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The genes ABIl and ABI2 are involved in abscisic acid-
and drought-inducible expression of the Daucus carota L. Dc3
promoter in guard cells of transgenic Arabidopsis thaliana (L.) Heynh.
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Abstract. The ABA INSENSITIVEI (ABIl) and ABI2
genes encode homologous type-2C protein phosphatases
with redundant yet distinct functions in abscisic acid
(ABA) responses. Results from Northern blot analysis
showed that ABA- and mannitol-inducible expression of
the COR47 and COR78/LTI78/RD29A4 (COR78) genes
was more impaired in the abi2 mutant of Arabidopsis
thaliana (L.) Heynh than in the abil mutant. Further-
more, ABA-plus-mannitol treatments were additive
towards COR47 gene expression; however, the ABA-
deficient abal mutant showed reduced COR expression
relative to the wild type in response to mannitol and
ABA-plus-mannitol treatments. These results support
the notion that drought- and ABA-signalling pathways
are separate yet overlapping. To facilitate quantitative
analysis of the genetic control of tissue-specific ABA-
and desiccation-response pathways, we analyzed ABA-
and mannitol-inducible expression of a carrot (Daucus
carota L.) Dc3 promoter:uidA (f-glucuronidase; GUS)
chimaeric reporter (Dc3-GUS) in transgenic wild-type,
ABA-deficient abal, and ABA-insensitive abil and abi2
mutants. The Dc¢3 promoter directed ABA- and man-
nitol-inducible GUS expression in Arabidopsis guard
cells and the two treatments were additive. The abal,
abil, and abi2 mutant genotypes had reduced GUS
expression in guard cells of cotyledons in response to
mannitol, whereas abil and abi2 mutants were reduced
in ABA-inducible GUS expression, consistent with
overlapping ABA- and drought-response pathways.
Quantitative fluorometric GUS assays of leaf extracts
showed that abi2 mutants responded less to exogenous
ABA than did abil mutants, and abi2 mutants respond-
ed more to mannitol than did abil mutants. We
conclude that Dc3-GUS Arabidopsis is a tractable system
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in which to study tissue-specific ABA and drought
signalling and suggest that ABI2 functions predomi-
nantly over ABII in COR78 and COR47 gene expression
and guard-cell Dc3-GUS expression.
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Introduction

The plant hormone abscisic acid (ABA) mediates a
myriad of physiological processes in growth and devel-
opment, including cell division, water-use efficiency, and
gene expression during seed development and in re-
sponse to environmental stresses such as drought,
chilling, salt, pathogen attack, and UV light (Carrera
and Prat 1998; Grill and Himmelbach 1998; Leung and
Giraudat 1998; Albinsky et al. 1999). Despite the
complex multitude of data, physiological, molecular,
genetic, biochemical, and pharmacological, that impli-
cate ABA in stress responses, the adaptive responses to
ABA and stresses, and the pathways that trigger them,
are largely unknown. Complex interactions have been
reported for ABA-, salt- and cold-signaling pathways in
Arabidopsis (Xiong et al. 1999). Cyclic ADP-ribose and
phosphatidic acid have been shown to act as secondary
messengers in ABA-regulated gene expression (Wu et al.
1997; Richie and Gilroy 1998). Genetic approaches in
Arabidopsis have identified mutants that define overlap-
ping signaling pathways for cold-, salt- and ABA-
inducible gene expression (Foster and Chua 1999; Xiong
et al. 1999) and resulted in cloning of novel genes
involved in seed development and stomatal movements
(Finkelstein et al. 1998; Luerssen et al. 1998; Pei et al.
1998).

