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Abstract

Abscisic acid (ABA) induces the expression of a battery of genes in mediating plant responses to environmental
stresses. Here we report one of the early ABA-inducible genes in batlegéum vulgard..), HVA22 which

shares little homology with other ABA-responsive genes suchias (late embryogenesis-abundant) aR4AB
(responsive to ABA) genes. In grains, the expressioH\@A22gene appears to be correlated with the dormancy
status. The level of HVA22 mRNA increases during grain development, and declines to an undetectable level
within 12 h after imbibition of non-dormant grains. In contrast, the HVA22 mRNA level remains high in dormant
grains even after five days of imbibition. Treatment of dormant grains with gibberellin (GA) effectively breaks
dormancy with a concomitant decline of the level of HVA22 mRNA. The expressidi\#&22 appears to be
tissue-specific with the level of its MRNA readily detectable in aleurone layers and embryos, yet undetectable in
the starchy endosperm. The expressiohl@A22in vegetative tissues can be induced by ABA and environmental
stresses, such as cold and drought. Apparent homologues of this barley gene are found in phylogenetically divergent
eukaryotic organisms, including cerealsrabidopsis Caenorhabitis elegansnan, mouse and yeast, but not

in any prokaryotes. Interestingly, similar to barlefvA22 the yeast homologue is also stress-inducible. These
observations suggest that tH¥A22and its homologues encode a highly conserved stress-inducible protein which
may play an important role in protecting cells from damage under stress conditions in many eukaryotic organisms.

Introduction Recently, studies have focused on the role of ABA-
regulated genes in the development of desiccation
Abscisic acid regulates a variety of plant genes in tolerance in seeds. Abscisic acid levels in embryos
response to developmental cues and environmentalbegin to rise and reach a peak at the late stage of
stresses. In seed development and germination, ABA embryogenesis, when specific mRNAs accumulate in
appears to be involved in growth and differentiation the seeds. These mRNAs include those encoding late
of the embryo, accumulation of reserves in storage embryogenesis-abundant (LEA) proteins, which have
tissues (cotyledon and/or endosperm), and preventionbeen described in various plant species (Detral.,
of precocious germination (Crouch and Sussex, 1981; 1989; Honget al, 1992; Gaubieet al,, 1993). Some
Bray and Beachy, 1985; Vilardedt al,, 1990). Studies  of these proteins have been suggested to be involved
with ABA biosynthesis inhibitors and genetic mutants in protecting proteins and membranes from damage
further suggest the involvement of ABA in the main- during the desiccation process, presumably by form-
tenance of seed dormancy (Foeigal., 1983). Maize ing a dimer with a coiled-coil structure capable of
andArabidopsisanutants with a reduced level of ABA  sequestering ions built up due to water loss during
or sensitivity to ABA are viviparous (Robichaed al., the desiccation process (Dueg¢ al, 1989). In fact,
1980; Koornneeét al, 1982). the expression of someEA genes is closely corre-



328

lated with the development of desiccation tolerance in Materials and methods
embryos. Treatments of embryos isolated at an earlier

developmental stage with ABA result in a precocious Chemicals
accumulation of LEA proteins and other mRNAs, and
the acquisition of desiccation tolerance in these young
embryos (Bartelgt al,, 1988).

Not only do seeds have to cope with low water
potential. Vegetative tissues also face similar stress un-
der unfavorable growth conditions. The level of ABA
in vegetative tissues is known to increase in response

to drought, salt and cold stress (Lachno and Baker, Products, Boston, MA. T3 RNA polymerase was ob-

1986; Chenet al, 1983). Many of the genes ex- tained from Stratagene, La Jolla, CA. Restriction
pressed at the late stage of seed development are alsg - : .
: ) T enzymes were obtained from Promega, Madison, WI,;
induced by ABA in vegetative tissues (Homrg al, New Enaland Biolabs. Beverlv MA: and Interna-
1988; Cohen and Bray, 1990). The elevated level of 9 ’ Y, ’

: . . tional Biotechnologies, New Haven, CT. Luciferin
ABA induces the expression ®AB (responsive to was purchased from Analytic Luminescence Labora-
ABA) genes in rice (Mundy and Chua, 1988) and P Y

maize (Vilardellet al, 1990). Other ABA- andjor 07 San Diego, CA. Methyl jasmonate was obtained

dehydration-regulated genes include those encodin afrom Bedoukian Research, Danbury, CT. All other
y 9 9 9 reagents were acquired through Sigma Chemical Co.,

