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Abstract
Abscisic acid (ABA) response element (ABRE)-binding factors (ABFs) are basic region/leucine zipper motif (bZIP) tran-
scription factors that regulate the expression of ABA-induced genes containing ABRE in their promoters. The amino acid 
sequence of the wheat bZIP protein, TaABI5, showed high homology to that of Arabidopsis ABA insensitive 5 (ABI5). 
TaABI5 was classified into the clade of ABI5s in Arabidopsis and rice, unlike TRAB1 of rice, Wabi5 of wheat, and HvABI5 
of barley in the bZIP Group A family, by a phylogenetic analysis. TaABI5 was strongly expressed in seeds during the late 
ripening and maturing stages; however, its expression level markedly decreased after germination. An in situ hybridization 
analysis showed that TaABI5 mRNA accumulated in seed embryos, particularly the scutellum. In a transient assay using 
wheat aleurone cells, TaABI5 activated the promoter of Em containing ABRE, which is an embryogenesis abundant protein 
gene, indicating that TaABI5 acts as a transcription factor in wheat seeds. Furthermore, the seeds of transgenic Arabidopsis 
lines introduced with 35S:TaABI5 exhibited high sensitivity to ABA and the inhibition of germination. The seed dormancy 
of the transgenic Arabidopsis lines was stronger than that of Col. These results support TaABI5 playing an important role in 
mature seeds, particularly before seed germination, and acting as a functional ortholog to Arabidopsis ABI5.
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Introduction

In plants, basic region/leucine zipper motif (bZIP) transcrip-
tion factors regulate the gene expression processes of patho-
gen defense, stress and hormone signaling, development, 
and seed maturation. The Arabidopsis and rice genomes 
contain 75 and 89 distinct members of the bZIP family (E 
et al. 2014; Jakoby et al. 2002). They have a basic region 
that binds DNA and a leucine zipper dimerization motif and 

have been classified into ten groups based on their structure 
and function in Arabidopsis (Jakoby et al. 2002). Some bZIP 
transcription factors assigned to Group A have roles in absci-
sic acid (ABA) or stress signaling (Choi et al. 2000; Finkel-
stein and Lynch 2000; Lopez-Molina et al. 2001; Uno et al. 
2000). These bZIPs, named ABA response element (ABRE)-
binding factors (ABFs) and ABA-responsive element-bind-
ing proteins (AREBs), bind to ABRE-containing promoters 
(Choi et al. 2000; Hobo et al. 1999a; Uno et al. 2000) and 
activate the expression of genes induced by ABA. Previous 
studies reported that Arabidopsis ABA insensitive 5 (ABI5) 
and rice TRAB1 were expressed in dry seeds and induced 
by abiotic stresses such as cold, drought, and high salin-
ity (Finkelstein and Lynch 2000; Hobo et al. 1999b). The 
bZIP proteins of other groups have been shown to regulate 
the expression of genes encoding, for example, seed storage 
proteins (Onate et al. 1999; Onodera et al. 2001; Vicente-
Carbajosa et al. 1997, 1998), pathogenesis-related (PR) pro-
teins, ultraviolet and light-responsive proteins in blue light 
signal transduction (Kircher et al. 1998; Schindler et al. 
1992; Weisshaar et al. 1991), and ent-kaurene oxidase in 
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the gibberellin (GA) biosynthesis pathway (Fukazawa et al. 
2000). In addition to the bZIPs classified into these groups, 
a large number of bZIP proteins are specifically expressed in 
defined tissues and are transcriptionally activated in plants 
after stress treatments (e.g. cold, drought, anaerobiosis, and 
wounding) (Kusano et al. 1995; Martinez-Garcia et al. 1998; 
Strathmann et al. 2001).

Pre-harvest sprouting (PHS) is one of the most serious 
issues affecting cereal cultivation because it reduces the 
quality of crops. In some countries including Japan, high 
humidity and low temperature during the late ripening and 
harvesting of wheat seeds damages grains due to PHS. 
Therefore, the mechanisms underlying seed dormancy and 
germination need to be elucidated in more detail. Seed dor-
mancy and germination are controlled by a number of fac-
tors including the phytohormones, ABA and GA, as well as 
temperature and humidity during seed development and har-
vesting. ABA plays important roles in regulating processes, 
such as the synthesis of seed storage proteins, the promotion 
of seed desiccation tolerance and dormancy, and the inhibi-
tion of germination during reproductive growth (Cutler et al. 
2010). As described above, the bZIP proteins of Group A are 
important key factors in ABA signal transduction. Among 
them, Arabidopsis ABI5 and OsABI5 of rice are mainly 
expressed in seeds, particularly dry seeds, and activate the 
promoters of the genes encoding late embryogenesis abun-
dant proteins, such as Em, in Arabidopsis and rice (Carles 
et al. 2002; Himmelbach et al. 2003; Nakamura et al. 2001; 
Schultz et al. 1998; Vasil et al. 1995). In Arabidopsis, abi5 
has been isolated as a mutant exhibiting ABA insensitivity 
in germination. A genetic analysis revealed that Arabidop-
sis ABI5 is essential for the induction of ABA-dependent 
growth arrest, which occurs after the breakage of seed dor-
mancy, but prior to autotrophic growth (Lopez-Molina et al. 
2001, 2002). ABA insensitive 3/VIVIPAROUS 1 (ABI3/
VP1) is another important transcription factor containing a 
B3 domain for the regulation of ABA-induced gene expres-
sion and its loss-of-function causes precocious germination 
(McCarty et al. 1989; Suzuki et al. 1997, 2014). The Arabi-
dopsis ABI5 protein interacts physically with ABI3 in order 
to enhance DNA-binding activity to the ABRE (Nakamura 
et al. 2001). In Arabidopsis, the phosphorylation of ABI5 
by SnRK2-type kinase (SnRK2.2 and SnRK2.3) was also 
shown to be necessary for activating the transcription of 
ABA-dependent genes (Finkelstein and Lynch 2000; Liu 
et al. 2010; Lopez-Molina et al. 2001). In wheat, the mRNA 
of a bZIP, TaABF1, was shown to be expressed in mature 
seeds and its product was phosphorylated by PKABA1, 
which is a wheat SnRK2-type kinase that is involved in the 
ABA signaling pathway (Johnson et al. 2002).

