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ARTICLE

Overexpression of an ABA biosynthesis gene using a

stress-inducible promoter enhances drought resistance in

petunia
Alejandro C Estrada-Melo1, Chao Ma1, Michael S Reid1 and Cai-Zhong Jiang2

The response of plants to drought stress includes reduced transpiration as stomates close in response to increased abscisic acid (ABA)
concentrations. Constitutive overexpression of 9-cis-epoxycarotenoid dioxygenase (NCED), a key enzyme in ABA biosynthesis,
increases drought resistance, but causes negative pleiotropic effects on plant growth and development. We overexpressed the tomato
NCED (LeNCED1) in petunia plants under the control of a stress-inducible promoter, rd29A. Under water stress, the transgenic plants
had increased transcripts of NCED mRNA, elevated leaf ABA concentrations, increased concentrations of proline, and a significant
increase in drought resistance. The transgenic plants also displayed the expected decreases in stomatal conductance, transpiration,
and photosynthesis. After 14 days without water, the control plants were dead, but the transgenic plants, though wilted, recovered
fully when re-watered. Well-watered transgenic plants grew like non-transformed control plants and there was no effect of the
transgene on seed dormancy.

Horticulture Research (2015) 2, 15013; doi:10.1038/hortres.2015.13; Published online: 8 April 2015

INTRODUCTION
Drought, the major abiotic stress constraining agricultural production,1

is a complex stress. Plants have evolved diverse strategies to respond
to drought, depending on the timing, severity, and duration of
drought in their native habitat.2 Drought stress can be defined as
the lack of the minimum amount of water to supply the basal require-
ments of otherwise well-adapted plants and drought resistance simply
as the ability of the plant to survive under drought conditions and to
recover following rehydration. Global climate change is expected to
increase the occurrence of drought periods in some parts of the world;
improving plant growth under water-limited conditions will therefore
become one of the most challenging tasks for growers of all plant
crops.3

Breeding for drought resistance would seem to be straightforward.
Growing an outcrossed population under water-stressed conditions
and then selecting the best lines for subsequent rounds of crossing
should provide genotypes that are more resistant to drought.
Unfortunately, such plants seldom perform well under favorable con-
ditions. This suggests the potential for using a molecular genetic
approach, either by increasing transcription of native genes that pro-
vide drought resistance or by introducing such genes from other
species.

Obvious targets for this approach are genes involved in the syn-
thesis and response to abscisic acid (ABA), the plant hormone that
mediates the response of plants to stresses such as drought, cold,
and salinity.4 Drought stress triggers increased tissue ABA concen-
trations, and the ABA signaling cascade results in stomatal closure,
and reduced transpiration.5,6 When the water stress is removed,
ABA concentrations fall, through catabolism and conjugation.7

The ability of plants to control endogenous ABA levels and regulate
the stomatal aperture during water stress has been a useful tool for
experiments in improving drought resistance.8

Prolonged exposure to osmotic stress that results from dehy-
dration is the likely cause of tissue death in drought-stressed plants.
In addition to stomatal closure, plants respond to increased ABA
concentrations by activating osmotic-responsive genes. These
genes encode proteins that help plants maintaining water uptake
under drought stress by accumulating solutes, thus lowering water
potential, preserving cell turgor, and minimizing water loss.9 There
are two major mechanisms for osmotic adjustment, the accumula-
tion of inorganic ions such as K1, Cl2, and Na1 or the accumulation
of organic solutes (also called compatible solutes) that reduce the
osmotic potential of the tissue. The mechanism employed varies
among species, cultivars, and even by position within the same
plant.10

The most common compatible solutes accumulated during os-
motic adjustment are sugar alcohols such as mannitol, quaternary
ammonium compounds such as betaine, and amino acids such as
glycine and proline. Proline is also considered to protect plant cells
from toxic by-products produced in response to drought. Yamada et
al.11 demonstrated in transgenic petunia plants that overexpression
of pyrroline-5-carboxylate synthetase (P5CS), which is a key gene in
proline biosynthesis, increased proline levels and improved plant
resistance to drought stress.

