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The effect of abscisic acid (ABA) on specific gene expression
was examined in cultured wheat (Triticum aestivum,

L.) embryos and

in developing embryos in planta. A complementary DNA (cDNA) library

was constructed from poly(A)+ RNA from immature embryos cultured in
the presence of ABA. ABA-enhanced sequences were tentatively
identified by differential colony blot hybridization, and verified
by RNA slot blot analysis. Two clones representing abundant, ABAenhanced sequences, p511 and p1015, were characterized by Southern
and northern analysis, and shown to contain ca. 28% and 87%
respectively of their homologous RNA sequences; Using dot blot
hybridization and hybrid-select translation, one of these clones,

p1015, was shown to be homologous to the "early-methionine-labeled"
(Em) polypeptide message.

RNA slot blot analysis showed steady state levels of p511 RNA
in embryos developing in planta were high during mid-maturation but

declined rapidly at the onset of seed desiccation, thus paralleling
endogenous ABA levels. Em RNA levels, in contrast, were high later
in maturation and remained high in mature, dry embryos. At the onset
of germination, levels of both RNA species declined rapidly until

neither was detected in three-day germinated seedlings. Both RNA's
were present at low basal levels in immature embryos cultured in the
absence of ABA, but were abundant in embryos cultured in the
presence of ABA.

In cultured mature embryos, levels of p511 increased in the
presence of ABA, but remained low in the presence of ABA +
a-amanitin, suggesting p511 RNA is regulated at the level of
transcription. Levels of Em, in contrast, remained at approximately
70% mature embryo levels not only in the presence of ABA, but also
in the presence of ABA + a-amanitin or a-amanitin alone. This
suggests Em regulation might be at the level of RNA stabilility.

Cycloheximide, while totally inhibiting protein synthesis and
growth, had no detectable effect on ABA modulation of Em RNA levels.

This implies that, while Em stabilization might be an indirect
effect of the inhibition of germination by ABA, it does not appear
to be a result of inhibition of growth in general. This also
indicates a newly synthesized protein is probably not involved in
ABA-mediated Em stabilization.

Protein electrophoresis showed Em protein levels closely
paralleled Em RNA levels in the total RNA population, suggesting Em
expression is not controlled at the level of RNA processing or by
selective storage of RNA in mRNP particles. I conclude that ABA
modulates specific gene expression in developing wheat embryos at
the level of transcription and RNA stability, but is probably not
responsible for the embryogenic specificity of this expression.
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THE EFFECTS OF ABSCISIC ACID ON GENE EXPRESSION
DURING EMBRYOGENESIS IN WHEAT

CHAPTER I

GENERAL INTRODUCTION

Seed formation represents a unique evolutionary adaptation in
the life cycle of higher plants. The ability to survive periods of
adverse environmental conditions in seed form is an important factor
responsible for the dominance of seed plants in today's flora. The
seed is of considerable interest as a point in the angiosperm life
cycle where many important agronomic traits are determined, e.g. the
formation and deposition of storage polymers and the initiation of
developmental arrest and germination. The developing seed also
provides a convenient system for the study of developmental
regulation and coordinate control of gene expression.

Seed development begins with a double fertilization event in
which one of two haploid pollen nuclei fuses with a maternal 2N
polar nucleus, giving rise to the endosperm, while the other fuses
with the egg, giving rise to the embryo. In wheat, the development
of the single seeded fruit or caryopsis takes approximately 50-60
days post-anthesis (dpa) and has been characterized in some detail
(1,2,3). This process can be conveniently divided into five distinct

developmental stages based on various morphological and cytological
characteristics as described by Rogers and Quatrano (1). Following
fertilization, the undifferentiated embryo (Stage 1, 0-7 dpa)

undergoes a period of rapid cell division and differentiation (Stage

2

2, 7-14 dpa). Embryos continue to increase in size primarily by cell
division until Stage 3 (14-21 dpa) when major tissue differentiation
is complete. This is followed by a period of increasing cell size as
embryo storage proteins are accumulated, and maximum embryo size is
reached during Stage 4 (21-31 dpa). The onset of desiccation and
developmental arrest occurs during Stage 5 (31-50 dpa). The embryos
of many angiosperms, including most varieties of wheat, do not
undergo a period of true dormancy, but germinate readily upon
imbibition.