The COR genes are cold-, drought-, salt-, and ABA-
responsive genes whose protein products are heat stable
and hydrophyllic; some COR genes have structural
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similarities to the /ate-embryogenesis-abundant (LEA)
group-II and -III proteins (Dure 1993; Thomashow
1998). The LEA group-IIT homologues in wheat, maize,
barley, carrot, and the resurrection plant Craterostigma
plantagineum are induced by ABA and dehydration
stress (Ingram and Bartels 1996). An ABA-inducible
LEA group-III homologue has recently been cloned
from Arabidopsis (Yang et al. 1997). The carrot LEA
group-1II Dc3 gene is normally expressed in developing
seeds and in vegetative tissues in response to drought,
salt, and exogenous ABA (Seffens et al. 1990; Vivekan-
anda et al. 1992; Thomas et al. 1997). The cis-acting
elements for seed-specific and ABA-inducible D¢3 gene
expression have been characterized, and Dc3 promoter-
binding basic leucine-zipper proteins have been cloned
(Kim and Thomas 1998; Siddiqui et al. 1998). The roles
of COR and LEA genes in cold and desiccation
tolerance are not yet known, but there is strong evidence
that they have an adaptive function in desiccation,
freezing, and osmotic tolerance (Xu et al. 1996; Step-
onkus et al. 1998; Swire-Clark and Marcotte 1999).

The genetic and functional relationships between
COR and LEA gene expression and responses to
freezing, ABA and drought have recently been elucidat-
ed with the cloning of APETELA2-domain-like tran-
scription factors (CBF and DREB; Jaglo-Ottosen et al.
1998; Liu et al. 1998; Medina et al. 1999) that transac-
tivate cold- and drought-inducible promoters. The
cooperative action of at least two cis elements and the
promoter configuration is critical for ABA-induced
transcription (Ingram and Bartels 1996; Busk and Pages
1998; Leung and Giraudat 1998).

The semidominant abil and abi2 mutations are the
most pleiotropic of the ABA response mutants, affecting
gene expression in seeds and vegetative tissues as well as
rapid stomatal movements, seed dormancy and germi-
nation, and adaptive growth (Leung et al. 1997; Grill
and Himmelbach 1998; Leung and Giraudat 1998). The
ABII and ABI2 genes have been cloned by map-based
methods and encode homologous type-2C protein
serine/threonine phosphatases (Leung et al. 1997
Rodriguez et al. 1998). Remarkably, the sole mutant
alleles, abil-1 and abi2-1, are both missense mutations of
a conserved glycine to aspartate that result in a
dominant negative phenotype in vivo and in vitro (Le-
ung et al. 1997; Rodriguez et al. 1998; Sheen 1998). The
ABII (and probably ABI2) gene acts as a negative
regulator of ABA signaling (Sheen 1998; Gosti et al.
1999). The ABII gene affects an ABA-signaling pathway
differentially over a drought- or cold-signaling pathway
leading to COR gene expression (Gilmour and Thoma-
show 1991; Yamaguchi-Shinozaki and Shinozaki 1993;
Mintyld et al. 1995). Conversely, de Bruxelles et al.
(1996) have proposed that 4BI2 specifically controls an
ABII-independent drought- and ABA-response pathway
leading to alcohol dehydrogenase (ADH) gene expres-
sion. Finkelstein (1993) found that both abil and abi2
mutants showed a slight reduction in ABA-inducible
LEA group I AtEm6 transcripts in  8-d-old seedlings.
Thus, the genetic and molecular evidence indicates that
ABII and ABI2 have functional redundancy, yet their
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activities are not entirely overlapping (Leung et al. 1997;
Leung and Giraudat 1998; Pei et al. 1997, 1998; Rodri-
guez et al. 1998; Gosti et al. 1999).

Our interest is to elucidate by genetic means the
molecular mechanisms underlying the complex network
of gene products that localize, perceive, and integrate
ABA and stress signals. We have analyzed ABA- and
desiccation-inducible expression of a carrot (Daucus
carota L.) Dc3 LEA group-III promoter:uid4 (f-glucu-
ronidase; GUS) chimaeric reporter (Dc¢3-GUS) in trans-
genic wild type and in ABA-deficient abal, and
ABA-insensitive abil and abi2 mutants of Arabidopsis.
Here we show that D¢3-GUS transgenic Arabidopsis is
an amendable system for molecular genetic analysis of
tissue-specific ABA and drought signalling. Northern
blot analysis suggests that 4BI2 may have a predomi-
nant role over 4BI! in regulation of endogenous COR78
and COR47 expression. Quantitative and histochemical
analysis of Dc3-GUS expression in mutants suggests that
the ABII and ABI2 genes regulate guard-cell-specific
Dc3-GUS gene expression in response to ABA and
drought.

