molecular components that coordinate 
the hormonal metabolic activities.

MYB96 and seed dormancy

The MYB96 transcription factor is also involved in estab-
lishing primary seed dormancy. The germination rate of 
myb96-1D seeds was significantly lower than that of wild-
type seeds, whereas myb96-1 seeds quickly germinated. 
Stratification or after-ripening compromised the differences 
in the germination rate of the genotypes. Thus, MYB96 is 
an important regulator of primary seed dormancy that is 
established during seed maturation on mother plants, rather 
than secondary seed dormancy that is induced in seeds with 
post-dispersal non-deep physiological dormancy.

MYB96 promotes ABA biosynthesis but suppresses 
GA accumulation. MYB96 positively regulates ABA bio-
synthetic genes NCED2, NCED5, NCED6, and NCED9, 
and also affects GA biosynthetic genes, such as GA3ox1 
and GA20ox1. In support of this, strong seed dormancy of 
myb96-1D was suppressed by fluridone, whereas PAC recov-
ered the early germination phenotype of myb96-1 seeds.

Given that MYB96 possesses a transcriptional activa-
tion domain (Seo et al. 2009, 2011) and that GA signal-
ing is epistatic to ABA biosynthesis in the control of seed 
dormancy and germination (Seo et al. 2006; Liu et al. 
2010; Shu et al. 2013), it is most likely that MYB96 pri-
marily regulates ABA biosynthesis (Seo et al. 2009; Seo 
and Park 2010). Indeed, MYB96 directly binds to the pro-
moters of NCED2 and NCED6. The MYB96-mediated 
changes in ABA levels may lead to altered GA metabolic 
activities to ensure a dormancy state. Collectively, meta-
bolic coordination of ABA and GA underlies MYB96 
regulation of seed dormancy. MYB96 forms a positive 
feedback loop with ABA biosynthesis and further bolsters 
ABA signaling to enhance adaptive fitness under unfa-
vorable conditions.
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