Wheat expresses some ABA-related bZIP transcrip-
tion factors, such as TaABF1 and a wheat ortholog of 
HvABI5, Wabi5 (Johnson et  al. 2002; Kobayashi et  al. 

2008). Regarding Wabi5, Wabi5 was shown to be strongly 
expressed in wheat seedlings treated by low temperature, 
drought, and exogenous ABA, and Wabi5 functioned as 
a transcriptional regulator of the Cor/Lea genes in mul-
tiple abiotic stress responses (Kobayashi et al. 2008). On 
the other hand, as described above, TaABF1 was isolated 
as a bZIP protein specifically bound by PKABA1, which 
was expressed in mature seeds (Johnson et al. 2002). The 
deduced amino acid sequence of TaABF1 showed high 
homology to that of TmABF, which co-localized with one 
QTL for seed dormancy on chromosome 3Am of diploid 
wheat mapping lines (Nakamura et al. 2007). Therefore, 
TaABF1 may have a role in controlling seed germination. 
In the present study, we attempted to elucidate the role of a 
ABA-related bZIP transcription factor, TaABI5 cloned from 
hexaploid wheat in seed dormancy by analyzing mRNA 
accumulation patterns, the activation of an ABA-induced 
gene promoter, and transgenic Arabidopsis overexpressing 
TaABI5.

Materials and methods

Plant materials

The highly dormant cultivar Zenkouji-komugi (Zen, Acces-
sion 20815), weakly dormant cultivar Chinese Spring (CS, 
Accession 20054), and Minamino-komugi (Accession 
21416) of hexaploid wheat (Triticum aestivum L.) were 
grown in fields in Kurashiki, Japan. Seeds were harvested at 
different developmental stages ranging from days after pol-
lination (DAP) 0 to DAP 60. In in situ hybridization, seeds 
of the cultivar Norin-61 (Accession 21313) were grown at 
13 °C in a greenhouse until maturation. These varieties were 
provided from Genetic Resources Center, the National Agri-
culture and Food Research Organization (NARO), Tsukuba, 
Japan (https ://www.gene.affrc .go.jp/about .php). A variety of 
diploid wheat, T. monococcum L. variety KT3-5 (Accession 
KT003-005) was also grown in fields in Kurashiki and was 
used for transient expression analyses. This variety was pro-
vided from Kihara Institute for Biological Research, Yoko-
hama City University, Japan (https ://shige n.nig.ac.jp/wheat 
/komug i/strai ns/query FormN brp.jsp).

We used the wild-type low-dormancy Arabidopsis acces-
sion Columbia (Col, https ://plant .rtc.riken .jp/resou rce/acces 
sion/acces sion_list.html) as a host plant for transformation. 
In order to germinate Arabidopsis, we pretreated seeds at 4 
°C in darkness (i.e., cold conditions) for 5 days, and subse-
quently sowed them in pots containing compost soil (Jiffy 
Mix; Sakata, Yokohama, Japan). Plants were grown under 
continuous white light in a controlled-environment growth 
room at 24 °C.

https://www.gene.affrc.go.jp/about.php
https://shigen.nig.ac.jp/wheat/komugi/strains/queryFormNbrp.jsp
https://shigen.nig.ac.jp/wheat/komugi/strains/queryFormNbrp.jsp
https://plant.rtc.riken.jp/resource/accession/accession_list.html
https://plant.rtc.riken.jp/resource/accession/accession_list.html
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RNA extraction and analysis of gene expression 
by RT‑PCR

In the expression analysis of each seed developmental stage, 
seeds at DAP 0 and DAP 10 and embryos from seeds at DAP 
20–60 were used for RNA extraction. In the RNA extraction 
of imbibed seeds, matured seeds, which were maintained 
at RT for 2 years, of Minamino-komugi were incubated on 
filter paper soaked with water at 24 °C during 0–72 h and 
the embryos were collected. Total RNA was extracted using 
the RNeasy Plant Mini Kit (Qiagen, Hilden, Germany) after 
seeds had been ground with a mortar and pestle. First-strand 
cDNA synthesis was performed using the PrimeScript™ RT 
regent Kit (TaKaRa Bio Inc., Japan). qRT–PCR using SYBR 
premix Ex Taq (TaKaRa Bio Inc., Japan) was performed 
using a Light cycler (Roche Diagnostics, Tokyo, Japan). 
Results from triplicate independent biological samples are 
shown, and error bars represent the SD. TaABI5 gene-spe-
cific primers used for qRT-PCR were shown in Table S1.

In situ hybridization analysis

Mature wheat seeds were fixed with Tissue Fixative 
(Genostaff Co., Ltd., Tokyo, Japan), embedded in paraffin, 
and sectioned at a thickness of 4 µm. A digoxigenin-labeled 
RNA probe from the N-terminal regions of TaABI51, 654 
bp, with the primer set, ISHTaABI5-F1 (5′–catcggagat-
gagcaaggac–3′) and ISHTaABI5-R1 (5′–gtgccatcgggtacat-
catt–3′), was used. Hybridization was performed according 
to the procedure of Genostaff Co., Ltd.. Coloring reactions 
were performed with NBT/BCIP solution (Roche Diagnos-
tics) overnight and seeds were then washed with PBS. Sec-
tions were counterstained with Kernechtrot stain solution 
(Muto Pure Chemicals Co., Ltd., Tokyo, Japan), dehydrated, 
and mounted with Malinol (Muto Pure Chemicals Co., Ltd.).

Expression analysis for identifying the subcellular 
localization of the GFP‑TaABI5 fusion protein

The pEGAD vector was used in the transient expression 
analysis of TaABI5 (Cutler et  al. 2000). The Hind III-
Cla I PCR fragment containing the TaABI5 coding region 
was cloned into the Hind III-Xba I site of pEGAD. Onion 
(Allium cepa) bulb scales were cut into small squares and 
placed on moistened filter paper. One microgram each of the 
35S:GFP-TaABI5 plasmid was delivered into onion epider-
mal cells using gold particle bombardment. Gold particles 
(1.6 µm) were coated with DNA according to the manu-
facturer’s directions. Particles were bombarded into onion 
epidermal cells using the Biolistic PDS-1000/He system 
(Bio-Rad Laboratories, Inc., Tokyo, Japan) with 1100 psi 
rupture disks that were operated under vacuum conditions. 
After bombardment, cells were incubated at 24 °C for 24 h. 

