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Abstract There is currently a shortage of efficient
promoters for stress-inducible gene expression, espe-
cially in monocotyledonous crops. Here, we report
analysis of the rice Wsil8 promoter, a member of the
group 3 Lea family, in transgenic rice plants. The
abundance of Wsi/8 mRNA increased in leaf tissues
within 2 h of exposure to NaCl or abscisic acid (ABA)
and within 6 h of exposure to drought, but there was no
transcript increase in response to low-temperature
conditions. Wsi/8 mRNA accumulated in the roots
similarly to in the leaves, but at a faster rate. The
promoter was linked to the GFP reporter gene,
transformed into rice, and its activity was analyzed
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in transgenic plants at all stages of plant growth from
calli, vegetative tissues, flowers, and to dry seeds, both
before and after stress treatment. The activity of the
promoter was significantly increased in the whole
plant body, including flowers, on exposure of plants to
stress conditions, with very low levels of basal activity
in all tissues. Moreover, the promoter was found to be
predominantly active in the whole grain, including
endosperm, embryo, and aleurone layer during seed
development. Together, we have identified and ana-
lyzed the Wsil8 promoter and found a previously
undescribed characteristic—a stress-inducible prop-
erty in the whole plant body with activity in the whole
grain during seed development.
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Introduction

The abiotic stresses drought, high salinity, and low
temperature pose a serious threat to the sustainability
of crop yields. Approximately 20% crop yield is
reduced worldwide because of these unfavorable
growing conditions. To improve stress tolerance of
crops, many genes including transcription factors
have been tested in transgenic plants using either
constitutive or stress-inducible promoters. Several
constitutive promoters have been successfully used to
make stress-tolerant transgenic crops. For example,
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OsCDPK?7 (Saijo et al. 2000) and HVAI (Xu et al.
1996) have been regulated in transgenic rice by the
cauliflower mosaic virus (CaMV) 35S promoter and
the rice Actl promoter, respectively. The maize
ubiquitin 1 (Ubil) promoter has been used to drive
the biosynthesis of trehalose in rice (Jang et al. 2003)
and the expression of transcription factors, CBF3/
DREBIA, ABF3 (Oh et al. 2005a), and HvCBF4 (Oh
et al. 2007), resulting in increased tolerance of rice to
abiotic stress. The OsCcl promoter (Jang et al. 2002)
was effective in constitutively expressing a gene
encoding a transcription factor with an AP2 domain,
AP37, conferring tolerance of rice to drought stress
(Oh et al. 2009). Those transgenic plants with strong
constitutive expression of transcription factors, how-
ever, often suffer from undesirable phenotypes. For
example, growth retardation and low reproductive
yields (Nakashima et al. 2007) were observed for
stress-tolerant transgenic rice with Ubil:OsNAC6.
Similarly, varying degrees of growth retardation,
abnormal development, and reduced seed production
were observed for transgenic Arabidopsis with
35S:DREBIA (Liu et al. 1998; Kasuga et al. 1999),
transgenic rice with 355:Adc (Capell et al. 1998),
transgenic tomato with 35S:CBF1 (Hsieh et al. 2002),
and transgenic tobacco with 35S:7PS1 (Romero et al.
1997). It is therefore desirable to generate transgenic
plants that accumulate transgenic products only under
stress conditions.

Several stress-inducible promoters have been iso-
lated and characterized. These include the kin/ and the
cor6.6 (Wang et al. 1995) promoters from Arabidopsis,
the Gmhspl7.6-L (Lee and Schoffl 1996) promoter
from soybean, the Hahsp17.7 G4 (Coca et al. 1996)
promoter from sunflower, the Rab16A (Rai et al. 2009;
RoyChoudhury et al. 2007) and OsABA2 (Rai et al.
2009) promoters from rice, the TaLTP1 promoter (Jang
et al. 2004) from wheat, and the Hval (Straub et al.
1994; Xiao and Xue 2001) promoter from barley.
Despite such efforts to functionally characterize stress-
inducible promoters, very few have been analyzed for
their response to stresses through all the stages of plant
growth. The Arabidopsis Rd29A promoter has been
shown to be effective in all the tissues and stages of
transgenic plants under stress conditions (Pellegrine-
schi et al. 2004; Yamaguchi-Shinozaki and Shinozaki
1993). Thus, there is currently a shortage of efficient
promoters that act in a stress-inducible manner but with
low background activity. In addition, stacking of
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several transgenes in a single transgenic plant requires
a battery of different promoters, which may otherwise
undergo the homology-dependent gene silencing that
often occurs in transgenic plants with multi-copies of
the same promoter (Lessard et al. 2002; Potenza et al.
2004).