putative RNA-binding protein (Ludevidt al, 1992), :
L : . St. Louis, MO.
lipid body membrane proteins from maize (Vance and
Huang, 1988) and carrot (Harzopoulesal,, 1990),
and an aldose reductase involved in the synthesis of
sorbitol, a putative osmolyte in plant cells (Bartels Barley grainsfordeum vulgaréd.. cv. Himalaya), ob-
etal, 1991). Involvement of ABA in cold acclimation  tained from 1985 or 1988 harvests at the Department
and responses to salt stress has also been reported inf Agronomy and Soils, Washington State Univer-
quite a few plant species (Bornman and Jansson, 1980;sity, Pullman, WA, were used throughout this study
Chen and Gusta, 1983; Singhal., 1987). with the exception of the dormancy experiments which
We are committed to studying the mode of the utilized seeds of cv. Steptoe. The sterilization and im-
ABA action in barley aleurone tissue, a convenient bibition of whole seeds (embryo and seedling studies)
system for the study of plant hormones. It has been and embryoless half-seeds (aleurone layer study) and
shown that ABA induces more than a dozen polypep- the preparation of barley aleurone layers were done as
tides in barley aleurone layers, and most of them are described (Belangest al., 1986).
heat-stable (Lin and Ho, 1986; Jacobsen and Shaw, For the development study, barley grains were
1989). Several ABA-inducible barley cDNA and ge- planted in 15 cm pots in a standard soil mix and grown
nomic clones have been cloned and sequenced. One ofn a greenhouse under a temperature regime of ca.
these HVAY, is aLEA gene (Honget al, 1992). An- 15 °C on the day and 10C at night. Supplemen-
other cloneHVA22 represents a unique type of ABA- tal lighting was used to increase light intensity and
inducible genes (Shent al, 1993). Beside ABA, extend daylight to 16 h per day. The time of anthe-
cycloheximide and stress conditions are also strong sis was determined by daily opening a floret from a
inducers oHVA22(Sheret al,, 1993). While the ABA central spikelet on a maturing spike and checking for
regulation of expression of these genes has been a subelongation of the filaments, dehiscence of the anthers,
ject of intensive studies, little is known about their and the coincident pollination event. Anthesis marked
potential functions. As an initial attempt to investigate day O for the time course of seed development. At
the HVA22gene, we studied its expression pattern in specified times whole grains were collected and frozen
response to developmental and environmental cues. Inimmediately in liquid nitrogen or dissected into em-
addition, we show thaiVA22homologues are present  bryo, aleurone plus pericarp, and starchy endosperm
in a variety of organisms includingrabidopsis mam- fractions before freezing and storage-at0°C.
mals and yeast. Interestingly, the yeast homologue can
also be induced by salt stress. The potential function
of the HVA22 protein and its homologues is discussed.

Guanidine-HCI| was purchased from Fisher Scien-
tific, Pittsburgh, PA. Unlabeled deoxynucleotide
triphosphates and nucleotide triphosphates were ac-
quired from Boehringer Mannheim Biochemicals,
Indianapolis, IN. Deoxycytidine:-[3?P]triphosphate
(3000 Ci/mmol) and guanidine-[3?P]triphosphate
(3000 Ci/mmol) were purchased from NEN Research

Plant material and incubation conditions



ABA and stress treatments of seedlings

For ABA treatment, 3-day old seedlings, originally
grown aseptically at room temperature on a layer
of 3 MM filter paper above vermiculite soaked with
H>0, were transferred to and incubated in a petri dish
containing two layers of 3 MM filter paper soaked
with 1074 M ABA solution. In dehydration experi-
ments, seedlings were kept on moist paper for non-
stress treatment or dehydrated to 85% of original
fresh weight on the laboratory bench, then kept in the
wilted state in a moist chamber for 24 h. To prepare
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Ribonuclease protection assay

The HVA22gene was cloned as two adjac&aH|
fragments, named'&nd 3 BHI clones, from a par-
tial genomic DNA library constructed in the polished
Xhd site of theaZapll vector (Stratagene) (Shenal,
1993). A 3 deletion construct was prepared from the
5 BHI clone with Ead digestion, which deleted the
DNA between+95 (related to the second transcrip-
tion start site) and th&anHI site, as well as the
polylinker sequence between tikhd and theEad
sites (Sheret al,, 1993). A 1.8 kbBgll/Bgll fragment

cold stress-treated plants, beakers containing 3-daywas obtained from this deletion construct, including

old seedlings on two layers of 3 MM paper soaked
with H>O were exposed to a low temperature of ca.
1 °C by sitting on ice in a cold room for 4 days. For

the T3 promoter sequence and tH¥A22 sequence
between -282Kgll) and +95 Ead). The Bgll end was
polished with T4 DNA polymerase since transcrip-

heat shock treatment, 3-day old seedlings were put tions of templates with protruding 3ermini usually

in glass beakers and incubated at a°87water bath

for 4 h. The roots were covered with a thin layer of

water to avoid water loss during the heat treatment.
After treatments, the seedling were dissected into root
tips (1 cm), upper roots (the rest of the root), coleop-

generate significant numbers of long RNA molecules
aberrantly initiated at the termini (Sambroek al.,
1989). In vitro transcription was conducted with T3
RNA polymerase,a-[3?P]GTP and cold ATP, CTP
and UTP mix, producing &P-labeled 408 base RNA

tiles and leaves unless specified otherwise. The tissuesfagment which is complementary to the transcribed

were frozen in liquid nitrogen, and stored-a80 °C
until further analyses.

Barley RNA preparation

Total RNA was prepared from aleurone layers and

strand of theHVA22 DNA between—282 and+95
plus pieces of polylinker sequence. Total RNA was
isolated from aleurone layers treated with or without
ABA (10~° M) and cycloheximide (1@.g/ml), which
synergistically inducélVA22expression (Sheet al.,
1993), and from mature embryos imbibed for 3 h. In

other barley tissues using guanidine-HCl as described order to compare thelVA22transcript in seeds and

in Belangeret al. (1986) and in Koehler and Ho
(1990). Total RNA from developing endosperm was
prepared using the method of Rogers and Milliman
(1983).

