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The phytohormone abscisic acid (ABA) plays an important role in modulating plant growth, development,
and stress responses. In a genetic screen for mutants with altered drought stress responses, we identified an
ABA-overly sensitive mutant, the abol mutant, which showed a drought-resistant phenotype. The abol muta-
tion enhances ABA-induced stomatal closing and increases ABA sensitivity in inhibiting seedling growth. abol
mutants are more resistant to oxidative stress than the wild type and show reduced levels of transcripts of
several stress- or ABA-responsive genes. Interestingly, the mutation also differentially modulates the develop-
ment and growth of adjacent guard cells. Map-based cloning identified ABOI as a new allele of ELO2, which
encodes a homolog of Saccharomyces cerevisiae 1ki3/Elp1/Totl and human IkB Kkinase-associated protein.
Iki3/Elp1/Totl is the largest subunit of Elongator, a multifunctional complex with roles in transcription
elongation, secretion, and tRNA modification. Ecotopic expression of plant ABOI/ELO2 in a totl/elpI A yeast
Elongator mutant complements resistance to zymocin, a yeast killer toxin complex, indicating that ABO1/ELO2
substitutes for the toxin-relevant function of yeast Elongator subunit Tot1/Elpl. Our results uncover crucial

roles for ABO1/ELO2 in modulating ABA and drought responses in Arabidopsis thaliana.

Water stress caused by drought and soil salinity is an impor-
tant environmental factor that limits the productivity and dis-
tribution of plants. The cellular and molecular mechanisms of
plant responses to water stress have been analyzed extensively
(48, 59, 63). Water stress can induce the accumulation of the
phytohormone abscisic acid (ABA) (59). ABA plays a vital role
in triggering stomatal closure, which reduces transpirational
water loss and constitutes an essential part of plant drought
tolerance (48, 58, 63). Analysis of Arabidopsis thaliana mutants
has defined several ABA response loci that encode proteins
such as protein phosphatases and kinases, which greatly affect
guard cell movement (10, 45, 58).

Recent studies indicate that transcripts of protein-coding
genes are regulated at all steps of RNA metabolism, from
transcription initiation to RNA processing (50). A great deal of
information about plant transcriptional regulators that bind
the promoters to initiate gene transcription in response to
water stress has been collected (61). In contrast, much less is
known about proteins involved in RNA processing (30). Nev-
ertheless, recent studies point to a central role of RNA pro-
cessing in regulating ABA sensitivity and osmotic stress re-
sponses. The RNA-binding protein FCA was reported to be an
ABA receptor, although it appears to function in ABA regu-
lation of flowering rather than in seed dormancy or drought
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tolerance (44). ABH1, a cap-binding protein, functions in early
ABA signaling (20). A recessive mutation in the SADI gene
encoding an Sm-like snRNP required for mRNA splicing, ex-
port, and degradation rendered plants hypersensitive to ABA
and drought (56). The Arabidopsis HYL1 gene encodes a nu-
clear double-stranded RNA-binding protein. A knockout mu-
tation of the HYLI gene caused abnormal development, in-
creased sensitivity to abscisic acid, and reduced sensitivity to
auxin and cytokinin (33). HYL1 controls gene expression likely
through microRNA-mediated gene regulation, although the
targeted genes related to ABA sensitivity are still unknown
(18). AKIP1 isolated from Vicia faba is a single-stranded RNA-
binding protein which can bind to a dehydrin mRNA after
phosphorylation by an ABA-activated protein kinase (32). The
CRYOPHYTE/LOS4 gene encoding a DEAD box RNA heli-
case is essential for mRNA export, and the cryophyte mutant is
hypersensitive to ABA during seed germination (14, 15). The
double-stranded RNA-binding protein FRY2/CPL1 negatively
regulates ABA and osmotic stress responses possibly through
modulating RNA polymerase II activity by dephosphorylating
Ser-5 of its C-terminal domain (27, 28, 57). Transcriptional
elongation mediated by RNA polymerase Il is a pivotal process
in gene regulation, is highly regulated in eukaryotes by numer-
ous factors in mRNA biogenesis and maturation, and is an
emerging topic of active study in biology (50).

We report here the isolation and characterization of the
Arabidopsis ABA-overly sensitive 1 (abol) mutant and map-
based cloning of ABOI. The abol mutant was isolated on the
basis of its drought-resistant phenotype. The abol mutation
enhances ABA sensitivity in both seedling growth and stomatal
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closure. ABOI is a new allele of ELO2 (38), which encodes a
homolog of yeast 1ki3/Elp1/Totl or human IkB kinase-associ-
ated protein (IKAP), collectively the largest subunit of Elon-
gator, a complex with roles in secretion, tRNA modification,
and mRNA transcription elongation (8, 11, 13, 19, 25, 39, 43,
51, 60). These findings suggest that Elongator is important for
plants to respond to ABA and drought exposure and that
ABOI/ELO2 may play a vital role in ABA signal transduction
pathways.

MATERIALS AND METHODS

Plant growth conditions. Plants were grown in 340-ml pots filled with a mixture
of peat/forest soil and vermiculite (3:1) in a greenhouse at 22°C, with light
intensity of 50 wmol m~2 s~ ! and 70% rH under long-day conditions (16-h-
light/8-h-dark cycle). Seedlings were germinated and grown on Murashige
and Skoog (MS) medium (M5519; Sigma) supplemented with 3% (wt/vol)
sucrose and 0.8% agar under the same growth conditions.

Isolation of the abol mutant, growth conditions, and genetic analysis. The
isolation of the abol-1 mutant of Arabidopsis thaliana (Columbia glI back-
ground) was performed by use of a water loss screening system. To identify
mutants, ethyl methyl sulfonate (EMS)-mutagenized M2 seeds were sown on MS
medium. Four-day-old seedlings were transferred to soil and grown for 2 weeks
with sufficient watering, and then water was withheld. The abol-1 mutant was
identified as a plant surviving the drought treatment, while other plants around
it wilted and died. The abol-1 mutant was backcrossed to the wild-type plant in
the original background, and the resulting F1 seedlings as well as F2 progeny
from self-fertilized F1 plants were evaluated in a drought stress assay.

