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Heterologous expression of rice 
9‑cis‑epoxycarotenoid dioxygenase 4 (OsNCED4) 
in Arabidopsis confers sugar oversensitivity 
and drought tolerance
San‑Gwang Hwang1*  , Chia‑Yun Lee2 and Ching‑Shan Tseng3

Abstract 

Background:  The 9-cis-epoxycarotenoid dioxygenases OsNCED4 was cloned from rice in conjunction with OsNCED 1-3 
and 5, of which 3 has been shown to function in ABA biosynthesis and alteration of leaf morphology. In higher plants, 
NCEDs have been shown to be key enzymes controlling ABA biosynthesis and belong to a differentially expressed 
gene family. Aside from OsNCED3, it remains largely unknown if other OsNCED genes are involved in ABA biosynthesis 
in rice. Thus, transgenic Arabidopsis plants overexpressing OsNCED4 were generated in the 129B08/nced3 mutant 
background to explore OsNCED4 function in ABA biosynthesis.

Results:  Heterologous expression of OsNCED4 in Arabidopsis increased ABA levels and altered plant size and leaf 
shape, delayed seed germination, caused sugar oversensitivity in post-germination growth, and enhanced tolerance 
to drought. The native OsNCED3 and OsNCED4 promoters were expressed in an overlapping pattern in rice seeds and 
young seedlings, suggesting possible functional redundancy between OsNCED3 and OsNCED4. At the one-leaf stage, 
similar regulation of OsNCED3 and OsNCED4 gene expression in roots or leaves in response to moderate salt stress 
(150 mM NaCl) was observed.

Conclusion:  Like OsNCED3, OsNCED4 is functionally active in ABA biosynthesis in rice. OsNCED3 and OsNCED4 might 
play redundant roles in controlling ABA biosynthesis in rice, as suggested by GUS staining assay, but this should be 
further analyzed through complementation of rice NCED knockout mutants.

Keywords:  Abscisic acid, 9-cis-epoxycarotenoid dioxygenase, Seed germination, Post-germination growth arrest, 
Drought tolerance
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Background
The functions of abscisic acid (ABA) in regulation of seed 
dormancy, seedling growth and development, stomatal 
closure, and stress tolerance is well studied (Jiang and Yu 
2009; Zhu et  al. 2009, 2011; Waterland et  al. 2010; Gao 
et al. 2011; Bauer et al. 2013; Merilo et al. 2015). Connec-
tions among ABA, molecular signaling components, and 
nutrition have been identified. For example, Jiang and Yu 
(2009) suggested that the transcription factor AtWRKY2 

regulates seed germination and post-germination devel-
opmental arrest in Arabidopsis via its response to ABA. 
At the same year, Zhu et al. (2009) reported that the glu-
cose-induced germination delay in rice seeds is due to the 
prevention of ABA degradation, rather than an increase 
in ABA biosynthesis. Zhu et al. (2011) further elaborated 
that downregulation of CYP707A2 expression, a gene 
encoding an ABA 8′-hydroxylase involved in ABA catab-
olism, and the subsequent reduction in ABA degradation, 
are closely associated with the delay of seed germina-
tion and seedling growth in Arabidopsis. More recently, 
Gao et  al. (2011) characterized the protein function of 
AtCPR5 and revealed that seed germination and early 
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seedling growth are independently regulated through the 
ABA and lipoxygenase (LOX) pathways.

ABA regulates numerous physiological responses in 
addition to seed germination and seedling growth. Previ-
ous reports have shown that ABA synthesis in guard cells 
is essential and sufficient for stomatal closure in response 
to declined relative humidity (Bauer et  al. 2013; Merilo 
et  al. 2015). Waterland et  al. (2010) demonstrated the 
involvement of ABA in drought tolerance. The roles of 
ABA and ABA signaling in plant abiotic stress responses, 
including drought tolerance, have been recently reviewed 
and discussed (Sah et al. 2016; Vishwakarma et al. 2017).

In higher plants, 9-cis-epoxycarotenoid dioxygenases 
(NCEDs) are thought to be the key enzymes control-
ling ABA biosynthesis and stress tolerance (Iuchi et  al. 
2001; Sun et al. 2012; Vishwakarma et al. 2017). To date, 
five rice NCED genes have been reported (Oliver et  al. 
2007; Welsch et  al. 2008; Zhu et  al. 2009). However, 
only OsNCED3 (GenBank Accession No. AY838899) 
was characterized as functionally active in ABA biosyn-
thesis (Hwang et  al. 2010). The biological functions of 
the other four rice NCED genes, OsNCED1 (GenBank 
Accession No. AY838897), OsNCED2 (GenBank Acces-
sion No. AY838898), OsNCED4 (GenBank Accession 
No. AY838900) and OsNCED5 (GenBank Accession 
No. AY838901) have yet to be deciphered. It remains 
unknown whether rice OsNCED4 gene is involved 
in ABA biosynthesis or ABA-regulated physiological 
processes.