During seed maturation in plants, expression of
late embryogenesis abundant (LEA) protein genes is
induced by ABA (Finkelstein and Rock 2002). Of
nine groups of LEA proteins so far identified, the
group 3 LEA family is relatively well characterized
(Xiao et al. 2007; Xu et al. 1996). Wsil8, a member
of the group 3 Lea family, is a stress-inducible rice
gene (Joshee et al. 1998; Shobbar et al. 2008;
Takahashi et al. 1994). Here, we analyzed the activity
of the Wsil8 promoter in transgenic rice plants at all
stages of growth, including flowers and developing
seeds. The promoter drives high levels of GFP
expression in the whole body of plants including
calli, leaves, roots, and flowers, on exposure of the
plants to stress conditions. Moreover, the promoter
was found to be predominantly active in the whole
grain, including endosperm, embryos, and aleurone
layers, during seed development, and so is a stress-
inducible promoter with activity in the whole grain.

Materials and methods

Development of Wisil/8::GFP transgenic rice
plants

Rice (Oryza. sativa cv Nakdong) plants was used for
isolation of the promoter and for plant transformation.
Genomic DNA was prepared from leaves of 14-day-
old rice plants using the DNAzol ES plant genomic
DNA isolation reagent (Molecular Research Center,
USA) according to the manufacturer’s instructions.
The Wsil8 promoter region (1.8 kb) (GQ903792) was
amplified by PCR using a forward primer (5'-AAG
CTTGAGTCATAGGGAGA-3') and a reverse primer
(5-AGTGATTCCAGCCAAGTTTGGATCC-3'). The
PCR product was inserted into a plasmid, generating the
construct Wsil8::GFP that contains the GFP coding
region under the control of the Wsil8 promoter and the
potato Pin II 3’ region. The construct also contains the
bacterial phosphinothricin acetyl transferase gene (bar),
a selectable marker gene for rice transformation, fused
between the 35S promoter and the polyadenylation
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regions of the nopaline synthase. These cassettes are
flanked by a pair of 5'-matrix attachment regions of the
chicken lysozyme gene for stable expression of the
transgene (Oh et al. 2005b). The Wiil8::GFP plasmid
was introduced into Agrobacterium tumefaciens
LBA4404 by triparental mating. Embryonic calli from
the mature seeds of rice were transformed by
co-cultivation (Hiei et al. 1994), selected with 7 mg/l
phosphinothricin, and used to regenerate transgenic
plants as previously described by Jang et al. (2002).
Three independent homozygous T, transgenic lines
were used for promoter analysis.

Stress treatments and RNA blot analysis

For RNA blot analysis, transgenic and non-transgenic
(NT) rice (Oryza. sativa cv Nakdong) seeds were
germinated in half-strength Murashige—Skoog (MS)
solid medium (Murashige and Skoog, 1962) in a growth
chamber in the dark at 28°C for three days followed by
in the light at 28°C for one day, transplanted into soil,
and grown in a glasshouse (16 h light/8 h dark cycle) at
28-30°C. Each plant was grown in a pot (5 X 5 X
6 cm’; six plants per pot) filled with rice nursery soil
(Bio-media, Kyeongju, Korea) for 14 days after germi-
nation. Stress-treatment was performed as previously
described (Oh et al. 2005a, 2007). For drought stress,
14-day-old seedlings were pulled from the soil and
air-dried under continuous light of approximately 900—
1,000 umol m ™2 s™'. For high-salinity and ABA treat-
ment, 14-day-old seedlings were grown in a nutrient
solution, 0.1% (v/v) hyponex (Hyponex, Busan, Korea),
for two days and then transferred to fresh nutrient
solution containing 400 mM NaCl or 100 uM ABA
in the greenhouse under continuous light of approxi-
mately 900-1,000 pmol m~2s™'. For low-temperature
stress treatment, 14-day-old seedlings were exposed to
4°C at a cold-chamber under continuous light of
150 pmol m~2 s'. Total RNA extraction and RNA
blot analysis were performed as previously reported
(Jang et al. 2002; Jeong et al. 2009). Full-length cDNAs
were used as a probe for Wsil8 (AK064074), Lip5
(ABO11368), DipI (AY587109), and RbcS (AK121444).