Northern analysis

Northern analysis was performed by electrophoresing
RNA (10 g total RNA for barley and 2@.g for yeast
per lane) in formaldehyde-agarose gels and blotting
onto GeneScreen nylon membranes (New England
Nuclear, Boston, MA) as described in Sambresdlal.
(1989). Equal RNA loading for all samples was con-
firmed by monitoring the intensity of rRNAs stained
with ethidium bromide. RNA was covalently cross-
linked to the membrane by UV exposure according
to the manufacturer’s instructions. The blots were
hybridized and washed according to the method of
Church and Gilbert (1984). The autoradiography was
guantified with a computing densitometer (Molecular
Dynamics, Sunnyvale, CA).

vegetative tissues, total RNA was also prepared from
3-day old seedlings cold-stressed for an additional
4 days. A 30ug portion of total RNA was hybridized
overnight at 55°C with the 32P-labeled RNA probe.
Escherichia coltRNA was also included as a negative
control. The RNase digestion and further processing
were performed as described (Gilman, 1989).

DNA constructions, particle bombardment and
enzyme assays

For the studies of methyl jasmonate (MJ) and gib-
berellin (GA), we used construct PsalllGU, which
contains the 3 kb promoter plus 46 bp untrans-
lated sequence of thélVA22 gene linked to the
HVA22 intron1-exon2-intron2 fragment and the cod-
ing sequence for thee. coli GUS (encoding g-
glucuronidase) gene with a modified ATG initiation
codon. The 3 sequence containing the poly(A)-
addition signal of theHVA22gene is fused to the’3
end of theGUS gene (Sheret al,, 1993). Each test-
ing construct containing th&US reporter gene was
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mixed with the internal control construct, pAHC18 digestion. The single-strand probe was labeled by PCR
(maize ubiquitin promoter/luciferase construct; Bruce inthe following mixture: 1ul of template (25 ng), Ll
and Quail, 1990) at 1:0.5 molar ratio. Half-seeds, af- of yhav3 primer (25uM), 1 ul each of dATP, dGTP
ter being imbibed for three days, were bombarded and dTTP (1 mM), 5ul of «-[32P]dCTP (50.Ci),
with the DNA mixture and incubated with or with- 2 ul of buffer, 0.5 ul of Tag DNA polymerase (Dy-
out 2 x 10~ M ABA for 24 h. The homogenization  nazyme), and bHO to make up the total volume of
of seeds after incubation, quantitative enzyme assays,20 ul. Seven PCR cycles were performed in the fol-
and data reduction were basically the same as de-lowing parameters: denaturation at 9 for 1 min,
scribed before (Lanahaet al, 1992; Shenet al, annealing at 58C for 1.5 min, and extension at 72
1993). The normalized GUS activity represents the for 5 min. The probe was purified with a G-50 gel
total number of fluorescent units that would be gener- filtration column and denatured before hybridization.
ated in 20 h from an aliquots of extract that contained
2 x 10° relative light units of luciferase activity.

Results
Yeast cell culture, RNA isolation and single-strand

probe labeling To study the mode of action of ABA in regulating

gene expression, we have screened several aleurone

Saccharomyces cerevisia@s raised in 1 liter of 1%  layer cDNA libraries and obtained dozens of ABA-
yeast extract/2% peptone/2% glucose in a 2-liter flask regulated clones. Among these clones, HVA22 ap-
at 30°C, 175 rpm to late log phase. The cells were har- pears to be the least abundant. This gene is mapped
vested by centrifugation at 5000 rpm for 5 min atroom to barley chromosome 1 (Shest al, 1993). The
temperature, and resuspended in 15 ml of medium. For Schematic representation of th&/A22gene structure
salt stress treatment, 10 ml of the resuspension wasiS shown in Figure 1A. Two ABA response promoter
transferred to a 2-liter flask containing 500 ml of 1% Ccomplexes are present within300 region of the pro-
yeast extract/2% peptone/2% glucose/1.5 M NaCl and moter, each containing an ACGT box (A2 or A3) and
incubated under the same conditions as above. For thea coupling element (CE2 or CE1) (Shehal, 1993,
control, conditions were the same as with the stressed 1996).

condition but without NaCl in the medium. HVA22 cDNA, with a size of 816 bp, has a long

For RNA isolation, yeast cells at specific stages of (261 bp) CT-rich Suntranslated region. The deduced
culture were harvested at 5000 rpm for 2 min, and amino acid sequence indicates thfA22encodes a
frozen in liquid nitrogen immediately after centrifu- basic protein, with an isoelectric point of 9.2 as calcu-
gation and stored at70 °C. The cells were thawed lated with the Isoelectric programin the GCG software
in 0.5 ml of 0.5 M NaOAc pH 4 and transferred to a Package (Devereugt al. 1984). It shares no appar-
2 ml microfuge tube. After brief pelleting in a bench- €nt homology with any of the reported ABA-inducible
top centrifuge, the cells were resuspended in anothergenes, such @&8ABandLEA
0.5 ml of 0.5 M NaOAc pH 4, followed by the addition Northern analyses with the cDNA as probe indi-
of 0.1 ml of chloroform/isoamyl alcohol (49:1) and cated the expression bfVA22can be rapidly induced
0.5 ml of phenol prewarmed at 7. The mixturewas by either ABA or cycloheximide, a protein synthesis
vortexed immediately for 5 min with a microfuge tube  inhibitor (Figure 1B). Addition of both inducers had a
mixer and centrifuged at 17 000g for 10 min at 4°C. synergistic effect on the expression of this gene (Fig-