Three T-DNA insertion mutants (Columbia background, SALK database ac-
cession no. SALK_004690, SALK 011529, and SALK_084199) were obtained
from the Arabidopsis Biological Resource Center (Columbus, Ohio). Allelic tests
done by crossing the four mutants (the abol mutant and the three T-DNA
insertion mutants) revealed that they were allelic and so were named abol-I
(EMS-mutagenized mutant) and abol-2, abol-3, and abol-4 (T-DNA insertion
mutants). All subsequent physiological and phenotypic analyses were carried out
using the abol-1 mutant that had been backcrossed to the wild type four times to
remove other mutations.

Genetic mapping. abol-1 mutant plants (Columbia g// background) were
crossed to Landsberg wild-type plants. A total of 1,077 abol-I mutant plants
were selected from the self-fertilized F2 population by the leaf water loss assay
combined with the identification of the abnormal stomatal development pheno-
type. DNA was isolated from individual mutant plants and analyzed for recom-
bination events with simple sequence length polymorphism (SSLP) markers. The
following primer pairs for SSLP markers that are polymorphic between Colum-
bia g/I and Landsberg were developed: for F8L15, forward primer 5'-CGGTA
ATACCTATGGAGCCGCCG-3' and reverse primer 5'-GCGCATGGTACCG
CTAATGGCAG-3'; for MUA?22, forward primer 5'-GGAGAGACTGATGGA
CGCCATTTG-3' and reverse primer 5'-GTCCTCATCAAGGGGCTGCAGA
GG-3'; for T24H18, forward primer 5'-CAGTGCATGGTTTGCATGGGAA-3’
and reverse primer 5-TTTACGCAGGACATGTTTCCTCTC-3'; for Tol14,
forward primer 5'-AAGGACCAGCGTGGCTCAAG-3' and reverse primer 5'-
AATCACTCACTGCCTCTTTGGAGG-3'; and for MXE10, forward primer
5'-CGTCAGGGTGCTGCTTTTCTC-3" and reverse primer 5'-GTGCCTGCA
CATTGATCACCATC-3'.

Stomatal aperture bioassays. Stomatal closing assays were conducted as de-
scribed previously (41). Rosette leaves were floated in solutions containing 50
M CaCl,, 10 mM KCl, 10 mM MES [2-(N-morpholino)ethanesulfonic acid]-
Tris, pH 6.15, and exposed to light (150 wmol m~2 s™") for 2 h. Subsequently,
ABA was added to the solution at 0.5 to 10 pM to assay for stomatal closing.
After ABA treatment for 2 h, stomatal apertures were measured as described
previously (41). Values are means = standard errors (SE) (n = 30). Significance
(P < 0.05) was assessed by Student’s ¢ test.

Stomatal development assays. Epidermal strips from rosette leaves of 3-week-
old seedlings of wild-type and mutant plants were examined for stomata under a
light microscope (B5-223 IEP; Motic China Group Co., Ltd.). For scanning
electron microscopy, rosette leaves of 3-week-old seedlings of wild-type and
mutant plants were fixed as described previously (5), and stomata were observed
under a scanning electron microscope (S-570; Hitachi, Japan).

Water loss measurements and determination of ABA content. Rosette leaves
of mutant and wild-type plants growing under normal conditions for 3 weeks
were detached and weighed immediately on a piece of weighting paper and then
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placed on a laboratory bench (40% rH) and weighed at designated time intervals.
Three replicates were done for each line. The percentage of loss of fresh weight
was calculated on the basis of the initial weight of the plants. ABA contents were
determined as described previously (6).

pABO1-GUS chimeric construct and histochemical analysis. A promoter frag-
ment of 2,173 bp of the ABOI gene, defined as pABO1, which contains the
promoter region of ABOI, its partial coding region, and the partial coding region
of ABOI’s upstream gene (MSH12.16), was amplified from Columbia giJ
genomic DNA by PCR with the primer pair 5'-CACCGGAAGGAAGAGAGC
TGAAGGGC-3' (to add CACC at the 5" end) and 5'-GAGGGTCAGAGGG
ATTCAGAAGG-3'. The amplified fragment was cloned into a Gateway Technol-
ogy system for cloning and expression (Invitrogen), resulting in a transcriptional
fusion of the ABO1 promoter and its partial coding region with the GUS coding
region. The ABO1 promoter-GUS fusion construct was introduced into Agrobac-
terium tumefaciens and transferred into plants. Thirty T2 transgenic lines were
subjected to B-glucuronidase (GUS) assays. GUS staining was performed as
described previously (47).

RNA gel blot analysis. Seedlings grown on MS medium for 3 weeks were
transferred to a solution containing 100 wM ABA or no ABA (for control) for
3 hor 5 h. Total RNA was isolated and analyzed as previously described (6). An
RD29A fragment (967 bp) was amplified by PCR with forward primer 5'-GAC
GAGTCAGGAGCTGAGCTG-3' and reverse primer 5'-CGATGCTGCCTTC
TCGGTAGAG-3'. A fragment (552 bp) of the RD29B gene was amplified by
using forward primer 5'-CCGACGGGAACTCATGATCAGTTC-3" and re-
verse primer 5'-CACTTCCACCTCCTTTGTAGCCG-3'. A COR47 fragment
(413 bp) was amplified by PCR with forward primer 5'-GAAGCTCCCAGGA
CACCACGAC-3’ and reverse primer 5'-CAGCGAATGTCCCACTCCCAC-3'".
An ABII1 fragment (517 bp) was amplified by PCR with forward primer 5'-CG
CAGGTCCTTTCAGGCCATTC-3’ and reverse primer 5'-GCCATGGCCGTC
GTAAACAC-3'. These gene fragments were used as probes. A tubulin gene was
used as a loading control.