Detection of GFP fluorescence in transgenic
plants

For the dry and the maturing seeds, GFP fluorescence
was detected by use of a luminescent-image analyzer

(LAS 3000; Fuji, Tokyo, Japan), with 460 nm
blue light and the GFP S5I10E filter set, and a
stereomicroscope (SZX9-3122; Olympus, Tokyo,
Japan). The stereomicroscope was equipped with
an attachment for fluorescence observations, and
images were captured using a C5060-ZOOM digital
camera (Olympus, Tokyo, Japan). For detection of
GFP fluorescence in calli, we grew transgenic
(Wsil8::GFP and OsCcl::GFP) and nontransgenic
control calli in 2N6 medium containing 7 mg/l
phosphinothricin for one month, and transferred them
into the modified 2N6 medium containing phytagel
(10 g/), 400 mM NaCl or 100 M ABA. In the
indicated time course, GFP fluorescence was detected
by use of the luminescent-image analyzer (LAS
3000). For detection of GFP fluorescence in leaves
and roots, transgenic and NT seeds were germinated
on hormone-free MS medium in darkness for three
days at 28°C and further incubated for 11 days under
continuous light to allow leaf development. The 14-
day-old seedlings were exposed to stress conditions:
for drought, they were pulled from the soil and air-
dried for 2 h under continuous light of approximately
1,000 pmol m~2 s~!; for NaCl and ABA, they were
transferred to nutrient solution containing 400 mM
NaCl for 2h or 100 pM ABA for 6 h under
continuous light of approximately 1,000 pmol m~>
s~! in the glasshouse. The tissues of 14-day-old
seedlings were visualized and photographed using a
Carl Zeiss (Jena, Germany) LSM410 CLSM with a
standard filter set at the Korea Basic Science Institute
(Daejoen, Korea). Pseudocolor, similar to the color
observed with a fluorescence microscope, was added
to the images by importing data collected in the green
and red channels of the confocal microscope.
Sections were taken along the optical axis and were
projected into a single image. For detection of GFP
fluorescence in a whole plant body, transgenic seeds
were germinated and grown on hormone-free MS
medium in darkness for 6 days at 28°C and the
etiolated seedlings were exposed in the time course to
stress conditions in the dark as described for 14-day-
old-seedlings. GFP fluorescence was observed by
using the luminescent-image analyzer (LAS 3000).
For detection of GFP fluorescence in transgenic
flowers, transgenic plants were grown to the stage of
meiosis in pots and water was withheld, in a
greenhouse, for 3 days. GFP fluorescence was
detected in a whole spikelet and floral organs inside
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a spikelet, before and after drought treatment, by use
of the luminescent-image analyzer (LAS 3000).

GFP protein extraction and immunoblotting

Approximately 50 mg transgenic rice seeds was
ground in liquid-N, with a mortar and pestle. Ground
tissues were homogenized with 0.3 ml 50 mM
Tris—HCl (pH 8.0) buffer solution, 150 mM NaCl,
10% glycerol, 0.5% Triton X-100, 2 mM phen-
ylmethanesulfonyl fluoride, 1 pg/ml aprotinin, 1 pg/ml
pepstatin, and 1 pg/ml leupeptin for 1 h at 4°C. After
homogenization, the mixture was clarified by centri-
fugation in Eppendorf tubes for 5 min at 4°C. The
protein concentration was determined by use of
Bradford solution (Bio-Rad, Hercules, CA, USA).
Protein extracts were separated on 10% SDS—poly-
acrylamide gels and transferred to a poly(vinylidene
difluoride) (PVDF) membrane (Immobilon-P; Milli-
pore, Bedford, MA, USA) using a semi-dry transfer
apparatus (BioRad). In the immunoblot analysis,
GFP was detected using an alkaline-phosphatase-
conjugated secondary goat anti-rabbit antibody for

Drought NaCl

recognition of bound anti-GFP primary antibodies
(Clontech, Palo Alto, CA, USA).