Materials and methods

Plant materials and growth conditions. The Arabidopsis thaliana
(L.) Heynh. genotypes used in this study were the Landsberg erecta
wild type (CS20), and the abal-1 (CS21), abal-4, abil-1 (CS22) and
abi2-1 (CS23; Koornneef et al. 1984) mutants. Numbers in paren-
theses refer to the Arabidopsis Biological Resource Center
catalogue number (Ohio State University, Columbus, Ohio,
USA). Seed of the strong allele abal-4 was provided by Maarten
Koornneef, Department of Genetics, Wageningen Agricultural
University, Netherlands. Two independent D¢3-GUS transformant
lines, 7-2 and 11-1 in the Landsberg erecta background, containing
the full-length 1.5-kbp Dc¢3 promoter fused to the GUS coding
region (Seffens et al. 1990; Vivekananda et al. 1992; Thomas et al.
1997), were crossed and the F2 and F3 generations screened by
restriction fragment length polymorphism (RFLP) analysis to
identify a doubly homozygous Dc¢3-GUS line (P-series; see below).

Arabidopsis was grown in well-drained flats (27 cm X
38 cm x 7 cm depth) and humid (80% relative humidity) condi-
tions at low irradiance (40-75 pmol photons m~2s!). These
conditions favor the growth of abal, abil and abi2 mutants that are
wilty under normal growth conditions. The potting medium was
Metro Mix 300 from Hummert International (Earth City, Mo.,
USA) or Plantmate from Merlinder Ltd. (No. 5, 3/F; Wah Lai
Industrial Center, Shatin, Hong Kong). For axenic seedling
growth, seeds were surface-sterilized and plated on minimal
medium (Scholl et al. 1998) petri dishes solidified with 1.2%
phytagel (Sigma, St. Louis, Mo., USA). Plates were then stored at
4 °C for 4 d in the dark to break seed dormancy and transferred to
a growth chamber [23 °C; 13 h light (120 pmol photons m™> s™1)
and 11 h darkness daily] and grown vertically for 4 d.

Genetic analysis of abal, abil and abi2 recombinants. Three
physiological assays were used to select recombinant lines of
abal, abil and abi2 mutants. A dormancy assay with freshly
harvested seeds was used to screen for the abal homozygous
recombinants from self-fertilized F1 abal/+, Dc3-GUS lines. F2
seeds were sterilized, plated on minimal medium and placed
immediately in a growth chamber without any cold treatment; the
number of seeds germinated each day was counted. At 3 d post-
imbibition, the wild-type germination percentage was 2.5 + 0.7%
(SE), while that for the abal mutant was 17.7 £ 3% (SE, data not
shown).
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A germination assay in the presence of inhibitory concentra-
tions of ABA was used to screen for abil and abi2 Dc3-GUS F2
recombinants. Seeds of the wild type, abil, abi2, and F2 recom-
binant Dc¢3-GUS lines were sterilized and germinated on 3 pM
ABA minimal plates after a cold (4 °C) treatment for 4 d in the
dark to break dormancy. After 2 d in a growth chamber, the
percentage of germinated seed was determined. Wild-type (P-series)
germination was 2.2 + 0.6% (SE) and that of abil and abi2
mutants 36 = 9% (SE, data not shown).

A transpiration assay was used to screen abal, abil and abi2
Dc3-GUS recombinants for the wilty phenotype. Individual seed-
lings from segregating lines identified in dormancy and germination
assays were transplanted from plates to potting medium and grown
until three or four pairs of mature rosette leaves had expanded. A
mature leaf was cut at the petiole and placed in water to achieve full
turgor. The leaf was then blotted dry and placed onto an analytical
balance that was connected to the serial port of a personal
computer. Weight was automatically recorded every 30 s for
20 min. The transpiration rate was calculated as the negative slope
of percent of initial weight versus time. Wild-type (P-series) leaves
lost 18 £ 8% (SE) of fresh weight after 20 min; abal, abil and
abi2 homozygous mutants lost 44 + 10% (SE; Rock and Ng
1999).