The role of plant growth regulators in development

Development is a rigidly controlled process encompassing both
spatial and temporal regulation of cell growth and function. Plant

growth regulators appear to play an important role in plant growth
and development throughout the plant life cycle. Plant growth
regulators have been implicated in such diverse processes as the
induction of flowering, accumulation of storage products, induction

of both dormancy and resumption of growth in buds and seeds, and in
the process of senescence (4,5,6,7). The level at which growth
regulators affect these processes is, for the most part, unknown,
but some possible levels of control are depicted in Figure I-1.
During seed development and germination the transition from a
state of high metabolic activity and growth (embryo growth and

differentiation) to a quiescent state (embryo maturation and
developmental arrest) then back to a highly active state
(germination) is paralleled by characteristic changes in the type of

Figure I-1. Some potential sites for the regulation of gene expression.

Inactive DNA

Potentially Active DNA -a. hnRNA

mRNA AI. protein -1. function

1) Control at the level of DNA:
a) Chromosome elimination
b) Selective gene amplification or elimination
c) Polyploidization
d) Activation/ Deactivation
DNA rearrangement
i)
ii) DNA modification (e.g. methylation)
iii)Conformational changes (HMG binding)

2) Transcriptional control: i.e. selective gene transcription.
a) Promoters
b) Repressors and activators
c) Enhancer sequences
3) Post-transcriptional control:
a) RNA processing/ splicing
b) Capping and tailing
c) Selective transport
4) Translational control:
a) Ribosome selection
b) mRNP particles
5) Post-translational control:
a) Transport and processing (leader sequences)
b) Protein phosphorylation/ dephosphorylation
La
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growth regulator activity (8). This makes seed formation and
germination an attractive system for the study of developmental
effects of plant growth regulators.

Both early in embryogenesis and upon germination, growth
responses are typical of the induction of cell proliferation and
growth associated with cytokinins, auxin, and giberellins. During
germination in soybean, for example, exogenously applied auxins
enhance the phosphorylation of nuclear proteins associated with
differential transcriptional activity (9). Exogenously applied
auxins also accelerate the transition in mRNA populations in soybean
hypocotyls normally seen during germination (10), and rapidly induce
the transcription of selected genes (11,12). The antagonistic
effects of gibberellic acid (GA) and ABA on a-amylase production in
cereal aleurone layers is one of the classic examples of plant
growth regulator effects (13), and is still one of the few for which
the levels of gene regulation have been identified. There appear to
be two forms of GA involved in this process. Upon imbibition of the
grain, GA1 is released from the embryo and stimulates synthesis of
GA4 in the aleurone layer. GA4, in turn, induces production of a-

amylase (14). The GA stimulated production of a-amylase in isolated
aleurone layers is inhibited by the addition of ABA to the growth
medium. GA promotion of a-amylase expression is at the level of
transcription (15), while ABA inhibition appears to operate at both
transcriptional and translational levels (16,17). Ballo (18) has

shown that ABA has a similar effect in wheat embryos on the
expression of carboxylase small subunit, a member of the germination

gene-set. In the presence or absence of light, ABA specifically
inhibited the accumulation of carboxylase small subunit message and
synthesis of the small subunit protein, while stimulating the
synthesis of embryogenic proteins. This ability of ABA to block
germination, as well as the expression of germination-specific genes
in both excised aleurone and embryo tissues, suggests that ABA might
be involved in the induction of developmental arrest in planta.

The embryos of most varieties of wheat do not undergo a period
of true dormancy. If removed from the seed at approximately 14 days
post-anthesis and cultured on suitable medium, immature embryos will
germinate precociously, producing seedlings indistinguishable from
those derived from germinated mature seeds (19). If left in the
seed, however, embryos continue to undergo maturation and enter a
period of developmental arrest. A number of studies (25) have shown
that high endogenous levels of ABA correspond to the occurrence of
developmental arrest in planta and lead to speculation that ABA
prevents vivipary or precocious germination in developing embryos.

Immature embryos excised from the developing grain and cultured in
the presence of ABA, in fact, continue to undergo growth and
development characteristic of embryo maturation in the seed.

Similarly, excised mature wheat embryos cultured in the presence of
somewhat higher concentrations of ABA will continue in a state of

developmental arrest, while those cultured in the absence of ABA
germinate normally. Wheat embryos in culture, therefore, provide a
model experimental system in which the effect(s) of ABA on the
expression of two distinct, developmentally regulated gene sets can

be examined. By manipulating the levels of plant growth regulators
in the environment of excised, immature wheat embryos in culture,

the two developmental pathways of embryo maturation and germination
can be dissociated and examined in detail.