Images were captured with a Biozero BZ-8000 fluorescence 
microscope (Keyence, Japan).

Transient expression analysis in wheat aleurone 
cells

The Act:ABI5 effector construct used in the transient assays 
was synthesized by cloning the rice Actin1 promoter (McEl-
roy et al. 1990) and fragments containing the TaABI5-coding 
regions (Nakamura et al. 2007) into the pUC19 vector. The 
rice Actin1 promoter and 5’ untranslated leader sequence 
(including intron I) of pDM302 (Cao et al. 1992) were cut 
out as a Hind III fragment and cloned into the Hind III site of 
pTH-2 (Niwa et al. 1999). The PCR fragment containing the 
TaABI5 coding region was cloned into the pBluescript  SK+ 
(Agilent, Tokyo, Japan) T-vector. The entire insert was cut 
out as a Sal I–Not I fragment and cloned into the Sal I–Not 
I site of the pTH-2-fused Actin1 promoter. Act:TaVp1 and 
Act:GAmyb were described by Utsugi et al. (2006, 2008).

The aleurone tissues of mature wheat, KT3-5, were pre-
pared for particle bombardment according to the procedure 
described by Utsugi et al. (2006). Twenty pieces of aleurone 
tissues were placed on each plate and bombarded by a particle 
gun using 1.6 µm gold particles coated with plasmid DNAs 
as described in the manual of the particle delivery system 
(Bio-Rad biolistic PDS-1000/He particle delivery system, 
Bio-Rad). In an experiment to examine the effects of TaABI5 
on the Em promoter, 0.5 µg of an effector construct, either 
Act:TaABI5 or Act:TaVp1, and 1 µg of the reporter construct, 
Em:GUS (pBM113Kp) (Marcotte et  al. 1988) were pre-
cipitated individually or as a mixture onto 0.75 mg of gold 
particles. Ubi1:Luciferase (LUC) was added to each sample 
at a ratio of 1:1 to the reporter plasmid as an internal con-
trol for the normalization of GUS expression. After being 
bombarded, aleurone tissues were incubated on filter paper 
soaked with water (control) or 10 µM ABA containing 50 U 
 mL− 1 nystatin and 150 µg  mL− 1 cefotaxime at 24 °C for 48 h. 
The preparation of extracts and GUS assays were conducted 
according to the procedure described by Lanahan et al. (1992). 
In the quantitative assay using 4-methyl-umbelliferyl β-D-
glucuronide (MUG, Merck KGaA, Darmstadt, Germany), the 
tissue extract for each treatment was prepared from ten pieces 
by the method of Utsugi et al. (2006). A 100 µL aliquot of 
each extract from aleurone tissues or 1 µM 4-methylumbellif-
erone (4-MU, Merck KGaA, Darmstadt, Germany) as a control 
were added to 400 µL of lysis buffer containing 1 mM MUG 
and incubated at 37 °C. The reaction was terminated by the 
addition of 400 µL of 0.2 M  Na2CO3, and fluorescence was 
measured with excitation at 365 nm and emission at 455 nm 
using a spectrofluorophotometer (RF-5300PC, Shimadzu Co., 
Japan). The GUS activity was calculated against the standard 
curve of 1 pmole 4-MU per 1 h. The GUS activity was normal-
ized against the LUC activity of the internal control that was 
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measured using 50 µL of each extract by a luciferase assay sys-
tem (Promega Co., Madison, USA). Normalized GUS activity 
was expressed by multiplying the ratio of GUS activity/LUC 
activity by 1000. Each experiment was replicated at least eight 
times.

Generation of transgenic Arabidopsis plants

The full-length PCR products of TaABI5 were inserted into a 
binary vector modified from the vector pBI101, in which the 
expression of the inserted genes was driven by a constitutive 
35S promoter. After validating the sequences of the transgenic 
constructs, we subsequently transformed them into Arabidop-
sis ecotype Col using the floral-dip method (Clough and Bent 
1998). We also generated transgenic Arabidopsis, into which 
only the transformation vector was introduced. T1 seeds sub-
jected to the cold pretreatment (described above) were selected 
on 0.8% agar plates containing MS salts supplemented with 75 
µg  mL− 1 kanamycin (Nacalai Tesque, Kyoto, Japan) and 10 
µg  mL− 1 hygromycin B (Merck KGaA, Darmstadt, Germany). 
Resistant T1 seedlings were then transferred into compost soil. 
To obtain plants homozygous for the transgenes, we randomly 
selected ten independent plants from the T3 progenies of a 
resistant T1 plant and tested them for the presence or absence 
of the transgenes using the PCR assay. We considered the pres-
ence of the transgenes in all of the selected T3 plants to be the 
criterion for considering the plants to be homozygous for the 
gene.

Seed germination assay of transgenic Arabidopsis 
plants

In Arabidopsis, the level of seed dormancy gradually 
decreases after seeds ripen (Alonso-Blanco et al. 2003). 
Thus, in our germination assay, we evaluated the germina-
tion of seeds close to the same maturity stage (DAP 21). In 
the germination assay, we plated 20 freshly harvested seeds 
from each plant on 0.8% agar in 9 cm plates and immediately 
transferred these plates to the growth room. We visually 
confirmed that all of the seeds sown on agar were mature 
and undamaged and were, thus, appropriate for the assay. 
We defined germination as occurring when the radicle was 
longer than 1 mm. To evaluate the level of dormancy, we 
counted the number of germinated seeds daily for 14 days 
after planting and calculated germination percentages.

