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Abstract

The cereal aleurone is an excellent model system for

hormonal signalling in plants. When treated with gib-

berellins (GAs), cereal aleurone layers and aleurone

protoplasts initiate signalling cascades that result in

the synthesis and secretion of hydrolytic enzymes,

most notably a-amylases. Abscisic acid (ABA) antagon-

izes the effects of GA and stimulates the production

of ABA-up-regulated proteins. Receptors for GA and

ABA have been localized to the aleurone cell PM, and

evidence suggests that another ABA receptor func-

tions within the cytoplasm. Cytosolic and membrane-

bound second messengers have been identified and

signal transduction pathways are beginning to be

understood. Transacting factors that regulate the tran-

scription of hormonally induced genes have been

cloned and bring us closer to linking cytosolic signals

to changes in gene expression. In this review, recent

data pertaining to hormonal signalling in cereal aleur-

one are summarized. Relationships between signalling

and effector molecules are discussed, and models for

hormone-induced signalling pathways are proposed.

Key words: Cereal aleurone, hormonal signalling, gibberel-

lin, abscisic acid, gene expression.

Introduction

Research on the cereal aleurone spans at least two

centuries

The cereal aleurone is one of the most intensively investi-
gated tissues in plants. Because of its importance in
malting and brewing, chemists and biologists have carried
out detailed studies of barley grain function for nearly
200 years. a-Amylases from cereals were the first enzymes
to be studied in detail. A factor responsible for modifying

starch was identified in wheat extracts in 1811 by
Kirchhoff (quoted in Fischer and Stein, 1960), and malt
diastase (a-amylase) was the first enzyme to be isolated
and partially purified (Payen and Persoz, 1833). The
origin of a-amylase and other starch-modifying enzymes
within the cereal grain was a matter of considerable
controversy among botanists at the end of the last century.
Haberlandt (1890) argued that the aleurone layer was the
source of diastase in germinating grain, but his views
were disputed by many, including Brown and Morris
(1890), who argued that digestive enzymes were produced
by the scutellum epithelium. The role of the aleurone
layer in the production of endosperm-modifying enzymes
remained controversial through the early part of the 20th
century, and EC Miller in his plant physiology text (1931)
stated, 'There is much evidence, however, that the
aleurone layer has no secretory powers'.

The cereal aleurone responds to gibberellins and abscisic.

acid

Interest in the cereal aleurone as an experimental system
was rekindled in 1960 by publications from L Paleg in
Australia and H Yomo in Japan. These workers showed
independently that gibberellic acid (GA3) and gibberellin
Al (GA,) stimulated the production of a-amylase by
de-embryonated barley grain (Paleg, 1960a; Yomo, 1960).
Based on his experiments Paleg (19606) speculated that
an endogenous gibberellin (GA) produced by the barley
embryo played a role in regulating the production of
enzymes by barley endosperm. He supported this hypo-
thesis by pointing out that GA-like substances could
be isolated from barley and malt (Radley, 1959).
Subsequently, numerous researchers have used exogenous
GAs to stimulate the production of hydrolytic enzymes
from de-embryonated cereal grain, aleurone layers and
aleurone protoplasts.

Many experiments support the view that endogenous
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1338 Bethke et al.

GAs play a role in regulating a-amylase production by
the aleurone layer of barley (Skadsen, 1993; Zwar and
Chandler, 1995), rice (Mitsunaga and Yamaguchi, 1993)
and wheat (Lenton et al., 1994). In the case of barley,
for example, a dwarf mutant of the Himalaya cultivar
that is deficient in endogenous GAs has reduced levels of
endosperm a-amylase as well as reduced rates of leaf
growth (Zwar and Chandler, 1995). Application of
exogenous GA3 to this dwarf mutant increases both a-
amylase production and leaf growth, indicating that GAs
play a role in regulating aleurone activity in vivo.

The extent to which newly synthesized GAs are required
for regulation of the aleurone layer is not known.
Gro/Jelindemann et al. (1991) could not inhibit a-amylase
production by aleurone layers of Himalaya barley with
inhibitors of GA biosynthesis, even though leaf elongation
in Himalaya seedlings was reduced in inhibitor-treated
plants. These experiments suggest that de novo GA
biosynthesis may not be required to stimulate a-amylase
production by the aleurone layer.

The cereal aleurone is also responsive to added abscisic
acid (ABA) (Hetherington and Quatrano, 1991; Chandler
and Robertson, 1994). ABA both inhibits many GA-
induced responses and promotes responses that are unique
to this hormone. There is limited information, however,
on the role of ABA as an endogenous regulator of
aleurone function in cereals. ABA is present in aleurone
layers and embryos of barley and wheat (Ried and
Walker-Simmons, 1990), and in barley, the amount of
this regulator is higher in aleurone layers of dormant
cultivars (Schuurink et al., 1993). Although evidence
linking ABA directly to in vivo function is lacking, ABA
is a useful tool for studying hormonal signalling in the
aleurone cell.

This review focuses on recent advances in understand-
ing the mechanisms of hormone perception and signal
transduction using the cereal aleurone as a model system.
Recently published work is reviewed and an attempt is
made to integrate this information into models that
explain hormone action in the cereal aleurone.

The cereal aleurone as an experimental system for
studying plant hormone action

The ultrastucture of aleurone cells reflects their function

Many aspects of the cereal aleurone make it a unique
and versatile experimental system. The aleurone layer
consists of from one (oat, maize, rye, wheat) to several
(rice, barley) layers of uniform, highly differentiated cells
(Fig. 1A). AJeurone cells of mature, dry barley grain are
surrounded by a thick, hemicellulosic wall and do not
undergo further cell division. The aleurone layer can be
removed from the adhering dead starchy endosperm,
and a uniform population of protoplasts (Fig. IB) can

Fig. 1. Photomicrographs of a barley aleurone layer (A) and barley
aleurone protoplasts (B, C). (A) Transverse section through aleurone
cells of barley. Each cell contains a prominent nucleus (N) and
numerous PSVs. (B) Early stage barley aleurone protoplasts, each
containing numerous PSVs. (C) Late stage barley aleurone protoplast
with a single PSV occupying most of the cell A phytin globoid (G) is
indicated by the arrow.

be prepared from the isolated layer using enzymes
(Hooley, 1982).

The cytoplasm of the aleurone cell is characterized by
numerous protein storage vacuoles (PSVs), often referred
to as aleurone grains, that almost fill the cell (Fig. 1).
This organelle plays a key role in the response of the
aleurone to hormones. PSVs store proteins that become
hydrolysed following GA-treament to provide the amino
acids necessary for secretory protein synthesis (Bethke
et al., 1996). PSVs are also the principal store of minerals
in the cereal grain. Minerals are sequestered in PSVs as
phytin, an insoluble crystalline complex of K., Mg, and
Ca with phytic acid (inositol hexaphosphate). This crys-
talline inclusion is also referred to as the globoid (Fig. 1).
X-ray microanalysis has shown that approximately 75%
of barley grain P, K, Mg, and Ca is stored in the aleurone
layer (Stewart et al., 1988). The PSVs increase in size
and coalesce with time of incubation of aleurone layers
or protoplasts until one large central vacuole is formed
(Fig. 1C). The process of vacuolation of aleurone layer
cells and protoplasts is hastened by the presence of GA
in the incubation medium (Jones and Price, 1970; Bush
et al., 1986).
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Lipid bodies or oleosomes that store neutral lipids are
also prominent organelles in the aleurone cell, occupying
as much as 30% of the cell's volume (Jones, 1969a).
Oleosomes consist of a triglyceride core surrounded by a
half-unit membrane (Huang, 1992). In the aleurone cell
oleosomes remain attached to the endoplasmic reticulum
(ER) from which they originate (S Hillmer and RL Jones,
unpublished results), and to the surface of PSV
(Fernandez and Staehelin, 1985). The observation that
oleosomes are attached to the surface of PSV supports
the hypothesis that some types of PSVs originate directly
from the ER (Okita and Rogers, 1996). Stored neutral
lipids provide the aleurone cell with a carbon source that
can be used before endosperm mobilization begins as well
as fatty acids that can be used for membrane synthesis.
That fatty acids are metabolized by aleurone cells is
supported by several lines of evidence. Aleurone cells
have numerous glyoxysomes containing malate synthase
and isocitrate lyase (Jones, 1972; Schuurink et al., 1996),
and isolated aleurone layers can synthesize sucrose, pre-
sumably by gluconeogenesis (Chrispeels et al., 1973).

The endomembrane system is also a prominent feature
of the aleurone cell following GA treatment (Jones, 1969ft;
Jones and Price, 1970; Cornejo et al, 1988). The ER of
GA-treated barley aleurone is organized into flattened
stacks of rough surfaced membranes, a characteristic of
cells that are synthesizing large amounts of secretory
proteins (Chrispeels, 1991). The Golgi apparatus is also
prominent in GA-treated aleurone cells, and the number
and size of cisternae and associated vesicles increases
following exposure to GA (Cornejo et al., 1988).

Aleurone layers and protoplasts respond similarly to GA

and ABA

Since the aleurone layer is a secretory tissue, considerable
attention has been paid to the effects of GA and ABA
on the synthesis of secreted hydrolases (for reviews see
Fincher, 1989; Jones and Jacobsen, 1991). This review
focuses on responses in the aleurone cell to GA and ABA
that precede the onset of hydrolase synthesis. These
responses include altered gene expression and changes in
the concentration of signalling molecules as well as higher
order effects requiring the integration of multiple signal-
ling pathways or effectors. A partial list of these responses
is presented in Table 1, and many of them are described
in detail below. Figure 2 shows the times at which several
GA-induced responses of the aleurone layer occur.
Clearly, the synthesis and secretion of hydrolases are
relatively late events when compared to GA-induced
changes in putative signals such as the concentration
of cytosolic free Ca2+ ([Ca2+];), cytosolic pH (pH,), 3'5'
cyclic guanosine monophosphate (cGMP), and calmodu-
lin (CaM)(Fig. 2).