ABA also acts as a signal for the induction of dehydration resist-
ance genes,12 which, in addition to protecting the cells from stress,
regulate other genes involved in the response to drought stress.
These genes include the late embryogenesis abundant (LEA) genes
that provide desiccation tolerance during seed maturation, water
transporters such as aquaporins, detoxification enzymes like super-
oxide dismutase and catalase, protein kinases, phosphatases and
transcription factors that act as regulatory molecules.13

ABA biosynthesis is initiated in plastids where the C40 carotenoid
xanthophyll zeaxanthin is synthesized from isopentenyl dipho-
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sphate (IPP). Epoxidation of zeaxanthin by zeaxanthin epoxidase
(ZEP)14 results in another C40 compound, violaxanthin, which is
converted into neoxanthin through isomerization. Neoxanthin is
oxidatively cleaved by 9-cis-epoxycarotenoid dioxygenase (NCED)
to yield xanthoxin, the first C15 intermediate in ABA biosynthesis.15

Xanthoxin is exported from the plastid to the cytosol and is con-
verted in a two-step reaction to ABA with ABA aldehyde as the
intermediate.16,17 NCED is considered to be the rate-limiting step
in ABA biosynthesis; the gene encoding the enzyme was first cloned
from the ABA-deficient maize mutant vp14.18

Overexpression of NCED has been shown to result in ABA accu-
mulation and increased drought resistance in tomato (Solanum
lycopersicum),19 Arabidopsis thaliana,20,21 and tobacco (Nicotiana
tabacum).22,23 These studies all used a constitutive promoter CaMV--
35S to drive expression of NCED genes, with negative pleiotropic
effects on plant growth and development, including stunted
growth, delayed germination, and seed dormancy.19,24

Overexpression of LeNCED1 in tomato under the control of the
tissue-specific promoter rbcS3C generated transgenic plants with
much higher ABA levels in leaves and sap while the effect on seed
dormancy was reduced. However in non-stressed conditions, these
plants showed reduced stomatal conductance and CO2 assimila-
tion, increased photobleaching in young seedlings, reduction in
chlorophyll and carotenoid content, interveinal water soaking,
and greatly reduced growth.24

We sought a strategy that would stimulate transcription of an
NCED transgene only under stress conditions. For this purpose we
selected the stress-inducible promoter rd29A from Arabidopsis to
drive expression of a tomato LeNCED1 in petunia. The cis-acting
region of the rd29A promoter contains three dehydration-responsive
elements and one abscisic acid responsive element. The promoter
functions in almost all vegetative organs and tissues during water
stress.25

We hypothesized that under water stress conditions, the over-
expression of LeNCED1 using the stress-inducible promoter rd29A
would increase the ABA and proline concentration in leaves,
leading to stomatal closure, reducing the osmotic potential and
enhancing drought resistance in petunia, while under non-stress
conditions, there would be no negative effects on plant growth and
development.

MATERIALS AND METHODS

Plant materials and growth conditions
Petunia (Petunia hybrida ‘Mitchell Diploid’), obtained from Goldsmith Seeds
(Gilroy, CA, USA), was used as a control and as the material for petunia
Agrobacterium-mediated transformations. Petunia seeds were sterilized
and germinated on a solid MS medium26 in a growth chamber at 22 6C with
light intensity of 40 mmol/m2/s. Seedlings with two true leaves were then
carefully transferred into pots containing the same amounts of UC Mix (1/3
Peat, 1/3 Sand, 1/3 redwood compost), and grown in a greenhouse at
University of California Davis under natural conditions without supplement
lights at 25–30 6C.