Recombinant lines that bred true for three generations as
measured by high transpiration rates, high germination in the
dormancy assay (for the abal lines), and high germination on 3 uM
ABA (for abil and abi2 lines) were concluded to be homozygous
for the abal, abil and abi2 mutations. These lines were further
characterized for their Dc¢3-GUS insertion genotypes by RFLP
analysis. The abil and abi2 recombinant lines were also confirmed
as homozygous by the cleaved amplified polymorphic sequence
assays described in Leung et al. (1997).

Southern and Northern analyses. It was considered important to
use isogenic lines when quantifying the relative effects of abal, abil
and abi2 mutations on Dc¢3-GUS reporter gene activity. Therefore,
RFLP analysis corresponding to the two Dc¢3-GUS reporter genes
in the P-series wild-type line (7-2 and 11-1) was performed on the
recombinant lines homozygous for abal, abil and abi2 alleles.
Manipulation of nucleic acids was by standard methods (Ausubel
et al. 1994 ). Genomic DNA from individual segregant plants was
prepared as described by Li and Chory (1998). The diagnostic
Hindlll RFLPs of 5.5 and 4.1 kbp for the 11-1 and 7-2 D¢3-GUS
insertions, respectively, were confirmed in all of at least 16
individuals from the homozygous abal and abi2 lines. The abil
line used in the fluorometric assay was heterozygous for the Dc3-
GUS 11-1 insertion (data not shown). Southern and Northern
analysis was by chemiluminescence labeling and detection (Gene
Images, Amersham, Buckinghamshire, UK) according to the
supplier’s protocol. Autoradiography was with pre-flashed X-ray
film (Ausubel et al. 1994) in order to perform densitometry. The
GUS coding region used as a probe of Southern blots was a
2.0-kbp Ncol-EcoRI fragment of the plasmid pBM207 (Hill et al.
1996). Plasmid pHH7.2 (Gilmour and Thomashow 1991) was
digested with EcoRI to yield a 1.1-kbp fragment containing the
COR47 cDNA. Plasmid pRD29A (Yamaguchi-Shinozaki and
Shinozaki 1993) was digested with BamHI to give a 2.4-kbp
fragment containing the entire coding sequence of COR78
(RD294) cDNA.

For Northern blot experiments, approximately 20 whole plants
per sample of 4- to 5-week-old wild type (P-series), abal, abil and
abi2 genotype were used. For the ABA induction experiments, a
solution of 100 uM ABA was sprayed on the plants as described by
Yamaguchi-Shinozaki and Shinozaki (1993) and samples were
frozen in liquid nitrogen after 6 h and stored at —70 °C until
extraction of RNA. For the drought-stress-simulation [15% (w/v)
p-mannitol (Sigma)] and synergy experiments [100 uM ABA plus
15% (w/v) mannitol], whole plants were floated on water (control)
or given solutions for 6 h before freezing. Total RNA was prepared
by the acid guanidinium thiocyanate-phenol-chloroform extraction
method (Ausubel et al. 1994).
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p-Glucuronidase assays. Histochemical and quantitative GUS
analysis was as described by Jefferson (1987). Expanded 2nd and
3rd leaves from 3-week-old plants (15 per sample) were collected
and floated in petri dishes with various treatments for 24 h in a
growth chamber. Solutions of cis-(£) ABA (Sigma) were diluted
from 100 mM stock solutions prepared in 90% ethanol; equivalent
volumes of 90% ethanol were included in all treatments. After
treatments, leaves were developed for 24 h with a 1 mM solution of
indigogenic GUS substrate 5-bromo-4-chloro-3-indolyl f-p-glucu-
ronide (X-Gluc; Rose Scientific, Edmonton, Alberta, Canada) in
50 mM KH,PO4 (pH 7.0), 0.1 mM EDTA, 0.5 mM ferricyanide,
0.5 mM ferrocyanide, 0.05% sodium azide, 0.1% Triton X-100.
After staining, chlorophyll was photobleached from leaves by
immersing tissue in 70% ethanol and placing under a fluorescent
lamp (4 x 10> pmol photons m™2 s™') overnight. Plant tissue was
mounted in 30% glycerol on microscope slides and photographed
through a differential interference contrast microscope (Axiophot;
Carl Zeiss, Oberkochen, Germany).