Elongator cross-complementation studies with yeast and plant. For pheno-
typic complementation assays, the yeast fotl/elpl A mutant LFY3, deleted for the
Elongator subunit 1 gene (TOTI/ELPI) (21), was transformed with pDJ98, a
vector for galactose-regulated expression of the plant Elongator subunit 1,
ABOI1/ELO2 (38). pDJ98 construction involved Pael and Sacl restriction of
pMD18.T, Klenow fill-in of the resulting 4-kb ABO1/ELO2 cDNA, and subclon-
ing into Smal-restricted pBluescript (Stratagene) to yield pDJ79. Following
pDJ79 restriction by Sall, the ABOI/ELO2 cDNA was cloned into Sall-cut
PYEX-GAL, a pYEX-BX (Clontech) expression vector derivative with its CUP1
promoter replaced by the GALI promoter. The latter process involved BamHI/
HindIII replacement of the GALI promoter fragment from plasmid pRB1438
(kindly provided by Mike Stark, University of Dundee, United Kingdom). Col-
lectively, 2um multicopy vector pDJ98 allows galactose-driven expression of
ABO1/ELO2, its maintenance is selectable by URA3, and its copy number is
amplifiable by use of leu29, a transcriptionally compromised marker (52).

Sensitivity tests towards endogenous expression of the lethal y-toxin subunit of
zymocin involved LFY3 cells transformed with pDJ98, empty 2pum vector pYEX-
GAL, and pFF14, a 2um vector carrying the yeast TOTI/ELPI gene (11).
Following subsequent transformations with pHMS14 (a GALI—y-toxin expres-
sion vector) or pHMS22 (an empty GALI-promoter control) (11), 10-fold serial
dilutions of these yeast tester strains were grown on 2% (vol/vol) glucose syn-
thetic complete medium (46) lacking tryptophan, leucine, and histidine. The
response towards y-toxin expression was monitored after the strains were shifted
onto 2% (vol/vol) galactose medium. Growth proceeded for 3 to 4 days at 30°C.
Testing the effects of chemical stress towards growth performance of the LFY3
transformants involved addition of 5 to 10 mM caffeine (Sigma) to complete
yeast extract-peptone-dextrose (YPD) media (46) and cultivation at 30°C. Ther-
mosensitivity was tested between 30°C and 39°C.

RESULTS

Identification of the abol mutant. Water was withheld from
an EMS-mutagenized population of Arabidopsis (Columbia g/
background) seedlings grown in a growth room for 2 weeks to
screen for mutants with increased drought sensitivity or resis-
tance. In order to recover drought-sensitive mutants, we col-
lected 10 EMS-mutagenized M1 plants as a small pool. Ap-
proximately 108 M2 seedlings from each pool were planted in
12 pots filled with soil. We screened approximately 57,000
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FIG. 1. abol-1 mutant plants are resistant to drought stress. Reduced wilting was observed for abol mutant plants during water stress
treatment. Wild-type (WT) and abo!-1 plants were grown with sufficient water for (A) 3 or (B) 2 weeks, and then water was withheld for 11 days.
(C) Water loss in detached leaves from 3-week-old plants placed in a room (40% rH) for 14 h. (D) Comparison of rates of water loss from detached
leaves of the wild-type and abol-1 plants. Water loss is expressed as the proportion of initial fresh weight. Values are means * SE from 15 leaves

for each of three independent experiments.

plants from 534 pools. Putative mutants with drought response
phenotypes were scored by the degree of leaf wilting compared
with that of neighboring plants. The abol-1 mutant was iden-
tified by its less severe leaf wilting and enhanced drought
resistance. Figure 1A shows wild-type and abo!-1 plants grown
for 3 weeks and then treated with drought by withholding
water for 11 days. abol-1 leaves were still turgid, whereas
wild-type leaves showed serious wilting. After an additional 5
days, we rewatered the treated plants and found that 100% of
abol-1 plants survived, while all wild-type plants died. We also
treated 2-week-old plants in soil by withholding water and
obtained a similar result (Fig. 1B), indicating that the abol-1
plant is more drought resistant in two different growth stages.
The drought-resistant phenotype of the abol mutant was fur-
ther evaluated by measuring water loss from detached leaves.
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As shown in Fig. 1C and D, detached leaves of the abol-1
mutant lost water more slowly than did those of the wild-type
plants.

In order to determine whether the abol-1 mutant phenotype
is caused by mutation in a single nuclear gene, we crossed the
abol-1 plant with the wild-type plant, and all resulting F1
plants showed the wild-type phenotype under drought stress.
An F2 progeny from self-fertilized F1 segregated in an ~3:1
ratio (198 to 67) between wild-type and abol-1 mutant pheno-
types. These results indicate that abol-1 has a recessive muta-
tion in a single nuclear gene.

Stomatal closure and seedling growth of the abol-1 mutant
are hypersensitive to ABA. In order to determine the cause of
the drought-resistant phenotype of the abol-1 mutant, we per-
formed experiments to determine whether this phenotype is
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FIG. 2. Stomatal closure in abol-1 plants is hypersensitive to ABA (A and B) but not to darkness (C and D). Data represent the means = SE
from 30 stomata measured for each data point, from three independent experiments. WT, wild type. Bar, 10 pm.