The aqueous upper phase (0.54 ml) was transferredure 1B). In the absence of cycloheximide, the ABA
to a new microcentrifuge tube, and mixed well with induction of HVA22 was transient, with its mRNA

0.5 ml of cold isopropanol. After storage a0 °C level peaking between 4 to 8 h of ABA treatment and
for 30 min, the RNA was recovered by centrifugation declining later to background level (Figure 1B) (Shen
at 17000x g for 10 min at 4°C, washed with 70% et al, 1993).
ethanol, dried in a speed vac. )

For labeling of single-strand probe, the template HVA22 homologues are present in other cereals

was amplified from yeast genomic DNA by PCR.  5inar members of Gramineae were examined for

The two primers used weré-bcgaatatgcatctagtatté-3 HVA22 homologues in plants with seed morphology
(yhvas) and SatgaacagaagcacCtg_ta}gC(‘ﬁwazs)- The_ similar to barley. Total RNA was isolated from em-
PCR product was confirmed by sizing and restriction bryos of wheat Triticum aestivumL.), rye (Secale



331

- 282 - 87 -34 +1 +948
TATATA

— = ABA+CH
== ABA
--¥ - CH
151
-0 - Control
/.\ e
./7 ST
101 3

Relative Density

Time (hr)

Figure 1. The HVA22gene is ABA- and cycloheximide-inducible and can be superinduced by the presence of both inducers. A. Schematic
diagram of theHVA22gene. The promoter region proximal to the TATA box is shown. ABRC stands for ABA-responsive complex composed
of an ACGT-box (A2 or A3) and a coupling element (CE1 or CE2). The positions of the ABRCs and the TATA box relative to the transcription
start site are shown. Two transcription start sites, shown as arrows, appear to be present in this gene; the-fB3) coer¢sponds to the

5" end of the cDNA sequence and the second ent) (s the mapped transcription start site. Thin black angled lines represent the introns of
this gene. B. The HVA22 gene is ABA- and cycloheximide-superinducible. The expresditwiA@?2is regulated by ABA and cycloheximide

as determined by the northern blot analysis. Each lane was loaded with @Dtotal RNA prepared from the aleurone layers treated with or
without 2 x 10~> M ABA, 10 ug/ml cycloheximide (CH) or combination of ABA and cycloheximide (AB&H) for the time indicated (h).

The density of each band was quantified with a densitometer.

cereael.), oat (Avena sativa..), rice (Oryza sativa ity 5 x 1013), andCaenorhabditis elegan@LAST

L.) and maizeZea may4..) and used for northern blot ~ score 65, probability 2« 10-9). In addition, as has
analyses with rRNA as the loading control. In all of the been reported before (Vance and Huang, 1988), a hu-
RNA samplesHVA22cDNA hybridized to a mRNA man HVA22 homologue has been identified (BLAST
species with mobility similar to that diiVA22from score 75, probability 2« 10-1%). When the search
barley. They are most likely thelVA22homologues  was conducted against the dbEST databaséiran
since the hybridization with thé?P-labeledHVA22 bidopsishomologue (BLAST score 108, probability 2
cDNA was conducted at high stringency (Church and x 10-22) and a rice (BLAST score 110, probability

Gilbert, 1984) (Figure 2A). 3 x 1072%) were found.

HVA22 homologues are present beyond the plant HVA22 and its homologues contain a conserved

kingdom sequence which could be phosphorylated by a casein
kinase I

The presence dfiVA22homologues is not limited to

Gramineae species. When the barley HVA22 amino Analyses of the HVA22 amino acid sequence (Fig-
acid sequence was compared by the BLAST pro- ure 2B) with the Motifs program of the GCG software
gram to the database of GenBank, its homologues package indicated that this protein contains two con-
were identified in a variety of organisms including sensus casein kinase Il (CKIl) phosphorylation sites
yeast (with a BLAST score of 76 and a probability ([S/T]XX[D/E]), with the first one (SKVD) located

of 9 x 10713), mouse (BLAST score 76, probabil- between positions 36 and 39 and the second between
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Figure 2. HVA22gene homologues are ubiquitous among eukaryotes. A. HVA22 homologous mRNA is present in other Gramineae species.
Total RNA was isolated from mature embryos of the seeds listed. The northern blot analysis was conducted as described in Materials and
methods with thé2P-labeled HVA22 cDNA as the probe. Equal RNA loading for all samples was confirmed by monitoring the intensity of
rRNAs stained with ethidium bromide. BlVA22homologues are present in diverse organisms. The barley amino acid sequence was compared

to the nr and dbEST databases, homologous sequences were identified and aligned by BLAST. Identical residues are shaded, similar residues,
as determined by SeqVu 1.0, 90% on the GES scale, are outlined. The numbers indicate the positions of the amino acids within the individual

proteins.