For quantitative GUS assays, 4-methylumbelliferone (4-MU)
produced from the glucuronide precursor (4-methylumbelliferyl-
p-p-glucuronide; Rose Scientific) was determined by a standard
protocol (Jefferson 1987). The 4-MU fluorescence was measured
with a Cytofluor II microplate spectrofluorometer (Molecular
Dynamics, Sunnyvale, Calif., USA). Protein concentrations of
plant extracts were determined by the dye-binding method (Bio-
Rad Protein Assay; Bio-Rad, Hercules, Calif., USA). The GUS
activity was calculated in units of nmol 4-MU produced
(pg protein)™' h™".

Results

Previous work showed that ABII and ABI2 are involved
in COR expression in response to ABA, but not to
desiccation (for COR78 in abil mutants) or cold stress
(Gilmour and Thomashow 1991; Yamaguchi-Shinozaki
and Shinozaki 1993; Gosti et al. 1995; Mintyld et al.
1995), suggesting the existence of ABA-independent
stress-response pathways. In order to analyze the
interaction of ABA- and desiccation-response pathways,
we utilized 15% (w/v) mannitol [a non-penetrating
osmolyte that mimics drought stress by inducing plas-
molysis and ABA synthesis (Creelman and Zeevaart
1985)] as a medium for induction of gene expression
alone or in combination with 100 uM ABA. Northern
blot analysis showed that COR78 and COR47 expres-
sion in response to mannitol was lower in abal and abi2
mutant plants compared to the wild type, while abil
mutant plants showed only a slight reduction in COR
transcripts relative to the wild type (Fig. 1C). Densi-
tometry of Northern bands indicated the abal and abi2
mutations reduced expression of COR78 and COR47 in
response to mannitol approximately 60-90% relative to
the wild type, while the abil mutation reduced COR78
and COR47 gene expression 60% and 30%, respectively
(data not shown). In response to exogenous sprayed
ABA, abal and abil mutants responded by accumulat-
ing COR78 and COR47 to almost wild-type levels
(Fig. 1B), whereas abi2 mutants did not induce COR
gene expression. In synergy experiments with 100 uM
ABA plus 15% mannitol, COR78 had slightly elevated
mRNA levels in abal and abi2 mutants, and COR47
expression was higher in all genotypes relative to either
ABA or mannitol treatments alone (Fig. 1D). Densi-
tometry of COR78 and COR47 bands indicated that
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Fig. 1A-D. Northern blot analysis of COR78 and COR47 expression
in wild-type (WT) Arabidopsis and in, abal, abil and abi2 mutants in
response to ABA, mannitol, or both. Whole plants were uprooted and
treated for 10 h with either water (A), or sprayed with 100 uM ABA
(B), 15% mannitol (C), or 100 uM ABA plus 15% mannitol (D).
Lower panels show the ethidium bromide-stained formaldehyde-
agarose gel of total RNA (10 pg)

treatment with ABA plus mannitol resulted in a 1.2- to
3.6-fold increase in COR transcript abundance relative
to ABA treatment alone (data not shown).

To elucidate the genetic control of tissue-specific
ABA- and desiccation-response pathways, the abil, abi2
and abal mutant alleles were crossed into the isogenic
wild-type Dc¢3-GUS genetic background and ABA- and
mannitol-inducible Dc3-GUS expression was analyzed in
homozygous abal, abil and abi2 recombinant lines. The
genetic approach of crossing the identical Dc3-GUS
insertion lines into all genotypes effectively ruled out
expression artifacts due to positional effects of random
T-DNA insertions. No evidence of transgene silencing
was ever seen in any of the Dc3-GUS lines (data not
shown). Figure 2 shows guard-cell- and vascular-tissue-
specific GUS staining in 4-d-old wild-type, abal, abil,
and abi2 mutant cotyledons treated with water (control),
100 uM ABA, 15% (w/v) mannitol, or ABA plus
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mannitol for 24 h. In control (water) treatments, there
were trace levels of GUS expression in vascular tissues of
wild-type, abil and abi2 cotyledons (Fig. 2A-D). Vari-
ability of vascular tissue GUS staining was observed in
water-treated controls of each genotype (data not
shown). Guard-cell-specific Dc¢3-GUS expression was
observed in wild-type cotyledons in response to ABA,
mannitol (to a lesser extent), and ABA-plus-mannitol
treatments (Fig. 2E,I,M). Similar results were observed
in young true leaves and the magnitude of the response
decreased with leaf age (data not shown). Vascular tissue
and guard-cell GUS staining was relatively enhanced in
ABA-plus-mannitol treatments compared to either
treatment alone (Fig. 2).