With the exception of timing, the response of barley

100
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Time after GA treatment (min)

10,000

Fig. 2. Time-course of GA-induced responses of barley and wheat
aleurone layers. Data were extracted from (Chandler et al., 1984; Brown
and Ho, 1986; Heimovaara-Dijkstra et al., 1994a; Gubler et al., 1995;
Bush, 1996; Penson et al., 1996; Schuunnk et al., 1996).

aleurone protoplasts to GA and ABA is almost identical
to the response of aleurone layers. Aleurone protoplasts
and layers secrete a similar spectrum of hydrolases in
response to GA, but the onset of secretion is delayed and
the rate of secretion is reduced in protoplasts relative to
aleurone layers (Fig. 3). Other differences in the biochem-
ical and molecular responses of aleurone protoplasts and
layers to GA tend to be minor and are related to the
wall-less nature of the protoplast. Cells of the intact
aleurone layer, for example, are interconnected by a large
number of plasmodesmata, an observation that was first
made in the 19th century by Tangl (1885). The function
of plasmodesmata in aleurone cells is not understood,
but it is unlikely that their disruption when making
protoplasts (Taiz and Jones, 1973) can be without con-
sequence to the aleurone cell. Another aspect of protoplast
isolation and culture that is likely to affect their response
to stimuli is that they are cultured in a solution of high
osmolarity (about 1000 mOsM), whereas aleurone layers
are incubated in solutions of much lower osmolarity
(about 50 mOsM). The difference in turgor pressure at
the plasma membrane (PM) in walled aleurone layer cells
is likely to be profoundly different from that in aleurone
protoplasts and may affect the ability of these cells to
respond to stimuli.

0 1 2 3 4 5

Days after GA treatment

Fig. 3. Time course of a-amylase secretion by GA-treated barley

aleurone layers and barley aleurone protoplasts.
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1340 Bethke et al.

Table 1. Hormone-induced responses in cereal aleurone

Parameter Response Reference

Responses to GA
Signalling molecules

pH,
cGMP
CaM

Gene expression
CaM
a-Amylase
GAMYB
MAP kinase
Storage globulin

Higher order effects
Hydrolase secretion
Protease activity
Citrate and phosphate release
Vacuolation
Cell death

Responses to ABA
Signalling molecules

[Ca'1,
PH,
MAP kinase activity
EmBP-1

Gene expression
Em
ASI
Rab-16
PHAV1
HVA1/HVA22
Dehydrin
a-Amylase
GAMYB

Higher order effects
Secretion of hydrolases
Malate release
Citrate and phosphate release
Vacuolation
Cell death

Rapid, sustained increase
Transient decrease
Transient increase
Slow, sustained increase

Increase
Increase
Increase
Decrease
Decrease

Increase
Increase
Increase
Accelerates
Promotes

Decrease
Transient increase
Increase
Unknown

Increase
Increase
Increase
Increase
Increase
Increase
Decrease
Decrease

Decrease
Increase
Decrease
Slows
Retards

(Bush, 1996)
(Heimovaara-Dijkstra et al, 1994a)
(Penson et al, 1996)
(Schuurink et al, 1996)

(Schuurink et al, 1996)
(Chandler et al., 1984)
(Gubler et al, 1995)
(Huttly and Phillips, 1995)
(Heck et al, 1993)

(Jones and Jacobsen, 1991)
(Bethke et al, 1996)
(Drozdowicz and Jones, 1995)
(Hooley, 1982)
(Kuo et al, 1996)

(Wang et al, 1991)
(Van der Veen et al, 1992)
(Kiietsch et al, 1996)
(Guiltinan et al, 1990)

(Marcotteef al, 1988)
(Leah and Mundy, 1989)
(Mundy and Chua, 1988)
(Hong et al, 1988)
(Shen and Ho, 1995)
(Robertson et al, 1995)
(Chandler et al, 1984)
(Gubler et al, 1995)

(Jones and Jacobsen, 1991)
(Drozdowicz and Jones, 1995)
(Drozdowicz and Jones, 1995)
(Hooley, 1982)
(Kuo et al, 1996)

Although GA-treated aleurone protoplasts respond
more slowly than GA-treated aleurone layers, wall-less
cells offer several advantages that make them exception-
ally useful experimental tools. The absence of the cell
wall allows experimental manipulations such as patch
clamping (Bush et al., 1988) and DNA transfection (Lin
et al., 1996). Protoplasts also facilitate procedures such as
microinjection (Gilroy and Jones, 1994), in situ immuno-
localization (Schuurink et al., 1996), and the monitoring
of amylase secretion from single cells (Hillmer et al.,
1993).

Kende and Gardner, 1976, for a review of earlier work).
These approaches relied on cell fractionation techniques
and the use of equilibrium dialysis and affinity chromato-
graphy with radiolabelled GA[ and GA, to detect binding,
but these approaches proved unsuccessful (Kende and
Gardner, 1976). More recently, several novel approaches
have been used to localize the GA and ABA receptors in
the aleurone cell. These have included the use of cell
impermeant forms of GA, microinjection to introduce
GA or ABA into the cell, photoaffinity labelling, and
anti-idiotypic antibodies.

Perception of GA and ABA by cereal aleurone

Receptors for ABA and GA have yet to be isolated from
plants, but a great deal of experimentation has been
carried out with the cereal aleurone in attempts to isolate
receptors and to establish their location within the cell.
Experiments to isolate cellular fractions from aleurone
tissue that bound GAs were begun in the 1970s (see

GA is perceived at the plasma membrane of the

aleurone cell

To localize the GA receptor in the aleurone of wild oat
(Avenafatua), Hooley et al. (1991) carried out a series of
elegant experiments with a non-permeable form of GA4.
Hooley et al. (1991) covalently coupled GA4 to Sepharose
6B beads (approximately 120 /xm diameter) via a spacer
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arm on carbon 17 of GA4 that allowed the GA4 molecule
to protrude about 2 nm from the surface of the Sepharose
bead. Whereas the GA4-Sepharose complex was able to
induce the production of a-amylase in wild oat proto-
plasts, it did not stimulate a-amylase production when
presented to isolated wild oat aleurone layers (Hooley
et al., 1991). This experiment provides convincing support
for the hypothesis that the GA receptor in the wild oat
aleurone cell is at the surface of the cell.

A different experimental approach has shown that the
GA receptor is located at the surface of the barley
aleurone protoplast (Gilroy and Jones, 1994).
Microinjection was used to introduce GA3 or inactive
GA8 into the cytosol of aleurone protoplasts. The
response of the cell to microinjected GAs was compared
with the response of the cell to externally applied hormone
(Gilroy and Jones, 1994). In these experiments the
responses monitored were a-amylase secretion (Hillmer
et al., 1993), vacuolation (Bush et al., 1986), and expres-
sion of the glucuronidase reporter gene fused to a hor-
monally responsive a-amylase promoter (Lanahan et al.,
1992). These microinjection experiments showed that
aleurone protoplasts did not respond when GA3 was
introduced into the cytosol. Only when cells were exposed
to GA3 by adding it to the incubation medium did they
respond to the hormone (Gilroy and Jones, 1994).

Photoaffinity labelling has been a powerful tool for
investigating ligand interactions. Although earlier
attempts to isolate GA-binding proteins by this technique
failed (Kende and Gardner, 1976), more recent work
with improved photoaffinity probes has produced encour-
aging results. Hooley and his colleagues have synthesized
photoactivatable analogues of GA4 that retain biological
activity and have used these probes to isolate photoaffin-
tiy-labelled proteins from wild oat aleurone as well as
other GA-responsive tissues (R Hooley, personal com-
munication). This group has isolated several proteins
from oat aleurone and pea shoots that are candidates for
the GA receptor.

Anti-idiotypic antibodies have proven to be powerful
tools in investigations of hormone action in animal cells,
and they have been used to a limited extent in investi-
gations of plant hormone action (reviewed by Hooley
et al., 1992). Anti-idiotypic antibodies were prepared by
immunizing rabbits with a monoclonal antibody that
recognized domains of the GA4 molecule that are thought
to confer biological activity. These anti-idiotypic antibod-
ies antagonized GA4 in wild oat protoplasts and caused
agglutination of protoplasts (Hooley et al., 1992). These
results have been interpreted as showing that the anti-
idiotypic antibodies interact with molecules on the surface
of oat protoplasts and that these molecules play a role in
the response of the protoplast to GA4.

Other circumstantial evidence supports the concept that
the GA receptor is located at the PM of the aleurone cell

Signalling in cereal aleurone 1341

(Goodwin and Carr, 1972; Musgrave et al., 1972; Hooley
et al., 1992). There appears to be little correlation between
presumed GA uptake rates and biological activity. For
example, GA1; GA4 and 2,2-dimethyl GA4 differ in
hydrophobicity, and hence in the rate at which they are
expected to cross the PM. Yet there was no difference in
the amount of a-amylase produced by Avena fatua proto-
plasts incubated in these three GAs (Beale et al., 1985).
Likewise, although GA3 is thought to enter cells in the
protonated form (O'Neill et al, 1986), external pH has
a inconsistent effect on the response of aleurone cells to
GA3. Goodwin and Carr (1972) found that the response
of aleurone layers to GA3 (pATa 3.97) was not affected
by pH over the range of 4.4-5.2. Sinjorgo et al. (1993),
however, found that the sensitivity of barley aleurone
layers to GA3 increased as external pH decreased from
pH 6 to pH 3.7.

