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Arabidopsis ABA Response Gene ABI1: Features
of a Calcium-Modulated Protein Phosphatase

Jeffrey Leung, Michelle Bouvier-Durand, Peter-Christian Morris,
Daniele Guerrier, Frangoise Chefdor, Jérdme Giraudat*

The Arabidopsis ABI1 locus is essential for a wide spectrum of abscisic acid (ABA)
responses throughout plant development. Here, ABI1 was shown to regulate stomatal
aperture in leaves and mitotic activity in root meristems. The ABI1 gene was cloned and
predicted to encode a signaling protein. Although its carboxyl-terminal domain is related
to serine-threonine phosphatase 2C, the ABI1 protein has a unique amino-terminal ex-
tension containing an EF hand calcium-binding site. These results suggest that the ABI1
protein is a Ca?*-modulated phosphatase and functions to integrate ABA and Ca2* signals
with phosphorylation-dependent response pathways.

The plant hormone ABA regulates diverse
physiological processes including seed mat-
uration and dormancy, as well as the adap-
tation of vegetative tissues to environmen-
tal stresses (I, 2). The responses of this
hormone range from the rapid alteration of
ion fluxes in stomata (3) to the induction of
specific changes in gene expression (I, 4).
However, the knowledge of the molecular
network that couples ABA perception to an
integrated set of physiological responses
remains fragmentary. Several ABA-regulat-
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ed genes (4) and corresponding transcrip-
tion factors (5) have been identified. Satu-
rable ABA-binding sites have also been
reported (6), but these proteins have not
been further characterized. On the other
hand, ABA response mutants offer a propi-
tious means to isolate signaling elements
and, furthermore, provide insight into their
biological functions on the basis of their
associated mutant phenotypes. This ap-
proach has led to the cloning of the maize
VP1 (7) and Arabidopsis ABI3 (8) loci,
whose molecular actions appear to target
seed-specific developmental processes. Crit-
ical to our understanding of the early events
in hormone perception and transduction,
however, are probably mutants that exhibit
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pleiotropic phenotypes. In this regard, mu-
tations in the Arabidopsis abscisic acid in-
sensitive 1 (ABI1) gene (9) appear to have
unraveled such an early signaling compo-
nent. The abil mutations severely impair a
wide spectrum of ABA responses including
reduced seed dormancy, excessive water
loss, and abnormal drought rhizogenesis (9,
10). Moreover, the expression of several
ABA- or stress-induced genes has been
found to be greatly diminished in the mu-
tants (11). To elucidate the regulatory role
of the ABII gene product in these diverse
developmental, tissue-specific, and adap-
tive response pathways, we cloned the locus
by chromosome walking.

As an aid to localize the gene by plant
transformation and to interpret the molec-
ular function of the protein later, we first
analyzed two phenotypic traits of the abil-1
mutant. One characteristic phenotype of
abil-1 mutant (9) seedlings is their ability
to achieve root development in the pres-
ence of inhibitory concentrations of applied
ABA (Fig. 1, A and B). Indeed, abil-1 root
meristems exhibited active cell division in
the presence of added ABA, as revealed by
the nuclear incorporation of bromodeoxyu-
ridine (BrdU) (12), which traces passage
through the S phase of the mitotic cycle
(Fig. 1, D and F), and the observation of
occasional mitotic figures (13). In contrast,
no BrdU incorporation was detectable in
the wild type treated with ABA (Fig. 1, C
and E). These results indicate the involve-
ment of the ABII gene product in mediat-
ing the ABA inhibition of mitotic activity
in the root meristem. Another trait of the
abil-1 mutant is that the mean aperture of
the stomatal pores present on the abaxial
(lower) surface of freshly detached rosette
leaves in abil-1 (8.6 + 3.3 wm, n = 115) is
twice as large as that in the wild type (4.1
+ 2.1 pm, n = 110) (14) (Fig. 1, G and
H). Altered stomatal regulation is consis-
tent with the wilty phenotype displayed by
the abil-1 mutant (9).