Results

Phylogenetic analysis of the bZIP group A family

All genes in this phylogenetic analysis shown in Fig. 1 were 
classified as members of group A (Jacoby et al. 2002). The 

deduced amino acid sequence of TaABI5 (AB238932) used 
was nearly identical to those of TaABF1 (AF519804, 99%) 
and TaABFa (AF519803, 92%). These cDNA sequences 
were searched on the IWGSC RefSeq database (http://plant 
s.ensem bl.org/Triti cum_aesti vum/Info/Index ). The results 
obtained indicated that both cDNA sequences of TaABI5 
and TaABFa showed high homology to a wheat genomic 
sequence of an annotated gene, TraesCS3D02G364900 (99.4 
and 100%, respectively), which was located on chromosome 
3D (Table S2). The deduced amino acid sequences were 
almost identical to that of CS by the search (BLASTP); 
however, the two cDNAs, TaABI5 and TaABFa, were iso-
lated from cultivars, Minamino-komugi and Brevor, respec-
tively, while the RefSeq was a database of genomic DNA 
sequences of CS. Thus, it is no wonder that some SNPs 
are present among their DNA sequences cloned from dif-
ferent cultivars. TaABF1 (TaABFb) showed 100% identity 
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AtAREB3
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AtAREB2

HvABF2
OsTRAB1

AtABF3
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AtAREB1
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TaABF1
HvABF1TaABI5

HvABI5 WABI5

Kf100015_0390

Phypa235299
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Fig. 1  Phylogenetic tree of amino acid sequences of plant bZIP-
type proteins (Group A). A phylogenetic analysis was performed 
by Phylogeny.fr (http://www.phylo geny.fr/) (Dereeper et  al., 2008) 
and the resulting tree in the Newick format was rendered using 
Genetyx-tree (GENETYX CORPORATION, Tokyo) with four bar-
ley, three wheat, three rice, six Arabidopsis ABFs, Kfl00015_0390, 
Phypa235299, and Selmo406659. Clades 1, 2, and 3 (See the 
Results section) are indicated by red, green, and gray ellipses, 
respectively. Accession numbers for the corresponding amino acid 
sequences are: TaABI5 (AB238932); TaABF1 (AF519804); Wabi5 
(AB193553); HvABF1 (DQ786408); HvABF2 (DQ786409); 
HvABF3 (DQ786410); HvABI5 (AY156992); OsABI5 isoform1 
(EF199630.1); OsTRAB1 (AB023288); OsABF1 (XP015612904); 
AtABI5 (NP001324734); AtAREB1 (AB017160); AtAREB2 
(AB017161); AtAREB3(AB017162); AtABF1 (NC003070.9); 
AtABF3 (NM001036708).

http://plants.ensembl.org/Triticum_aestivum/Info/Index
http://plants.ensembl.org/Triticum_aestivum/Info/Index
http://www.phylogeny.fr/
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to TraesCS3A02G371800, which was located on chromo-
some 3A, by the search (BLASTP); therefore, TaABF1 was 
a homoeologous gene to TaABI5 in the hexaploid wheat 
genome. TaABI5 also showed high homology to HvABF1 
of barley (DQ786408, Schoonheim et al. 2007), OsABI5 of 
rice (OsABI5 isoform1, EF199630, Zou et al. 2007), and 
Arabidopsis ABI5 (NP001324734, Finkelstein and Lynch 
2000) (88, 63, and 43%, respectively), as shown as clade 1 
in Fig. 1. These bZIP proteins, which belong to the TaABI5 
subfamily (clade 1), have been reported to be strongly 
expressed specifically in the dry seeds of Arabidopsis (Fin-
kelstein and Lynch 2000) and rice (Os01g64000 in http://
signa l.salk.edu/cgi-bin/RiceG E). On the other hand, the 
amino acid sequences of Wabi5 of wheat (AB193553, Kob-
ayashi et al. 2004), HvABI5 of barley (AY156992, Casaretto 
and Ho 2003), and TRAB1 of rice (AB023288, Hobo et al. 
1999b) showed low homology to TaABI5 (35, 34, and 34%, 
respectively), as shown as clade 2 in Fig. 1. These results 
suggest that there are at least two phylogenetically distinct 
groups in the bZIP group A family (clades 1 and 2 in Fig. 1) 
as described by Zhou et al. (2017).

To clarify the relationship between the appearance of 
seed plants and differentiation within the group A family, a 
phylogenetical analysis was performed on the group A fam-
ily together with orthologs from non-seed plants, lycophyte 
Selaginella moellendorffii, bryophyte Physcomitrella patens, 
and charophyte green algae Klebsormidium flaccidum. An 
ortholog search was conducted with the amino acid sequence 
of Arabidopsis ABI5 as the initial query using the Arabidop-
sis genome database and databases of these non-seed plants 
with genomes that have been sequenced: S. moellendorffii, 
P. patens, and K. flaccidum. The following ortholog pairs 
were identified: AtABF1 (NC003070, Sharma et al. 2011) of 
Arabidopsis and Selm147835 of S. moellendorffii, AtABF1 
and Phypa235299 of P. patens, and AtAREB3 (AB017162, 
Uno et al. 2000) and kfl00015_039 of K. flaccidum. A phy-
logenetic tree of the group A family including these pairs 
was shown in Fig. 1. The previous two groups expected from 
homology to TaABI5 were shown to be clearly distinct in 
the resulting tree (clade 1 including ABI5s of Arabidop-
sis and rice, clade 2 including rice TRAB1). Another clade 
(clade 3) with relatively higher mutation rates was found 
(Fig. 1). Among the three clades above, Selm147835 and 
Phypa235299 depart from the same node. This result indi-
cates that the differentiation of clade 1, the genes of which 
are expressed in dry seeds, such as TaABI5, from other 
clades occurred as early as the appearance of seed plants.

TaABI5 expression during seed development 
and dormancy in wheat

In order to investigate the role of TaABI5 in the control of 
seed germination in wheat, we examined the germination 

percentage of the dormant wheat cultivar, Zenkouji 
komugi (Zen) and the low dormant cultivar, Chinese 
Spring (CS). As shown in Fig. S1, seed weights of CS 
and Zen increased up to DAP 30 and 35, respectively, and 
gradually decreased after that. The water contents of both 
seeds decreased from DAP 30 to 40, and it was finally 
approximately 10% in fully matured seeds (DAP60). The 
results of the germination tests on the seeds of Zen and 
CS were shown in Fig. 2. In CS, the germination percent-
age of seeds at DAP 20 to 25 was 13%, and this gradu-
ally increased and reached 100% after DAP 55 (Fig. 2a). 
However, the seeds of Zen hardly germinated until DAP 
55 and slightly germinated at DAP 60 (20%) even though 
they had completely acquired the ability to germinate 
(all half-grain seeds to break dormancy germinated after 
DAP 45, data not shown). The germination percentage 
of Zen seeds was significantly different from that of CS 
(P < 0.01).