positions 54 and 57 (Duret al, 1989). Interest- HVA22 expression in seeds is tissue-specific and
ingly, the second CKII phosphorylation site is con- developmentally regulated

served among all homologues except the mouse one as _ _
shown in Figure 2. Whether these proteins are actually To study the expression patterntd¥/A22at different

phosphorylateéh vivo remains to be determined. stages of seed development, RNA was isolated from
different tissues of the developing and mature seeds

for northern analyses. The amount of rRNA in each
gel lane was monitored to ensure equal RNA loading
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Figure 3. Tissue-specific expression of th¥/A22gene in develop-

ing seeds. Steady-state HVA22 mRNA level in developing aleurone
layers (A), embryos (B) and endosperm cells (C, bottom panel)
were determined by northern blot analyses. Equal RNA loading for
all samples was confirmed by monitoring the intensity of rRNAs
stained with ethidium bromide. HVA22 cDNA insert was used as
probe. As a control, the filter containing endosperm RNA was
probed with a maize 26S rRNA, pZM26R (C, top panel). DPA, days
after anthesis.

for all samples. It was shown that in developing seeds
HVA22 mRNA was readily detectable in the aleurone
layers as early as 15 days (lane 4, Figure 3A) after
anthesis and its level remained high throughout the
later stages (lanes 5 to 10, Figure 3A). The HVA22
MRNA was also abundant in the embryo through all

stages of seed development studied (Figure 3B). How-
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Figure 4. Levels of HVA22 mRNA in embryos are correlated with
dormancy status. A. HVA22 mRNA in the mature embryos of cv.
Himalaya degrades rapidly upon imbibition. Barley grains were
imbibed at 25°C for the time (h) indicated, in the buffer alone
(lanes 1 through 8) or in the presence ok 20~° ABA. B. Levels

of HVA22 mRNA in the embryos are correlated with the dormancy

ever, it was not detectable in the starchy endosperm status of the cv. Steptoe seeds. The Steptoe seeds were freshly har-
during seed development, where seed storage proteingested 3—-4 weeks before use and the majority of these seeds showed

are synthesized (Figure 3C). As a control, rRNA in the

dormancy, thus designated as dormant seeds (lanes 2-8). The seeds
harvested previously (more than 6 months before), which exhibited

same endosperm RNA samples was readily detectable yniform and immediate germination, were the non-dormant seeds

Turnover rate of HYA22 mRNA is correlated with the
seed dormancy status

The HVA22 mRNA in embryos dissected from non-
dormant barley (cv. Himalaya) grains started to de-
grade upon imbibition and dropped to undetectable
levels in 12 h (lane 6, Figure 4). However, the mRNA
remained at a high level even after 48 h of imbibi-
tion when 20uM ABA was included in the imbibition
buffer. Since the mMRNA accumulates during seed de-
velopment and degrades rapidly during imbibition, we
reasoned thatlVA22 expression might be related to
seed dormancy. We tested this idea with another culti-

(lanes 9-14). After 120 h of imbibition, two of the dormant seed
samples were transferred to a moist plate containing 1 mM GA
to induce germination (lanes 7 and 8). As a control, non-dormant
seeds were imbibed from dry state in moist plates containing 1 mM
GAj3 (lanes 13 and 14). At the end of each treatment, embryos
were excised (except in the 48 h non-dormant sample (lane 12),
where only the scutellum and the cotyledonary node were used),
frozen, and processed for total RNA as described in Materials and
methods. Total RNA from 12 h imbibed, non-dormant embryos of
cv. Himalaya (lane 1) was included for comparison. Equal RNA
loading for all samples was confirmed by monitoring the intensity
of rRNAs stained with ethidium bromide. The northern blot analysis
was carried out with the HVA22 cDNA as the probe.
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Figure 5. HVA22expression in the vegetative tissues is induced by
ABA, drought and cold. Total RNA was prepared from the following
samples for northern analyses. Equal RNA loading for all samples
was confirmed by monitoring the intensity of rRNAs stained with
ethidium bromide. A. Three-day old seedlings were treated with
(lanes 5 and 6) or without (lanes 1—4)<Z0—5 ABA. B. Three-day

old seedlings were dried to 85% of original fresh weight and kept
in the wilted state in a moist chamber for 24 h (lanes 5-8). For
the non-stress treatment (lanes 1-4), the seedlings were kept in
moist paper for the same period of time as the drought treatment.
C. Three-day old seedlings were exposed ¥&€Tor 4 days (lanes 3
and 4), kept at 22C (lanes 1 and 2) or returned to 2€ after 1°C

stress. Some of the cold-stressed plants were returned to and kept atd

22°C for 14 h before the total RNA is prepared (lanes 5 an 6). After
the treatments, the seedlings were dissected into root tips (1 cm),
upper roots (the rest of the roots), coleoptiles and leaves (for the
ABA and drought studies) or into root and shoot only (for the cold
treatment).

suggest that the Steptoe barley seeds indeed have true
embryonic dormancy.

Total RNA samples were prepared from the dor-
mant and non-dormant Steptoe seeds for northern
analyses. The amount of rRNA was monitored to en-
sure equal RNA loading for all samples. As shown in
Figure 5B, the HVA22 mRNA level of the embryos
in the non-dormant seeds was slightly higher than that
of dormant seeds (compare lane 9 with lane 2 of Fig-
ure 4B). Upon imbibition, the HVA22 mRNA level of
the non-dormant seed embryos dropped to an unde-
tectable level by 12 h (lane 10), similar to what was
observed with Himalaya barley grains (lane 1 of Fig-
ure 5B and lane 6 of Figure 4A). In contrast, the level
of HVA22 mRNA in dormant embryos remained high
even after imbibition for 5 days (lanes 3-6 of Fig-
ure 4B). Correspondingly, the dormant seeds did not
germinate after incubation for 5 days at 26. Ger-
mination of the dormant seeds was triggered by GA
treatment, and so was the degradation of the HVA22
MRNA (lanes 7 and 8 in Figure 4B).