Plasmid constructs
For the cloning of the rd29A promoter, a 1626 bp fragment of rd29A
(GenBank Accession No. CS191722.1) in the upstream 59 noncoding region
was amplified from wild-type Arabidopsis genomic DNA using the primers
(Supplementary Table S1). The 2222 bp coding region of LeNCED1 cDNA
(GenBank Accession No. AJ439079.2) was amplified from tomato (Solanum
lycopersicum Mill. L. cv. New Yorker) using the cloning primers
(Supplementary Table S1). The PCR products were cloned into pGEM-T easy
vector (Promega, Madison, WI, USA) for sequence confirmation by the
sequencing service of the College of Biological Sciences at University of
California Davis.

After sequence confirmation, the LeNCED1 gene was introduced into a
modified pGSA1403 binary expression vector27 in which the CaMV-35S pro-
moter was replaced with the rd29A promoter (Supplementary Figure 1). For
transgenic plants that were used as a constitutively expressed control, the

LeNCED1 gene was introduced into the pGSA1403 binary vector downstream
of the CaMV-35S promoter. The expression constructs, containing the kana-
mycin resistance gene for selection, were used for plant transformation.

Plant transformation
Petunia (Petunia hybrida ‘Mitchell Diploid’) was transformed via Agrobacterium
tumefaciens strain LBA4404. Plants were transformed at the UC Davis trans-
formation facility.28 At the fourth to sixth leaf stage, the kanamycin-resistant
primary transformants (T0) were screened using polymerase chain reaction
(PCR) to determine whether the plants contained the transgene.28,29

Lines containing the transgene were then transferred into pots containing
same amounts of UC Mix (1/3 Peat, 1/3 Sand, 1/3 redwood compost) and
grown in a greenhouse under natural conditions without supplement lights
at 25–30 6C until flowering. Plants then were self-pollinated to prevent cross-
pollination T1 seeds that displayed a 3 : 1 ratio of survival on kanamycin were
collected at maturity and used for further analysis.

Seeds of T1 transgenic lines were sterilized, germinated at room tem-
perature under controlled illumination (14 h of light) on a solid MS
medium,26 and supplemented with 100 mg L21 kanamycin for selection
of segregated progeny. Seeds from non-transformed control plants were
germinated and grown on a solid MS medium without kanamycin. To
identify homozygous lines, seedlings from selected lines were transferred
to pots filled with same amounts of UC Mix and grown in a greenhouse
with natural illumination at 25–30 6C until they set seed. One hundred
seeds from each line were germinated again on MS medium containing
100 mg L21 kanamycin. Three transgenic rd29A:LeNCED1 lines (8F, 7D, and
3D) showing 100% survival were selected as homozygous and used for
molecular analysis and physiological assessments. In addition, one CaMV-
35S:LeNCED1 line 12-F was selected to serve as a control. Due to low
germination, stunted growth and leaf photobleaching, this line was only
used for limited experiments.

Semi-quantitative RT-PCR
To determine the expression of the LeNCED1 and PhP5CS genes in non-
transformed and transgenic petunia plants, RNA extracted from the leaves
of T3 plants was analyzed using semi-quantitative RT-PCR. Prior to the
extraction, plants were drought stressed by withholding water for 3 days.
RNA was extracted from harvested leaves using TRIzol reagent (Invitrogen,
CA, USA) according to the manufacturer’s instructions. After DNase I treat-
ment to remove contaminating DNA, 1 mg of total RNA was used for reverse
transcription using the Superscript II Reverse Transcriptase Kit (Invitrogen,
CA, USA) according to the manufacturer’s protocol. The synthesized cDNA
was used for analysis of transcript abundance using semi-quantitative RT-
PCR and the primers shown in Supplementary Table S1. Gene expression
levels were compared to the expression levels of 26S ribosomal RNA.28 Semi-
quantitative PCR reactions were carried out in 25 mL volumes containing
1 ml reverse transcription reaction products as templates. PCR products were
analyzed by 1% (w/v) agarose gel electrophoresis. Three biological replica-
tions were used for the analysis.

The gel images from the semi-quantitative PCR analyses were quantified
using the Gel Logic 200 software (Kodak, Rochester, NY). The mean area
value of the three biological replicates was used to determine relative
expression levels. Graphs were generated and statistically analyzed by
one-way analysis of variance (ANOVA) using JMP (SAS Institute Inc., Cary,
NC, USA). Student’s t-test was used to examine significance of differences
between treatments using a P value of 0.05.