To examine the temporal expression pattern of TaABI5 
during seed ripening, qRT-PCR was performed using 
RNA samples prepared from ovaries collected just after 
pollination (DAP 0), seeds at DAP 10, and embryos at 
DAP 20, 30, 40, and 50 from CS and Zen. As shown in 
Fig. 2b, TaABI5 mRNA was weakly expressed at DAP 0, 
but was more strongly expressed in seeds at DAP 10, and 
expression levels increased in embryos from DAP 20 to 
50 in both CS and Zen. TaABI5 expression levels in Zen 
embryos peaked at DAP 40 and remained high at DAP 50, 
and these levels were significantly different from those of 
CS (P < 0.01) (Fig. 2b). Therefore, a marked difference 
was observed in expression levels between the two culti-
vars with different dormancy strengths.

To confirm the relationship between the accumulation 
of TaABI5 mRNA and germination, another qRT-PCR 
was performed using RNA extracted from the embryos of 
imbibed seeds. The non-dormant seeds of CS also germi-
nated within only 1 day after imbibition. Whereas the non-
dormant seeds of Zen did not germinate so quickly, and 
they needed at least 3 days to germinate after imbibition. 
On the other hand, Minamino-komugi is a dormant cul-
tivar and the transcripts of TaABI5 were expressed in the 
mature seeds (Fig. 3). The matured seeds were harvested at 
DAP 60 and were maintained at RT for 2 years. These non-
dormant seeds started germinating at 24 h after imbibition, 
and all seeds stably germinated until 36 h after imbibition 
(Fig. S2). Therefore, the seeds were used to analyze the 
expression pattern of TaABI5 in imbibed seeds in more 
detail. The results obtained showed that TaABI5 mRNA 
levels gradually increased in imbibed seeds and peaked at 
24 h, but markedly decreased 36 h after the emergence of 
radicles and were not detected after 72 h (Fig. 3).

http://signal.salk.edu/cgi-bin/RiceGE
http://signal.salk.edu/cgi-bin/RiceGE
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Accumulation of TaABI5 mRNA in wheat seed 
tissues

TaABI5 mRNA accumulates in maturing seed grains, but 
not in seedlings treated with ABA and exposed to stresses, 
such as cold, NaCl, and drought (Johnson et al. 2002). In an 
attempt to demonstrate the expression pattern of TaABI5 in 
wheat seed tissues in detail, an in situ hybridization experi-
ment was performed on the mature seeds of Norin-61 using 

TaABI5 RNAs as a probe. As shown in Fig.  4, TaABI5 
mRNA accumulated in the embryo, particularly the 
scutellum.

Activation of the Em promoter by TaABI5

In order to confirm the intercellular localization of TaABI5, 
GFP-TaABI5 driven by the CaMV 35S promoter was intro-
duced into onion epidermal cells by particle bombardment. 
As shown in Fig. S3, GFP was detected in the nuclei of cells 
into which the 35S:GFP-TaABI5 construct was introduced.

We conducted an efficient transient assay on aleurone 
tissues from the seeds of the diploid wheat line, KT3-5, 
using the reporter construct Em:GUS containing a GUS 
gene driven by the Em promoter (Fig. 5a) to clarify whether 
the TaABI5 product transactivates the promoter of Em, 

a

b

Fig. 2  Germination percentages and TaABI5 expression levels during 
the ripening of CS and Zen seeds. a Seed germination test of the dor-
mant wheat cultivar Zen and low dormant wheat cultivar CS. Seeds 
harvested every 5 days during days after pollination (DAP) 20–60 
were used for the germination test. Germination percentages for 14 
days were shown. b TaABI5 expression in the ripening seeds of Zen 
and CS. qRT-PCR was performed by using RNA samples prepared 
from ovaries collected just after pollination (DAP 0), seeds at DAP10, 
and embryos at DAP 20, 30, 40, and 50 from CS and Zen. A total 
RNA of 0.1 µg from each tissue was reverse-transcribed and ampli-
fied by PCR. cDNA from wheat Actin1 was also amplified as a posi-
tive control for PCR. Each relative mRNA level of TaABI5 was nor-
malized to the value of Actin1 as 1. The asterisk indicates that the 
level is significantly different from that of CS (P < 0.01). Error bars 
represent the SE (n = 3)
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Fig. 3  TaABI5 expression in Minamino-komugi seeds imbibed for 0, 
12, 24, 36, 48, and 72 h. DAP 60 seeds after-ripened for 2 years from 
Minamino-komugi were imbibed for 0, 12, 24, 36, 48, and 72 h, and 
each RNA sample was prepared for qRT-PCR. A total RNA of 0.1 
µg from each tissue was reverse-transcribed and amplified by PCR. 
cDNA from wheat Actin1 was also amplified as a positive control for 
PCR. Relative mRNA levels were normalized to the value of Actin1 
as 1. Error bars represent the SE (n = 3)

Fig. 4  Accumulation of TaABI5 mRNA in wheat mature embryos. In 
situ hybridization was performed on the dry seeds of Norin-61 using 
TaABI5 antisense (a) and sense (b) as probes. p plumule, cp coleop-
tile, r radicle, cr coleorhiza, s scutellum, and e endosperm were 
shown. Bar = 0.5 mm
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one of the ABA-responding genes in wheat. As an effector 
construct, we used Act:TaABI5 expressing TaABI5 driven 
by the rice Actin1 promoter (Fig. 5a). To investigate the 
effects of TaABI5 on the activation of the Em promoter, we 
also used the construct Act:TaVp1 expressing TaVp-B1 in 
wheat, which is another effector to the Em promoter (Utsugi 
et al. 2008). Aleurone tissues were co-bombarded with the 
Em:GUS reporter construct or a mixture of this reporter con-
struct and one or two of the effector constructs, Act:TaVp1 
and/or Act:TaABI5. The bombarded tissues were incubated 
on filter paper soaked with water or 10 µM ABA solution.