Results

Stress-inducible expression and production
of Wsil8::GFP transgenic rice plants

To measure transcript levels of Wsil8 in rice (Oryza
sativa cv Nakdong) under stress conditions, RNA gel-
blot analysis was performed using total RNA from
leaf and root tissues of 14-day-old plants that were
exposed to drought, NaCl, ABA, and low temperature
(Fig. 1). Dipl, Lip5, and RbcS, whose transcript
levels are known to be increased or reduced in
response to stress treatments, were included as
controls to monitor when stress-induced damage
occurred (Oh et al. 2005a, 2007). Wsil8§ mRNA
abundance increased in leaf tissues within 2 h of
exposure to NaCl or ABA and within 6 h of exposure
to drought, but there was no transcript increase in
response to low-temperature conditions. Wsil8

ABA Low temperature

0 05 2 6

Leaf

Root

Fig. 1 Expression of the rice Wsil8 gene in response to
abiotic stress. Five micrograms of total RNA from the leaves
and roots of 14-day-old plants exposed to drought, NaCl
(400 mM), ABA (100 uM), and low temperature (4°C) for
indicated time points, was blotted and hybridized to rice Wsil8
(AK064074), Lip5 (AB011368), Dipl (AY587109), and RbcS
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(AK121444) gene-specific probes. Dipland Lip5 were used as
markers for up-regulation and RbcS for down-regulation on
stress treatment (Oh et al. 2005a, 2007). Ethidium bromide
(EtBr) staining of total RNA was used for equal loading of
RNA
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Fig. 2 Production of the Wsil8::GFP transgenic rice plants. a
The construct for rice transformation Wsil8::GFP consists of
the rice Wsil8 promoter linked to the GFP coding region and
the 3’-region of the potato proteinase inhibitor II gene (3'Pinll),
and a gene expression cassette that contains the 35S promoter,
the bar coding region, and the 3'-region of the nopaline
synthase gene (3'nos). The entire expression cassette is flanked
by the 5'-matrix attachment region (MAR) of the chicken
lysozyme gene (Oh et al. 2005b). Scale bars representing the
size of DNA fragments for each component are shown. b
Genomic Southern blot analyses of Wsil8::GFP transgenic
rice plants. Genomic DNAs from leaf tissues were digested

mRNA accumulated in roots similarly to in leaves,
but at a faster rate.

To investigate Wsil8 promoter activity, the Wsil8
promoter region was PCR-amplified from rice geno-
mic DNA, and linked to the visible marker, the
synthetic green fluorescent protein gene GFP, gener-
ating the construct Wsil8::GFP (Fig. 2a). The con-
struct was transformed into rice by use of the
Agrobacterium-mediated method (Hiei et al. 1994),
which yielded 30 independent transgenic lines. All the
transgenic lines were grown to maturity in a green-
house. To determine transgene copy numbers and
intactness of the Wsil8::GFP region in the transgenic
plants, genomic Southern blots were performed using
two probes, each specific to GFP and Mar sequences
(Fig. 2b). We chose three independent transgenic lines
with single (lines 2 and 5) or two (line 9) copies of the
Wsil8::GFP construct that had not been rearranged in
the promoter:GFP region. By self-pollinating and

\

Probe 2 (1 kb)
1.8 0.7 1.0 0.7 0.6 0. 1.4 (kb)