ABA analysis
To determine ABA concentrations, two fully expanded leaves nearest to the
apical meristem were collected and immediately frozen in liquid nitrogen.
The tissues were lyophilized and placed at 280 6C until extraction.
Approximately 100 mg samples were ground in liquid nitrogen and homo-
genized for 24 h in the dark at 4 6C in 80% chilled methanol containing
100 mg l21 butylated hydroxytoluene. After centrifugation, the supernatant
was collected, purified through a Sep-Pak C18 cartridge column (Waters Inc.,
Milford, MA, USA) and eluted with 70% methanol. ABA content was deter-
mined using the enzyme-linked immunosorbent assay (ELISA) test kit
(Agdia/Phytodetek, Elkhart, IN, USA) according to the manufacturer’s ins-
tructions. All measurements were made from three individual plants as
replicates and the results are expressed as nanomole ABA per gram fresh
weight of tissue.
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Proline determination
Proline content was measured spectrophotometrically based on proline’s
reaction with ninhydrin as described by Bates et al.30 with modifications.
The fully expanded leaves from transgenic and wild-type plants were
sampled. Fresh leaves (100 mg) were frozen in liquid nitrogen and ground
in a mortar and pestle in 0.5 ml of 3% aqueous sulfosalicylic acid. The result-
ing supernatant was added to the reaction mixture of 100 mL 3% sulfosalicylic
acid, 200 mL glacial acetic acid and 200 mL acidic ninhydrin. The reaction mix
was incubated at 100 6C for 60 min, then extracted with 1 ml toluene.
Absorbance at 520 nm was determined in a NanoDrop 2000c UV-Vis spec-
trophotometer (Thermo Fisher Scientific Inc., Waltham, MA USA) using tolu-
ene as a reference. The concentration of proline was determined by reference
to a standard concentration curve.

Drought response
Eighteen rd29A:LeNCED1-8F and non-transformed petunia seedlings (2
weeks old) were transplanted into 4-inch pots containing same amounts
of UC Mix. Pots were covered with aluminum foil to prevent any loss of water
by evaporation from the soil surface. The plants were grown for 3 weeks in a
greenhouse (natural illumination at 25–30 6C) under well watered conditions
(pot capacity). At this point (day 0), the pots were weighed, and this value
was considered to be 100% water content. Drought stress was then imposed
by withholding water for 9 days, at which point most leaves of the non-
transformed plants were wilted. The pots were weighed every morning
(9:00–10:00 a.m.) for determination of percentage water loss.

Recovery after severe drought
After the drought treatment (14 days), plants were re-watered, and 10 days
later the plants that displayed full turgor and resumed their growth were
counted as recovered plants.

Effect of drought stress on ABA and proline content
Transgenic and non-transformed Petunia seedlings were transplanted into
4-inch pots containing UC Mix. Four weeks after transplanting, second and
third leaves of transgenic and non-transformed plants were harvested to
serve as controls. The remaining plants were drought stressed by withhold-
ing water. The second and third leaves of transgenic and non-transformed
plants were harvested from each plant for determination of ABA and proline
content 3 days after treatment.

Seed germination
To evaluate the effect of the rd29A:LeNCED1 construct on seed germination,
seeds of non-transformed and transgenic Petunia plants were sterilized and
sown (100 seeds per assay) on Petri plates containing standard MS agar
medium. Plates were held at 24 6C in 16 to 8-h light/dark cycles. Germination
was scored when two fully expanded green cotyledons had developed. The
experiment was repeated three times.

Gas-exchange measurements
We analyzed the effects of the LeNCED1 transgene on net photosynthesis
rate (A), stomatal conductance (gs), and transpiration rate (E) using a port-
able photosynthesis system (model LI-6400, LI-COR Biosciences, Lincoln, NE,
USA). Measurements were made on the uppermost fully expanded leaves
of five individual transgenic plants using a photon flux density of
1000 mmol.m22.s21 and a CO2 concentration of 400 mmol.mol21. Non-
transformed and CaMV-35S:LeNCED1 plants served as controls.