HVA22 expression in vegetative tissues is regulated by
ABA and environmental stress

We also studied the effect of ABA and stress on the
expression oHVA22in vegetative tissues. To study
the effect of ABA, three-day old barley seedlings were
treated with 100uM ABA for 24 h. RNA samples
were prepared from root tips, upper roots, coleop-
tiles and leaves and northern analysis was conducted.
The HVA22 mRNA was detected in all of the organs
treated, with the upper root having the highest level
(lanes 5-8, Figure 5).

Dehydration also induced the expressiofdA22
in the three-day old seedlings. Like ABA treatment,
ehydration resulted in the accumulation of HVA22
MRNA in both shoots and roots of the treated plants.
However, unlike ABA treatment, the induction of
HVA22in root by dehydration was predominantly in
upper root. In contrastiVA1, another ABA-induced
gene expresses predominantly at the root tip (Hong

var, Steptoe, whose seeds remain dormant for aboutet al, 1988).

three months after harvesting. To confirm that seed
dormancy in Steptoe barley is embryonic, twenty em-

The HVA22 mRNA was also detected in cold-
stressed seedlings. The levels of HVA22 mRNA in-

bryos were dissected from dormant or non-dormant creased in both shoots and roots of three-day old plants
Steptoe barley grains and incubated in the MS medium after being exposed toC cold treatment for 4 days

at 25°C for 5 days. All embryos from dormant Steptoe  (lanes 3 and 4, Figure 5C). When the cold-stressed
barley grains remained dormant while 100% of em- seedlings were returned to room temperature, HVA22

bryos from non-dormant grains germinated_ The data MRNA decreased to the pretreatment level within 14 h
(lanes 5 and 6). The effect of cold stress appears to be
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20X it _an e press the AEA—up-r(SagulatddNA 22promoter activity
at either 10° or 107> M.
R o a0 In addition to GA and ABA interaction, we are also
W . L interested in studying the cross-talk between ABA and
PR AT L] b

jasmonic acid (JA). Several genes regulated by ABA
and JA have been reported. For examgpeaseolus

i e e
g
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B s e e vulgaris lipoxygenase genes are regulated by JA, its
e methyl ester (MeJA) or ABA (Portat al, 1999). In

:'_ addition, genes encoding leucine aminopeptidase in
E.L L PEEL e Lycopersicon esculentuf@haoet al., 1999) and stor-
= age proteins irBrassica napugHays et al, 1999)

T N are also regulated by both ABA and JA. However, as

Figure 6. TheHVA22gene is up-regulated by ABA but unaffected  ghown in Figure 6, MJ at a concentration oftavi
by GA or methyl jasmonate (MJ). A. GA does not antagonize ABA . . ! .
in inducing the expression of the 3 kvVA22promoter sequence. failed to induceHVA22expression.

B. The 3 kbHVA22promoter is not responsive to MJ. A schematic o ) . .
diagram of the testing construct is shown at the top. The thick black Transcription of HVA22 in vegetative tissues uses the

line at left represents the 3 kiVA22promoter sequence. The thin  ggme start site as detected in seeds
black angled line indicates the position of the intron1-exon2-intron2

fragment ofHVA22inserted between the -Bintranslated sequence As described before theNAZdene appears to have
(solid box) and the GUS coding sequence (box with clusters of ’

dots). The 3 region (black bar to the right of the GUS coding two potential transcription start sites (Shep _ql.,
sequence) was from thedVA22 SphSpH genomic fragment in- 1993). The upstream one represents the initial nu-
cluding the polyadenylation sequence (AATAAA). Construction of cleotide of the HVA22 cDNA and the downstream one
the construct LS-P, containing the 3 kb HVA22 promoter with the ; ; ; ;
Ball site, has been described before (Skeml., 1996). The num- !S _mappgd by three different teChmquefS (Flgure 7).' It
bering of the sequence is relative to the second transcription start !S mtng_umg to test whgther th_e transcnp_t!on _start site
site (Sheret al, 1993). The bombarded seeds were treated with or usage is tissue-specific or signal-specific, i.e. ABA
without 2 x 10~5 M ABA in the presence of GA at the concentra- vs. cycloheximide or stress. There have been reports
tions indicated. The relative GUS activity, calculated as described in of the usaage of different transcriotion start sites in
Materials and methods, is the mean of four replications. Error bars sag . . crip
indicate the standard error of each set of replications. responding to different signals in other systems. For
instance, a carrot gene encoding a hydroxyproline-rich
B _ glycoprotein has been shown to have two transcription
specmctq seed_lmgs. The same col_d treatme_nt, for 110 start sites (Chen and Varner, 1985). Wounding stimu-
4 days, did not induce the expressiortbfA22in the lates transcription from both sites (Chen and Varner,
barley aleurone layers (data not shown). The HVA22 1985) while ethylene treatment suppresses transcrip-
MRNA was not detected in vegetative tissues treated tion from the downstream site yet increases that from
at 37°C for 4 h (data not shown). the upstream one (Ecker and Davis, 1987). Total RNA
_ S was isolated from cold stressed shoots and roots, ma-
ABA up-regulation of HVA22 promoter activity is not  ture barley embryos and aleurone layers treated with
affected by GA or methyl jasmonate (MJ) ABA or ABA plus cycloheximide. Our data indicate,
however, the transcription start site appeared to be
the same in all samples studied (Figure 7). No pro-
tected product was detected in thecoli RNA control
(data not shown). These results indicate the upstream
transcription start site is rarely used.