There was a slight reduction in the intensity of guard-
cell staining between the wild type and abal mutants
treated with 100 uM ABA (compare Fig. 2E with 2F),
and a stronger reduction in guard-cell staining in abil
and abi2 versus the wild type (Fig. 2G and 2H versus
2F). In response to mannitol-induced desiccation, abal,
abil and abi2 mutant leaves all showed reduced guard-
cell staining compared to the wild type (Fig. 2J,2K and
2L versus 2I). The abil and abi2 mutants showed
attenuated Dc3-GUS expression (relative to wild type
and abal) in guard cells in response to mannitol plus
ABA (Fig. 20 and 2P versus 2M or 2N), but the
treatment appeared to give a slightly additive effect in
abil and abi2 mutants compared with either treatment
alone (Fig. 20 and 2P versus 2G/2K or 2H/2L, respec-
tively).

In order to quantify the tissue-specific effects of the
abal, abil and abi2 genotypes on ABA- and drought-
inducible D¢3-GUS expression, fluorometric assays of
GUS activities in extracts of 3-week-old leaves were
performed. Figure 3 shows the results of an ABA dose/
Dc3-GUS response curve for the wild type and for the
abal, abil and abi2 recombinant lines. As observed by
histology of cotyledons and leaves, the wild-type and
abal leaves responded to exogenous ABA as expected.
The apparent saturation concentration of ABA for
maximal Dc3-GUS expression in the wild type or abal
was about 100 uM, as assumed in the experiments on
endogenous gene expression (Fig. 1). Consistent with
the histology results on cotyledons, abil and abi2 leaves
were significantly reduced in their response to exogenous
ABA. The Dc¢3-GUS expression by abi2 mutants relative
to abil was significantly lower at ABA concentrations of
100 pM and 320 pM, with abi2 tissues responding to
ABA at about 50% of the abil response (Fig. 3). This
result is consistent with the reduced COR expression
observed in abi2 in Northern blot analysis (Fig. 1B).
Because of the limitations in solubility of ABA, it was
not possible to determine if a maximal Dc3-GUS
response could be achieved by the abi mutants at higher
ABA concentrations.

In order to quantify the contribution of ABAI, ABII
and ABI2 genes to ABA- and drought-signaling path-
ways, fluorometric GUS assays were performed on Dc¢3-
GUS mutant leaves treated for 24 h with water (control),
a saturating dose (100 uM) of ABA, mannitol (15% w/v)
or ABA plus mannitol. The results are shown in
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Water

15 %
Mannitol

ABA +
Mannitol

Fig. 2A-P. Guard-cell-specific expression of Dc3-GUS in cotyledons or ABA plus mannitol (M—P) for 24 h and visualized by X-Gluc
of 4-d-old wild-type (WT), abal, abil and abi2 Arabidopsis seedlings staining. Results are representative of 8 replicates. Bar = 160 um
treated with water (A-D), 100 uM ABA (E-H), 15% mannitol (I-L),
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Fig. 3. Abscisic acid dose-response of Dc3-GUS by 3-week-old leaves
of wild-type Arabidopsis, and abal, abil and abi2 mutants treated
16 h. Results are the average of 3-7 replicates, +SE. Asterisk (¥)
denotes a significant difference between abil and abi2, P < 0.02
(Student’s two sided #-test, equal variance assumed)