An alternative explanation for the lack of a correlation
between GA uptake and the response of the aleurone is
that rapid metabolism of GA prevents the accumulation
of the hormone in the cytosol. Studies of GA! metabolism
have shown that a steep gradient of GA concentration
(high outside, low inside) is maintained accross the PM
(Musgrave et al., 1972; Nadeau et al., 1972). GAt was
rapidly metabolized by barley aleurone layers to inactive
GAt glucoside or GA8, and estimates indicate that the
cytosolic GAj concentration was as much as two orders
of magnitude lower than that in the external medium
(Hooley et al., 1992). Rapid metabolism of GAs in the
aleurone cell has important consequences for GA signal-
ling. Hormone metabolism provides a mechanism for
removal of the GA signal. Signal propagation, therefore,
is likely to continue only as long as active GAs are
perceived by the cell. The existence of GA metabolizing
enzymes in the cytosol, however, does not necessarily rule
out the existence of cytosolic receptors.

ABA is perceived by the aleuone cell both at the PM and at

an internal site

Microinjection was used to localize the ABA receptor in
barley aleurone cells (Gilroy and Jones, 1994; Gilroy,
1996). Because many responses of the aleurone cell to
ABA are to inhibit GA-stimulated events, experiments
were designed to ask whether GA-induced responses were
inhibited when ABA was microinjected into the cytosol
or presented to the surface of the aleurone protoplast.
The conclusion from these experiments was similar to
that drawn from the experiments using microinjection of
GA, namely that a receptor for ABA is localized to the
PM of the barley aleurone cell (Gilroy and Jones, 1994;
Gilroy, 1996). Using a similar experimental strategy,
Schroeder and co-workers concluded that the ABA recep-
tor in guard cells is also localized to the cell's surface
(Anderson et al., 1994).
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1342 Bethke et al.

Microinjection experiments also indicate that an addi-
tional receptor for ABA is present within the aleurone
cell (Gilroy, 1996). Gilroy used a reporter gene construct
in which the promoter of the ABA-inducible wheat gene
Em (Marcotte et al., 1988) was fused to GUS. When the
Em-GUS construct and ABA were microinjected into the
aleurone cytosol, Em-GUS expression was increased
(Gilroy, 1996). These data led Gilroy to conclude that
there are at least two sites of ABA perception in the
barley aleurone cell. One at the PM leads to down-
regulation of GA-induced a-amylase gene expression; the
other within the cell leads to up-regulation of the ABA-
inducible gene Em (Gilroy, 1996).

Signal transduction from the plasma membrane to
the cytosol

As discussed above, compelling evidence suggests that
receptors for both GA and ABA exist at the PM of cereal
aleurone cells. How hormone binding to these receptors
is transduced into a cytosolic signal is unclear. Further
signal propagation may utilize signalling molecules, such
as G-proteins and lipids, associated with the PM. The
activity of PM ion channels or pumps may be stimulated
or inhibited. These changes in activity might couple
hormone perception to cytosolic second messengers such
as Ca

2+ or pH. Figure 4 presents models for transduction
of ABA- (Fig. 4A) and GA-signals (Fig. 4B) in cereal
aleurone. Although these models are supported by the
data discussed below, they will certainly be refined as
additional data become available.

G-proteins and lipids may link hormone perception to

cytosolic signals

G-proteins and lipids may link hormone perception at
the PM to cytosolic signalling pathways. A paradigm for
these initial links in the signal transduction chains leading
to cellular response is phosphoinositide signalling in
animals. In this signalling system, binding of an extracellu-
lar signalling molecule to its receptor activates a hetero-
trimeric G-protein. The Ga-subunit of this protein, in
turn, activates a phospholipase that cleaves phosphotidyl
inositol-bisphosphate into inositol trisphosphate (IP3)
and diacylglycerol (DAG). IP3 and DAG both act as
second messengers in signal transduction cascades.

The presence of GTP-binding proteins in the PM of
barley aleurone cells has been shown directly by Wang
et al. (1993). Following SDS-PAGE and protein blotting
on to nitrocellulose, PM proteins with molecular weights
of 22-24 kDa and 16 kDa bound [a-32P]GTP. GTP bind-
ing was competed by unlabelled GTP, GTPyS, GDP and
GDP0S, but not ATP or ATPyS. Whether these proteins
function as signalling molecules in cereal aleurone is
unknown. In vitro binding of GTP to PM proteins was

Phospho-
lipase

GA
receptor

Antagonism
of GA action

ATPase

Tyrosine
phosphatase

ABA

Intern ai
ABA receptor

stimulated //amylase mRNA |

transcription / / E r r i | R a b m R N A f

Nucleus

B
GA

Ca2+-channel

ABA V

receptor o a

Vj*y

GA Guanylyl
receptor cyclase

MAPK- 1 rrn2+i. A GA-stimulated ^

MAPK t [Ca ], T t r a n s c r i p t i o n y ^

/ / C a M mRNA |

CaM f —csyyamyiase mRNA A

'fnternaT' / /

ABA receptor

Nucleus

Fig. 4. Models of ABA- (A) and GA- (B) signalling pathways in cereal

aleurone. (A) ABA binds to receptors at the PM and within the cell

Binding to the receptor on the external face of the PM leads to

reductions in [Ca2+]j and CaM, and antagonism of GA-action This

ABA signal may be transduced via a pathway involving G-proteins and

DAG. ABA binding to an internal receptor stimulates transcription of

Em and other ABA-specific genes and inhibits transcription of CaM

and a-amylase. A signalling pathway that includes a tyrosine phosphat-

ase and a MAP kinase is also proposed. (B) GA binds to a receptor

on the external face of the PM. This stimulates influx of Ca2+ from the

apoplasm and increases [Ca2+]j. GA binding increases the amout of

cGMP and stimulates the transcription and translation of several genes

including those for a-amylase and CaM. Unfilled arrowheads designate

signalling pathways Filled arrowheads indicate an increase or decrease

in the adjacent parameter.

unaffected by coincubation of isolated PM with GTP and
either 100 ^M ABA or lOO^M GA3.

In the same report (Wang et al., 1993), protein blots
were probed with anti-ras Y13-259 and with antibodies
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to a conserved sequence in animal G-proteins. Both

antibodies recognized proteins of 34-36 and 22-24 kDa.

The anti-ras antibody recognized other proteins as well.

It is possible, therefore, that barley aleurone contains

proteins structurally similar to the subunits of heterotrim-

eric G-proteins.

A different approach toward assessing the role of

G-proteins in aleurone cells has been taken by Richard

Hooley's group. They prepared degenerate oligonucleo-

tide primers based on sequences conserved between plant

and mammalian Ga and G/3 subunits. These primers were

used in the polymerase chain reaction (PCR) to amplify

cDNAs prepared from GA^treated Avena fatua aleurone

layers (Jones et ah, 1996). The resulting PCR products

were cloned and found to have sequence similarity with

Ga and G/3 subunits. The transcripts for these products

appeared to be expressed at very low levels and may be

part of multigene families. It is not known if any of these

proteins are localized to the PM.

Although the data discussed above (Wang et ah, 1993;

Jones et ah, 1996) are consistent with the hypothesis that

GTP-binding proteins play a role in signalling at the PM

in cereal aleurone, further confirmation through biochem-

ical or genetic characterization is required. This is particu-

larly true in light of experiments done by Jones et ah

(1995) and Kuo et ah (1996). Mastoparan, pertussis

toxin (PTX) and cholera toxin (CTX) effect G-protein

action in animal cells. Mas 7, an analogue of mastoparan,

stimulated a-amylase production in aleurone protoplasts

from Avena fatua (Jones et ah, 1995). This stimulation

was inhibited by PTX and CTX. PTX and CTX also

reduced the inhibitory effect of ABA on GA-induced a-

amylase production. PTX and CTX, however, did not

inhibit GA-stimulated a-amylase secretion. In a second

report (Kuo et ah, 1996), mastoparan, PTX and CTX

had no effect on secretion of a-amylase from GA-induced

wheat aleurone layers. These data provide some support

for the hypothesis that G-proteins are involved in ABA

signalling, but little support for the hypothesis that they

play a role in GA signalling.

To test for the involvement of DAG in aleurone signal

transduction, Ritchie and Gilroy (1996) applied

1,2-dioctanoyl glycerol (1,2-DG), an active analogue of

DAG, to barley aleurone protoplasts. 1,2-DG mimicked

the effects of ABA. 1,2-DG prevented GA-induced a-

amylase gene transcription and a-amylase secretion, but

stimulated transcription of the ABA-inducible genes

A SI and Em. Although [Ca
2+

]j increases following

GA-treatment in the absence of 1,2-DG (see below), it

does not increase in its presence. These effects of 1,2-DG

were relatively specific, as they were not seen with 1,3-DG.

In mammals DAG stimulates protein phosphorylation by

activation of protein kinase C. In aleurone cells a stimula-

tion of protein kinase activity by 1,2-DG or DAG has

not been demonstrated.
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ABA treatment causes a transient hyperpolarization of

aleurone plasma membrane

ABA-induced signalling at the PM may not be restricted

to G-proteins and lipids. Changes in PM electrical poten-

tial may also be involved. Such changes could be used to

modulate the activities of voltage-regulated ion channels

or H
 +

-coupled transporters. Heimovaara-Dijkstra et ah

(1994/)) used the lipophilic cation tetraphenylphosphon-

ium to measure the membrane potential of barley aleurone

protoplasts before and after application of ABA.

Following ABA treatment (50 jiM), a rapid depolariza-

tion of the PM was observed. From a mean resting value

of —53 mV, membrane potential decreased an average

of 9 mV, with peak hyperpolarization occurring 20 s after

ABA addition. Membrane potential returned to resting

levels within 1 min despite the continued presence of

ABA. This brief hyperpolarization occurred at ABA

concentrations of 10~
9
 to 10~

4
 M, with 10"

8
 M and

greater giving the maximal change in membrane potential.