In the light of the potential antagonism between ABA

and GA, the effect of GA on the ABA-regulated

HVA22expression was studied with the 3 KiWA22

promoter-GUS fusion construct, LS-P. The 3 kb pro-

moter routinely gives a 15-20-fold induction in re-

sponse to ABA (Sheet al, 1996). As clearly shown  Expression of the yeast HVA22 homologue is also

in Figure 6, GA had no effect on the ABA up- ephanced by stress

regulation ofHVA22promoter activity in our transient

expression system. The expression of GA responsive Because the expressionld¥/A22in barley is induced

genes, such as those encodingmylases, is dramat- by environmental stress, it would be interesting to

ically induced by GA at concentrations lower than study whether the yeabtvVA22homologue YHVA22)

10-% M (Nolan et al, 1987), yet GA does not sup- is also stress-inducible. When the yeast cells were
cultured for 30 min in the presence of 1.5 M NacCl,
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Figure 7. Same transcription start site bfVA22is used in seeds
and in vegetative tissues. Total RNA was isolated from the aleurone
layers treated with 10° M ABA (lane 3) or ABA plus cyclohex-
imide (10 «g/ml, lane 2), dry embryos (lane 4), and cold-stressed
shoots (lane 5) and roots (lane 6). A 8@ portion of total RNA
was hybridized with &2P-labeled RNA probe at 55C for 24 h and
digested with RNase T1 and RNase A. The protected RNA frag-
ment was resolved on a 6% polyacrylamide gel. The size marker
shown at lane 1 was from the combination of ddA, ddT and ddC
sequencing reactions performed with a primer complementary to
the promoter region of thélVA22 gene. The proximal promoter
sequence is shown at the bottom panel. The upstream arrow rep-
resents the first nucleotide of the longest cDNA sequence obtained
and the downstream one marks the mapped transcription start site.
The TATA box is double-underlined.

1.5 M MaCl
+

Figure 8. Yeast homologue oHVAZ22is inducible by salt stress.
The yeast cells were cultured in the presence or absence of 1.5 M
NaCl and RNA was isolated as described in Materials and meth-
ods. Northern blot was hybridized with the yeB&tA22homologue
probe (upper panel). Equal RNA loading was confirmed by moni-
toring the intensity of rRNAs stained with ethidium bromide (lower
panel).

the level of yHVA22 mRNA is 2.5 times higher than
that obtained from the control (Figure 8). Interestingly,
a significant level of yHVA22 mRNA was detected
in the control without 1.5 M NaCl. In contrast, as
mentioned above, HVA22 mRNA is not detectable in
control tissues of barley. The presence of glucose and
other nutrients in the rich yeast culture medium may
account for the high level ofHVA22expression even

in the absence of 1.5 M NaCl. This is supported by the
observation that at the stationary phase (absorbance at
600 nm(Agpo) = 10) the level of the mRNA declined
drastically, to about 5% of that obtained from cells
at the early log phase g0 = 3). The consumption

of the nutrients by the dividing yeast cells may lower
the level of osmotic stress and consequently lower the
level of induction ofyHVA22gene expression.

Discussion

Plants in the field often experience unfavorable growth
conditions during their development. One way to cope
with the environmental stress is the alteration of syn-
thesis of specific polypeptides. Since ABA has been
known to mediate the stress responses, studies of
ABA-regulated genes should help us understand how
plants respond to a stressful environment. The expres-
sion of the barleyHVA22 gene is tightly regulated

by stress and developmental cues. Its homologues
are present in both dicot and monocot plants. Homo-
logues of HVA22 have been identified in organisms
from other kingdoms, including yea<t, elegansand
mammals. Interestingly, similarly to barldyVA22