To clone the ABII locus, restriction
fragment length polymorphism (RFLP)
linkage analysis was used to delineate a
small genomic region that contains the
target gene. Plants selected for recombina-
tion between abil-1 and flanking morpho-
logical markers cer2 and cer4 on chromo-
some 4 were used to analyze the linkage of
the abil-1 mutation with existing RFLP
markers assigned to this region (15). One of
these (PG11), found to map about 0.5 to
1.0 centimorgan from the ABII locus and
to represent the closest available RFLP
marker (16), was used to initiate a chromo-
some walk. Genomic clones identified from
two yeast artificial chromosome (YAC) li-
braries of Arabidopsis (17) were used to
assemble in successive steps an overlapping
set of 13 YACs extending approximately
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Fig. 1. Characterization of two distinctive traits of
the abi1-1 mutant. The earliest (as soon as 2
days after germination) detectable difference
between wild-type (WT) and abi1 seedlings is
the ability of the mutant root to develop and to
grow into ABA-containing medium. Photographs
show (A) wild-type Landsberg (Lan) and (B)
abi1-1 seedlings germinated and grown for 6
days in the presence of 10 pM ABA (12).
Photomicrographs of squashed root mer-
istematic zones derived from such 6-day-old
ABA-treated (C and E) wild-type and (D and F)
abi1-1 seedlings are shown. The incorporation
of BrdU was monitored with a monoclonal anti-
body to BrdU and secondary antibodies conju-
gated to fluorescein isothiocyanate (FITC) (C
and D). In the same fields, nuclei were revealed
by propidium iodide (P!) staining of DNA (E and
F). Only background FITC fluorescence was
detected in the wild-type nuclei (C), whereas
BrdU incorporation was observed in 10 to 20%
(depending on the samples) of the abi1-1 nuclei
(D). To facilitate alignment of FITC and PI sig-
nals, two abi1-1 nuclei with incorporated BrdU
are indicated by arrows in (D) and (F), respec-
tively. Similar BrdU incorporation was observed
in rootlets of wild-type and abi1-1 seedlings
grown without ABA, and no FITC-fluorescence
signal was detected in controls where incuba-
tion with the primary anti-BrdU antibody was
omitted. Photomicrographs of (G) wild-type and
(H) abi1-1 stomata from the abaxial surface of
rosette leaves (74). Bars represent (A) 0.5 mm,
(B) 1 mm, (C to F) 20 wm, or (G and H) 10 um.

500 kb toward ABII (18) (Fig- 2A). The
position of the ABII locus within this
“contig” was progressively delimited to a
maximal segment of 150 kb by RFLP link-
age analysis with the use of probes specific
for the ends of overlapping YACs and
subsequently with overlapping cosmid sub-
clones derived from YACs EW3H7 and
EW11E4 (Fig. 2A).

The abil-1 mutation is dominant over
the wild-type ABII allele (9), even when
the mutation is maintained in a triploid
genetic background (19). This dominance
indicates that the abil-1 gene could be
functionally identified by the transforma-
tion of mutant DNA into wild-type plants.
To achieve this transformation, we have

Fig. 2. Map-based cloning of the A
ABI1 gene. (A) Summary of the

chromosome walk. The genetic cer2
positions (15) of cer2, abit, and ]
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re-isolated the above 150-kb genomic seg-
ment from the abil-1 mutant as a set of
overlapping phage clones. The inserts from
eight of these phages, covering about 90 kb
of the region surveyed (Fig. 2A), were then
individually subcloned into a transferred
DNA (T-DNA) vector and introduced (20)
into wild-type Arabidopsis line C24 (21).
One clone, AE4-1R2, induced the pheno-
type of ABA-resistant root growth, which
segregated among the progeny (T'1) derived
from 17 of the 20 independent primary
(TO) transformants (Fig. 3A). These trans-
genic T1 plants also had an increased ten-
dency to wilt during propagation in the
greenhouse. Furthermore, seven of these
lines were more severe in this phenotype

abit
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cer4 are indicated. RFLP marker (576)
PG11 was used as the starting

point for chromosome walking,

and 13 overlapping YACs were
identified (18). The five YACs
schematically depicted here pro-

vide the most faithful representa-

tion of the corresponding Arabi-
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ting analysis between Arabidop-
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target gene was limited by RFLP
analysis (16) to within a 150-kb
segment (indicated in black) rep-
resented by YACs EW3H7 and
EW11E4. This segment was sub-
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dered into a contig by standard B
restriction mapping and Southern
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lated from abi1-1, and a set of 30
overlapping A clones was then