Since a small, statistically insignificant hyperpolarization

was observed with the ABA analogues (±) cis/trans a-

ionyledene acidic acid and (+) cis/trans ABA-glucose

ester, the change in membrane potential was rather

specific for ABA. Inhibitors of P-type ATPases, diethylst-

ilbestrol (DES) and micanozole, both prevented ABA-

stimulated hyperpolarization, suggesting that the proton

pump was an early target of ABA signalling. In other

experiments, ABA induced Rab gene expression, but

ABA in the presence of 100 ^M DES greatly reduced the

amount of Rab mRNA that accumulated during a 1.5 h

incubation period (Heimovaara-Dijkstra et ah, 19946).

Whether this reduction in Rab mRNA was caused

by loss of a hyperpolarization signal or by sustained

inhibition of P-type ATPases is not known.

Calcium fluxes through the aleurone plasma membrane are

an essential component of hormone signalling

A critical component of hormonal signalling is regulation

of [Ca
2+

]i (Bethke et ah, 1995; Bush, 1995). In plants

[Ca
2+

]j acts as a second messenger for many environ-

mental and hormonal signals (Bush, 1995). Increases in

[Ca2+], can either activate enzymes directly (Roberts and

Harmon, 1992) or indirectly through Ca2 +-binding pro-

teins such as CaM. Spatial inhomogeneity in [Ca2+]j

allows for targeting of the Ca2 + -signal to specific regions

of a cell or tissue. As shown in Fig. 4, [Ca2+], plays a key

role in the response of the aleurone cell to hormonal

signals.

Data suggest that GA-treatment of aleurone cells

results in calcium influx from the apoplast. Gilroy and

Jones (1992) and Bush (1996) demonstrated that

GA-induced increases in [Ca2+]; (see below) were depend-

ent on extracellular Ca2+ ([Ca]o). At low [Ca]0, [Ca2+],

no longer increased following GA-treatment. Further,
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when barley aleurone cells where imaged with a confocal

microscope (Gilroy and Jones, 1992) or an intensified

CCD camera (Bush, 1996), the highest [Ca2+]; was

observed near the periphery of the cell. These observations

are consistent with GA-stimulated Ca
2 +

 entry through

the PM as a mechanism for elevating [Ca2+],. Calcium is

presumed to enter aleurone cells through an as yet

unidentified PM Ca
2 +

 channel. The existence of a Ca
2 +

channel has been postulated on thermodynamic grounds

and by analogy to hormonally-regulated, channel-

mediated Ca
2+

 influx in stomatal guard cells (Schroeder

and Hagiwara, 1990).

Reduction of [Ca
2+

]j from elevated concentrations may

involve the activity of a PM Ca
2+

-ATPase. Bush and

Wang (1995) presented biochemical evidence for a PM

Ca
2+

-ATPase in wheat aleurone. These investigators used

isolated membrane vesicles to characterize the principal

Ca
2 +

 transport activities in wheat aleurone cells. One of

these, designated Type III, was found to be associated

with PM marker enzymes. Transport was ATP-dependent

and inhibited by the P-type ATPase blocker erythrosin B

(0.1 jiM) and the CaM antagonist W7 (100 fjM). Activity

was not stimulated by bovine brain CaM. The Â m for

Ca
2 +

 was 2/xM, suggesting a role in reducing [Ca2+], to

resting levels following a Ca
2 +

-increasing stimulus.

Signal transduction within the cytosol

In the aleurone cell, hormone perception and early signal

transduction events occur at the PM. These signals must

be propagated throughout the cytosol, where biochemical

activities must be co-ordinated in order to synthesize and

secrete hydrolases efficiently. [Ca2+],, acting in conjunc-

tion with CaM, is thought to be essential for this

co-ordination (Bethke et al., 1995). Addtional signals,

however, are also important. As illustrated in Fig. 4, these

may include cGMP, cytosolic protons as well as protein

phosphorylation. Cross-talk between each of these signal-

ling components is likely. Temporal or spatial convergence

of signalling pathways may encode information specifying

an appropriate cellular response.

Changes in the concentration of cytosolic calcium are

central to hormone-mediated responses in the aleurone cell

As discussed above, Ca
2+

 is thought to enter the aleurone

cell from the apoplasm following GA stimulation. Since

the site of Ca2 + entry is close to the site of hormone

perception, Ca
2 +

 entry may be an early event in the

signal transduction chains leading from GA binding to

hydrolase secretion. Evidence for this comes from the

work of Douglas Bush (1996). Bush loaded wheat aleur-

one layers with the Ca
2+

-sensitive dye fluo-3 and mon-

itored fluorescence in the cytoplasm before, during and

after perfusion with 5 ̂ M GA3. Within a few minutes of

GA3 addition, [Ca2+]; began to increase. The sustained

[Ca2+], was 100-500 nM higher than the baseline concen-

tration and was attained within 30-90 min of adding

GA3. This increase in [Ca2+] ; was dependent on perception

of an active GA. GA8, a biologically inactive GA did not

increase [Ca2+];, nor was an increase detected in aleurone

cells from the GA-insensitive wheat mutant D6899. A

similar, though slower increase in [Ca2+], following

GA-treatment was reported for protoplasts of barley

aleurone (Gilroy and Jones, 1992).

The increase in [Ca
2+

]j brought about by GA3 can be

antagonized by ABA (Gilroy and Jones, 1992). When

barley aleurone protoplasts were first treated with GA3

and then with GA3 plus ABA, [Ca
2+

]j increased during

GA3 treatment, but decreased to the baseline concentra-

tion in the presence of ABA. This effect of ABA on

[Ca
2+

], is consistent with the hypothesis that ABA antag-

onizes GA action by preventing a sustained increase

in [Ca
2+

],.

When ABA was applied to non-GA-treated aleurone

cells, a rapid decrease in [Ca2+], was observed (Wang

et al., 1991). Fluorescence from the Ca
2 +

 -sensitive dye

indo-1/AM decreased within seconds of ABA addition,

reaching a steady intensity in about 10 s. Whether this

represents a new steady-state for [Ca2+], is not known as

only short term measurements were made. The magnitude

of the decrease in [Ca2+], depended upon ABA concentra-

tion. A 20-70 nM decrease was observed with 10-50 /xM

ABA, and a decrease of about 150 nM was observed at

500 fiM ABA (Wang et al., 1991). The importance of the

latter value is questionable given the unphysiologically

high ABA concentration. Changes in [Ca2+]; were insens-

itive to the Ca
2 +

-channel blockers nifedipine (35 ^M)

and verapamil (150 /xM), but were sensitive to the Ca
2 +

 -

antagonists La
3+

 and Cd
2 +

. Wang et al. suggested that

ABA-treatment may lower [Ca2+]; by activating a PM

Ca
2 +

-ATPase.

The calcium-binding protein calmodulin is an important

second messenger in cereal aleurone

Transduction of calcium signals is often accomplished

through the use of intermediary Ca2 +-binding proteins.

Of these, the best known is CaM. The binding of Ca2 +

to CaM results in a conformational change that increases

the affinity of CaM for CaM-activated enzymes. In this

manner, changes in [Ca
2+

]j may modulate changes in

enzyme or transporter activity. In cereal aleurone, CaM

is thought to be an essential component of signal transduc-

tion pathways leading from GA-perception to hydrolase

secretion (Gilroy, 1996). A role for CaM in ABA-

signalling has also been proposed (Hetherington and

Quatrano, 1991).

In barley aleurone, the amounts of CaM mRNA and

CaM protein are both under hormonal control. Schuurink
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et al. (1996) found that physical stimulation of aleurone

layers increased the amount of CaM mRNA. Although

this increase in CaM mRNA occurred whether aleurone

layers were subsequently incubated in H2O, 10 mM CaCl2

or 5 fj.M GA3, it was prevented by incubation in 5 ^M

ABA. In contrast to CaM mRNA, CaM protein, as

measured by densitometry of protein blots, did not

increase in aleurone layers treated with H2O, CaCl2 or

GA3 (Schuurink et al., 1996). Hence the amount of CaM

protein in barley aleurone is under post-transcriptional

control. Incubation in 5 ̂ M GA3 plus 10 mM CaCl2,

conditions that lead to a-amylase secretion, doubled the

amount of CaM protein. These data are consistent with

previous experiments of Gilroy and Jones (1993), who

found that treatment of barley aleurone layers with GA3

plus CaCl2 increased CaM protein by 50% as measured

by a radio-immunoassay.

The increase in CaM protein described by Schuurink

et al. (1996) was approximately linear with time during

the first 8 h of incubation with hormone. In the same set

of experiments, GA3 plus CaCl2-treatment increased a-

amylase mRNA after a lag of about 2 h. These data are

consistent with the hypothesis that CaM acts as an

intermediate in the GA-induced signal transduction path-

ways leading to hydrolase secretion (Figs 2, 4).

GA-stimulated increases in CaM protein combined with

GA-stimulated increases in [Ca2+]; would increase the

amount of Ca
2+

-CaM several fold. This Ca
2+

-activated

CaM would then stimulate the activity of enzymes or

transporters required for hydrolase synthesis or secretion

(Fig. 5).