Previous studies of the NCED gene family in Arabidop-
sis revealed that different NCED genes function in dif-
ferent plant tissues to regulate ABA biosynthesis (Iuchi 
et  al. 2001; Tan et  al. 2003; Lefebvre et  al. 2006; Agustí 
et  al. 2007; Martínez-Andújar et  al. 2011). For example, 
AtNCED3 is primarily induced at high levels in leaves in 
response to water stress (Endo et al. 2008), and AtNCED6 
and AtNCED9 appear to be major players regulating 
ABA biosynthesis in developing seeds (Lefebvre et  al. 
2006). More recently, Huo et al. (2013) found that lettuce 
LsNCED4 is required for heat-inhibition of seed germi-
nation and its expression in leaves is induced by heat but 
not water stress. In contrast, LsNCED2 and LsNCED3 are 
both induced by water stress but not heat.

A real-time RT-PCR analysis of OsNCED3, OsNCED4, 
and OsNCED5 in roots of rice seedlings subjected to 
salt or ABA treatment revealed that these three NCED 
genes are salt- and ABA-inducible (Welsch et  al. 2008). 
In transgenic rice plants harboring an OsNCED3::gfp 
transgene, the OsNCED3 promoter activity is strongly 
increased in the roots and leaves under drought and 
high-salt (400  mM NaCl) conditions, but little to no 
activity can be observed in grains and flowers (Bang et al. 

2013). It remains unclear if OsNCED3 and OsNCED4 are 
expressed in an overlapping or non-overlapping pattern 
in rice seeds and leaves.

In the present study, the rice OsNCED4 gene was het-
erologously expressed in the Arabidopsis 129B08/nced3 
mutant to test if OsNCED4 may complement the 
129B08/nced3 mutant phenotype. We used the Arabi-
dopsis 129B08/nced3 mutant rather than rice OsNCED 
mutant because no rice OsNCED mutant was available at 
the time when we initiated this study. The 129B08/nced3 
mutant was a  T-DNA insertion mutant requested 
from the Nottingham Arabidopsis Stock Center. The 
OsNCED4 overexpression line was used to characterize 
OsNCED4 function in ABA biosynthesis, seed germina-
tion, post germination growth, and drought tolerance.

Methods
Plant materials and growth conditions
The Arabidopsis wild type and mutant plants used in 
this study were in the Columbia (Col-0) background. 
Arabidopsis plants overexpressing the rice OsNCED4 
transgene in the 129B08/nced3 mutant background 
were denoted as N4C (for complementation). The grow-
ing conditions were described previously (Hwang et  al. 
2010). Cold-pretreated seeds (4  °C, 4  days) from WT, 
129B08/nced3, and the transgenic lines N4C-1, and 
N4C-2 were grown either on water agar medium made 
up by adding 0.7% Phytoagar (Duchefa Biochemie, Haar-
lem, The Netherlands) in autoclaved ddH2O, on agar 
plates supplemented with 0.2 or 4% glucose and half-
strength MS, or on soil for the period of time specified 
below.

Transgenic plant isolation
Rice OsNCED4 gene cloning, plasmid construction and 
transformation, and screening of homozygous transgenic 
lines were performed using the procedures described 
previously (Hwang et  al. 2010), except that OsNCED4 
was overexpressed instead of OsNCED3 and the binary 
vector used in this study was modified from pCAM-
BIA1300 rather than pCAMBIA1281Z. The modified 
pCAMBIA1300 vector used in this study contained a 
35S promoter. Two lines, N4C-1 and N4C-2, were sub-
sequently subjected to phenotypic comparison, germina-
tion test, ABA assay, analysis of post-germination growth 
arrest, and determination of drought tolerance.

To test promoter activity in rice, the OsNCED3 pro-
moter, encompassing 2407  bp upstream of the ATG 
start codon of OsNCED3, and the OsNCED4 promoter, 
a total of 1939  bp upstream of the ATG start codon of 
OsNCED4, were amplified by polymerase chain reac-
tion (PCR) and fused to a β-glucuronidase (GUS) coding 
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region in the pCAMBIA1305.1 binary vector. The binary 
vector was then used to introduce the OsNCED3::GUS 
or OsNCED4::GUS constructs into Japonica rice vari-
ety TNG67. Homozygous transgenic rice plants were 
screened by using 70  mg/L hygromycin B (InvivoGen, 
USA). Two independent homozygous transgenic lines 
carrying the OsNCED3::GUS construct (denoted N3P-1 
and N3P-2) and two independent homozygous trans-
genic lines carrying OsNCED4::GUS (denoted N4P-1 and 
N4P-2) were randomly chosen for further study.