used to reassemble a similar 150-

kb contig. Subclones of YACs AB

propagated in cosmid cosPneo
and the abi1-1 genomic library in
phage AFIXIlI (Stratagene) were
constructed essentially as de-

scribed (37). Only three of these AG
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the abi1-1 N clones spanning

about 90 kb around the target
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locus are shown. The clone AE4-1R2, which conferred the mutant phenotypes expected for abi1 in
transgenic plants (Fig. 3), is indicated by the bold line. (B) Constructs used to localize the abi1 locus
in the insert of AE4-1R2 by plant transformation. A map of the insert in AE4-1R2, displaying only the
restriction sites for Bam HI (Bam) and Sma | (Sma), is shown (sizes in kilobases). A series of
constructs bearing internal deletions was generated (22). The structure of their DNA inserts is
depicted with lines, and those constructs (AE and pDEBamé6.5) found to induce ABA-resistant root
growth are boxed. Deletion of the internal 2.0-kb Sma | fragment (AEASma) disrupts the ability of the
AE construct to induce this phenotype. Derivatives of the AE construct carrying Tn5 transposons
inserted into the 6.5-kb region are shown as arrowheads; those that destroyed the transgene's
ability to induce the mutant phenotype are marked with attached circles. The position of the AB/1
cDNA is shown below the restriction map with the arrow indicating the direction of transcription from

5'to 3".
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than the original abil-1 mutant, because
they were almost completely sterile as a
result of premature silique desiccation. In
addition, T2 seed progeny homozygous for
the AE4-1R2 transgene (in all three ran-
domly selected lines tested) showed reduced
seed dormancy (9) (Fig. 3B). The observa-
tion that these three abil-1 characteristic
phenotypes co-segregated with the trans-
formed AE4-1R2 fragment indicated that
the abil-1 gene was within this phage insert
(~18 kb).

We focused on ABA-resistant root
growth as the most convenient criterion by
which to localize further the gene in AE4-
1R2. Deletion constructs (AB to AG) and
an internal fragment (pDEBam6.5) derived
from this phage (22) were functionally test-
ed (Fig. 2B). The results of this testing
allowed us to delimit initially the mutant
gene within the 6.5-kb Bam HI fragment
represented by pDEBam6.5. By using this
fragment as a probe to screen complemen-
tary DNA (cDNA) banks constructed with
mRNA isolated from either leaves or sil-
iques of Arabidopsis plants (a total of ~2.0
X 10° plaques screened), we recovered a
single class of cDNA (25 clones) that
mapped entirely within this 6.5-kb Bam HI
fragment (Fig. 2B). One of these cDNAs
(pcABI1-C38) was nearly full length and
was characterized further. Altering the cor-
responding gene (transcribed or putative
promoter regions) either by deletion
(AEASma) or by Tn5 insertion mutagenesis
(22) led to the complete loss of the trans-
gene’s ability to induce the ABA resistance
phenotype (Fig. 2B). These targeted gene
disruptions prove that the ABII gene has
been identified.

Upon RNA blot analysis (23), the clone
pcABI1-C38 detected a single ~2.0-kb
ABII transcript expressed in all of the
wild-type tissues examined (roots, leaves,
stems, and green siliques). Plantlets of the
abil-1 mutant allele had similar levels of
this transcript as the wild type. On the basis
of the determination of the cDNA
(pcABI1-C38) and genomic nucleotide se-
quences (24), the ABII gene contains four
exons (Fig. 4A) encoding a protein of 434
amino acids with a calculated molecular
mass of 47.5 kD and an isoelectric point of
6.02.

The ABII gene product predicts a novel
type of signaling enzyme in that the amino-
terminal portion displays no extensive sim-
ilarity with available protein sequences
(25). However, it is marked locally with all
of the structural elements for a type of
calcium-binding site known as the EF hand
(26). Amino acid residues 93 to 104 of the
ABII protein fit the consensus sequence
(27) for the calcium-binding fold of the EF
hand and are further flanked on both sides
by segments (residues 80 to 90 and 104 to
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114) with predicted a-helical conformation
(28) (Fig. 4B).