In an elegant set of experiments, Simon Gilroy directly

examined the roles of [Ca
2+

]i and CaM in GA- and ABA-

signalling (Gilroy, 1996). By using microinjection to

introduce Ca
2 + , Ca

2 +
 chelators and CaM into barley

aleurone protoplasts, he has either mimicked or abolished

hormonally induced changes in [Ca2+]; and CaM (Gilroy,

1996). In the absence of GA, mimicking GA-induced

changes in [Ca2+], and CaM did not result in secretion of

a-amylase, vacuolation of protoplasts, or expression of

the glucuronidase reporter gene fused to an a-amylase

promoter (Amy-GUS). When a sustained increase in

[Ca
2+

]j was blocked by the Ca
2+

-chelator diazo-2, a-

amylase secretion, but not Amy-GUS expression, was

prevented. This later observation is consistent with earlier

experiments demonstrating that GA in the absence of

external Ca
2+

 increases the transcription of a-amylase

mRNA, but does not lead to a-amylase secretion

(Deikman and Jones, 1985). When barley CaM was

microinjected into barley aleurone protoplasts, either in

the presence or absence of elevated [Ca
2+

]i, responses

typical of GA-treatment were not observed in the absence

of GA (Gilroy, 1996). Hence, although elevated [Ca
2+

]j

is required for a-amylase secretion, neither elevated
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[Ca2+], nor Ca
2 +

 -CaM are sufficient for induction of a-

amylase secretion or aleurone cell vacuolation.

Gilroy (1996) also treated aleurone protoplasts that

had been incubated in 5 ̂ M GA3 for 24 h with 5 /xM

ABA for 3 h. This ABA treatment caused [Ca2+],, Amy-

GUS expression and a-amylase secretion to decrease

(Gilroy, 1996). When [Ca2+]; was maintained at

GA-stimulated levels, however, Amy-GUS expression and

a-amylase secretion continued. Likewise, microinjection

of 1-10 ^M CaM also blocked the antagonistic effects of

ABA on Amy-GUS expression and a-amylase secretion.

These data suggest that ABA antagonizes GA action by

reducing [Ca
2+

]j or the amount of Ca
2+

-CaM.

ABA induces a set of genes distinct from those induced

by GA (Table 1). Gilroy introduced Ca
2 +

 and CaM into

the cytosol of barley aleurone protoplasts to see if low

levels of [Ca
2+

]; or CaM were required for expression of

the glucuronidase reporter gene fused to the wheat Em

promoter (Em-GUS). Artificial elevation of [Ca
2+

]; or

CaM in ABA-treated protoplasts did not reduce Em-GUS

expression. Since ABA-induced gene expression was

unchanged when [Ca
2+

]j was high, it is unlikely that all

ABA-induced signalling pathways are regulated by [Ca2+],

or CaM. Significantly, microinjection of ABA into barley

aleurone protoplasts increased expression of Em-GUS.

These data suggest that an internal receptor for ABA (see

above) may be linked to a Ca
2+

-independent signalling

pathway (Fig. 4).

Barley aleurone cells express genes encoding CaM-binding

proteins

To identify targets for Ca
2+

-CaM in barley aleurone cells,

Schuurink and Jones (1995) used a molecular approach.

Using Arabidopsis CaM-2 coupled to horse radish peroxi-

dase as a probe, they were able to screen expression

cDNA libraries made of barley aleurone RNA for cDNAs

encoding CaM binding proteins. Several cDNAs were

identified, one of which was similar to a CaM-binding

protein of unknown function from maize (Reddy et al.,

1993).Their research focused on clone HvCBTl which

had high homologuey to the inward rectifying potassium

channel KATl from Arabidopsis and to catfish olfactory

channels (Anderson et al., 1992; Goulding et al., 1992).

Overall similarity between HvCBTl and KATl and the

olfactory channel was 46% and 47%, respectively. These

ion channels are characterized by six transmembrane

domains, a pore between the fifth and sixth transmem-

brane domain and a cyclic nucleotide binding domain in

the carboxyl-terminus. The olfactory channels have a

CaM binding domain near the N-terminus. Homologuey

with KATl and olfactory channels is limited in the pore

domain. This suggests that HvCBTl may be a member

of a new class of ion channels from plants, but this

hypothesis must be confirmed by a functional assay.
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Olfactory channels are able to respond to a wide concen-

tration of cAMP and cGMP in vitro (between I fxM and

1 mM), and their responsiveness to these two cyclic

nucleotides decreases dramatically in the presence of CaM

(Liu et al., 1994). This suggests a mechanistic basis for

the wide range of GA concentrations (10~
12

 to 10~
7
,

Hooley, 1982) to which aleurone cells respond.

Cyclic GMP may be a transient second messenger in

GA signalling

It is clear that signal transduction in the aleurone cell is

not dependent solely on [Ca
2+

], and the amount of CaM.

Other signal transduction chains and other signalling

molecules are required. One of these signalling molecules

may be cGMP. Penson et al. (1996) present compelling

evidence that cGMP is required for barley aleurone layers

to respond fully to GA. When aleurone layers were

treated with 5 fiM GA3, a transient increase in cGMP

was measured using a radio-immunoassay. Maximal

cGMP content occurred 2 h after hormone treatment and

was about 3-fold higher than that of controls. cGMP

levels then decreased, so that 4 h after hormone treatment

they were equal to those in untreated controls. An inhib-

itor of guanylyl cyclase, LY-83583, reduced this transient

increase in cGMP when applied at 200 jiM. Accumulation

of a-amylase and GAMYB mRNAs and secretion of a-

amylase protein were inhibited by LY-83583. Inhibition

of a-amylase secretion by LY-83583 was observed at

concentrations greater than 100 ^M with an IC50 of

120 fiM. The membrane permeant cGMP analogue dibu-

tyryl cGMP at 400 /̂ M nearly restored a-amylase secretion

to control levels in the presence of 120/xM LY-83583.

Dibutyryl-cAMP at the same concentration did not

reverse the effects of LY-83583, suggesting a specific

cGMP effect. Dibutyryl-cGMP in the absence of GA did

not induce the accumulation of a-amylase mRNA or the

secretion of a-amylase protein. ABA-treatment of aleur-

one layers did not change the cGMP content of the layers,

and LY-83583 had a relatively small effect on the accumu-

lation of Rab21 mRNA in layers treated with ABA.

Taken together, these data led the authors to conclude

that cGMP plays a key role in GA- but not ABA-

signalling in barley aleurone cells (Penson et al., 1996).

cGMP-binding proteins involved in GA-signalling are

unknown, although HvCBTl may bind cGMP near its

carboxyl-terminus.

Cytosolic pH may function as a second messenger for

hormonal signals

The concentration of protons in the cytosol may function

as a second messenger in plant signal transduction in

much the same way that the concentration of calcium

ions does. Cross-talk between signal transduction chains

utilizing pH ; and [Ca
2+

]i as second messengers has been

proposed (Felle, 1988). In barley aleurone, changes in

pH, resulting from treatment with ABA or GA have been

reported. Van der Veen et al. (1992) determined pH, of

aleurone protoplasts using a null-point method. In

this method, detergent permeabilization of protoplasts

releases cytosolic contents into weakly buffered media.

The pH of the medium is measured before and after

detergent addition. The procedure is repeated several

times using media buffered to pHs that span pH,. When

medium pH is unchanged by detergent permeabilization

of cells, the pH of the buffered medium is taken as

representative of pH,. Within 1 h of ABA-treatment

(5^M) , pH; of barley aleurone protoplasts increased by

approximately 0.14 pH unit (Van der Veen et al., 1992).

GA3 treatment (10 ^M) of protoplasts had the opposite

effect on pH;. Within 1 h of GA3 addition, pHs decreased

approximately 0.18 pH unit (Heimovaara-Dijkstra et al.,

1994a). Addition of both ABA and GA3 to the protoplast

incubation medium resulted in an intermediate change in

pH; (Heimovaara-Dijkstra et al., 1994a). Changes in pH ;

were transient. Within 6 h of treatment with either ABA

or GA, pHj returned to control levels.

Across a wide range of ABA concentrations, dose-

response curves for cytosolic alkalization and Rab-16

mRNA accumulation in aleurone cells were similar (Van

der Veen et al., 1992). When protoplasts were treated

with the weak acids 5,5-di-methyl-2,4-oxazolidinedione

or potassium propionate, treatments thought to decrease

pHj, accumulation of Rab-16 mRNA was greatly reduced.

Incubation with the weak bases methylamine or NH4C1

had little effect. The authors suggest that alkalization of

the cytosol is necessary but not sufficient for ABA-

regulated gene expression. Confirmation of these data

with a less invasive method of pH measurement is eagerly

awaited. At present, no cytosolic targets for pH-mediated

signal transduction have been identified in aleurone cells.

Protein phosphorylation is required for GA and ABA

signalling in aleurone cells

Regulation of cellular activities by reversible protein

phosphorylation is a ubiquitious process in animals and

plants. In cereal aleurone, phosphorylation is important

in the signalling pathways linked to GA and ABA percep-

tion. Kuo et al. (1996), found that okadaic acid (OA),

an inhibitor of protein phosphatases types 1 and 2A,

prevented GA-responses when applied to wheat aleurone

layers at 100 nM. In these experiments, [Ca2+], did not

increase, a-amylase secretion was inhibited and cell death

induced by GA was prevented. OA decreased accumula-

tion of a-amylase mRNA in GA-treated layers by 96%.

In ABA-treated layers, OA decreased accumulation of

PHAV1 mRNA by 64%. In similar experiments with the

serine/threonine protein kinase inhibitors staurosporine

(50 jiM) and K252a (50/*M), no reduction in a-amylase

secretion was observed (Kuo et al., 1996).
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The effects of protein phosphatase inhibitors on aleur-
one cell signalling have also been characterized by
Heimovaara-Dijkstra et al. (1996). Of the six inhibitors
they tested, phenylarsine oxide (PAO), calyculin A (CA)
and OA inhibited ABA-induced gene expression.
Treatment with PAO, CA or OA resulted in increased
phosphorylation of two 40 kDa proteins. This hyperphos-
phorylation coincided with an increase in tyrosine
phosphorylation of two 40 kDa proteins as detected with
anti-tyrosine antibodies.