Reverse‑transcription polymerase chain reaction (RT‑PCR)
In Arabidopsis, the procedures for total RNA extraction, 
RNA reverse transcription, and polymerase chain reac-
tion, and the sequences of the AtUBQ5 and AtNCED3 
gene-specific primers were previously described in 
Hwang et  al. (2010). Other gene-specific primers used 
in this study were for OsNCED4: forward primer 
5′-CCGTCCAAGGTGAAGGTGGC-3′, and reverse 
primer 5′-CTTCTCCGCCGTGCCGCTC-3′.

Germination test
Three independent batches of cold-pretreated seeds from 
WT, 129B08/nced3, N4C-1, and N4C-2 were grown on 
water agar medium. The total number of germinated 
seeds was counted daily for a period of 7 days. In another 
set of experiments, seeds from the above-mentioned 
plants were grown on agar plates supplemented with 
0.2 or 4% glucose (Glc) and half-strength MS for 7 days. 
Seeds were considered germinated when the radical pro-
truded at least 2 mm from the seed coat.

Phenotypic comparisons
Cold-treated seeds from WT, 129B08/nced3, N4C-1, and 
N4C-2 were grown in soil for 35 days and then subjected 
to phenotypic comparisons. To compare leaf shape, the 
fifth leaves were sampled after 35  days for width:length 
ratio determinations.

ABA assay
Seedlings grown on agar plates supplemented with 0.2 
or 4% glucose for 10 days were harvested for ABA anal-
ysis. The ABA assay followed the methods described in 
Lin et  al. (2007). Briefly, ABA was first extracted from 
the plant samples, the extraction supernatants were then 
dried in a SpeedVac concentrator (miVac Duo concen-
trator, Genevac Ltd, Ipswich, UK), resuspended, and 
purified by filtering through a polyvinylpolypyrrolidone 
column and C18 cartridges (Hsu and Kao 2003). ABA 
content was determined by using Agdia Phytodetek® 
ELISA kits according to the manufacturers’ instructions.

Expression analysis of ABA‑inducible genes by quantitative 
real‑time PCR
To further confirm the involvement of OsNCED4 in 
ABA biosynthesis, expression analyses of ABA-regu-
lated genes, such as AtKIN2 (At5g15970) and AtRD29A 
(At5g52310) (Zimmerli et  al. 2008), were performed in 
WT, 129B08/nced3, N4C-1, and N4C-2 by quantitative 
real-time PCR (qRT-PCR). Seeds from the above-men-
tioned genotypes were grown on agar plates supple-
mented with 0.2 or 4% glucose for 10 days. The seedlings 
were then subjected to total RNA extraction using the 
RNeasy Plant Mini Kit (Qiagen, Germany). The qRT-PCR 
assay was followed the procedures described in Chen 
et al. (2014).

Relative water loss tests
To determine relative water loss, the rosette leaves of 
3-week-old soil grown WT, 129B08/nced3, N4C-1, 
N4C-2 plants were excised, put on plastic weigh boats 
and stored in an electronic dry box (Model-D-60C, EDRY 
Co., Ltd, Taichung, Taiwan, ROC). The relative humidity 
inside the electronic dry box was around 60%. The fresh 
weights of the rosette leaves were recorded every 30 min 
for a period of 3 h.

Drought treatment
For drought treatment, 9 cm × 7 cm (diameter × height) 
plastic pots containing 53-day-old, well-watered WT, 
129B08/nced3, or N4C (N4C-1 and N4C-2) lines were 
at first watered to field capacity by soaking the pots in a 
plastic tray containing water until the soil was saturated 
and removing the excess water in another plastic tray. 
Water was then withheld for 9 and 13 days to evaluate the 
drought resistance among the genotypes. The degree of 
drought resistance was determined by visual symptoms 
of foliage wilt.