As shown in Fig. 5b, ABA increased the expression of 
GUS in Em:GUS-introduced tissues (4.2-fold increase). 
GUS activity was also enhanced by the TaVp1 effector in 
the absence of ABA (3.1-fold that of Em:GUS-introduced 
tissues), and its activity in the presence of ABA was almost 
the same as that of Em:GUS-introduced tissues. In tissues 
co-bombarded with Em:GUS and Act:TaABI5, GUS activi-
ties were significantly higher in the absence of ABA (5.1-
fold) than Em:GUS-introduced tissues and were similar to 
those of Em:GUS-introduced tissues treated with ABA. 
GUS activity in the presence of ABA was markedly higher 
than that of Em:GUS-introduced tissues (7.6-fold increase), 
indicating that TaABI5 functions as an activator of the 
expression of Em. In addition, in tissues co-bombarded 
with Em:GUS and both Act:TaVp1 and Act:TaABI5 effec-
tors, GUS activity was similar to those achieved through 
co-bombardment with Em:GUS and Act:TaABI5, suggest-
ing that TaABI5 activates the Em promoter more strongly 
than the TaVp1 effector. As a negative control for effectors, 
GUS activity in tissues co-bombarded with Em:GUS and 
Act:GAmyb was shown (Fig. 5b). This pattern was similar 
to that in tissues bombarded with Em:GUS alone.

ABA sensitivity of transgenic Arabidopsis 
overexpressing TaABI5

In order to confirm the effects of dormancy by TaABI5, we 
introduced TaABI5 driven by the CaMV 35S promoter to 
Arabidopsis and analyzed seed germination by the trans-
genic plants. Three TaABI5-overexpressing transgenic lines, 
#2, #4, and #5, were obtained and the T4 homozygote seeds 
harvested at DAP 21 were used in subsequent germination 
tests and expression analyses. Harvests and experiments 
were repeated four times for each transgenic line.

The mRNA accumulation of introduced TaABI5 was 
confirmed in the seeds of transgenic lines #2, #4, and #5 
(Fig. 6a). To examine ABA sensitivity in seed germination, 
20 seeds of Col, E74-1 (abi5-7 in the Col background, Nam-
bara et al. 2002), and the overexpressed lines were sown 
on MS medium containing 0, 0.3, 0.5, and 1 µM ABA, and 
were then incubated at 24 °C after a cold treatment at 4 °C 
for 4 days in order to break dormancy (Fig. 6). Germinated 

seeds were counted after 7 days. As shown in Fig. 6, the 
germination percentages of the three overexpressing lines 
on each ABA-containing medium were lower than that of 
WT, except for that of #2 seeds treated with 0.3 µM ABA, 
which was 55%. The germination percentages of #4 and #5 
seeds on 0.3 µM ABA-containing medium were low at 20 
and 5%, respectively. The germination percentages of #2, #4 
and #5 seeds on 0.5 µM ABA-containing medium were low 
at 1, 0, and 3%, respectively. Transgenic plants grown on MS 
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Fig. 5  Effects of transiently expressed TaABI5 on Em gene expres-
sion in wheat aleurone cells. a Structures of the effector and 
reporter constructs. Em:GUS (pBM113Kp) is a reporter construct 
with a wheat Em promoter fused to the GUS and NOS reporter cas-
settes. GUS the β-glucuronidase coding sequence, NOS the nopa-
line synthase terminator sequence. Act:TaVP1, Act:TaABI5, and 
Act:TmGAmyb are effector constructs with TaVp-B1, TaABI5, and 
TmGAmyb coding sequences, respectively, inserted between the 
rice Actin1 promoter and NOS terminator. b Effects of the effec-
tors Act:TaVP1 and Act:TaABI5 on the activation of the Em pro-
moter. Aleurone tissues were bombarded with Em:GUS alone or 
co-bombarded with a mixture containing Em:GUS and either or 
both Act:TaVP1 and Act:TaABI5. Experiments were repeated at 
least eight times. The mean values of GUS activities in tissues incu-
bated on filter paper soaked with ABA solution and in water are 
presented by black (ABA) and open (water) columns, respectively. 
See “Materials and methods” for the unit of GUS activity (pmole 
4-MU h− 1 LUC1000− 1). The error bars indicate the standard errors 
of the means. + and – below the graph indicate the presence and 
absence of each construct, respectively. Act:TmGAmyb was used as a 
positive control for the assay. Asterisks mean each activity is signifi-
cantly different from GUS activity in Em:GUS-introduced tissues in 
the absence of ABA (P < 0.01).
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medium containing 0 or 0.3 µM ABA were shown in Fig. 6c. 
These results suggest that transgenic Arabidopsis lines were 
hypersensitive to ABA for seed germination by the ectopic 
overexpression of TaABI5.

Cold stratification on seed germination 
in transgenic Arabidopsis overexpressing TaABI5

Three overexpressed lines were examined to assess the 
effects of cold stratification. All germination tests were per-
formed using freshly harvested seeds. Twenty seeds of Col 
and each overexpressing line were sown on MS medium, 
transferred to 24 °C after being treated at 4 °C for 0–4 days, 
and germinated seeds were counted for 14 days (Fig. 7a–c). 
Col seeds not exposed to the cold treatment started to ger-
minate 4 days after sowing and the germination percentage 
reached 92% by 14 days (Fig. 7a). The seeds of transgenic 
lines #2 and #5 started to germinate 8 and 5 days after sow-
ing, and germination percentages were 70 and 56%, respec-
tively, after 14 days (Fig. 7a). However, the germination 
percentage of transgenic line #4 not exposed to the cold 
treatment was only 3% 14 days after sowing (Fig. 7a). When 
the seeds were cold-treated for 1 day after sowing, all Col 
seeds germinated 4 days after being transferred to 24 °C, and 
seed germination by transgenic lines #2 and #5 was slightly 
delayed and reached 100% after 5 days (Fig. 7b). On the 
other hand, the germination percentage of line #4 after the 
cold treatment for 1 day was 78% after 5 days and 80% after 
14 days. Four days after the cold treatment, all Col seeds 
and the three transgenic lines germinated 3 days after being 
transferred, indicating that the dormant state of each line was 
completely broken by the cold treatment for 4 days (Fig. 7c). 
These results suggest that the freshly harvested seeds of 
TaABI5-overexpressing lines needed longer cold stratifica-
tion processing than those of Col to break dormancy.