Fig. 4. In young wild-type leaves, GUS expression
driven by the Dc3 promoter was induced to a similar
extent (over 4-fold) by a saturating dose of ABA or 15%
(w/v) mannitol. Consistent with the histology results in
cotyledons, abal mutant leaves showed a statistically

significant 25% reduction in GUS expression in
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Fig. 4. Additive effects of ABA and mannitol on Dc3-GUS expres-
sion in leaves of wild-type Arabidopsis, and in abal, abil and abi2
mutants. Three or more leaves per sample were floated for 24 h on
water (Con), 100 uM ABA (A4), 15% mannitol (M), or 100 uM ABA
plus 15% mannitol (4M). Results are the average of 4-9 replicates,
+SE. A different letter denotes a significant difference among
genotypes, P < 0.04 (Student’s two sided #-test, equal variance
assumed)
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response to mannitol, but not ABA, compared with
the wild type (Fig. 4). Expression of GUS in abil and
abi2 recombinants was lower than in the wild type
following mannitol and/or ABA treatments. Consistent
with the COR Northern results (Fig. 1B), the abi2
mutant was significantly more impaired than abil (about
45%) in ABA-inducible Dc3-GUS expression (Fig. 4).
However, abil was more impaired than abi2 (about
35%) in drought-inducible expression. An additive effect
of ABA-plus-mannitol treatments was observed in all
genotypes (Fig. 4).

Discussion

Because the abal mutant is impaired in ABA biosyn-
thesis (Rock and Zeevaart 1991), our results showing
reduced mannitol-induced marker gene expression in the
abal mutant demonstrate that ABA is partially involved
in drought-inducible COR- and guard-cell-specific Dc3
gene expression. Furthermore, the additive effects of
ABA plus mannitol on COR gene expression relative to
ABA alone (Fig. 1D versus 1B) and Dc¢3-GUS expres-
sion (Fig. 4) support the existence of separate yet
overlapping ABA- and drought-signaling pathways
(Yamaguchi-Shinozaki and Shinozaki 1993; Gosti et al.
1995; Mintyld et al. 1995). Quantitative differences
between our Northern results and those of others may
be related to tissue-specific expression of COR genes or
environmental conditions. Taken together, the reduced
additive effects of ABA and mannitol on D¢3-GUS and
COR expression in abal, abil and abi2 mutants
establishes that ABA biosynthesis and the ABII and
ABI2 gene products are involved in overlapping
drought- and ABA-response pathways. Similar additive
effects have been reported for independent salt- and
ABA-response pathways leading to COR78/RD29A4
transcript accumulation (Xiong et al. 1999).

Our results with COR78 and COR47 (Fig. 1) and
Dc3-GUS (Figs. 3, 4) distinguish ABI2 function from
that of ABII, which has a minimal effect on drought-
inducible COR78 expression (Yamaguchi-Shinozaki and
Shinozaki 1993; Mintyld et al. 1995). The histology
studies of Dc3-GUS expression suggest that, in guard
cells, ABIl and ABI2 are important for ABA and
drought signaling to the nucleus as well as for ion
channel activities and stomatal movements (Pei et al.
1997, 1998). The histology and quantitative experiments
reported here were performed on different tissues
(cotyledons versus leaves) and differences in tissue
sensitivity and/or specificity of ABA and ABII/ABI2
activities cannot be ruled out. Taken together, our data
suggest the ABIl and ABI2 genes may act differentially
on ABA- and drought-response pathways, with 4ABI2
acting primarily on ABA signaling, and A4BI/ and ABI2
distinctly (and/or redundantly?) affecting drought sig-
naling in guard cells and possibly other target tissues.
There is circumstantial evidence in the literature consis-
tent with this model: (i) the ABA- and drought-inducible
Athb-7, AtDi2l and RABIS8/AtDi8 transcripts are
expressed in abi2 but not abil mutant plants in response