Rice genomic DNA extraction and polymerase chain 
reaction (PCR)
Seeds derived from TNG67, N3P-1, N3P-2, N4P-1, and 
N4P-2 rice plants were germinated and grown in half-
strength Kimura B solution (Hsu and Kao 2008) for 
1  week. Genomic DNA was then extracted from these 
1-week-old seedlings using a Plant Genomic DNA Puri-
fication Kit (GeneMark, Taiwan). The primer pairs N3P-F 
(5′-CTGTCAACTTCAAGCTTGGG-3′) and GUS-R 
(5′-GCACGATACGCTGATCCTTC-3′) or N4P-F 
(5′-GCAGTGGTATTGTGACAGAC-3′) and GUS-R 
were used in the PCR reaction to verify the integration 
of the OsNCED3::GUS or OsNCED4::GUS constructs in 
N3P or N4P transgenic rice plants, respectively.
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GUS staining of transgenic rice plants
Rice husks harvested at heading stage, dehusked seeds, 
and dehusked seeds imbibed in water for 24  h at 25  °C 
from the four transgenic lines (N3P-1, N3P-2, N4P-1, and 
N4P-2) were subjected to GUS staining according to pro-
cedures described by Jefferson et  al. (1987). One-week-
old seedlings of N3P-1, N3P-2, N4P-1, and N4P-2 grown 
in half-strength Kimura B solution supplemented with 
or without 150 mM NaCl were sampled for GUS histo-
chemical staining following the same procedures.

Results
In this study, reverse genetic approaches were used to 
determine if rice OsNCED4 is functionally active in ABA 
biosynthesis. GUS staining of transgenic rice plants har-
boring an OsNCED3::GUS or OsNCED4::GUS construct 
was carried out to determine the expression patterns of 
these two genes in developing seeds and seedlings under 
salt stress.

Transgenic Arabidopsis plants overexpressing OsNCED4
Comparison of the amino acid sequence between 
OsNCED3 and OsNCED4 indicated that OsNCED3 and 
OsNCED4 share approximately 79% sequence homol-
ogy and 71% sequence identity. Similar to Arabidop-
sis NCED3, both OsNCED3 and OsNCED4 proteins 
contain a putative plastid-targeting peptide near the 
N-terminal end and four conserved histidine residues 
essential for catalytic acticity (Additional file  1). Our 
previous study indicated that OsNCED3 plays a role in 
ABA biosynthesis (Hwang et al. 2010). To verify whether 
OsNCED4 may play a role in ABA biosynthesis, we gen-
erated Arabidopsis transgenic plants overexpressing 
OsNCED4.

Reverse transcription (RT)-PCR was used to confirm 
the presence of the OsNCED4 transcript in homozygous 
transgenic Arabidopsis plants. Our results indicated that 
OsNCED4 transcripts were present in the two N4C trans-
genic lines, but not in Col-0 or 129B08/nced3 mutant 
plants. AtNCED3 transcripts were detected only in Col-0 
(Fig. 1). These results confirmed the successful transfor-
mation and transcription of the OsNCED4 transgene in 
the 129B08/nced3 mutant background in two N4C trans-
genic lines. The 129B08/nced3 mutant line maintained 
the lack of a functional AtNCED3 gene.

Analysis of leaf morphology and seed germination 
in OsNCED4‑overexpressing Arabidopsis
Heterologous expression of OsNCED4 in the 
129B08/nced3 mutant reduced plant size (Fig.  2a), 
delayed seed germination (Fig.  2b), caused smaller and 
rounder rosette leaves (Fig.  2c), and increased the leaf 
width-to-length ratio to a value significantly closer to 

one, indicating that the leaf shape was rounder in the two 
N4C transgenic lines (Fig. 2d).

Overexpression of OsNCED4 shifted the bulk of the 
germination by delay 1–2 days compared to wild type and 
its mutant background. Germination did reach 100% by 
day 6 which was similar to wild type (Fig. 2b). While the 
germination rate of the 129B08/nced3 mutant was similar 
to that of Col-0 in media either lacking Glc or contain-
ing low amounts of Glc (0.2% Glc) (Figs. 2b, 3a), the rate 
in this mutant was higher than that of Col-0 under high 
Glc (4.0% Glc) conditions  3  days after sowing (Fig.  3b). 
On the other hand, the transgenic lines overexpressing 
OsNCED4, N4C-1 and N4C-2, showed a seed germina-
tion delay at all levels of Glc in the media, from that lack-
ing Glc (Fig. 2b) to those containing both low and high 
Glc levels (Fig. 3a, b).

Heterologous expression of OsNCED4 in the 129B08/nced3 
mutant affected post‑germination growth and ABA 
content under high glucose conditions
After growing on agar medium containing 0.2% Glc for 
7  days, the two N4C lines showed slower leaf growth 
compared to Col-0 and 129B08/nced3 mutant plants 
(Fig.  4a). When grown on agar medium supplemented 
with 4% Glc for 7 days, the N4C transgenic lines showed 
post-germination developmental arrest, achieving nei-
ther cotyledon greening nor leaf formation (Fig. 4b). The 
percentage of N4C seedlings displaying post-germination 
developmental arrest was significantly higher than Col-0 
and the 129B08/nced3 mutant under high Glc conditions 
(4% Glc) (Fig. 4c; P < 0.001).