VoL. 26, 2006

A WT abo1-1

ABA
(uM)

20

40

60

80

100

EFFECTS OF ABO1/ELO2 MUTATIONS IN A. THALIANA 6905

= e
8 8
T

W7
# & abol-1

Relative root growth

o 8 858 8 B

0 20 40 60 8O
ABA concentration (uM)

abo1-1

0 01 02 03 05
ABA (uM)

Germinative greening Rate (%) =

FIG. 3. Seedling growth of abol-1 plants is hypersensitive to ABA. (A) Comparison of abol-1 and wild-type (WT) seedlings grown on MS
medium for 5 days and then transferred to MS medium containing different concentrations of ABA. The pictures were taken 7 days after transfer.
(B) Comparison of relative root lengths between abol-1 and wild-type plants. Values are means = SE (n = 30). (C) Seed germination of abol-1
and wild-type plants. Wild-type and aboI-I seeds were planted on MS agar medium (upper rows) or MS medium containing 0.1 pM ABA (lower
rows). Plates were transferred to a growth chamber after 3-day stratification. The pictures were taken 7 days after transfer. (D) Seedling greening
rates of abol-1 and wild-type plants. Ratio of green seedlings to total seedlings was determined after plates for seed germination were cultured
for 7 days. Values are means *= SE from three independent experiments, with 100 seeds used per genotype per data point for each experiment.

related to increased sensitivity of stomatal closure to ABA.
abol-1 and wild-type plants were exposed to high humidity for
12 h to open stomata fully. Epidermal peels from these plants
were used to analyze stomatal responses to ABA. In response
to ABA treatment at different concentrations, the closure of
preopened abol-1 stomata was greatly enhanced compared to
that of the wild type (Fig. 2A and B). Exposure to 0.5 uM ABA
enhanced stomatal closure to the same degree in abo!-1 plants
as 10 uM ABA did in the wild type (Fig. 2B). Stomata in
abol-1 plants were almost completely closed with 1 pnM ABA
treatment for 2 h, but the stomata did not completely close
even with 20 uM ABA in wild-type plants for the same treat-
ment time (data not shown). By contrast, darkness-induced
stomatal closure in abol-1 plants was similar to that of the wild
type (Fig. 2C and D). These results indicate that the abol-1

mutation specifically enhances the sensitivity of stomatal clo-
sure to ABA.

We also analyzed the ABA sensitivities of abol-1 plants in
seed germination and seedling growth. Seedlings grown for 5
days on MS medium were transferred to MS media containing
different concentrations of ABA. One week later, the plants
were scored for visible changes. Without ABA, the root growth
of abol-1 plants was slower than that of wild-type plants but
they had similar levels of shoot growth. In the presence of
different concentrations of ABA, both root and shoot growth
of abol-1 plants were more inhibited than that of the wild type
(Fig. 3A and B). At higher concentrations of ABA (more than
70 wM), abol-1 leaves showed more anthocyanin pigments,
and some cotyledons became chlorotic, which was rarely seen
in wild-type plants even at 100 puM ABA. However, supple-
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FIG. 4. Seed germination and seedling growth of abol mutant plants are resistant to oxidative stress. (A) Five-day-old seedlings of aboI-1 and
wild-type (WT) plants were transferred to MS medium or MS medium containing different concentrations of MV. The pictures were taken after
5 days. (B) Germination comparison of wild-type and abol-I plants in the presence of 1.2 uM MV. The pictures were taken after 10 days.
(C) Effects of different concentrations of MV on seedling greening rates of abol-1 and wild-type plants grown on MS medium containing different
concentrations of MV after 10 days. (D) Comparison of MV effects on abo! mutant and wild-type leaves. (G) Mature leaves were floated on 1
mM MYV for 5 days. (E) Ion leakage analysis of leaves treated with 1 mM MYV at different times. (F) Five-day-old seedlings of abol-1 and wild-type
plants were transferred to MS medium containing 10 wM Rose Bengal. Mature leaves were treated with 10 mM H,O, for 5 days. The pictures were
taken after 3 days. (H) Ion leakage analysis of H,O, effects on abol mutant and wild-type leaves.

mentation of different concentrations of ABA on agar plates
did not produce a difference in abol seed germination com-
pared to that of the wild type (Fig. 3C). The postgermination
growth of abol-1 seedlings was more impaired than that of the
wild type, as indicated by the ratio of seedlings with green
cotyledons to the total number of seedlings after germination
for 1 week (Fig. 3D). In order to determine whether abol
mutants are specifically sensitive to ABA, we also tested the
effects of other phytohormones, including methyl jasmonate,
salicylic acid, indole-3-acetic acid, gibberellins (GA;), and eth-

ylene, on seedling growth but failed to find any difference
between the abol mutant and the wild type (data not shown).

The abol mutation enhances oxidative stress tolerance.
ABA can induce the expression of genes encoding antioxidant
enzymes (17, 62). ABA also induces the production of reactive
oxygen species that serve as a second messenger in ABA sig-
naling in guard cells (24, 42). In order to test whether the ABA
sensitivity of abol-1 seedlings might be connected with reactive
oxygen species, we analyzed the response of abol-1 mutant
plants to oxidative stress. Methyl viologen (MV) (paraquat)
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FIG. 5. Expression of ABA- and stress-responsive genes in abol-2
(M) and wild-type (W) seedlings. Three-week-old seedlings growing on
agar plates were treated with 20 uM ABA for 3 h (ABA-3) or 5 h
(ABA-5). A tubulin gene was used as a loading control. Con, seedlings
without any treatment.

inhibits electron transport in the reduction of NADP to
NADPH during photosynthesis and thus enhances H,O, pro-
duction in chloroplasts under light (53). Seedlings grown on
MS medium for 5 days were transferred to new MS medium
supplemented with different concentrations of MV. The
abol-1 seedlings grew well on MS medium supplemented with
3 uM MYV, while more than 50% of wild-type seedlings were
killed at this concentration (Fig. 4A) after a 5-day treatment.
Exposure to 4 uM MV completely killed all wild-type seed-
lings, but all abol mutant seedlings still survived even at 6 puM
MV. Seed germination was inhibited to similar extents for both
abol-1 and wild-type plants by various concentrations of MV.
After radicles emerged, the young seedlings were more sensi-
tive to MV. Figure 4B shows that exposure to 1.2 puM MV for
10 days prevented the cotyledon greening of more than 90% of
the wild-type seedlings, whereas only 40% of the abol-1 coty-
ledons were affected. Dose-response analysis further indicates
that abol-1 mutant seedlings are less sensitive to MV than
wild-type seedlings (Fig. 4C).