Transduction of extracellular signals in higher eukary-
otes is accomplished by phosphorylation cascades and by
phosphorylation/dephosphorylation of effector molecules.
Phosphorylation cascades, as exemplified by the Ras/
MEK/MAPK kinase cascade, operate by sequential
phosphorylation of several protein kinases (Johnson
and Vaillancourt, 1994). Phosphorylation activates each
kinase and promotes phosphorylation of the next kinase
in the chain. Each kinase may also phosphorylate effector
molecules. For example, MAP kinase phosphorylates
protein kinases, transcription factors, components of
the cytoskeleton and other enzymes (Johnson and
Vaillancourt, 1994). In this way, phosphorylation pro-
motes branching of the signal transduction pathway and
leads to co-ordination of the response throughout the cell.

Knetsch et al. (1996) demonstrated that ABA-treat-
ment of barley aleurone protoplasts increased MAP
kinase activity. Activity in immunoprecipitates, as meas-
ured by the phosphorylation of myelin basic protein, was
stimulated more than 4-fold by ABA. Activity was max-
imal about 3 min after hormone treatment, and returned
to basal levels after approximately 5 min. When anti-
phosphotyrosine antibodies rather than antibodies to the
MAP kinase ERK1 were used to immunoprecipitate
Triton X-100- and SDS-soluble proteins, the time-course
for MAP kinase activity in the precipitated material was
similar. Experiments with the protein tyrosine phosphat-
ase inhibitor PAO indicated that tyrosine dephosphoryl-
ation was required for ABA-activation of MAP kinase
and for ABA-induced accumulation of rabl6 mRNA
(Knetsch et al., 1996). The authors suggest that ABA
induces tyrosine phosphorylation of MAP kinase during
MAP kinase activation. They further propose that activity
of a protein tyrosine phosphatase is part of the signal
transduction chain linking ABA preception to MAP
kinase activation and ABA-inducible gene expression
(Fig. 4). The effect of GA-treatment on MAP kinase
activity is unclear. No effect was observed by Knetsch
et al. (1996), but GA reduced the accumulation of mRNA
for a MAP kinase homologue in oat aleurone layers
(1995).

A putative ribosomal kinase (Askl 1) has been cloned
from oat aleurone by Huttly and Phillips (1995).
Accumulation of transcripts for this kinase in GA-treated
aleurone layers was substantially higher than in layers
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incubated in the absence of hormone. The authors specu-
late that Askl I may phosphorylate ribosomal proteins
and that this may play a role in GA-stimulated protein
synthesis.

Endomembrane targets for hormonally induced
signals

The evidence presented above suggests that [Ca
2+],, CaM,

cGMP, pHb protein kinases, and protein phosphatases
are all players in the regulation of hormonally induced
responses within the aleurone cell. To bring about the
appropriate response, however, each of these signal trans-
duction intermediates must interact with one or more
effector molecules. Because the primary function of the
aleurone cell is the synthesis and secretion of hydrolases,
processes which require co-ordination of activities within
the PSV, ER and Golgi apparatus, some of the signal
transduction chains leading from GA- or ABA-perception
are linked to the endomembrane system. As illustrated in
Fig. 5, transporters in the ER and PSV and PSV proteases
are likely targets for these signals.

Calcium transport into the endoplasmic reticulum is via a

CaM-stimulated Ca2+-ATPase

a-Amylase is a Ca-containing metalloprotein that is pro-
duced at high rates on the rough ER of aleurone cells.

H+-PPase H+-ATPase

PM

rotein kinase

Ca2 +-

channel

. ^ A m y i a s e

~C> secretion

Fig. 5. Endomembrane targets of hormonal signalling in cereal aleurone.
GA stimulates acidification of the PSV lumen and increases the activity
of PSV proteases. The second messenger Ca2 + -CaM stimulates the
activity of an ER Ca2 + -ATPase and regulates the activity of the SV
channel. Tonoplast-associated protein phosphatase and protein kinase
also modulate the activity of this channel.
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Replenishment of Ca
2+

 within the lumen of the ER,

therefore, is required for continued amylase synthesis

(Bush et al., 1989). Bush et al. (1993) measured rates of

Ca
2 +

-transport (CaT) into microsomal vesicles from

barley aleurone layers and found that the rate of CaT

was greatly increased by GA3-treatment. Maximal rates

of transport were found in membrane fractions that had

the highest rates of cytochrome c reductase activity,

indicating that the transporter was likely to be in the ER.

Calcium transport was significantly reduced by vanadate,

but only minimally reduced by NO^~. This suggested to

the authors that the transporter was a P-type Ca
2 +

-

ATPase. When layers were treated with ABA, there was

less CaT in all membrane fractions than when layers were

treated with GA3. For layers incubated in both 5 fiM

GA3 and 5 MM ABA, or 5 ^M GA3 and then 5 ^M ABA,

GA3-stimulated CaT was eliminated. This antagonistic

effect of ABA on CaT was not the result of reduced ER

membrane or ER protein. Since CaT increased for at

least 16 h following GA3-treatment, the authors proposed

that regulation was at the level of gene expression. They

noted that their data were consistent with synthesis of

either new Ca
2 +

-transporters or of a regulatory protein

such as CaM.

Subsequently, Gilroy and Jones (1993) showed that

CaT could be stimulated at least 5-fold by adding 500 nM

CaM to ER microsomes isolated from non-GA-treated

barley aleurone layers. No stimulation was observed when

CaM was added to microsomes from GA-treated layers.

The CaM inhibitor W7, however, reduced the rate of

CaT into microsomes from GA-treated layers. This sug-

gested that CaM or a CaM-like protein remained bound

to ER microsomes and was sufficient for full activation

of a Ca
2 + -ATPase. A calcium transporter in wheat similar

to the barley ER Ca
2 +

 -ATPase has been characterized by

Bush and Wang (1995). As in barley, CaT into isolated

membrane vesicles from GA-treated aleurone layers was

not stimulated by exogenous CaM, but was inhibited by

W7. Calcium transport activity in barley ER increased at

a nearly constant rate for at least 16 h following

GA-treatement (Bush et al., 1993). The kinetics of this

rise in CaT activity are similar to those for CaM protein

(Schuurink et al., 1996). It is likely, therefore, that

GA-stimulation of ER CaT is mediated by CaM.

Effector molecules that respond to hormonal signals are

present on the tonoplast of aleurone PSVs

The PSV in cereal aleurone contains storage proteins and

mineral nutrients. Following imbibition, protein reserves

are hydrolysed by PSV proteases, and minerals such as

K, Mg and P are released from phytin by phytases. The

products of these reactions are transported through the

PSV tonoplast and are used for hydrolase synthesis and

embryo nutrition. Evidence is accumulating that processes

within the PSV are co-ordinated with those in the cyto-

plasm by hormonal signals (Fig. 5). The activity of cyst-

eine proteases within the PSV, for example, is upregulated

by GA3-treatment of barley aleurone protoplasts (Bethke

et al., 1996). Using proteolytic activity gels, Bethke et al.

showed that incubation of protoplasts in GA3 (5 pM) for

18 h increased the activity of at least three cysteine

proteases. Two of these activities were undetectable in

ABA-treated protoplasts and the third was present but

reduced. No proteolysis was detectable when activity gels

were incubated in pH 6.5 buffer, but two of the cysteine

proteases were active at pH 5.5 and all three at pH 4.5

(Bethke and Jones, unpublished data).

Because these PSV proteases are inactive at neutral

pH, acidification of the PSV lumen may be an important

regulator of storage protein mobilization. Swanson and

Jones (1996) measured the pH of barley aleurone PSVs

using the pH-sensitive dye BCECF-AM. They showed

that incubation of protoplasts with GA3 for 20 h promotes

acidification of the PSV lumen. The pH of untreated

PSVs was 6.6, whereas that of PSVs in GA3-treated

protoplasts was 5.8. This may underestimate the degree

of acidification as BCECF is insensitive to pH below

about 5.5. The onset of vacuolar acidification began

shortly after GA3-treatment. Measurements of in vivo

vacuolar pH were made before and after GA3 addition

to the media surrounding aleurone protoplasts. Within

2 h the pH within PSVs had decreased. ABA treament

did not result in vacuolar acidification. The pH of PSVs

in protoplasts treated with ABA for 20 h was 6.7. How

the process of vacuolar acidification is regulated is not

known. Immunoblot analyses suggested that differences

in abundance of tonoplast H
 +

-pumps between PSVs in

ABA- or GA-treated protoplasts are unlikely to account

for differences in vacuolar pH. Swanson and Jones (1996)

demonstrated that approximately equal amounts of

V-type H
+
-ATPases and H

 +
 -PPiases were present in the

tonoplast of PSVs from both ABA- and GA-treated

protoplasts.

Another target of Ca
2 +

 -CaM in the aleurone cell is the

slow-vacuolar (SV) channel. The SV channel is an abund-

ant cation channel that may play an important role in

Ca
2+

-signalling (Ward and Schroeder, 1994). In barley

aleurone PSVs, Bethke and Jones (1994) have shown that

the activity of the SV channel is modulated by Ca
2 +

-

CaM. Using the patch-clamp technique they demon-

strated that SV channel activity was stimulated by increas-

ing external free Ca
2 + . Activity of the channel increased

as Ca2+ was increased above 600 nM. At high Ca2 +

(100fiM) the CaM inhibitors W7 and trifluoperizine

reduced SV channel activity by more than 90%. Channel

activity inhibited by W7 could be partially restored by

addition of CaM. CaM on its own increased the sensitivity

of the channel to Ca
2 + . In the presence of CaM, specific

current through SV channels increased ~ 3-fold at 2.5 fxM
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Ca
2+

 and over 13-fold at 10 MM Ca
2 +

 . In the absence of

added CaM, whole-vacuole SV currents in PSVs from

ABA-treated protoplasts were 58% less than those in

PSVs from GA-treated protoplasts. It is likely that this

represents differences in the regulatory environment

within the cells from which PSVs where isolated rather

than differences in channel density within the tonoplast.