The ABA content was significantly lower in the 
129B08/nced3 mutant but significantly higher in the 
two N4C lines under both low and high Glc conditions 
compared to Col-0 (Fig.  5a). The transcripts of two 

Fig. 1  RT-PCR analysis of native AtNCED3 and transgenic OsNCED4 
expression in Arabidopsis plants; Col-0, 129B08/nced3 mutant, and 
two OsNCED4-overexpressing (N4C) transgenic lines
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ABA-regulated genes, AtKIN2 and AtRD29A, varied in a 
pattern similar to the ABA content among the tested gen-
otypes under both low and high Glc conditions (Fig. 5b), 
except that AtRD29A showed only minor signals in all 
lines under low Glc.

Heterologous expression of OsNCED4 in the 129B08/nced3 
mutant affected relative water loss and drought tolerance
Relative water loss tests revealed that the 129B08/nced3 
mutant plants displayed a more severe water loss phe-
notype than the rest genotypes tested (Fig.  6). After 
9  days of withholding water, wild type plants began to 
wilt, 129B08/nced3 mutant plants showed severe wilt 
symptoms, and N4C transgenic plants remained healthy 
(Fig.  7a). It was not until 13  days of water withhold-
ing that two N4C lines tested displayed wilt symptoms 
(Fig. 7b).

Characterization of transgenic rice plants carrying OsNCED 
promoter::GUS constructs
Promoter analysis using PlantCare (http://bioinformat-
ics.psb.ugent.be/webtools/plantcare/html/) (Lescot et  al. 
2002) revealed that OsNCED3 and OsNCED4 share many 
common cis-elements such as ABRE, ARE, HSE, and 
MBS in their promoters within two Kb upstream of ATG 
start codon (Additional file  2). These data suggest that 
they might play an overlapping role in response to abiotic 
stress.

To understand and compare the expression patterns 
of OsNCED3 and OsNCED4 genes under both nor-
mal and stress conditions, transgenic rice plants carry-
ing the OsNCED3::GUS or OsNCED4::GUS construct 
were generated. The presence of OsNCED3::GUS or 
OsNCED4::GUS constructs in the transgenic rice plants 
were verified by PCR. The forward primers were designed 
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to bind the OsNCED3 or OsNCED4 promoter region and 
the reverse primer the GUS region. Amplicons of the 
OsNCED3::GUS and OsNCED4::GUS constructs were 
only detectable in homozygous N3P and N4P trans-
genic rice plants, respectively, but not in the TNG67 rice 
plant (Fig. 8a), indicating successful integration into the 
genomes of N3P and N4P transgenic rice plants.

Expression analysis of OsNCED3 and OsNCED4 in rice seeds 
and seedlings
Tissue-specific expression analysis using RiceXPro data-
base (http://ricexpro.dna.affrc.go.jp/) (Sato et  al. 2011) 
indicated that both OsNCED3 and OsNCED4 genes are 
highly expressed during lemma and palea development 
(Additional file 3). As this prediction is based on bioinfor-
matic analyses and the experimental data are still lacking. 

Thus, transgenic rice plants expressing OsNCED3::GUS 
and OsNCED4::GUS were used to confirm tissue-specific 
expression of OsNCED3 and OsNCED4, respectively.

Results from GUS staining revealed that both 
OsNCED3 and OsNCED4 were expressed in roots under 
both no-salt and salt-stress conditions, although the 
GUS signal appeared to be weaker in the salt-treated 
roots (Fig.  8b, d). In contrast, GUS signals in leaf blade 
and leaf sheath were enhanced by salt treatment (Fig. 8c). 
In N3P and N4P rice, whole grains harvested at heading 
stage showed strong GUS signals in the veins of the husks 
(Fig. 9a). In both dry (Fig. 9b) and imbibed (Fig. 9c) N3P 
and N4P seeds, GUS signals were observed in the aleu-
rone layer. Interestingly, the GUS signals in N4P seeds 
were stronger than those in dry or imbibed N3P seeds 
(Fig. 9b, c).