(c) Wsi18::GFP
Drought NaCl ABA

026:120261_202612(h

C—— W W G
o —-— — - “Wsim

| ——— ““LIpS

*.- “-. M RDCS

Leaf

Root

with Notl, BamH]I, and EcoRI and hybridized with probes 1 and
2, respectively (shown in a). The DNA molecular size markers
are indicated on the left. Transgenic lines (2, 5, and 9) that were
analyzed in detail are shown in bold letters. PC, the plasmid
DNA as a positive control; NC, non-transgenic rice plants as
negative controls. ¢ RNA blot analysis using total RNA from
leaves and roots of the 14-day-old Wsil8::GFP plants (line 2
shown in a) exposed to stress conditions for indicated time
points. The blots were hybridized with Wsil8, Lip5, RbcS, and
GFP gene-specific probes. Ethidium bromide (EtBr) staining
of total RNA was used for equal loading of RNA

selecting of germinating transgenic seeds on phosphi-
nothricin-containing MS media, we obtained T;
homozygous lines and used these for further analysis.

To measure promoter activities in Wsil8::GFP
plants under stress conditions, RNA gel-blot analysis
was performed on total RNA from leaves and roots of
14-day-old Wsil8::GFP plants exposed to drought,
NaCl, and ABA. GFP transcript levels were signif-
icantly increased after 2 h of exposure to drought,
NaCl, and ABA in the leaves and the roots of
the Wsil8::GFP plants (Fig. 2c and Supplementary
Fig. 1), demonstrating the stress-inducible nature of
the promoter. GFP transcripts were detected at low
levels in the leaves and roots of transgenic plants at
zero time of stress treatment and no endogenous
Wsil8 mRNA was detected under the same condi-
tions. The different background levels may reflect
different sensitivities of probes for GFP and Wsil8
transcripts.
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Wsil8 is a stress-inducible promoter in the whole
plant, including flowers

To examine Wsil8 promoter activity in a the whole
plant under stress conditions, we analyzed Wsil8::
GFP plants in comparison with OsCcl:GFP plants,
transgenic rice plants with a constitutive promoter
OsCcl: GFP construct (Jang et al. 2002), and non-
transgenic (NT) plants in a time course of stress
treatments. We treated calli, six-day-old etiolated,
mature transgenic, and NT plants with drought, NaCl,
and ABA (Fig. 3). For the whole vegetative plant,

(a) Drought NaCl ABA

NT OsCc1 Wsi18 NT OsCcl1 Wsi18 NT OsCcl Wsi18

05h
1h
3h
6h
9h
12h
24h
30h

48h

(C) Drought NaCl ABA
0 2 6 12 0 2 6 0 2 6

Fig. 3 Activity of the Wsil8 promoter in different tissues and
growth stages of transgenic rice plants (line 2 shown in
Fig. 2b). a GFP fluorescence in transgenic calli. GFP
fluorescence was detected in calli exposed to drought, NaCl
(400 mM) and ABA (100 pM) for the indicated time points
using a luminescent-image analyzer. NT, non-transgenic calli;
OsCcl, calli induced from the OsCcl::GFP transgenic seeds
(Jang et al. 2002); Wsil8, calli induced from the Wsil/8::GFP
transgenic seeds. Bar = 1 mm. b GFP fluorescence in whole
bodies of the Wsil8::GFP and OsCcl::GFP plants. GFP
fluorescence was detected in six-day-old etiolated plants
exposed to drought, NaCl (400 mM), and ABA (100 uM) for

the indicated time points using a luminescent-image analyzer.
Bar =1 cm. ¢ Confocal microscopic images of GFP

Wsi18

OsCc1
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etiolated young seedlings, which are free of chloro-
phylls, were used for detection of GFP fluorescence in
order to avoid interference from chlorophyll red
fluorescence. Under normal growth conditions, no
vegetative Wsil8::GFP and NT tissues showed any
GFP fluorescence, with the exception of the elongating
region of Wsil8::GFP roots, which showed a little
background GFP fluorescence. Upon exposure to
drought conditions, the activity of the Wsil8§ promoter
was significantly enhanced in calli (Fig. 3a), the whole
body of etiolated seedlings (Fig. 3b), and the mature
leaves and mature roots of Wsil8::GFP plants (Fig. 3¢