Stem water potential measurement
Stem water potential was measured using the bagged leaf technique in a
Scholander-type pressure chamber.31 Fully expanded leaves near the stem
at similar positions were used. Measurements were conducted at midday.31

Stomatal density
To measure leaf stomatal density a leaf imprint method was used. Three fully
developed leaves for each plant and three mature plants were sampled. A
drop of methacrylate glue (Crazy Glue) was applied to the adaxial and
abaxial side of three different areas of each leaf, avoiding the midvein,
and the leaf was pressed to a glass slide for 30 s. The leaf was removed
and the imprint on the glass slide was observed using a light microscope.

Flower senescence
Ten flowers from plants of each transgenic line and from control plants were
harvested when flowers were fully open but before the anthers had
dehisced. Flowers were placed in 2 ml tubes containing a standard vase
solution (Chrysal, Walterboro, SC, USA). Flowers were monitored daily and
were scored as senesced when the corolla wilted. To determine the longev-
ity of attached flowers, 10 fully open flowers of each transgenic line and of
control plants were labeled, then monitored daily until their corollas were
completely wilted.

Data analysis
All measurements were repeated at least three times from different indi-
vidual plants. All data were subject to ANOVA according to the model for
completely randomized design using Proc GLM (generalized linear model)
with LSD means separation (least significant difference test; P # 0.05). Values
were analyzed by JMP Version 11 (SAS Institute Inc., Cary, NC, USA).

RESULTS

Screening and characteristics of rd29A:LeNCED1 lines
Following self-pollination and kanamycin selection of 12 T0 lines
obtained from the transformation facility, we selected three homo-
zygous T2 transgenic rd29A:LeNCED1 lines 8F, 7D, and 3D. These
plants exhibited normal growth and development under non-stress
growth conditions (Figure 1). Anatomically, too, the plants were
indistinguishable; we found no significant differences in stomatal
density or stomatal index on abaxial and adaxial leaf surfaces
between the transgenic rd29A:LeNCED1 and control plants (data
not shown). T3 seedlings of these lines were used for further experi-
ments. One homozygous line CaMV-35S:LeNCED1-12F, was used as
a constitutive expression control in limited experiments. Under
non-stressed conditions, the seeds from CaMV-35S:LeNCED1 plants
showed low germination rate and the plants grew more slowly than
the non-transformed control and rd29A:LeNCED1 plants (Figure 1),
and older plants developed a severe photobleaching phenotype
(Supplementary Figure 4).

In the germination assay, 95% of seeds from non-transformed
plants germinated within 10 days. Seeds of the rd29A:LeNCED1 lines,
8F, 7D, and 3D, gave germination rates of 95, 90, and 92% respectively.
Only 50% of the seeds from the CaMV-35S:LeNCED1 plants had ger-
minated after 10 days (Supplementary Figure 2b). Germination was
restored to the levels of the control seeds when CaMV-35S:LeNCED1
seeds were treated with 500 ppm GA (Supplementary Figure 2c).

Drought stress response of vegetative plants
After 6 weeks in the greenhouse under normal conditions there
were no visible differences in phenotype between the rd29A:
LeNCED1 transgenic plants and control plants (Figure 2). When
water was then withheld for 1 week, there was a dramatic differ-
ence. The control plants were visibly wilted, while plants of the
three transgenic lines were still turgid (Figure 2).

Recovery from drought stress
The recovery experiment compared control and rd29A:LeNCED1-8F
plants. Control plants started to wilt at 3 days of drought (Figure 3)
and were severely wilted by 10 days. At that time the transgenic
plants showed wilting and yellowing only of the older (basal) leaves
(Figure 3). After 2 weeks without water, the control plants were
completely desiccated, and some transgenic plants were severely
wilted, although their apices remained turgid. The plants were re-
watered after 2 weeks of drought stress (Figure 3). Only 11% of the
control plants survived, whereas 94.4% of the rd29A:LeNCED1 trans-
genic plants recovered completely.