Fig. 3  Heterologous expression of OsNCED4 delayed seed ger‑
mination in Arabidopsis. a Germination rate of seeds from Col-0, 
129B08/nced3 mutant, and two OsNCED4-overexpressing transgenic 
lines grown on agar medium supplemented with 0.2% Glc for 3, 5, 
and 7 days. b Germination rate of the same transgenic lines grown 
on agar medium supplemented with 4% Glc for 3, 5, and 7 days. The 
values are the mean ± SD of three independent experiments, each 
with 80–100 seeds. *P < 0.05, Student’s t test

Fig. 4  Heterologous expression of rice OsNCED4 induced post-
germination developmental arrest under high glucose condition. a 
Col-0, 129B08/nced3 mutant, and N4C-1 and -2 transgenic seedlings 
grown on agar medium supplemented with 0.2% Glc for 7 days. b 
Col-0, 129B08/nced3 mutant, and N4C-1 and -2 transgenic seedlings 
grown on agar medium supplemented with 4% Glc for 7 days. c The 
percentage of seedlings displaying post-germination developmental 
arrest at 5 and 7 days after plating on media containing 4% Glc. The 
values are the mean ± SD of three independent experiments, each 
with 80–100 seeds. *P < 0.05; ***P < 0.001, Student’s t test

http://ricexpro.dna.affrc.go.jp/
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Discussion
Based on the NCBI GenBank database, there are more 
than three NCED genes in the rice genome. Welsch 
et al. (2008) investigated three rice NCED genes, namely 
OsNCED3, OsNCED4, and OsNCED5, and found that all 
three NCED genes are salt- and ABA-inducible. Previous 
research indicated that OsNCED3 is functionally active 
in ABA biosynthesis, because its heterologous expression 
in Arabidopsis increases ABA levels (Hwang et al. 2010). 
The monocot OsNCED3 gene was shown to alter leaf 
shape and regulate the development of vascular bundles 
in Arabidopsis (Hwang et al. 2010). However, it remains 
largely unknown if other rice NCED genes are involved in 
ABA biosynthesis and leaf morphogenesis.

NCBI blast analysis indicated that amino acid 
sequences of OsNCED3 and OsNCED4 have high levels 
of identity (Additional file  1). Additionally, results from 
promoter analysis of OsNCED3 and OsNCED4 within 
2407 and 1939  bp upstream of the ATG start codon, 
respectively using PlantCARE indicated that both gene 
promoters contain multiple stress-responsive cis-acting 
elements (Additional file 2). Furthermore, tissue-specific 
expression analysis of OsNCED3 and OsNCED4 genes 
using RiceXPro database revealed that both genes are 
highly expressed during lemma and palea development 
(Additional file 3). Taken together, these results led us to 
investigate the potential function of OsNCED4 in ABA 
biosynthesis.

We have previously transformed 35S::OsNCED3 
into rice TNG67 and obtained some transgenic rice 
plants. Unfortunately, the transgene in these transgenic 
rice plants appeared to be leaky. In other words, the 

Fig. 5  Transgenic Arabidopsis plants overexpressing OsNCED4 had 
increased ABA content and expression of ABA-mediated stress-
responsive genes. a ABA content in seedlings of Col-0, 129B08/nced3 
mutant, and two N4C transgenic lines grown on agar medium sup‑
plemented with 0.2 or 4% Glc for 10 days. b Relative transcript levels 
of AtKIN2 (upper panel) and AtRD29A (lower panel) in seedlings of 
Col-0, 129B08/nced3 mutant, and two N4C transgenic lines grown on 
agar medium supplemented with 0.2 or 4% Glc for 10 days. The val‑
ues are the mean ± SD of three independent experiments. *P < 0.05; 
***P < 0.001, Student’s t test
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Fig. 6  Relative fresh weight of rosette leaves excised from 3-week-
old Col-0, 129B08/nced3 mutant, and two N4C transgenic lines
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transgenic rice plants overexpressing 35S::OsNCED3 had 
transgene integration (based on antibiotic selection), but 
without transgene expression. It is most likely that the 
ABA balance is required during somatic embryogen-
esis of rice (a monocot crop) and disturbance of ABA 
balance will block somatic embryogenesis during rice 
transformation. To ensure accuracy of 35S::OsNCED3 
molecular construct, 35S::OsNCED3 was heterologously 
transformed into Arabidopsis and the overexpression of 
OsNCED3 was able to complement the ABA-deficient 
phenotypes in the 129B08/nced3 mutant and increase 
ABA content in wild type (Hwang et  al. 2010). Fol-
lowing the same reasoning, 35S::OsNCED4 transgene 
was overexpressed in Arabidopsis in this study. On the 
other hand, functional transgenic rice plants harbor-
ing OsNCED3::GUS or OsNCED4::GUS were obtained 
because not NCED coding sequence but NCED promoter 
sequence was present in the transgenic region and the 
ABA content and signaling pathway presumably were not 
changed in these transgenic rice plants.