This ability to direct the developmental programming of excised
wheat embryos by the addition or deletion of ABA from the growth
medium, combined with the observation that endogenous levels of ABA
are at a peak during Stage 3, seems to fit well with a possible role
of ABA in the process of embryo maturation and suppression of
precocious germination in planta. There is, in fact, a growing body
of evidence in both dicots and monocots which indicates ABA plays a
major role in the physiological control of embryo maturation and
suppression of precocious germination. In embryo cultures of cotton,

exogenous ABA inhibited germination and the appearance of
germination-specific enzymes (20), but enhanced synthesis of a group
of embryo-specific proteins and their associated mRNA's (21) as well
as enhancing the activity of certain enzymes (22). ABA also prevents

precocious germination and stimulates the accumulation of the
embryo-specific storage proteins napin and cruciferin and their
mRNA's in cultured embryos of Brassica napus (oilseed rape) (23,24).
In Phaseolus vulgaris, ABA levels reach a maximum between 22 to 28

days post-anthesis, coinciding with maximum storage protein
synthesis (26). Other studies (27,28) have shown that the level of

ABA in developing wheat and barley grains is very low during the
initial third of development, reaches a maximum during the middle
third, and remains high until the seed begins to dessicate during

7

the last third of development. As dessication progresses, levels of
ABA decline rapidly until no significant levels remain in the mature
seed. Changes in the level of ABA are, therefore, consistent with
its proposed role as an inhibitor of precocious germination, since
it is at maximum levels during those stages of wheat grain
development where the embryo is capable of germinating precociously.

Viviparous mutants in corn show a decrease in endogenous ABA levels
or a decreased sensitivity to exogenously applied ABA (29).

Precocious germination can also be induced in wild type individuals
of maize by treatments which inhibit ABA synthesis (30), and
treatments which deplete endogenous ABA pools in soybean result in
similar behavior (31). Karssen and collaborators (32) have
characterized ABA-deficient, single-gene mutant lines of common wall
cress, Arabidopsis thaliana (33), which exhibited symptoms of
withering, increased transpiration, and a lowered ABA content in
mature seeds and leaves. Dormancy of the mature seeds of these ABAdeficient mutants was strongly reduced and, in conditions of high
humidity, precocious germination on the plant was observed. In wildtype seed development the onset of developmental arrest correlates
with high levels of ABA in the seed. Reciprocal crosses between
wild-type and ABA-deficient plants demonstrated dual genotypic
origins (maternal and embryonic) for the endogenous ABA in
developing seeds. The onset of developmental arrest coincides with
the appearance of ABA regulated by the embryo genotype. Arrest is
independent, however, of the presence or absence of ABA regulated by

8

the maternal genotype, or the exogenous application of

ABA. Whether

ABA found in the seed is imported or produced in situ, is unknown.
In contrast to the growing body of knowledge about the specific
effects of ABA in dicots, comparatively little is known about the
molecular effects of ABA on embryo maturation in cereals. ABA
controls the synthesis and localization of the lectin wheat germ
agglutinin (WGA) (19,34) and the accumulation of lectin in rice
(35). In the latter case, the stimulatory effect of ABA was

countered by GA3. The ability of ABA to inhibit expression of
sequences characteristic of germinating seeds has also been
demonstrated (36). The inhibition of a-amylase in cereal aleurone
layers and the inhibition of carboxylase small subunit in
germinating embryos are two examples previously discussed in some
detail.

Experimental approach and objectives

In order to determine the molecular basis of the effect(s) of
ABA on gene expression in the developing wheat embryo we would,
ideally, like to isolate a group of genes whose expression is
embryo-specific and coordinately controlled by ABA. These sequences
would be used as hybridization probes to examine the expression of
the corresponding genes during embryogenesis and, together with
protein analysis, to determine the role and level of action of ABA.
A set of acid-soluble proteins has been identified which is
newly synthesized in excised Stage 2 and 3 embryos in the presence
of ABA, but which is absent in embryos cultured in the absence of
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ABA (36). These proteins appear to be confined both spatially and
temporally to the developing embryo. WGA is a member of this set
(19,36) along with an abundant, acid-soluble protein, designated the
'early-methionine-labeled' (Em) polypeptide (37,38,39). Em-

polypeptide, like WGA, is present in mature (Stage 5) wheat embryos,
and disappears rapidly at the onset of germination. Cuming (39)
isolated a cDNA clone representing ca. 200 bases of the Em message.