Elongating
Region

(b) Leaf

Root Apex
& i

* o
Normal
Drought
Wsi18
NaCl
ABA
Normal OsCc1
Wsi18
Drought
Normal n OsCc1

fluorescence in leaf and root tissues of transgenic plants.
GFP fluorescence was detected in a leaf, a root apex, and a
elongating region of a root of the Wsil8::GFP and
OsCcl::GFP plants before (normal) and after exposure to
drought, NaCl (400 mM), and ABA (100 uM) for 2 to 6 h. The
images collected in the green and i channels of the confocal
microscope were merged. Bars = 1 mm. S, stomata. d GFP
fluorescence in transgenic flowers. GFP fluorescence was
detected, by use of a stereomicroscope, in a whole spikelet (left
panel) and floral organs inside a spikelet (right panel) at the
stage of meiosis before (Normal) and after drought treatment.
For drought treatment, water was withheld from plants in pots,
in a greenhouse, for three days. An, anther; F, filament; Lm,
lemma; Lo, lodicule; P, palea. Bars = 1 mm
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and Supplementary Fig. 2). GFP fluorescence was
particularly obvious in stomata and mesophyll cells of
a leaf, and in the root cap and vascular cylinder of the
root (Fig. 3c). In contrast, levels of GFP fluorescence
in the corresponding tissues of the OsCcl::GFP
plants remained constitutive before and after stress
treatments. After 12 h or prolonged exposure of
OsCcl::GFP calli to drought conditions, GFP fluores-
cence started to decrease, because of shrinkage of calli
upon drying. Interestingly, GFP fluorescence was
lower in OsCcl::GFP calli after 24 h of exposure to
ABA by the time the Wsil/8 promoter became active,
suggesting repression of the OsCcl promoter by
prolonged exposure to ABA. We also examined GFP
fluorescence in Wsil8::GFP flowers at the stage of
meiosis under drought conditions (Fig. 3d). Under
normal growth conditions, as in the vegetative tissues,
no GFP fluorescence was detected in Wsil8::GFP
flowers. After drought stress for three days, the
Wsil8::GFP flowers showed a high level of GFP
fluorescence in floral organs. Overall, activity of the
Wsil8 promoter was significantly enhanced by expo-
sure to stress conditions in the whole plant, including
flowers.

Wsil8 promoter is active in the whole grain
during seed development

During seed maturation, expression of LEA genes is
induced by a plant stress hormone, ABA (Finkelstein
and Rock 2002). Expression of the Wsil8 gene, a
member of the group 3 Lea family, was expected to be
induced in drying seeds as a whole. It remains elusive,
however, whether it is induced in the embryos,
endosperm, and/or aleurone layers of drying seeds.
GFP fluorescence was detected at varying intensities,
depending on transgenic lines, in dehulled whole dry
Wsil8::GFP seeds including embryos and aleurone
layers (Fig. 4a). Analysis of the longitudinal and
cross-sectional slices of dry seeds, by use of a
stereomicroscope, revealed that GFP fluorescence
was clearly detected in the Wsil8::GFP endosperm
and in its embryos and aleurone layers (Fig. 4b). In the
OsCcl::GFP seeds, in contrast, GFP fluorescence was
detected in embryos only (Fig. 4b). We examined GFP
fluorescence of the Wsil8::GFP seeds in the time
course of development after pollination under more
stringent conditions (Fig. 4c). GFP fluorescence was
particularly evident in embryos and aleurone layers on

the dorsal side of the seeds under stringent conditions.
Levels of GFP fluorescence steadily increased in the
seeds, peaked at five to six weeks after pollination,
and then remained relatively constant until seven
weeks when seeds fully matured. To verify the
increase in activity of the Wsil8 promoter during seed
development, GFP protein levels were measured by
immunoblot experiments using total soluble proteins
from developing seeds. Consistent with GFP fluores-
cence, protein levels increased in the Wisil8::GFP
seeds as they matured (Fig. 4c). These results indicate
that the Wsil8 promoter is active in the whole grain,
which drives expression of transgene in endosperm
and in embryos and aleurone layers during seed
development.