After‑ripening effects on harvested seeds 
of TaABI5‑overexpressing Arabidopsis

In order to analyze the seed dormancy of post-harvested 
transgenic lines, the germination percentages of seeds incu-
bated at room temperature for 1, 3, and 5 weeks after the 
harvesting of Col and three transgenic lines were compared 
with those of freshly harvested seeds. When seeds were 
incubated at 24 °C for 1 week after harvesting, each germi-
nation curve of Col and the transgenic lines (Fig. 7d) was 
very similar to that of freshly harvested seeds (Fig. 7a). The 
seeds of Col started to germinate 4 days after sowing and 
the germination percentage was 98% after 14 days (Fig. 7d). 
The seeds of transgenic lines #2 and #5 started to germi-
nate 5 and 4 days after sowing, and germination percentages 
were 75 and 72%, respectively, on day 14 (Fig. 7d). The 
germination rate of transgenic line #4 was very low with a 
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Fig. 6  ABA sensitivity of WT and T4 seeds of TaABI5-overexpress-
ing transformants in Arabidopsis. a RT-PCR used Col, WS, the abi5 
mutant (E74-1/Col background), and TaABI5-overexpressing trans-
genic lines #2, #4, and #5. TaABI5-specific primers (upper) and Actin 
primers for an internal control (bottom) were used. b ABA sensitivi-
ties of Col, TaABI5-overexpressing transgenic lines #2, #4, and #5, 
and the abi5 mutant (E74-1/Col background). Each T4 homozygote 
seed was harvested at DAP 21 and germination was tested. Seeds of 
WT, E74-1, and the 3 transgenic lines were sown on 0, 0.3, 0.5, and 
1 µM ABA-containing MS medium, transferred to 24 °C after the 
cold treatment for 4 days, and germination percentages were then cal-
culated 7 days after sowing. These experiments were repeated three 
times. Germination percentages were indicated by the symbols open 
circle, filled square, filled triangle, filled dimaond, and × for Col, 
transgenic lines #2, #4, #5, and E74-1, respectively. Bars indicate 
standard errors. c Plants of WT (Col) and TaABI5-overexpressing 
transgenic lines grown on MS or 0.3 µM ABA plates for 3 weeks. 
Asterisks (green) mean each germination percentage is significantly 
different from Col (P < 0.05) and E74-1 (P < 0.01) on 0.3 µM ABA-
containing medium, and asterisks (blue) mean each is significantly 
different from Col (P < 0.05) and E74-1 (P < 0.01) on 0.5 µM ABA-
containing medium.
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percentage of only 5% 14 days after sowing (Fig. 7d). Col 
seeds incubated for 3 weeks at 24 °C started to germinate 
after 4 days and the germination percentage reached 100% 
by day 8 (Fig. 7e). The seeds of transgenic lines #2 and #5 
incubated for 3 weeks started to germinate 5 days after sow-
ing and the germination percentage of both lines reached 
almost 100% after 14 days (Fig. 7e). However, the seeds of 
transgenic line #4 hardly germinated after being incubated 
for 3 weeks (10% 14 days after sowing) (Fig. 7e). After a 
5-week incubation at 24 °C, 67% of Col seeds germinated 
after 3 days and the germination percentage reached 100% 
at 7 days (Fig. 7f). The seeds of transgenic lines #2, #4, 
and #5 incubated for 5 weeks started to germinate after 4 
days (4.9, 5.0, and 5.0%, respectively, they were significantly 
different from Col (P < 0.01)) and the germination percent-
ages of lines #2 and #5 rapidly increased and reached almost 
100% after 11 days, whereas that of line #4 slowly increased 
and reached only 35% (Fig. 7f). These results showed that 

the germination of Col and three transgenic lines gradually 
increased after ripening; however, the germination percent-
ages of transgenic lines were always lower than that of Col. 
The germination curves of transgenic lines #2 and #5 after 
ripening for 3 weeks were similar to that of Col after rip-
ening for 1 week, suggesting that the dormancy of these 
transgenic lines became stronger or longer than that of Col 
after harvesting (seed ripening).

Discussion

The clade including TaABI5 may be characterized 
by seed‑specific expression

Figure 1 shows that the bZIP group A family of seed plants 
was divided into three subgroups by a phylogenetic analysis. 
TaABI5 was shown to be specifically expressed in seeds, and 
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Fig. 7  Effects of cold stratification and after-ripening on seed ger-
mination in Col and T4 of TaABI5-overexpressing transgenic Arabi-
dopsis lines. a–c Effects of cold stratification and seed germination 
on Col and TaABI5-overexpressing transformants. The CaMV35S 
promoter:TaABI5 construct was introduced into Arabidopsis. Freshly 
harvested seeds of Col and transgenic lines were sown onto MS 
medium and treated at 4 °C for 0 days (no cold treatment) (a), 1 day 
(b), and 4 days (c) and were then transferred to 24 °C. d–f Effects of 

after-ripening on the germination of Col and TaABI5-overexpressing 
transformants. Seeds incubated at RT for 1 week (d), 3 weeks (e), and 
5 weeks (f). All experiments were repeated three times. Germination 
percentages were indicated by the symbols open circle, filled square, 
filled triangle and filled dimaond for Col, transgenic lines #2, #4, and 
#5, respectively. Asterisks (* or **) mean each germination percent-
age is significantly different from Col (P < 0.05 or P < 0.01, respec-
tively) after 14 days.
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Arabidopsis ABI5, belonging to the same clade (clade1), 
were reported to be expressed in seeds including dry seeds 
(Bensmihen et al. 2002; Finkelstein et al. 2000). On the 
other hand, TRAB1 of rice, Wabi5 of wheat, and HvABI5 
of barley, which belong to a different clade (clade 2) from 
TaABI5, were reported to have different expression patterns 
to that of TaABI5 (Hobo et al. 1999b; Kobayashi et al. 2008; 
Mezer et al. 2014). Although phylogenetic analyses are not 
directly related to gene expression, these results suggest that 
the expression patterns of genes belonging to a phylogenetic 
group are similar to each other because of the inheritance of 
their promoter and UTR regions from a common ancestor 
gene. Therefore, genes belonging to clade 1 may be mainly 
expressed in seeds. The tree shown in Fig. 1 provides no 
insight into the time line of the differentiation of group A 
because Selm147835 of S. moellendorffii and Phypa235299 
of P. patens from non-seed plants and three clades from seed 
plants departed from the same node. However, the prob-
ability that clade 1 consists of genes mainly expressed in 
seeds is high because orthologs from non-seed plants and 
their ortholog (AtABF1; clade 2, as shown by the ortholog 
search of the phylogenetic analysis) in the Arabidopsis 
genome are out of clade 1. As described above, group A of 
seed plants differentiates into three subgroups; two (clades 
1 and 2) have been differently characterized, while the other 
one (clade 3) remains unclear. Commonly named genes 
are irregularly found among these clades, and very similar 
genes are assigned different names. This may be confusing 
for researchers, and, hence, the renaming of genes according 
to a set of rules is needed.