Drought stress response of flowering plants
After 12 weeks in the greenhouse, the rd29A:LeNCED1 and con-
trol plants were flowering and were visually indistinguishable
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Figure 1. Phenotypes of LeNCED-overexpressed petunia. The seedlings from non-transformed control, transgenic rd29A:LeNCED1 lines 8F, 7D,
3D, and CaMV-35S:LeNCED1-12F were grown in UC Mix soil in greenhouse. Daily irrigations were provided to maintain optimal non-stress
growth conditions. Photographs were taken at different stages of development (4, 7, 10, and 13 weeks after sowing).

Figure 2. Phenotypes of control and rd 29A:LeNCED1 plants under non-stress and stress conditions. Plants of non-transformed control and
transgenic rd29A:LeNCED1 (8F, 7D, and 3D) lines were grown in UC mix soils in greenhouse for 6 weeks under non-stress conditions (a) and were
subjected to drought treatment by withholding irrigation for 7 days (b). Photographs taken at 7 days after drought treatment clearly showed
wilting phenotype for the non-transformed control while the rd29A:LeNCED1 lines showed no apparent negative impact on the growth and
development.
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(Supplementary Figure 3). Withholding water for 10 days resulted
in severe wilting of leaves and flowers in the control plants while the
transgenic plants were only slightly wilted, and most of their flowers
were still turgid (Supplementary Figure 3). As with the vegetative
plants, most of the rd29A:LeNCED1 plants at the flowering stage
recovered if they were re-watered after 15 days of drought stress;
the control plants were unable to recover (Supplementary Figure 4).
Transgenic plants constitutively expressing LeNCED1 also completely
recovered (Supplementary Figure 4).

Effect on transpiration
Determination of water loss by measuring the pot weight of 5-
week-old plants subjected to drought stress demonstrated a sig-
nificant difference between non-transformed and rd29A:LeNCED1-
8F plants. For the first day after stopping irrigation, water loss was
similar in all plants. Thereafter there was a dramatic difference in
water loss between the control and transgenic plants. Water loss
from non-transformed control and from transgenic plants was
almost linear for the first week of the drought stress period; the rate
of water loss in the transgenic plants was half that in the controls
(Figure 4). The time to visible wilting in the controls was less than
half of that in the transgenic plants.

LeNCED1 expression results in an increase of ABA content
LeNCED1 transcripts could not be detected in non-stressed leaves
from the three rd29A:LeNCED1 transgenic lines (0 h) but were
abundant in leaves from the CaMV-35S:LeNCED1 line (Figure 5a).
After 3 days of drought, LeNCED1 transcript abundance had
increased dramatically in leaves from the three rd29A:LeNCED1
transgenic lines and was similar to that in the CaMV-35S:LeNCED1
transgenic plants (Figure 5a).

ABA concentrations in non-stressed leaves were low (Figure 5c);
the concentration in leaves of the CaMV-35S:LeNCED1 line was twice
that in the other lines. After 3 days of drought stress, ABA con-
centrations had increased dramatically in all plants, especially in
the rd29A:LeNCED1 line 8F and in the CaMV-35S:LeNCED1 line 12F
(Figure 5c).

Physiological parameters
In well-watered plants, the photosynthesis rate, transpiration rate,
stomatal conductance, and stem water potential of control and
rd29A:LeNCED1 plants were very similar (Figure 6). In contrast, these
parameters were all significantly lower in plants of the CaMV-
35S:LeNCED1 line. Drought stress reduced these physiological para-
meters in all plants. Photosynthesis, stomatal conductance, and

Figure 3. Drought stress resistance of rd29:LeNCED petunia. Plants of non-transformed control and transgenic rd29A:LeNCED1 line 8F were
grown in pots filled with same amounts of UC Mix under non-stress conditions for 5 weeks and were subjected to drought stress by withholding
water for 14 days. The control plants started wilting at day 3 and were severely wilted by day 10. In comparison, transgenic plants started to show
wilting at day 10. The stressed plants were rehydrated to allow recovery and photographs were taken 10 days after re-watering. The number of
surviving plants (out of the total tested) was indicated on the upper right of the image.
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transpiration in the stressed transgenic plants were lower than in
the stressed non-transformed controls, but stem water potential of
the controls was much lower than that in the transgenic lines
(Figure 6).