Discussion

Late embryogenesis abundant (LEA) proteins were
initially characterized in mature cotton (Gossypium
hirsutum) seeds (Galau et al. 1986). Later, many LEA
proteins were identified in bacteria (Stacy and Aalen
1998), nematodes (Gal et al. 2004), mosses (Kamisugi
and Cuming 2005), and in plants. During plant seed
maturation, LEA gene expression is induced by ABA
(Finkelstein and Rock 2002). Some of these LEA
genes are induced in vegetative tissues of plants in
response to dehydration, high salt, or exogenous ABA
(Bies-Etheve et al. 2008; Joshee et al. 1998). Over-
expression of some LEA genes in plants resulted in
enhanced tolerance of abiotic stresses (Liu and Zheng
2005; Xu et al. 1996). All these previous observations
suggest that LEA genes are important in plants, not
only in seeds under normal conditions, but also in
vegetative tissues under stress conditions. In this
study, we analyzed the activity of the Wsil8 gene
promoter in transgenic rice plants during all stages of
plant growth and seed development. The promoter
drives high levels of GFP expression in the whole
body of plants including calli, leaves, roots, and
flowers on exposure of plants to drought and high
salinity conditions. Moreover, it is active in a whole
rice grain and the Wsil8::GFP seeds contain GFP not
only in embryos and aleurone layers, but also in the
endosperm. Up to now, activities of promoters derived
from the LEA gene family have not been detected in
endosperm. The HVAI promoter from barley, a
member of the group 3 LEA family, was active in
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Fig. 4 Activity of the Wsi/8 promoter in developing and dry
seeds. a GFP fluorescence was detected in dehulled dry seeds by
use of a luminescent-image analyzer. b GFP fluorescence was
detected in hand-cut longitudinal and cross-sectional slices of
dry seeds by use of a stereomicroscope. E, embryo; Em,
endosperm; Al, aleurone layer. Bar = 2 mm. ¢ Increase in
levels of GFP fluorescence and proteins during seed maturation.

aleurone layers of transgenic barley (Straub et al.
1994), and in the leaves and roots of transgenic barley
after exposure to stress conditions (Xiao and Xue
2001). The rice Rab16A promoter (Ono et al. 1996), a
member of the group 2 LEA family, had similar
activity in seed embryos and in vegetative tissues
under stress conditions. The wheat Em promoter, a
member of the group 1 LEA family, was only active in
the embryos and aleurone layers of transgenic barley,
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GFP fluorescence was detected in the developing seeds of the
Wsil8::GFP plants at the indicated weeks after pollination, by
use of a luminescent-image analyzer. aGFP represents the
antibody used in immune-blot analysis of GFP protein in the
Wsil8::GFP seeds. NT, non-transgenic seeds; OsCcl,
OsCcl::GFP transgenic seeds; Wsil8, Wsil8::GFP transgenic
seeds. Bars = 2 mm

rice (Furtado and Henry 2005), and tobacco (Marcotte
et al. 1989). In our Wsil8::GFP seeds, we could
clearly detect GFP fluorescence in endosperm, as
evidenced by analyzing longitudinal and cross-sec-
tional slices of dry seeds lacking embryos and
aleurone layers (Fig 4b). As shown in Fig. 4c, where
GFP fluorescence was observed under more stringent
conditions, our Wsil8 promoter is predominantly
more active in embryos and aleurone layers than in
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endosperm. It might well be that the Wsi/8 promoter is
active during early endosperm development and that
the fluorescence is because of a stable GFP protein in
otherwise metabolically inactive tissue.