TaABI5 is a positive regulator of dormancy in wheat 
seeds

In the present study, we clarified that TaABI5 mRNA highly 
accumulated in late ripening seeds, particularly in the scutel-
lum and surrounding embryo of mature seeds (Figs. 2b, 4). 
The scutellum plays an important role in the secretion and 
transport of materials, such as starch hydrolysis enzymes, 
signal molecules, and water (Rathjen et al. 2009), suggest-
ing that the transcriptional regulation of some enzymes by 
TaABI5 controls germination by transporting materials 
through the scutellum. Furthermore, the mRNA of wheat 
MOTHER OF FT AND TFL1 (TaMFT), the expression of 
which was up-regulated in the seeds of plants grown at a 
low temperature after physiological maturity and the pre-
cocious germination of which was suppressed in immature 
embryos overexpressing TaMFT, also accumulated in the 
scutellum and embryos of wheat seeds. The expression pat-
tern was spatially and temporally similar to that of TaABI5 
(Nakamura et al. 2011). TaABI5 and TaMFT may interact 
with each other and regulate gene expression in wheat seeds, 
similar to ABI5 and MFT in Arabidopsis (Xi et al. 2010). 

In Arabidopsis seeds, Penfield et al. (2006) reported that 
ABI5:GUS was expressed in the embryo and micropylar 
region of the endosperm, suggesting that this region controls 
seed germination by physically holding the root emergency 
process. Although the structure of wheat seeds is different 
from that of Arabidopsis, TaABI5 mRNA may also accu-
mulate around the embryo containing the plumule and radi-
cle in order to regulate emergence for germination. In rice, 
Zou et al. (2007) demonstrated that two alternative splicing 
products from OsABI5, OsABI5-1 and OsABI5-2, have dif-
ferent expression patterns, specificities to bind to G-box in 
ABRE, and transactivation activities; however, they have 
completely identical functional domains. The results of an 
analysis of TaABI5 transcripts revealed that some types of 
isoforms, which are different from TaABI5 in the C-terminal 
sequence following the leucine zipper, were included in the 
transcripts of wheat dry seeds (data not shown). However, 
this was hard to decipher due to the difficulties associated 
with distinguishing missplicings from homeologs derived 
from the hexaploid wheat genome. Although we checked 
TaABI5 transcripts in developmental seeds (DAP 10 and 
DAP 30) and seedlings, we failed to detect alternatively 
spliced products of TaABI5 in different tissues or at differ-
ent developmental stages, unlike OsABI5 (data not shown).

ABI5 interacts with ABI3/VP1 in seeds. They directly 
bind to G-box (–CAC GTG –) in ABRE of the promoter of 
ABA-regulated genes, such as Em, which encodes one of 
the LEA proteins. ABI5 enhances its own DNA-binding 
activities by interacting with ABI3/VP1 and activating the 
transcription of ABA-regulated genes (Carles et al. 2002). 
In the present study (Fig. 5b), when TaVp1 or TaABI5 was 
introduced with Em promoter:GUS to wheat aleurone cells, 
GUS activity in these cells was higher than that of cells 
into which TaVp1 was introduced. This result suggests that 
TaABI5 directly and strongly binds to the Em promoter 
region and activates it. As shown in Fig. 5b, TaVp1 also 
activated the Em promoter in aleurone cells, suggesting that 
TaVp1 binds directly to the promoter of Em or that it may 
interact with endogenous TaABI5 or other bZIPs that bind 
directly to the Em promoter. Nevertheless, these results 
suggest that TaABI5 effectively activates the expression of 
ABA-induced genes by interacting with VP1, and regulates 
the ABA signal in wheat seeds.

We demonstrated that TaABI5 activated the transcrip-
tion of the Em promoter containing ABRE using a tran-
sient assay with wheat aleurone cells. Furthermore, Arabi-
dopsis transgenic lines overexpressing TaABI5 exhibited 
hyper-sensitivity to ABA and decreased germination rates 
(Fig. 6). These results suggest that TaABI5 is a positive 
regulator that activates ABA-induced genes containing 
ABRE in the promoter, and the accumulation of TaABI5 
suppresses seed germination. The contribution of TaABI5 
to seed dormancy has also been supported by a QTL 
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analysis. Nakamura et al. (2007) reported that TaABI5 is 
a positional candidate gene for seed dormancy because 
one QTL for seed dormancy was co-located with TmABF 
on chromosome 3Am in four QTLs of diploid wheat map-
ping lines. As described previously, TaABI5 is specifically 
expressed in seeds and belongs to the same clade as Arabi-
dopsis ABI5 in the phylogenetic tree, and its expression 
increases sensitivity to ABA and seed dormancy, suggest-
ing that it is functionally an ortholog of Arabidopsis ABI5.

Furthermore, as another target gene of ABI5, a tonoplast 
intrinsic protein from barley (HvTIP3;1) was reported by 
Lee et al. (2015). The HvTIP3;1 promoter contained three 
cis-acting elements that respond to ABA, and HvTIP3;1 pre-
vented the coalescence of protein storage vacuoles, which is 
a vacuolar structural change for mobilization during cereal 
grain germination, in aleurone cells. However, because they 
also showed that the HvTIP3;1 promoter did not increase at 
all in their ABA responsiveness by knock-down of HvABI5 
or HvVP1 in transient expression assays (Lee et al. 2015), 
ABA signaling factors other than HvABI5 may need the 
response for HvTIP3;1 by ABA. At least, it was reported 
that HvTIP3;1 is highly expressed in seeds and is involved 
in the control of intracellular water transportation in a pre-
vious study (Utsugi et al. 2015). These results indicate that 
TaABI5 controls seed activation and inactivation through its 
regulated gene products, suggesting that it plays an impor-
tant mechanistic role in seed dormancy regulated by ABA.
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