Using this sequence as a molecular probe he showed the level of Em
message also declines rapidly after the onset of germination.
Because Stage 5 embryos are situated on the dividing line

between the embryo maturation and germination pathways, they might
provide a model system for study of the expression of both embryospecific and germination-specific gene sets. Since a number of the
acid-soluble, embryo-specific proteins, including WGA and Empolypeptide, are present in both mature (Stage 5) embryos grown in
planta and in Stage 5 poly(A)+ RNA in vitro translation products, we
have a number of potentially useful embryo-specific markers.
As with any other "signal" which modulates gene expression,

plant growth regulators must act upon the existing background of
potentially active genes in a particular tissue. DNAase I chromatin
sensitivity studies in plants have shown that the pattern of

potentially active genes varies with tissue and developmental state
(40,41,42). This is consistent with the observation that ABA, as

well as other plant growth regulators, elicits specific but very
different responses in different tissues and at different times in
development. This suggests that plant growth regulators are not
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themselves "triggers" for the determination of particular
developmental pathways, but merely modulate expression of genes
which have been activated by some other signal. Black and colleagues
(43,44), for example, have suggested that desiccation might be the
developmental trigger which switches developing embryos from the
embryo maturation to the germination pathway.

This question might be readily approached by comparing the
responses of Stage 5 and Stage 3 embryos to exogenously applied ABA.
One might ask, for instance, if the same proteins and mRNA species
are expressed in both Stage 5 and Stage 3 embryos, and, if so, is
such expression elicited by the same concentration of ABA. If the
germination pathway is indeed activated, or the embryo maturation
pathway inactivated by a change in chromatin structure as the result
of some second signal, one might expect to see differences in
response. This assumes, of course, that the event which activates
the germination gene-set occurrs between Stage 3 and Stage 5. If,

however, activation of the germination gene-set occurs prior to
Stage 2 and ABA acts to repress its expression until ABA levels fall
below a certain level, one might not see any difference in the

effect of ABA on the germination gene set. One signal early in
embryogenesis might, for instance, activate the germination geneset, while an entirely different signal occurring late in
embryogenesis or early in germination inactivates the embryogenesis
gene-set.

Besides their temporal position separating embryo maturation
and germination, Stage 5 embryos have another advantage which makes
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them an ideal system for the study of gene expression. Messenger RNA
transcription and protein synthesis can be selectively inhibited in
mature wheat embryos with a-amanitin and cycloheximide respectively.

Using combinations of these inhibitors, together with ABA, one
should, therefore, be able to selectively manipulate the expression
of specific embryogenesis gene products and thereby determine the
level at which ABA effects their expression in mature wheat embryos.
Jendrisak (45) has demonstrated that low concentrations of
a-amanitin (0.1 to 1.0 pg/ml) block germination of mature, imbibed
wheat embryos by strongly and selectively inhibiting in vivo
poly(A)+ RNA synthesis. This closely parallels the level of
a-amanitin required for inhibition of purified RNA polymerase II in
vitro.

These same concentrations do not inhibit transcription by

purified RNA polymerases I or III, nor did they inhibit in vivo
translation of existing mRNA in mature, imbibed wheat embryos. In
addition, cycloheximide was shown to completely inhibit wheat embryo
germination at low concentrations (ca. 10 pg/ml) by inhibiting
protein synthesis. Germination of mature embryos and the associated
up-regulation of the germination-specific carboxylase small subunit
mRNA are blocked by ABA. In the absence of ABA initially high levels
of embryo-specific proteins and their mRNA's would be expected to
decrease rapidly on imbibition, as has been demonstrated for the
Em-polypeptide. This approach, unfortunately, can not be used with
our Stage 3 model system since a-amanitin does not effectively
inhibit mRNA synthesis in Stage 3 embryos. A series of reports by
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Ajtkhozhin and coworkers (46,47,48,49) have implicated nonribosomal, messenger ribonucleoproteins (mRNP's) in the control of
messenger translation and gene expression during germination of
wheat embryos. The Stage 5 system will allow us to determine if a
particular sequence is stored either prior to or after it is
normally expressed, e.g. are germination-specific messages
transcribed prior to germination and stored as RNP's?
Specific objectives of this research then were to:

1) Identify and characterize a set of mRNA sequences, and
corresponding proteins where possible, which are embryo-specific and
up-regulated by ABA in cultured immature embryos.