The leaves taken from plants grown in soil were treated with
1 uM MV. After 5 days, the abol-1 leaves showed enhanced
anthocyanin pigmentation but without any apparent chlorotic
symptom. In contrast, wild-type leaves were severely damaged
and displayed chlorotic spots or bleaching (Fig. 4D). Electro-
lyte leakage (conductivity) is often used as an indicator of
tissue damage. The abol-1 leaves treated with 1 pM MV
showed substantially less ion leakage than the wild-type leaves
(Fig. 4E). Rose Bengal is another reagent that generates H,O,
when exposed to the light. Exposure to 10 wuM Rose Bengal for
3 days severely damaged the cotyledons of wild-type seedlings,
compared with no chlorotic symptom observed for abol mu-
tant cotyledons (Fig. 4F). We also found that wild-type leaves
were more damaged than abol-1 leaves by treatment with 10
mM H,O, for 5 days (Fig. 4G). This was supported by ion
leakage measurements at different time points (Fig. 4H).
These results show that abol-1 mutant plants are more resis-
tant to oxidative stress and suggest a possible connection be-
tween the ABA and oxidative stress response phenotypes.

Regulation of gene expression by ABOI. To ascertain
whether the ABA response defects of the abol mutation are
related to an altered expression of ABA- and stress-responsive
genes, we conducted Northern blot analysis of different stress-
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FIG. 6. Expression of ABA- and stress-responsive genes in abol-2
(M) and wild-type (W) seedlings treated with 100 uM ABA for 5 h
(ABA-5). A tubulin gene was used as a loading control. Con, seedlings
without any treatment.

inducible genes. We used the abol-2 mutant for Northern blot
analysis because it is more likely a null allele (see below). The
expression of RD294 and COR47 genes is partly ABA inde-
pendent, while RD22 and RD29B are dependent on ABA (58).
Under our conditions, both COR47 and RD22 are expressed at
a low level in wild-type and mutant untreated control samples,
but the expression levels of both genes are lower in the mutant
than in the wild type (Fig. 5A). In response to 20 uM ABA
treatment for 5 h, the expression of all four genes is induced to
higher levels in the wild type than in the mutant, although the
expression difference is rather small for RD294 and RD29B
(Fig. 5A).

The transcription factor ABF2/AREBL1 (26) positively reg-
ulates the expression of ABA-responsive genes, whereas the
protein phosphatase 2C ABI1 negatively regulates ABA re-
sponses (16, 35). We found that the expression of ABF2/
AREBI is more induced in the wild type than in the abol-2
mutant upon ABA treatment (Fig. 5B). The induction of the
ABII transcript by ABA is lower in the abol mutant than in the
wild type at 5 h of treatment (Fig. 5B).

We further compared the expression levels of some of these
genes in response to a higher ABA concentration (100 uM).
The transcripts of RD294, COR47, and ABII are induced to
lower levels in the abol mutant than in the wild type, whereas
the expression levels of RD29B and RD22 are similar between
the abol mutant and the wild type (Fig. 6). These results
suggest that ABA-responsive genes are less sensitive to ABA
induction in the abol mutant but that high concentrations of
ABA may compensate for the difference for some of the genes.

ABOI appears to differentially regulate the development
and growth of two adjacent pairs of guard cells. Drought
resistance could be contributed by both ABA sensitivity of
stomatal movement and stoma number. A stoma is formed
through one or more asymmetric cell divisions followed by the
symmetric division of the guard mother cell (36). During our
experiments on stomatal movement, we noticed that the num-
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FIG. 7. Comparison of stomatal morphologies of abol-1 and wild-
type plants. (A) Light microscopy of abaxial epidermises from mature
wild-type (a) and abol-1 (b) leaves. In wild-type plants, only normally
developed guard cells with formal stomata are observed. In contrast, in
the abol-1 mutant, only one pair of guard cells forms normal stoma
among two pairs of adjacent stomata. Bar, 10 wm. (B) Scanning elec-
tron microscopy of abol-1 (abnormal) (a, b, and ¢) and wild-type (d)
stomata. (C and D) Quantitative analyses of (C) the numbers of sto-
mata and (D) the pairs of guard cells in abaxial epidermises of abol-1
and wild-type (WT) plants. Values are means = SE (n = 30). %, P <
0.01.

ber of stomata with pores that could be observed under a light
microscope in the abol-1 mutant was only about half of that in
the wild type (Fig. 7A and C). Some pairs of guard cells did not
form normal stomata or formed stomata with very small pores
(Fig. 7B). However, the total number of guard cells that form
stomata with or without pores in the abol-1 plant is almost the
same as that in the wild-type plant (Fig. 7D). The abol muta-
tion appears to affect only the development and growth of
guard cells and their adjacent pavement cells and not the
division and differentiation of their precursor cells. These re-
sults suggest that, in addition to increased ABA sensitivity of
fully developed stomata, the drought-resistant phenotype of
the abol-1 mutant may be caused in part by the reduced
number of stomata on the leaf surface.