the yeasHVA22homologue is also induced by envi-
ronmental stress. In this study, we also show that ABA
induction of theHVA22 promoter is not affected by
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GA even though it is well known that the effect of GA  arrest or (3) acting positively as nuclear signaling ago-
on gene expression could be inhibited by ABA. nists to stimulate the phosphorylation of transcription
Studies oHVA22expression during seed develop- factors (Edwards and Mahadevan, 1992). It remains
ment and germination indicate that the accumulation to be determined whether cycloheximide also regu-
or degradation of HVYA22 mRNA correlates well with  lates the HVA22 gene expression at the transcriptional
seed dormancy status. This gene is expressed in em-evel.
bryos and aleurone layers, but not in the endosperm.  Besides ABA and stress, we also studied whether
This is in contrast to the barlay-amylase/subtilisin ~ GA has any effect on the ABA-induced expression
inhibitor which is expressed in the endosperm but of HVA22 There have been only a few reports about
not in the aleurone layers during seed development, the effect of GA on ABA induction of gene expres-
although its expression can be induced by ABA in ma- sion. In the vegetative tissues of tomato, ABA inhibits
ture aleurone layers (Mundst al, 1986; Leah and  the GAg-induced expression of a shoot-specific gene,
Mundy, 1989). The accumulation of HVA22 mRNA GAST1(Shi et al, 1992). It has been observed that
starts at 20 days after anthesis (DPA) and peaks at 30the addition of GA results in the reduction of the
DPA, which is about the time ABA reaches the max- ABA-induced mRNA accumulation from an ABA-
imal level in developing barley seeds (S.J. Uknes and responsive geneHVAY, in barley (G.H. Heck and
T.H.D. Ho, unpublished results). This suggests that T.H.D. Ho, unpublished data). In contrast, the ABA
HVA22expression is part of the ABA regulatory net- up-regulation of theHVA22 promoter is unaffected
work involved in the maintenance of seed dormancy. by GA (Figure 6). However, GA treatment does re-
Germination studies with dormant and non-dormant duce the level of HYA22 mRNA in dormant embryos.
grains provide additional support for this suggestion. Therefore, it is likely that GA exerts its regulatory role
The level of HVA22 mRNA is a good indicator of in HVA22expression at a post-transcriptional level.
seed dormancy status. Its level in non-dormant em-  The HVA22 gene may function in other or-
bryos declines drastically upon imbibition while that gans/tissues in addition to seeds since its expression
in dormant grains remains at a level similar to that in is also detected in other parts of the barley plant. Its
dry grains even after imbibition for 5 days. Treatments mRNA has been detected in both shoots and roots of
of dormant grains with GA break seed dormancy seedlings treated with ABA, cold and drought. When
and promote a reduction in HVA22 mRNA. Simi- cold-treated seedlings were returned to room tempera-
lar observations have been made with several wheatture, the HVA22 mRNA declined to background levels
ABA-inducible genes (Morrist al,, 1991) and another  in 14 h. It remains unanswered whether the expres-
barley geneHVA1(Honget al,, 1988). Whether these  sion of this gene is independently induced by stress
genes are the determinants of seed dormancy awaitsor by the elevated level of ABA present in stressed
further studies. tissues. A stress response pathway separated from that
It is worthwhile noting that the regulation of of the ABA response appears to be present in plants.
HVA22expression appears to be complex. The expres- A low-temperature-induced gendtj 140, which is
sion of HVA22in the aleurone tissue is induced by also responsive to ABA, responds to cold stress in the
either ABA or protein synthesis inhibitors, and a syn- ABA-deficient @ba) and the ABA-insensitive gbi)
ergistic effect is observed when both types of inducers mutants ofArabidopsis.Similarly, drought stress also
are present (Figure 1B). The timing of ABA induction induces the expression of thiegene in theabi mutant.
has a short lag (less than 30 min) and appears to beThese data have led to the suggestion that there might
transient. This type of expression pattern is common be three independent but converging signal pathways
among many regulatory molecules such as transcrip- regulating the expression of this gene, i.e. the ABA,
tion factors in both mammals (Edwards and Mahade- cold stress and drought response pathways (Nordin
van, 1992) and plants (Franebal, 1990; Abelet al,, et al,, 1992). Furthermore, Yamaguchi-Shinozaki and
1995). Although the mechanism of cycloheximide su- Shinozaki (1994) have defined ds-acting element
perinductionis not clear, it has been suggested that thisspecifically involved in the drought response of an
chemical superinduces the expression of some tran-Arabidopsisgene,rd29A This element (DRE, TAC-
scription factor genes by (1) inhibiting the synthesis of CGACAT) is clearly different from the G-box and the
labile repressors acting negatively on diverse superin- CE element in the ABA response promoter complex
ducible genes, (2) delaying the shutdown of transcrip- (Shen and Ho, 1995; Shex al., 1995). Interestingly,
tion and stabilization their mMRNAs due to translational the drought-inducibléiVA22 promoter also contains
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a sequence homologous to DRE (Shetral, 1993).
However, whether dehydration or cold stress could di-
rectly induce the expression bfVA22awaits further
studies.

The biochemical function of the HVA22 protein
is unknown. Although many HVA22 homologues are

HVA22 gene, the expression of thedVA22gene is
also induced by the osmotic stress. It would be in-
teresting to study whether the expressiorybiVA22

is compromised in the yeast mutants, suchHag1
(Brewsteret al., 1993), which are sensitive to osmotic
stress. In addition, knocking out the yeast gene by

present in the non-redundant and EST databases, allhomologous recombination should facilitate the iden-

of them were initially identified as part of sequencing
projects, and thus have no known biochemical func-

tification of the function of theHVA22homologue if
a phenotype of the mutant is observed. Wh&/A22

tion associated with them. The yeast homologue has knock-out mutant has been obtained and the study of

been named YIP2 (Ypt interacting protein 2) at the
Saccharomycessenomic Database (http://genome-

www.stanford.edu/Saccharomyces/), apparently be-

cause of a two-hybrid interaction with YPT1, a rab-
like small G protein which plays a role in vesicular
transport (Segev, 1991). However, there is no informa-
tion in the published literature about this interaction or
the potential function of YIR. Although homologues

of HVA22 are present in diverse eukaryotic organ-
isms, so far none have been found in a prokaryote,

phenotype of thgHVA22mutant is underway.
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