On the other hand, the carboxyl-termi-
nal domain of the predicted ABII protein
has substantial sequence similarity (55%
similarity, 35% identity) with the 2C class
of serine-threonine protein phosphatases
(PP2Cs) identified in rat (29) and yeast
(30) (Fig. 4B). The same level of sequence
similarity (57% similarity, 36% identity) is
observed between the rat and yeast en-
zymes, for which characteristic PP2C activ-
ity has been documented. In the case of the
abil-1 mutant, we have identified a single
nucleotide substitution that converts Gly!8°
to Asp. Although Ala residues are found at
the coincidental position in both rat and
yeast PP2Cs, ABI1 Gly'® is embedded in a
sizable block of contiguous sequence iden-
tities with PP2Cs (Fig. 4B). This block of
conserved amino acids is probably function-
ally important because the abil-1 nucleo-
tide change leads to gain-of-function mu-
tant phenotypes (19). Both the negative
charge and the higher steric hindrance of
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Fig. 3. Functional identification of the abi1-1
mutant gene in transgenic plants. (A) Seedlings
of Arabidopsis germinated and grown in the
presence of 3 nM ABA for 1 week. Root devel-
opment is impaired in (left) the wild-type C24
seedlings but not in (right) the C24 transgenic
seedling harboring the abi1-1 DNA insert of
AE4-1R2. This difference represents the pri-
mary criterion used to discriminate between
constructs containing and not containing the
functional abi1-1 gene (36). A lower concentra-
tion of ABA was used here than in experiments
described in Fig. 1 to avoid the selection of
exclusively "high”-expressing transgenic lines;
nevertheless, the Lan wild-type and original
abi1-1 mutant exhibited the same differential
root growth on either ABA concentration. (B)
Freshly harvested mature Arabidopsis seeds
germinated for 2 days on ABA-free medium. As
with the original Lan abi7-1 mutant (upper
right), seeds of a C24 transgenic plant homozy-
gous for the AE4-1R2 construct (bottom) dis-
played reduced dormancy because they ger-
minated early and synchronously, as compared
to wild-type C24 (upper left) and Lan (36). The
bar represents 1 mm (A and B).

the abil-1 Asp'® side chain are likely to
alter the properties of the ABI1 carboxyl-
terminal domain and might, for instance,
lead to constitutive phosphatase activity,
altered substrate affinity, or specificity.

This combination of an EF hand motif
and a PP2C-like domain in the ABI1 pro-
tein is striking because classical PP2Cs are
all dependent on Mg?* or Mn?*, but not
Ca’™, for enzymatic activity (29-31). Also,
the only Ca’*-dependent serine-threonine
phosphatases known so far are the calcineu-
rins (or PP2Bs) that, unlike ABII, are
heterodimeric proteins composed of a regu-
latory subunit with EF hands and a distinct
catalytic subunit that has no sequence sim-
ilarity to PP2Cs (31).

The primary structure of the ABI1 pro-
tein suggests that it is a calcium-modulated
phosphatase. The direct involvement of the
wild-type protein in ABA signaling would
still need to be clarified by, for instance, the
isolation and characterization of loss-of-
function alleles of ABIl. However, the
features of the ABI1 protein raise attractive
possibilities regarding its putative role in
the two ABA responses described above.
Abscisic acid has been reported to induce
increases in cytoplasmic Ca?* in a variety
of cell types (32) and to arrest cell division
preferentially in the G1 phase (33). In
Arabidopsis root meristems ABI1 might, in
response to applied ABA or ABA-induced
Ca?* changes, antagonize the various phos-
phorylation events required for the synthe-
sis and activity of the p34°¢?. and Gl
cyclin-like complex controlling entry into S
phase (34). Numerous lines of evidence
support the idea that in guard cells Ca?*
acts as one of the intracellular second mes-