Map-based cloning of ABO1. We used a map-based cloning
strategy to identify the mutation responsible for the abol mu-
tant phenotype. The abol-I mutant in the Columbia back-
ground was crossed with wild-type plants in the Landsberg
background. The phenotypes of the resultant F2 seedlings
were determined, and DNA was extracted from each plant and
examined with SSLP markers designed according to informa-
tion from Cereon Genomics (http://www.Arabidopsis.org). Ini-
tial mapping located abol to the top of chromosome V. Fur-
ther mapping positioned ABO1 to within six bacterial artificial
chromosome clones: FSL15, T24H18, T6114, MSH12, MXE10,
and MUAZ22. Continued mapping delimited ABOI to a region
within the bacterial artificial chromosome clones T6I14,
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MSHI12, and MXE10 (Fig. 8A). Several predicted open read-
ing frames were amplified by PCR and sequenced. A single
nucleotide mutation from G2595 (counting from the first pu-
tative ATG of the genomic sequence) to A was found in abo!-1
in the third predicted exon of the putative gene At5gl13680
(MSHI12.15). The mutation was predicted to change amino
acid Trp746 (encoded by TGG) to a stop codon (encoded by
TAG) and to result in a C-terminal truncation mutant lacking
almost half of the polypeptide sequence of the ABO1 protein
(Fig. 8B).

We searched the SALK collection database and obtained three
independent insertion mutants (SALK 004690, SALK 011529,
and SALK_084199) from the Arabidopsis Stock Center (http:
//www.Arabidopsis.org). Sequencing analysis confirmed the inser-
tion sites provided by the Salk Institute Genome Analysis Labo-
ratory. T-DNA insertions of SALK 004690, SALK 011529, and
SALK 084199 were detected before nucleotides 1707, 3214, and
4596 (counting from the first putative ATG of the genomic se-
quence), respectively. We renamed SALK_004690, SALK_011529,
and SALK 084199, respectively, abol-2, abol-3, and abol-4
(Fig. 8B). Northern blot analysis using a probe amplified from
nucleotides 1916 to 3037 of ABOI (counting from the first
putative ATG of the genomic sequence) revealed that the
expression of the ABO! gene was detected in the wild type but
not in the mutant alleles abol-1, abol-2, abol-3, and abol-4
(Fig. 8C). We crossed abol-1 with abol-2, abol-3, and abol-4,
and all of the resulting F1 plants showed the abol-1 drought
resistance phenotype. All three T-DNA insertion mutants
have, per leaf area, about half the number of guard cells with
pores that can be seen under a light microscope compared to
the wild type. We also checked the ABA sensitivities of abol-2,
abol-3, and abol-4 and found that all of the mutants showed a
phenotype similar to that of abol-1. Taken together, these data
demonstrate that ABOI is the gene mutated in the different
abol alleles.

ABOI/ELO?2 encodes a homolog of yeast Elongator subunit
Elp1/Iki3/Totl. ABOI is a new allele of ELO2, which is pre-
dicted to encode a protein of 1,319 amino acids with significant
similarity to the largest subunit of the yeast Elongator complex,
Elp1/Iki3/Totl (11, 38). ABO1 shares 50% identity and 68%
similarity in the entire amino acid sequence with a putative rice
IKI3 (GenBank accession no. NP_910712), 26% identity and
45% similarity in the entire amino acid sequence with the
human homolog of yeast Iki3, IKAP (GenBank accession no.
AAG43369), and 27% identity and 44% similarity in the entire
amino acid sequence with the fission yeast Iki3 (GenBank
accession no. NP_595335).

In order to analyze the ABOI/ELO?2 gene expression pat-
tern, transgenic Arabidopsis plants expressing an ABOI/ELO2
promoter-ABOI/ELO?2 partial coding region-GUS reporter
gene were analyzed for GUS activity. The GUS gene was
expressed in roots, hypocotyls, stems, leaves, flowers, and si-
liques (Fig. 8E, panels b to f) but was not detected at the
earlier stage of seed germination, which is consistent with the
lack of mutant effect on ABA inhibition of seed germination
(Fig. 8E, panel a). Consistent with the role of ABOI/ELO?2 in
guard cells, GUS activity was detected in guard cells of isolated
epidermal peels (Fig. 8F and G). It appears that GUS staining
is greater in one of the two adjacent pairs of stomata which are
usually formed in Arabidopsis. However, because of the low
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FIG. 8. Positional cloning and expression pattern of the ABOI gene. (A) Positional cloning of the ABOI gene. Chr, chromosome; BAC,
bacterial artificial chromosome. (B) Structure of the ABO! gene, showing the different mutant alleles. LB, T-DNA left border. (C) Expression of
the ABOI gene in different mutant alleles. An rRNA gene was used as a loading control. WT, wild type. (D) ABO1 expression was not induced
under different treatment conditions. A tubulin gene was used as a control. Con, seedlings without any treatment; SA, salicylic acid; JA, jasmonic
acid. (E) ABOI promoter-GUS analysis in Arabidopsis transgenic seedlings. (a) One-day-old seedling, (b) 4-day-old seedling, (c) stem, (d)
10-day-old seedling, (e) siliques, and (f) flower. (F) Guard cells on an abaxial epidermis from a nontransgenic plant, used as a negative control.
(G) ABOI promoter-GUS analysis of guard cells on an abaxial epidermis from a transgenic plant. Bar, 10 pm.

GUS expression and development sequence of the guard cells,
it is difficult to differentiate the GUS expression levels of later-
formed guard cells from those of earlier-formed guard cells.
The GUS expression pattern is consistent with our observed
mutant phenotypes. Nevertheless, the GUS expression pat-
tern may not fully reflect the expression pattern of the
endogenous ABOI gene since the ABOI promoter fragment
used for the GUS experiment does not include potential
regulatory sequences that may be present in the introns or
other parts of the gene.

To determine whether ABOI/ELO2 gene expression is in-
duced by stress, we performed Northern blot experiments us-
ing total RNA extracted from 2-week-old seedlings treated
with different stresses. The ABO1/ELO2 transcript was not
induced by drought or H,O, or by treatment with exogenous
hormones such as ABA, salicylic acid, or jasmonic acid (Fig.
8D), which indicates that ABO1/ELO?2 is not a stress-induc-
ible gene.