Heterologous expression of OsNCED4 in the 129B08/nced3 
mutant delays seed germination and plays a role 
in shaping leaf morphology
To investigate the potential role of OsNCED4 in ABA 
biosynthesis, a complementation test was performed 
using transgenic Arabidopsis plants carrying the 
35S::OsNCED4 transgene in the 129B08/nced3 mutant 
background. In the two complementation lines (N4C-1 
and N4C-2), delays in seed germination were noticed 
under no, low- and high-Glc conditions (Figs. 2b, 3a, b). 
These results strongly suggested the possible involve-
ment of OsNCED4 in ABA biosynthesis, because ABA 
delays seed germination (Lin et al. 2007; Liu et al. 2016). 
A positive feedback regulation of ABA biosynthesis 

may cause the higher germination rate observed in the 
129B08/nced3 mutant relative to Col-0 under high Glc 
condition, a stress coping mechanism suggested by 
Xiong and Zhu (2003). Additionally, results from this 
research suggested that OsNCED4 might share a redun-
dant role with OsNCED3 in regulating leaf morphology 
and ABA biosynthesis (Hwang et al. 2010), since heter-
ologous expression of these two genes in Arabidopsis 
exerted similar effects on plant size, leaf shape and seed 
germination.

Heterologous expression of OsNCED4 in the 129B08/nced3 
mutant confers sugar oversensitivity
Post-germination growth was slightly reduced when 
the two OsNCED4-overexpressing lines were grown 
on medium containing low amounts of Glc, but it was 
severely inhibited under high Glc condition (Fig.  4a, b). 
These results were consistent with previous research 
indicating that Glc-induced physiological responses are 
different between low and high concentrations (Price 
et al. 2003). Interestingly, the percentage of seedlings that 
displayed post-germination developmental arrest was in 
accordance with seedling ABA content among all geno-
types tested under high Glc conditions (Figs. 4c, 5a). In 
lines with this observation, the transcription levels of 
two ABA-regulated genes, AtKIN2 and AtRD29A, varied 
with ABA content in the seedlings of the different geno-
types exposed to high Glc (Fig.  5b). These results were 
in agreement with a previous finding suggesting that 
sugar-induced seedling growth arrest involves ABA bio-
synthesis and ABA signaling (Cheng et al. 2002; Dekkers 
et  al. 2008). The sugar-oversensitive phenotype and the 
higher ABA content in the two OsNCED4-overexpress-
ing lines together suggested a role for OsNCED4 in ABA 
biosynthesis.

Fig. 7  Overexpression of OsNCED4 in transgenic Arabidopsis plants conferred drought tolerance. a Col-0, 129B08/nced3 mutant, and two N4C 
transgenic lines after 9 days of withholding water. b Col-0, 129B08/nced3 mutant, and two N4C transgenic lines after 13 days of withholding water
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Fig. 8  Comparison of tissue-specific expression of OsNCED3 and OsNCED4 promoters in transgenic rice plants under salt stress. a PCR analysis of 
OsNCED3::GUS or OsNCED4::GUS constructs in N3P or N4P transgenic rice plants, respectively. b GUS staining in roots of 7-day-old, solution-grown 
transgenic rice seedlings treated with (+ NaCl) or without (− NaCl) 150 mM NaCl. c GUS staining in leaf blade and leaf sheath of 7-day-old, trans‑
genic rice seedlings grown in solution with or without 150 mM NaCl. d GUS staining in root segments of 7-day-old transgenic rice seedlings grown 
in solution with or without 150 mM NaCl
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Heterologous expression of OsNCED4 complements the 
relative water loss and increases drought tolerance in the 
129B08/nced3 mutant
The roles of ABA in inhibiting stomatal opening and 
stimulating stomatal closure to achieve reduction in 
water loss are well documented in the literature (e.g., 
Kim et  al. 2010; Sah et  al. 2016). Results from relative 
water loss tests clearly showed that overexpression of 
OsNCED4 in the 129B08/nced3 mutant background 
successfully complements the severe water loss phe-
notype of the mutant to a level similar to that of Col-0 
(Fig. 6). These results were consistent with the idea that 
OsNCED4 is functionally active in ABA biosynthesis.

To determine the effects on drought tolerance of het-
erologous expression of OsNCED4 in the 129B08/nced3 
mutant, 53-day-old plants (Col-0, 129B08/nced3, 
OsNCED4-OE) were left unwatered. After 9 or 13  days 
of withholding water, rosette leaves in the two OsNCED4 
complementation lines were less wilted than those of 
Col-0 or 129B08/nced3 (Fig.  7a, b). These results indi-
cated that heterologous expression of OsNCED4 in 
129B08/nced3 not only complements the severe wilting 

phenotype of the mutant but also increases its drought 
tolerance to a level higher than that of Col-0. Results 
from this experiment further supported that OsNCED4 is 
involved in ABA biosynthesis.