Activity of the SV channel is also regulated by reversible

protein phosphorylation (Bethke and Jones, 1997). When

isolated PSVs were treated with the protein phosphatase

inhibitor OA (20 nM), whole-vacuole channel activity

was reduced by 60%. When the OA-insensitive protein

phosphatase calcineurin was added to PSVs in the pres-

ence of OA, activity was restored to control levels. These

data suggested that protein dephosphorylation activated

the SV channel. Bethke and Jones (1997) also found that

protein phosphorylation could activate the channel.

Purified CaM-like domain protein kinase (CDPK) stimu-

lated channel activity at both low (200 ^M) and high

(2mM) ATP concentrations. A model for regulation of

the barley aleurone SV channel in which phosphorylation

occurs at two sites was proposed. Phosphorylation at one

site promotes channel opening and phosphorylation at a

second site promotes channel closure. At least one of the

protein phosphatases and one of the protein kinases that

modulate SV channel activity were present in isolated

PSVs.

The aleurone cell nucleus contains CaM

Although honnonally-induced changes in mRNA syn-

thesis are well characterized for the aleurone cell (see

below), only tentative links between hormone perception

and gene expression have been established. One of these

may be CaM. Immunolocalization of CaM within barley

aleurone protoplasts suggests that the nucleus contains a

significant pool of CaM (Schuurink et al., 1996). The

function of this nuclear CaM is unknown, but work in

Raymond Zielinski's laboratory suggests that it may

modulate gene expression. Szymanski et al. (1996) found

at least four DNA-binding proteins in cauliflower nuclear

extracts that also bound CaM. Significantly, CaM

enhanced the binding of these proteins to the C/G-box

in the Arabidopsis Cam-3 promoter. The Arabidopsis

transcription factor TGA3 also bound CaM and this

enhanced its binding to the Cam-3 promoter. These data

suggest a mechanism whereby changes in Ca
2+

 or CaM

can be transduced into changes in gene expression.

Hormonal signalling results in GA- and ABA-
specific gene expression

The responses of aleurone cells to GA and ABA described

above precede increases in a-amylase mRNAs (see Fig. 2)

and increases in ABA-up-regulated mRNAs. To address
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the question of how mRNA levels of GA and ABA

inducible genes are regulated in aleurone cells, their genes

and promoters have been isolated. Promoter-reporter

constructs have been prepared and transiently expressed

in aleurone protoplasts and aleurone layers. Transacting

factors that interact with specific elements in these pro-

moters or that regulate the expression of these promoters

have been identified. The data from these experi-

ments using cereal aleurone have significantly increased

our understanding of phytohormone-regulated gene

expression.

Multiple regulatory elements within the promoters of

GA- and ABA-mducible genes confer hormone specific

expression

Of the genes that are regulated by GA and ABA, the best

characterized are those for a-amylases. A key regulatory

step in the production of a-amylase protein is synthesis

of a-amylase mRNAs. Run-on transcription studies with

nuclei from barley and wild oat aleurone protoplasts and

transient expression of promoter-reporter constructs in

aleurone protoplasts and layers suggest that GA and

ABA control a-amylase synthesis at the transcriptional

level (Jacobsen and Beach, 1985; Zwar and Hooley,

1986). A role for additional translational control has not

been excluded.

The promoters of hormone-inducible genes contain

multiple sequence elements that act together to confer

high levels of hormone-dependent transcription (Fig. 6).

Regions essential for hormone regulated expression in the

promoters of barley and wheat a-amylase genes have been

identified using deletion and linker-scan analyses (Gubler

and Jacobsen, 1992; Rogers and Rogers, 1992; Tregear

et al., 1995; Lin et al., 1996). In the promoters of a-

amylase genes from wheat (Tregear et al., 1995), rice

(Tanida et al., 1994) and barley (Gubler and Jacobsen,

1992), three highly conserved elements are present within

300 bp of the transcription start site. These three ele-

ments, the pyrimidine (C/TCTTTT), TAACAA/GA, and

TATCCAC/T boxes are sufficient for GA-induction and

were named the GA-responsive complex (GARC) by

Gubler and Jacobsen (1992). Experiments using rice

transformed with the GUS reporter gene driven by the

— 232 to +31 region of the RAmylA promoter confirmed

that these boxes are sufficient for developmental, temporal

and hormonal regulation of the a-amylase promotor in

germinating grain (Itoh et al., 1995).

A limited number of gain-of-function experiments

have been done using the boxes conserved in the

promoters of GA-inducible genes. Skriver et al.

(1991) showed that multiple copies of the sequence

GGCCGATAACAAACTCCGGCC attached to a min-

imal 35S cauliflower mosaic virus promoter were able

to confer proper GA-responsive and ABA-repressive
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expression. This 21 base sequence was called the GA3

responsive element (GARE). These experiments suggest
that there is functional redundancy between the binding
sites on the GARE and those on the GARC. Remarkably,
it is still unclear which nucleotides within the GARE are
responsible for ABA-repressible expression. It is evident,
however, that the ACGT core which plays a dominant
role in ABA up-regulated gene expression (see below) is
absent from the GARE (Giraudat et al., 1994). Other
gain-of-function experiments (Lanahan et al., 1992;
Rogers and Rogers, 1992) showed that a single element
(GTAACAGAGTCTGG) was able to direct GA-
regulated transcription of the low p/ a-amylase promoter,
but only when a second short sequence identified
as O2S (Opaque-2 similar) was also present. This
GTAACAGAGTCTGG element, which contains the
TAACAGA sequence of the GARC is similar to a
sequence motif found in the GARE. This motif,
UTAACAUANTCYGG, where U is a purine, Y is a
pyrimidine and N is any nucleotide, is highly conserved
in cereal a-amylase gene promoters (Huang et al., 1990).
The O2S box was termed a coupling element (CE)
(Fig. 6). O2S in conjunction with another CE (box 5) of
the low p/ a-amylase promoter (Fig. 6) increased the
transcription of a high p/ a-amylase promoter containing
the three-element GARC. These experiments indicate that
unidentified CEs in high p/ a-amylase promoters may
enhance transcription. A low p/ a-amylase promoter from
wheat appears to have regions upstream of the pyrimidine
box other than OS2 that are required for high levels of
GA-induced expression (Huttly et al., 1992).

Transcription of several ABA-inducible genes requires
promoter sequences containing an ACGT core sequence.
This sequence is present in the promoters of HVAl and
HVA22, two genes that are up-regulated by ABA in
barley aleurone layers (Shen and Ho, 1995; Shen et al.,
1996). Loss- and gain-of-function promoter studies using
GUS as the reporter have shown that boxes containing
the ACGT core (ABA responsive element, ABRE) in
HVAl and HVA22 are necessary for ABA-inducible gene
expression. ABREs, however, are not capable of directing

transcription
start
I

3
CE
o-

CE

CCTTTTJ-]|TAACAGA

1
GARE

1 |-|TATCCAT

J
H>

GARC

Fig. 6. Diagrammatic representation of the promoter of a low p/
a-amylase gene. The shaded boxes are collectively refered to as the
GARC. The GARE is composed of the TAACAGA box of the GARC
and additional bases to either side of it. Two CEs are shown upstream
of the GARC. The size and spacing of the boxes in the figure are not
to scale.

ABA up-regulation by themselves; CEs are also needed
for ABA responsiveness. Two different ABA response
complexes (ABRCs), each containing an ABRE and a
CE, were sufficient to confer ABA responsiveness to the
HVAl and HVA22 promoters (Shen et al., 1996). The
promoter of dehydrin, another ABA-up-regulated barley
gene, also contains an element with an ACGT core, but
a CE has not been identified in this promoter (Robertson
et al., 1995). Inconsistencies between transcriptional activ-
ity of the dehydrin promoter and the accumulation of
dehydrin mRNA indicate that experiments that measure
run-on transcription and mRNA stability need to be done
with ABA-up-regulated genes in barley aleurone.

Transacting factors control expression of a-amylase genes

Several approaches have been used to search for trans-
acting factors interacting with c/s-elements in a-amylase
promoters. Classic DNAsel footprinting and gel retard-
ation studies identified sequence-specific interactions
between nuclear proteins and promoter regions of rice,
wheat and barley a-amylases (Rushton et al., 1992; Sutliff
et al., 1993; Goldman et al., 1994; Mitsunaga et al.,
1994). In general, the DNAsel footprinting and gel
retardation assays are consistent with the promoter-
reporter studies described above. Sutliff ef al. (1993), for
example, demonstrated that a fraction from a nuclear
protein extract bound to the promoter of a barley low p/
a-amylase gene at regions corresponding to the GARE
and the TATCCAT elements. Significantly, this binding
activity was shown to be induced by GA.