In order to study the plant ABOI/ELO2 gene, we asked
whether its expression complements a yeast tot!/elpl A mutant

lacking the Elongator subunit 1 gene homologous to ABO1/
ELO2. In yeast, loss of Elongator elicits sensitivity to thermal
and chemical stress and causes resistance to cell death by the
zymocin toxin complex (11, 22). Intriguingly, while caffeine
sensitivity of the fotl/elpl A strain remained unaltered at 30°C
under galactose induction of the ABOI/ELO2 gene (Fig. 9A),
cell viability of ABO1/ELO?2 expressors became progressively
compromised at 37°C and ceased completely at 39°C (Fig. 9B)
in the absence of caffeine. This effect is not linked to thermo-
sensitivity of the Elongator mutant (11), as fotl/elpIA cells
carrying empty vector proved to be significantly more thermo-
tolerant than ABOI1/ELO?2 expressors. As expected, the wild-
type yeast gene TOTI/ELPI efficiently complemented totl/
elpIA cells to restore wild-type thermotolerance at 39°C and
caffeine resistance (Fig. 9A and B). Hence, under conditions
known to interfere with Elongator deficits, ABO1/ELO2 ex-
pression is not able to improve cell viability. Contrast this with
complementation of y-toxin resistance due to galactose induc-
tion of the ABOI/ELO2 gene (Fig. 9C). Based on normal
performance in the presence of pHMS22, a vector devoid of
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FIG. 9. Cross-complementation studies of a yeast fotl/elpl A Elon-
gator mutant by expression of plant ABOI/ELO2. (A) Caffeine sensi-
tivity. LFY3 (tot1/elpIA) cells transformed with vector pFF14 (TOT1/
ELPI) or pDJ98 (ABOI/ELO2) or empty vector (2um) were serially
diluted and spotted onto ABOI1/ELO2-repressing (glucose [glc]) or
-inducing (galactose [gal]) YPD medium in the absence (— caffeine) or
presence (+ caffeine) of 7.5 mM caffeine. Growth proceeded for 2 to
3 days at 30°C. Caffeine-sensitive (Caf®) and -resistant (Caf®) drug
responses are indicated. (B) Thermosensitivity. LFY3 (totl/elpIA)
transformants (transformed as described for panel A) were replica
plated on ABOI/ELO2-inducing galactose YPD medium and grown
for 3 days at 30°C, 37°C, and 39°C. Thermotolerant (Ts") responses
are distinguished from sensitive (Ts™) and hypersensitive (Ts™ ") re-
sponses. (C) Resistance to zymocin +y-toxin (y-tox) subunit. LFY3
(totlfelp1A) cells (transformed as described for panel A) were trans-
formed with GAL I—y-toxin expression vector (pHMS14) (top panels)
or empty GALI control (pHMS22) (bottom panels). Upon replica
spotting from glucose-repressing to galactose-inducing synthetic com-
plete medium, cell death by +y-toxin was monitored (y-tox: on).
pHMS22 transformants carrying no y-toxin (— vy-tox) served as galac-
tose-utilizing (Gal™*) controls. Growth on galactose in the presence of
~y-toxin (+ y-tox) reflects resistance towards y-toxin (Tox®), and failure to
do so equals sensitivity (Tox®).

the zymocin subunit gene, we consider the growth arrest of
ABOI/ELO2 expressors by the vy-toxin (Fig. 9C) to be fully
ascribable to ABOI/ELO?2 gene expression. Hence, the ability
of ABOI/ELO?2 to confer y-toxin sensitivity in totl/elplA, an
otherwise y-toxin-resistant Elongator mutant (11), strongly in-
dicates that the plant gene ABOI/ELO?2 substitutes for this
zymocin-relevant function of the yeast Elongator subunit 1.
Whether the ABO1/ELO2 protein assembles into a chimeric
Elongator complex is not yet known but appears likely since, in
yeast, zymocin toxicity requires a structurally integrated six-
subunit complex (9, 12).

DISCUSSION

Several genetic loci important in ABA signaling have been
identified previously based on seed germination sensitivity to
ABA (10) and abnormal bioluminescence emitted from plants
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carrying the RD29A luciferase gene under ABA treatment in
Arabidopsis (7). We have succeeded in isolating mutations
through directly screening the drought-resistant or leaf-wilting
plants growing on soil under drought stress conditions (6). The
abol mutations isolated in this study greatly increased drought
tolerance. abol mutants show ABA hypersensitivity in the in-
hibition of seedling growth and the promotion of stomatal
closing. Furthermore, the abol mutant is more resistant to
oxidative stress, which may be related to its ABA hypersensi-
tivity and increased drought tolerance. Interestingly, mutations
in ABO1/ELO? also influence the development of guard cells,
resulting in stomata reduced to half the number in the wild
type. These results indicate that ABO1/ELO2 represents a unique
mechanism for modulating drought tolerance in Arabidopsis.

Studies with yeast and animals have demonstrated the im-
portance of Elongator, a histone acetyltransferase complex, in
controlling gene expression at the elongating stage of tran-
scription and potentially mRNA processing (13, 25). In yeast,
holo-Elongator comprises two subcomplexes: core-Elongator,
consisting of subunits Elp1-3/Tot1-3, and the smaller Elp4-6/
Tot5-7 module (11, 29, 55). Elpl/Totl is the largest subunit
with homology to the human IKAP, which can cause a severe
neurodegenerative disorder called familial dysautonomia when
mutated (1). In Arabidopsis, putative homologs of all six yeast
Elongator subunits were predicted based on comparative
genomics (37). Three Arabidopsis loci homologous to the yeast
Elongator gene ELP1, ELP3, and ELP4 subunits and respon-
sible for phenotypes of the elongata2 (elo2), elo3, and elol
mutants have been cloned recently (38).