R. K. F. Chak et al.: ABII and ABI2 effects on gene expression

to drought (Gosti et al. 1995; S6derman et al. 1996); (ii)
ABII, but not ABI2, has been implicated in drought
rhizogenesis, a morphogenetic adaptive response of
drought-stressed roots (Vartanian et al. 1994); (iii)
Leung et al. (1997) showed that ABI2 transcript accu-
mulation is more severely impaired than that of ABI] in
the ABA-deficient abal mutant, consistent with auto-
regulation of ABI2 expression by ABA (Gosti et al.
1999). De Bruxelles et al. (1996) concluded that ABI2,
but not ABII, primarily controls drought- and ABA-
induction of the ADH gene in roots. In contrast, Jarillo
et al. (1993) concluded that ABII, not ABI2, controls
cold-, ABA- and, to a lesser extent, drought-induced
expression of the same ADH gene in leaves. ABI] and
ABI2 are expressed in all tissues thus far examined
(Leung et al. 1997). Taken together, these diverse gene
expression patterns suggest the existence of tissue-
specific regulatory factors that modulate ABI1 and
ABI2 activities and COR gene expression.

Induction of the Dc3-GUS transgene in Arabidopsis
by ABA and drought stress is similar to that in carrot and
tobacco (Seffens et al. 1990; Vivekananda et al. 1992;
Siddiqui et al. 1998). Expression of Dc3-GUS in Arab-
idopsis guard cells is subject to the action of the ABAI,
ABII and ABI2 genes. Other ABA-regulated and ABA-
signaling genes are expressed in guard cells of Arabidop-
sis, pea, and broad bean (Shen et al. 1995; Taylor et al.
1995; Hey et al. 1997; Pei et al. 1998). Therefore, it is
likely that Dc3 promoter activity in Arabidopsis reflects
interaction with conserved, physiologically important
overlapping ABA- and stress-signaling pathways. We
conclude that transgenic Dc3-GUS Arabidopsis is a
tractable system in which to study tissue-specific ABA-
and stress-inducible gene expression.

A conservative model of ABA signaling is that there
is a single response pathway in plants, but different
elements are rate-limiting in different species or in the
same species in different tissues. Evidence in support of
this model can be drawn from diverse experiments:
(1) cis- and trans-controlling elements of ABA responses
function in species as divergent as mosses and angio-
sperms (Yamaguchi-Shinozaki and Shinozaki 1993;
Vilardell et al. 1994; Knight et al. 1995; Hill et al.
1996; Carrera and Prat 1998; Sheen 1998); (ii) ectopic
expression of ABI3 in vegetative tissues of Arabidopsis
potentiates ABA responses (Parcy and Giraudat 1997);
(iii) cyclic ADP ribose and protein phosphorylation/
dephosphorylation regulate both gene expression and
guard-cell movements (Hey et al. 1997; Wu et al. 1997,
Leckie et al. 1998). However, there is evidence against
this model, since some ABA- and stress-inducible
sequences are expressed differently in different species
(Vilardell et al. 1994; Taylor et al. 1995). Restoration of
ABA responses by kinase inhibitors in abil-expressing
guard cells requires ABA (Armstrong et al. 1995;
Pei et al. 1997), which suggests there are parallel ABII-
dependent and independent branches of ABA responses.

It has been proposed that overlapping combinations
of regulatory proteins co-opted by ABIl and ABI2
phosphatases would present a versatile system highly
responsive to subtle changes in environmental and
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cellular signals (Leung et al. 1997; Rodriguez 1998).
Differential cellular localization and/or substrate speci-
ficities of the ABIl and ABI2 phosphatases or other
factors may integrate environmental (e.g. drought) and
cellular (e.g. ABA) signals, respectively. The DREB2A
transcription factor has a conserved serine/threonine-
rich region adjacent to the DNA-binding domain (Liu
et al. 1998) and it is possible that protein kinases and/or
phosphatases such as ABIl and ABI2 may act in
environmental or cellular response modules that include
targets such as DREBs. Consistent with this notion is
the fact that expression of DREB2A, ABII and ABI2 is
induced by dehydration (Leung et al. 1997; Liu et al.
1998). We are currently taking a genetic approach to
identify upstream effectors and downstream targets of
ABII and ABI2 with a tissue-specific mutant screen for
ectopic expression of Dc3-GUS. One advantage of such
a screen is that it can identify mutations which otherwise
have no visible phenotype, which may be the case in
redundant genetic systems such as ABA and drought
signaling in Arabidopsis.
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