Expression levels of the endogenous Wsil/8 gene
(Fig. 1) and its promoter activity (Figs. 2b and 3) in
Oryza sativa cv Nakdong were both elevated in the
whole plant at the vegetative stage by the plant stress
hormone, ABA. Interestingly, the ABA-dependent
expression of our Wsil8 gene is consistent with that
of Wsil8j from Oryza sativa cv Jarrah (Xiao and Xue
2001), but not with Wsil8 from Oryza sativa cv IR36
(Joshee et al. 1998). Database search for nucleotide
sequences covering the Wsil/8 promoter regions led to
identification of ABRC (ABA-responsive complex)
elements in three japonica types (Nakdong, Jarrah
and Nipponbare) and one indica type (IR36)
(Table 1). Other motifs including the DRE/CRT-core
motif (GCCGAC) and G-box (CACGTG) (Joshee
et al. 1998) are all conserved in the promoter
sequences except for the ABRC motif. Multiple
alignments of the promoter sequences and expression
patterns of the Wsil8 genes reported in the literature
revealed that one mismatched base pair in inter-
element spacer regions of the CE (coupling element)
and the ABRE (ABA-responsive element) (Shen
et al. 2004) seems to determine the ABA-responsive
expression of the gene (Table 1). More specifically,
two cultivars that are induced by ABA contain a
perfect match in the spacer regions; whereas one
cultivar that is not induced by ABA carries a single
base-pair deletion (Table 1). We speculate that the
absence of ABA inducibility in the IR36 cultivar
Wsil8 promoter may be because of a 1-bp deletion in

the spacer region. The presence of a CE specifies
ABA responsiveness in combination with an ABRE.
In the promoter of barley HVA22 gene, a CEl
(TGCCACCGQG) is necessary for high-level ABA
induction together with ABRE3 (GCCACGTACA),
and replacement of either of these sequences abol-
ished ABA responsiveness (Shen and Ho 1995). Shen
et al. (2004) also demonstrated that in the ABRC3
complex of the barley HVAI, the CE3 and ABRE2
are next to each other, and the distance between the
elements is essential for such an ABA response. In
our Wsil8 promoter, the CE3 element lies immedi-
ately upstream of ABRE2 element, just like in the
barley HVAI, another member of the group 3 LEA
gene family. The inter-element spacer between the
two elements in our Wsil8 (5'-CCCCCT-3’) differs
in composition from that of the barley HVAI (5'-CTC
CCT-3') (Table 1), but is identical in length. These
observations suggest that the specific response to
ABA of our Wsil8 promoter in rice is mediated by
the length of the inter-element spacer in addition to
the presence of the CE3 and ABRE2 core sequences.
Recently, Ross and Shen (2006) also reported the
importance of the inter-element spacing of HVA[-like
ABA responsive rice promoters.

Cereal seeds can be used as an ideal platform for
production of various compounds, for example pro-
teins, industrial enzymes and pharmaceuticals (Barro
et al. 1997; Cahoon and Shanklin 2000; Shintani and
DellaPenna 1998; Takaiwa et al. 2007). Seed-specific
promoters are essential components of the engineer-
ing and have received more attentions. Qu and
Takaiwa (2004) analyzed activities of various seed
promoters in transgenic rice—endosperm-specific

Table 1 Comparison of inter-element spacer regions between CE3 and ABRE2 core sequences of rice Wsi/8 and barley HVAI

promoters

Cultivar Gene  CE3 and ABRE2 complex Subspecies ABA response Sequence Reference

Nakdong Wsil8 AACGCGTGTCCCCCCTACGTGGCC Japonica Induction GQ903792 This study

Jarrah Wsil8§j AACGCGTGTCCCCCCTACGTGGCC Japonica Induction AF246702 (99%) Xiao and Xue
(2001)

Nipponbare Wsil8

IR36 Wsil8 AACGCGTGTC-CCCCTACGTGGCg

Himalaya  HVAI

AACGCGTGTCCCCCCTACGTGGCC Japonica N/A

AACGCGTGTCCTCCCTACGTGGCG

AP003381 (99%) N/A

Indica No induction  ABO001682 (97%) Joshee et al.
(1998)
Vulgare Induction X78205 Ross and

Shen (2006)

N/A not available

Bold-face letters denote CE3 and ABRE2 core sequences; underlined letters denote inter-element spacer region sequences
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promoters such as glutelin and prolamin, embryo and
aleurone layer-specific promoters such as REG-2,
Olel8 and f-conglycinin, and the whole seed-specific
promoter AGPase small subunit. The Wisil8, a stress-
inducible promoter with activity in the whole grain
will increase the potential to express foreign genes in
transgenic cereal crops for the bioreactors and for
study of seed development.
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