Our findings that induction of ABOI/ELO?2 from the GALI
promoter restored sensitivity of a totl/elpl A Elongator mutant
towards growth inhibition by the zymocin +y-toxin subunit sug-
gest functional Elongator conservation. In line with previous
reports that zymocin-induced cell death requires holo-Elonga-
tor (9, 12), complementation by ABO1/ELO?2 implies that tot1/
elp1A cells expressing the plant gene are likely to assemble an
Elongator chimera that accommodates ABO1/ELO2 and that
supports Elongator function in yeast. Based on differential
phenotypic displays, i.e., complemented zymocin resistance,
unaltered caffeine sensitivity, and enhancement of thermosen-
sitivity, cross-complementation by ABOI/ELO2, however, is
considered to be partial. Although the capability of ABOI1/
ELO?2 to rescue caffeine sensitivity of totl/elplA cells by up-
regulating ABOI/ELO?2 expression was not investigated, we
cannot exclude the possibility that full Elongator competence
may require excess ABO1/ELO2 levels in yeast. In support,
complementation of the y-toxin phenotype required plasmid-
coupled ABOI/ELO2 expression under the control of leu2"
that amplifies plasmid copy number (52). Alternatively, differ-
ential phenotypes may indicate that some Elongator functions
are conserved from yeast to plants while others are not. Our
observation that ABOI/ELO?2 induction enhanced thermosen-
sitivity points to proliferation-relevant aspects that may distin-
guish plant from yeast Elongator. Congruently, the mechanism
by which Elongator affects cell proliferation reportedly differs
between yeast and plants (38) and hELP3, human Elongator
subunit 3, hardly replaced the yeast homolog (31). Whether
Elongator’s roles in transcription (13, 39), secretion (43), or
tRNA modification (19) are hijacked by zymocin is under
study. Recent reports that zymocin particularly targets Elon-
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gator-dependent tRNA species support the latter option (23,
34) and provide a strong case to study whether Elongator’s
novel role in tRNA modification is conserved among yeast,
plants, and mammals.

Recent studies identified several Arabidopsis mutations that
affect ABA signaling by controlling RNA metabolism (30).
Among them, an ABHI mutation encodes an mRNA cap-
binding protein which, together with CBP20, forms a het-
erodimeric nuclear cap-binding complex (20, 40), and a SAD!
mutation encodes a multifunctional Sm-like protein which is a
component of snRNPs functioning in pre-RNA splicing and
mRNA transport and degradation (56). Mutations in either
ABH1 or SAD1 or CBP20 render plants hypersensitive to
ABA in seed germination and seedling growth (20, 40, 56).
Interestingly, mutations in ABOI/ELO?2 lead to similar ABA
sensitivity of seedling growth but cause no clear change in
response to other plant hormones. All of these phenotypes are
also observed with ABHI and SADI mutants. Because all three
genes (SAD1, ABOI/ELO?2, and ABH]I) are involved in differ-
ent stages during mRNA processing, together these studies
suggest that the RNA-processing machinery or part of it is
intimately involved in early ABA signaling for stress tolerance
(20, 30, 56).

Our Northern blotting results indicated that mutations in
ABOI/ELQO?2 affect the expression of some stress-inducible
genes. Although abol mutants are hypersensitive to ABA in
both stomatal closing and seedling growth, the expression lev-
els of ABA-responsive genes did not show hypersensitivity to
exogenous ABA in the abol mutant. In fact, upon 20 uM ABA
treatment the expression levels of stress-responsive marker
genes RD29A, RD29B, RD22, and COR47 as well as ABF2/
AREBI and ABI1 are lower in the abol mutant. ABO1/ELO2
is a single-copy nonessential gene in Arabidopsis. As discussed
above, one of Elongator’s functions is to facilitate mRNA
transcription elongation by RNA polymerase II (13, 25, 39).
The mutations in ABO1/ELO2 would decrease the transcript
levels of its target mRNAs. It has also been shown that both
ABH]I and SAD1 have minor effects on global gene expression
and that only a limited number of genes are altered by the abhl
or sadl mutations (20, 56). At present, the molecular mecha-
nism underlying the differential gene expression effects of the
mRNA processing-related mutations is not known. However,
based on the recent report that ABA can affect RNA process-
ing by binding to the RNA-binding protein FCA (44), it is
possible that ABA may directly modulate these RNA process-
ing steps by binding to one or more of the RNA processing
factors.

Another interesting phenotype of the abol mutant is a re-
duced stoma number. In abol mutants, the total number of
stomata observed on the leaf surface was half of the number in
the wild type, but the total numbers of guard cells were similar.
The abundance of stomata is an important factor influencing
water use efficiency. Several genes affecting guard cell pattern-
ing and development have been isolated recently (2-4, 36, 49,
54). Mutations in SDD, YODA, and TMM genes showed in-
creased stoma number in mutant plants, which indicates that
these genes are negative regulators in guard cell formation.
Results suggest that SDD, YODA, and TMM function up-
stream and FLP, CDKBI1, and FAMA function downstream in
the guard cell development signaling pathway (3, 4). The guard
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cell phenotypes caused by ABO1/ELO2 mutations are differ-
ent from those of the guard cell-related mutants in the litera-
ture. ABO1/ELO2 affects only the growth and development
but not the division and differentiation of the pairs of guard
cells originating from satellite meristemoid mother cells. An-
other important difference is that the abol mutations impair
not only stomatal development but also stomatal sensitivity to
ABA, whereas other stomatal developmental mutants do not
have defects in ABA sensitivity (2-4, 36, 49, 54). Because
ABO1/ELO2 is suggested to influence the mRNA elongation
process, ABO1/ELO2 may not directly participate in control-
ling the growth and development of guard cells. Instead,
ABO1/ELO2 may regulate another gene(s) that plays a role in
guard cell growth and development. The fact that abol mu-
tants are hypersensitive to ABA-induced stomatal closure sug-
gests that some genes responsible for stomatal closure could
also be involved in regulating guard cell growth. Our results
suggest that the growth and development of pairs of guard cells
originating from meristemoid mother cells and satellite meris-
temoid mother cells are modulated by different genes, possibly
through different signaling pathways.
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