Effects of drought stress on proline synthesis
Under non-stressed conditions, P5CS transcript abundance was low,
but detectable in transgenic rd29A:LeNCED1 and control plants
(Figure 7a). Abundance was much higher in the non-stressed
CaMV-35S:LeNCED1 plants. After 3 days of drought stress, P5CS tran-
script abundance had increased substantially in all plants, but much
more in the transgenic plants than in the controls (Figure 7b). The
proline content of the plants mirrors the transcript abundance
(Figure 7c); concentrations were low in non-stressed plants, although
somewhat higher in the CaMV-35S:LeNCED1 plants (Figure 7c). Stres-
sed plants all contained much higher concentrations of proline, but
concentrations in the transgenic lines were double that in the con-
trols (Figure 7c).

DISCUSSION
Our data strongly support the hypothesis that overexpression of
LeNCED1 using a stress-specific promoter would enhance drought
resistance in petunia without negative effects on plant growth and
development under non-stress conditions. Previous researchers
overexpressed NCED using a constitutive promoter such as CaMV-
35S. Although they found increased ABA accumulation, faster sto-
matal closure and enhanced drought resistance in several plants
including tomato,32 Arabidopsis,33,34,20 Nicotiana plumbaginifolia,23

and tobacco;22,19 the transgenic plants showed defective growth
and development, increased seed dormancy and delayed germina-
tion.19 In the CaMV-35S:LeNCED1 petunia lines that we generated,
similar effects, including a marked photobleaching phenotype in
leaves of mature plants, were observed (Supplementary Figure 5).

To avoid these pleiotropic effects, we generated petunia plants
overexpressing the LeNCED1 gene under the control of the stress-
responsive rd29A promoter. Inducible promoters are a very power-
ful tool used in plant genetic engineering to regulate the expression

Figure 5. LeNCED1 expression and ABA content in LeNCED1-over-
expressed petunia. Plants of non-transformed control, transgenic
rd29A:LeNCED1 lines 8F, 7D, 3D, and CaMV-35S:LeNCED1-12F line
were grown in UC mix soils in greenhouse for 6 weeks under non-
stress conditions and were subjected to drought treatment by with-
holding irrigation for 3 days. Transcript abundances of the LeNCED1
were determined with semi-quantitative RT-PCR using intact leaves
after 0- and 3-day drought treatment (a, b). Error bars show SE of the
means of three biological replicates; different letters denote signifi-
cant differences using t-test at P . 0.05. ABA contents were measured
using ELISA methods as described in M & M (c). Leaf samples were
taken from the non-transformed control, transgenic rd29A:LeNCED1
and CaMV-35S:LeNCED1 lines at 0 and 3 days after drought treat-
ment. Data are means 6 SD (n 5 6). Different letters denote signifi-
cant differences at the 0.05 level.

Figure 4. Water loss of rd29A:LeNCED petunia under drought stress.
Plants of non-transformed control and transgenic rd29A:LeNCED1-8F
were grown in the pots filled with same amounts of UC mix soils under
well-irrigated conditions for 5 weeks and were subjected to drought
stress treatment by withholding water over a period of 9 days. The
weights of each pot were measured daily in the morning and water
loss was calculated. The arrows mark the points when all the plants
showed wilting. Each time point is presented as the mean 6 SD (n 5
6). Different letters denote significant differences at the 0.05 level.
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of genes in a particular tissue or at specific stages of development.35

In normal growth conditions, the transgenic plants were indistin-
guishable from the control plants (Figure 1), indicating that the
transgene was tightly controlled. Even in line 7D, whose stomatal
conductance was significantly reduced under non-stress conditions
(Figure 6b), suggesting some ‘leakiness,’ there were only minor
negative effects on plant growth and development. Seed germina-
tion rate (Supplementary Figure 2), flower longevity (Supplementary
Figure 6), and stomatal density (data not shown) of the transgenic
plants grown under non-stressed conditions were also similar to
those of control plants.