Fig. 4. (A) Structure of the ABI1 A ATG TGA
gene. Exons are denoted by thick |
lines and introns are indicated by \/\/
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tain 70, 131, and 92 nucleotides,
respectively, from the 5’ to the 3’
end of the gene. Positions of the B
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the large open reading frame are
indicated. The nucleotide se-
quence of the pcABI1-C38 cDNA
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sengers involved in the ABA regulation of
stomatal aperture (3, 32). Moreover, sto-
matal opening as well as some of the elec-
trogenic units involved (such as the plasma
membrane H* pump and inward-rectifying
K* channel) are sensitive to protein phos-
phorylation (35). The ABI1 protein could
couple ABA stimulus to stomatal response
by modifying the phosphorylation states of
these target membrane proteins. Although
the abil mutant has so far been analyzed
only with respect to ABA sensitivity, the
molecular features of the ABIl protein
open the possibility that it may have a more
versatile role. The ABI1 protein might
serve as an exquisite cross talk element
integrating ABA and other Ca?*-depen-
dent stimuli that converge on phosphoryl-
ation-regulated signaling pathways.
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A Protein Phosphatase 2C Involved in ABA Signal
Transduction in Arabidopsis thaliana

Knut Meyer, Martin P. Leube, Erwin Grill*

The plant hormone abscisic acid (ABA) mediates various responses such as stomatal
closure, the maintenance of seed dormancy, and the inhibition of plant growth. All three
responses are affected in the ABA-insensitive mutant abi1 of Arabidopsis thaliana, sug-
gesting that an early step in the signaling of ABA is controlled by the ABI7 locus. The ABI1
gene was cloned by chromosome walking, and a missense mutation was identified in the
structural gene of the abi1 mutant. The ABI1 gene encodes a protein with high similarity
to protein serine or threonine phosphatases of type 2C with the novel feature of a putative
Ca?* binding site. Thus, the control of the phosphorylation state of cell signaling com-
ponents by the ABI1 product could mediate pleiotropic hormone responses.

The sesquiterpenoid plant hormone ABA
is involved in many aspects of growth and
development such as embryo development,
seed dormancy, and adaptation responses
toward low water potentials (1). Under
conditions of water shortage, ABA induces
the closure of leaf stomata and the forma-
tion of specific proteins involved in the
desiccation response. The amount of ABA
increases during water stress, and high con-
centrations of ABA inhibit plant growth.

Abscisic acid affects the expression of -

several genes involved in seed maturation
and the desiccation response (2). The gene
expression is modulated by ABA through a
cis-acting regulatory element (3), for which
a DNA binding factor has been identified
(4). In maize and Arabidopsis, two structur-
ally similar DNA binding proteins are in-
volved in the control of seed maturation
and dormancy (5). Individual components
that act in the signaling cascade of ABA in
the stomatal response are just beginning to
emerge. Inositoltrisphosphate and Ca?*
can evoke stomatal closure (6), a process
that requires the concerted regulation of at
least four different ioni channels, including
channels for Ca?* and anions as well as

Institute of Plant Sciences, Swiss Federal Institute of
Technology, Universitatsstrasse 2, 8092 Zurich, Swit-
zerland.

*To whom correspondence should be addressed.

SCIENCE ¢ VOL. 264 ¢ 3 JUNE 1994

inward- and outward-rectifying K* chan-
nels (7). High-afinity binding sites for
ABA at the cytoplasmic membrane of sto-
matal guard cells have been identified (8)
but not further characterized.

The loci ABI1 and ABI2 of Arabidopsis
are possible candidates for the encoding of
an ABA perception site or early steps in its
signal transduction (9). Mutants of both
loci were found to be ABA-insensitive and
revealed pleiotropic alterations in their re-
sponses toward ABA, whereas endogenous
ABA levels and the catabolism of ABA
were not affected. The dominant ABII
mutation is characterized by causing a wilty
phenotype as well as ABA-insensitive seed
germination and growth.

We are interested in elucidating the
individual steps that lead to the control of
plant growth by ABA. In this report, we
describe the identification of the Arabidopsis
ABII gene. The gene encodes a product
that has sequence homology with the class
of protein serine or threonine phosphatase
2C. The ABI1 gene product has the addi-
tional features of a putative adenosine tri-
phosphate (ATP) or guanosine triphos-
phate (GTP) binding site and an amino-
terminal extension with a possible Ca?*
binding site.

The ABII locus has been mapped to the
chromosome 4 of Arabidopsis between the
genetic markers cer2 and ap2 at a position