Another method used to identify trans-acting factors
conferring hormone-specific gene expression is to screen
expression cDNA libraries with promoter sequences.
Rogers et al. (1995) screened expression cDNA libraries
made of mRNA from barley aleurone cells with hexamers
of the GARE (Fig. 6). A cDNA encoding a novel 60-kDa
protein (GAB1) with an unusual, repeated zinc finger
domain and a nuclear localization signal was cloned using
this strategy (J Rogers and J Mundy, personal commun-
ication). Within the zinc finger domains, Cys and His
residues required for zinc and DNA binding were deter-
mined by in vitro mutagenesis and binding assays. The
nuclear localization signal was shown to function in onion
cells. When transiently overexpressed in barley aleurone
cells, GAB1 repressed expression of the low p/ a-amylase
promoter (J Rogers and J Mundy, personal communica-
tion; Rogers et al., 1995). A similar approach was used
by Rushton et al. (1995) to clone two cDNAs encoding
proteins that bind to the OS2 motif in the promoters of
wheat and wild oat low p/ a-amylase genes. These proteins
each contain a conserved region of 56-58 amino acids
that contain a putative zinc finger. Binding to OS2 regions
was abolished by the chelators 1,10-o-phenanthroline and
EDTA, which supports the hypothesis that these proteins
bind zinc in vivo.
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MYB proteins are transcriptional activators that are
found in plants as well as animals. These proteins
contain conserved DNA-binding domains and a carboxyl-
terminal activator domain. Binding of MYB proteins to
DNA is sequence specific. Gubler et al. (1995) observed
that the TAACAAA element in the GARC has two
possible c- and v-MYB binding sites. They cloned a MYB
cDNA from barley aleurone cells by screening an expres-
sion cDNA library with a 170-bp probe containing the
sequence coding for the DNA-binding domain of the
maize Cl MYB protein. mRNA abundance for this
GAMYB increased following GA-treatment of barley
aleurone prior to the increase in a-amylase mRNA
(Fig. 2). These data suggested that GAMYB may regulate
the transcription of a-amylase. To test this hypothesis,
Gubler et al. (1995) transiently overexpressed GAMYB
in barley aleurone layers. In the absence of added GA,
GAMYB was able to stimulate transcription of a high p/
a-amylase promoter fused to the GUS reporter gene.
A TAACAAA-like sequence is also present in the
GA-regulated promoter of barley 1-3,1-4 /9-glucanase
isoenzyme II (Wolf, 1992), suggesting that its promoter
may be regulated by GAMYB. Other GA-regulated genes
such as a cathepsin B-like gene from wheat (Cejudo et al.,
1992), a carboxypeptidase gene from rice (Washio and
Ishikawa, 1992), a putative ubiquitin-conjugating enzyme
from rice (Chen et al., 1995), and two cysteine proteinase
genes from barley (Mikkonen et al., 1996), however, do
not appear to have a TAACAAA box in their promoters.
Transacting factors other than MYB, therefore, may
activate these promoters. This would allow for temporal
or stimulus-specific control of GA-regulated transcrip-
tion. Alternatively, other related sequences may function
as GAMYB-binding sites.

Recently a putative ubiquitin-conjugating enzyme
(UBC) from rice was shown to transactivate the rice
Osamy-C promoter (Chen et al., 1995). Osamy-C is
induced by GA, but promoter deletions revealed a domain
between -230 and - 158 that repressed this GA-inducible
activity (Chen et al, 1995). Co-expression of Osamy-C
with UBC overcame this repression, suggesting that the
— 230/—158 domain of Osamy-C binds a repressor pro-
tein that UBC targets for proteolysis. The role of UBC
in the GA-inducibility of the full length Osamy-C
promoter, however, has not been investigated. This
role might be minor since repression attributed to the
— 230/—158 region was masked by upstream promoter
domains.

The region of the Osamy-C promoter between —230
and —158 has been shown to interact with at least five
proteins from imbibed rice grain (Kim et al., 1992). Two
of these are present in rice aleurone independent of GA
treatment. The —230/—158 region also contains a
sequence homologous to the cAMP responsive element
of cAMP regulated promoters in mammalian cells
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(Deutsch et al., 1988). A similar element was found in a
high p/ a-amylase promoter and shown to repress
GA-inducible transcription in barley (Gubler and
Jacobsen, 1992). No proteins have been identified that
bind to either of these cAMP-like responsive elements.

Figure 7A shows a model of how the transacting factors
described above might influence the transcription of a-
amylase genes. In this model, GA increases the amount
of GAMYB protein. GAMYB then binds to the GARE
and increases transcription of a-amylase genes. GAB1,
the other transacting factor that binds to the GARE,
inhibits transcription of a-amylase genes in the absence
of GA. When present, VP1 increases the affinity of GAB1
for the GARE and represses a-amylase gene expression
(Hoeckerera/., 1995). How GAMYB and GAB 1 compete
for the GARE and how this affects the activity of the
a-amylase promoter remain unanswered.

Transacting factors have been identified that regulate the

expression of ABA-inducible genes

ABA may act on the ABRE in the GARE via a vivipar-
ousl (VP1) homologue. VP1 is a transcriptional activator
of maize that prevents precocious germination. A
VP1-homologue has been cloned from rice (OSVP1) and
its transcript was detected in developing seeds and
imbibed mature embryos (Hattori et al., 1994). The
presence of OSVP1 in the aleurone layer, however, was
not determined and this remains an important issue. VP1
transiently expressed in barley aleurone cells repressed
the GA-stimulated up regulation of a 1.8 kbp high p/ a-
amylase promoter (Hoecker et al., 1995). VP1 enhanced
the binding of many transcription factors to elements
with an ACGT core (Hill et al., 1996). It is suggested, as
indicated in Fig. 7A, that a VPl-like transcription factor
might increase the affinity of GAB 1 for the GARE.

Most efforts to clone transacting factors interacting
with cu-elements in ABA upregulated promoters have
focused on the Em gene of wheat. A cDNA encoding
EmBP-1, a protein with affinity for the ABRE in the Em
promoter, was cloned from a wheat embryo cDNA library
(Guiltinan et al., 1990). The maize VP1 gene product
enhanced binding of EmBP-1 to its binding site (Hill
et al., 1996). This is consistent with the observations that
VP1 is able to activate the Em promoter in vivo. Recently
it was shown that VP1 can also transactivate the ABRC
in HVA1, but not the ABRC in HVA22, suggesting that
VP1 can differentiate between ABRCs in mediating an
ABA response (Shen et al., 1996). OSVP1 is able to
transactivate OSEm, a rice gene homologous to the wheat
Em gene (Hattori et al., 1995). Hatorri's results strongly
suggest that OSVP1 activated the OSEm promoter by
interacting with a protein, perhaps an EMBP-1 homo-
logue, that binds to an ACGT containing ABRE. It is
very likely that homologues of EmBP-1 also exist in
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+GA

Rapid transcription
of a-amylase genes

GARE

• GA

Little transcription
of a-amylase genes

GARE

+GA, VP1 present

Little transcription
of a-amylase genes

GARE

B
+ABA

Transcription of
ABA-upregulated
genes

CE

ABRE

Fig. 7. Regulation of GA- (A) and ABA-inducible promoters (B) by
transacting factors. (A) Binding of GAB1 to the a-amylase GARE
represses expression of a-amylase genes in the absence of GA. GA
reduces this repression by stimulating the production of the transactiv-
ator GAMYB. Binding of GAB1 to the GARE may be enhanced by
VP1. (B) Transcription of ABA-up-regulated genes such as the wheat
Em gene is promoted by the transactivator EMBP-1. VP1 may promote
transcription by interacting with EMBP-1, and perhaps with CEs.

barley. One strategy for identifying such homologues

from barley aleurone would be to screen for proteins that

interact both with the ACGT cores in HVA1 and with

VP1. Figure 7B shows a model of how transacting factors

might regulate the transcription of an ABA-up-regulated

gene such as the wheat Em gene. In this model, VP1

binds to EMBP-1 and increases its affinity for the ABRE.

Binding of EMBP-1 stimulates transcription of the gene.

Interaction between VP1 and a CE may stabilize the

VP1/EMBP-1/ABRE complex.

The mechanism of VP1 -mediated activation of

ABA-inducible genes is clearly different from that

of VP1-mediated repression of a-amylase genes. The

N-terminal domain of VP1 is required for activation of

the Em gene, whereas domains in the middle part of VP1

are required for repression of a-amylase genes. Repression

of a-amylase expression is ABA-independent, but VP1

and ABA have a synergistic effect on Em expression. It

would be interesting to determine the regions in

GA-regulated promoters that are required for regulation

by VP1. Without doubt it is necessary to determine

whether VP1 functions in vivo both during seed develop-

ment and during the transition to seed germination.

Enormous progress has been made in understanding

hormone-regulated gene expression by using aleurone

cells as a model system. It is clear that the timing and

level of expression of GA-inducible genes is reflected in

the composition of their promoters. Some transacting

factors might be master regulatory proteins for entire

classes of GA-inducible genes. ABA-inducible promoters

contain their own specific promoter elements and several

appear to be differentially regulated by VP1. In parallel

with ongoing studies to identify additional transacting

factors, it is now possible to study interactions between

previously identified transacting factors and other nuclear

or cytosolic proteins. This may provide a link between

the signal transduction components described above and

proteins which directly regulate transcription.

Concluding remarks

Two centuries of biochemical and ultrastuctural research

on the cereal aleurone have provided the framework for

establishing hormonal signalling pathways. Many of the

responses of the cereal aleurone to GA and ABA have

been characterized. Receptors for GA and ABA have

been localized, and efforts are underway to isolate them.

Components of the signal transduction chains linking

hormone perception to cellular response have been identi-

fied, and more are sure to be found. The effects of

hormones on gene expression are becoming well under-

stood. Much has been learned about hormonal signalling

in cereal aleurone, but much more remains unknown.

Additional signalling molecules must be identified in order

to link hormone receptors to their downstream effectors
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securely. The number of signalling pathways and the

extent of cross-talk between them must be determined,

and links must be found which join cytosolic signals to

transcriptional events. Only when the interplay between

signalling molecules, signalling pathways and downstream

effectors is known, will it be understood how the activities

of the aleurone cell are differentially regulated in response

to hormone perception.
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