The photobleaching symptom observed in the mature leaves of
the CaMV-35S:LeNCED1 plants might be attributed to reduced pro-
duction of photoprotective carotenoids36 resulting from diversion
of precursors to ABA synthesis. Since there was no photobleaching
in the rd29A:LeNCED1 plants, photobleaching in the constitutive
NCED plants cannot be explained in this way, and must instead
be the result of other correlated effects, such as stomatal closure
and limited CO2 fixation under non-stressed conditions.

One of the more remarkable responses to drought stress of the
rd29A:LeNCED1 transgenic plants was their ability to recover from
severe water stress. After 14 days without water, most of the trans-
genic plants recovered, whereas almost all of the control plants
died when re-watered. This difference may simply reflect the reduc-
tion in water loss and accompanying physiological stresses in the
transgenic plants, but it may also be the result of the greatly
increased concentration of proline and perhaps other osmoregula-
tory compounds in the cells of the stressed transgenic plants. We
found that the relatively low concentration of ABA in the leaves of
constitutive CaMV-35S:LeNCED1 plants under non-stressed condi-
tions had about the same effect on gas exchange as the much
higher levels in the drought-stressed rd29A:LeNCED1 transgenic

plants. This suggests that mechanisms other than stomatal closure
are key to the improved stress resistance resulting from stress-
induced overexpression of NCED.

In response to drought stress, many plants reduce their water
potential to maintain turgor by accumulating compatible solutes
such as proline, mannitol, or trehalose in the cytoplasm.37,38 Proline,
one of the most commonly reported compatible solutes, is import-
ant not only in osmoregulation,39 but also in protecting cells by
enhancing the stability of proteins and membranes.40,41 The
increased transcript abundance of P5CS, considered to be the rate
limiting enzyme in proline biosynthesis,42 was correlated with a
significantly higher accumulation of free proline in rd29A:LeNCED1
transgenic plants during drought stress (Figure 7). Other research-
ers have shown correlations between endogenous increase43 and
exogenous application of ABA and proline concentrations in
drought-stressed plants, but the relationship between proline
and ABA in stress survival requires further examination.

Our results demonstrated that overexpression of a target gene
related to ABA biosynthesis pathway such as NCED using the indu-
cible promoter rd29A is an effective strategy for improving the
drought resistance and avoiding the negative effects resulting from
a constitutive promoter. Drought is a complex stress. Drought res-
istance can vary widely among crops; accurately assessing the
drought resistance of different crops and varieties requires extens-
ive field trials over a number of growing seasons in varied environ-
ments. Whether the approach described in this study would be
widely applicable to other plants or agricultural field crops or the
mechanism based on the conditionally enhanced ABA biosynthesis
would be useful under field conditions requires further study. In
addition, it would be informative to examine whether this approach
could enhance water use efficiency and affect biomass production
in the future.

Figure 6. Leaf gas exchange and water potential in LeNCED1-overexpressed petunia. Plants of non-transformed control, transgenic
rd29A:LeNCED1 lines 8F, 7D, 3D, and CaMV-35S:LeNCED1-12F line were grown in UC mix soils in greenhouse for 6 weeks under non-stress
conditions and were subjected to drought treatment by withholding irrigation for 3 days. CO2 assimilation rate (a), leaf conductance (b),
transpiration rate (c), and stem water potential (d) were measured using intact leaves. Error bars represent standard deviation of the mean
where n 5 6. Different letters denote significant differences at the 0.05 level.
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