Overlapping expression patterns of OsNCED3::GUS 
and OsNCED4::GUS reporter genes in rice seeds 
and seedlings
In this study, the GUS reporter gene was used to detect 
promoter activity of OsNCED3 and OsNCED4 under nor-
mal and salt-stress conditions. In 1-week-old transgenic 
rice seedlings at the one-leaf stage, overlapping GUS 
expression patterns were noticed. Interestingly, control 
roots (−  NaCl) showed stronger GUS signal compared 
to those treated with 150 mM NaCl. This result was dif-
ferent from previous result documented by Welsch et al. 
(2008), where both OsNCED3 and OsNCED4 genes were 
found to be upregulated in 3-week-old seedling roots 
under salt stress (250 mM NaCl). This discrepancy may 
be explained by various seedling age (1- vs 3-weeks old), 
different levels of salt stress (150 mM vs 250 mM NaCl), 
and/or different lengths of salt treatment (7  days vs 

Fig. 9  Tissue-specific expression of OsNCED3 and OsNCED4 in the husks and seeds of transgenic rice plants. a GUS staining in husks of 
OsNCED3::GUS (N3P) and OsNCED4::GUS (N4P) transgenic rice plants. b GUS staining in dry seeds of N3P and N4P transgenic rice plants. c GUS stain‑
ing in imbibed seeds of N3P and N4P transgenic rice plants. In a, the husks were harvested at heading stage. In c, the seeds were imbibed in water 
at 25 °C for 24 h
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1–3  h). Furthermore, stronger GUS signals were identi-
fied in newly developed adventitious roots, whereas older 
adventitious roots with root hairs showed much weaker 
signals (Fig. 8b, d). Opposite responses to salt were seen 
in the leaf sheath and blade, in which stronger GUS sig-
nals were detected in response to salt stress (Fig.  8c). 
Taken together, these results suggested that these two 
rice OsNCED genes are similarly regulated in roots or 
leaves at the one-leaf stage under long-term, moderate 
salt stress (150 mM NaCl). It is not clear why OsNCED 
genes are down-regulated in 1-week-old, solution-grown 
seedling roots in response to moderate salt stress, and 
the physiological meaning behind this requires further 
exploration.

Using OsNCED3::gfp transgenic plants, Bang et  al. 
(2013) reported that OsNCED3 promoter activity was 
not detected in grains and only barely detectable in flow-
ers under normal growth conditions. Our GUS staining 
data indicated that promoter activity was clearly present 
in the husk at the heading stage and in dry and imbibed 
transgenic rice seeds under normal growth conditions 
(Fig. 9a–c). This discrepancy may be due to the more sen-
sitive nature of GUS in detecting weak promoter activ-
ity compared to green fluorescent protein (Mantis and 
Tague 2000).

The revelation that both OsNCED3 and OsNCED4 are 
expressed in rice seeds in an overlapping pattern means 
that further assays are needed to understand how these 
genes work together to control ABA biosynthesis in rice 
seeds. Future studies on expression of OsNCED3 and 
OsNCED4 in dry and imbibed seeds will require using 
quantitative real-time PCR, seed ABA assays, and germi-
nation tests on wild-type and OsNCED3 and OsNCED4 
knockout mutant seeds. It is interesting to note that 
OsNCED1 and OsNCED3, but not OsNCED4, were sug-
gested to be major players in controlling ABA biosynthe-
sis in rice roots (Shi et al. 2015).

Conclusions
Heterologous expression of rice OsNCED4 in the 
129B08/nced3 Arabidopsis mutant background resulted 
in smaller and rounder leaves, delayed seed germina-
tion, post-germination sugar oversensitivity, increased 
ABA content, and enhanced tolerance to drought. 
These results indicated that in addition to OsNCED3, 
OsNCED4 is also functionally active in ABA biosynthesis 
at least in Arabidopsis. Results from GUS staining with 
transgenic rice plants further revealed that OsNCED3 
and OsNCED4 are expressed in seeds and one-leafed 
seedlings in an overlapping pattern and that both genes 
are downregulated in roots and upregulated in leaves in 
response to long-term, moderate salt stress. Our results 

demonstrated the possible functional redundancy 
between the OsNCED3 and OsNCED4 genes, although 
results from GUS staining alone are not sufficient to 
reach this conclusion. In light of different results in pre-
vious reports indicating upregulation of NCED genes 
in response to salt stress, the physiological importance 
of downregulation of OsNCED genes in roots of young 
seedlings under salt stress remains elusive and awaits 
further investigation. The fact that stronger GUS signals 
were detected in N4P seeds compared to N3P seeds sug-
gested that OsNCED4 may play a more prominent role in 
controlling ABA biosynthesis in rice seeds. Nonetheless, 
more research is required to confirm this hypothesis.
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