2) Characterize the pattern of expression of the corresponding mRNAs
during embryo development and early germination by use of these
sequences as molecular probes, and determine the effect of ABA on
the levels of these messages in mature and immature embryos in
culture.

3) Determine the molecular level of control of expression by ABA in
mature embryos by use of these probes, together with various
combinations of ABA and specific inhibitors of mRNA and protein
synthesis.
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CHAPTER II

Em-POLYPEPTIDE AND ITS MESSENGER RNA LEVELS ARE
MODULATED BY ABA DURING EMBRYOGENESIS IN WHEAT

INTRODUCTION

The wheat embryo, as is typical of many higher plant embryos,
undergoes a period of maturation in the grain during the later
stages of embryogenesis. This period does not appear to be
obligatory, however, since immature embryos will germinate
precociously if removed from the seed and cultured under appropriate
conditions.

In other plants the physiological basis of supression of
precocious germination and promotion of these later embryogenic
stages appears to involve the plant growth regulator abscisic acid
(ABA). In embryo cultures of cotton, exogenous ABA inhibited
germination and the appearance of germination-specific enzymes (1),

but enhanced synthesis of a group of embryo-specific proteins and
their associated mRNA's (2) as well as enhancing the activity of
certain enzymes (3). ABA also prevents precocious germination and
stimulates the accumulation of embryo-specific storage proteins in
cultured embryos of Brassica napus (oilseed rape) (4). ABA also
regulates levels of storage protein mRNA's in cultured Brassica
embryos, and increased levels of storage protein message correlate
with increased levels of endogenous ABA (5). In other studies (6),

high endogenous levels of ABA correspond to the occurrence of
developmental arrest in planta. Viviparous mutants in corn, for
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example, show a decrease in endogenous ABA levels or a decreased
sensitivity to ABA (7). Karssen and collaborators (8) have
characterized single-gene, ABA-deficient mutant lines of Arabidopsis
(9) which exhibited symptoms of withering, increased transpiration,
and a lowered ABA content in mature seeds and leaves. Dormancy of
the mature seeds of these ABA-deficient mutants was strongly reduced
and, in conditions of high humidity, precocious germination on the
plant was observed. Precocious germination can also be induced in
wild type individuals of maize by treatments which inhibit ABA
synthesis (10), and treatments which deplete endogenous ABA pools in
soybean result in similar behavior (11).

In contrast to the growing body of knowledge about the specific
effects of ABA in dicots, comparatively little is known about the
molecular processes occurring during embryogenesis and developmental
arrest in cereals. ABA controls the synthesis and localization of
the lectin WGA (12,13) and the accumulation of a similar lectin in
rice (14).

Triplett and Quatrano (12) described a set of defined culture
conditions in which excised Stage 2 and 3 wheat embryos (15) can be
induced to germinate precociously, or, if supplemented with 10-6 to
10-4 M ABA, continue to undergo normal embryogenesis leading to a
state of developmental arrest. Under these conditions a set of acidsoluble proteins, which includes WGA, is newly synthesized in
excised Stage 2 and 3 embryos in response to ABA (16). A number of
these proteins are present in both mature (Stage 5) embryos grown in

planta and in Stage 5 poly(A)-rich RNA in vitro translation
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products. These proteins appear to be confined both spatially and
temporally to the developing embryo.

Lane and collaborators (17,18,19) have identified and
characterized an abundant, acid-soluble protein, designated the
'early-methionine-labeled' (Em) protein, which is present in mature
(Stage 5) wheat embryos, and which disappears rapidly at the onset
of germination. Cuming (19) recently isolated a cDNA clone
representing ca. 200 bases of the Em message. Using this sequence as
a molecular probe he showed the level of Em message also declines
rapidly after the onset of germination.

In order to determine the molecular basis of the effect(s) of
ABA on gene expression in wheat I would, ideally, like to isolate a
group of genes whose expression is embryo-specific and coordinately
controlled by ABA. Since Em is a major protein found in the mature
embryo, it appears to be a likely candidate for this group. In this
paper I describe the isolation of a group of ABA-enhanced, embryospecific cDNA sequences, one of which was found to be a near fulllength cDNA for Em. This sequence was used as a hybridization probe
to examine the expression of the Em gene(s) during embryogenesis
and, together with protein analysis, to determine the role and level
of action of ABA.

MATERIALS AND METHODS

Plant tissue preparation

Wheat plants (Triticum aestivum L. cv. Chinese Spring) were
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grown singly in pots under greenhouse conditions at an average
temperature of 20-25°C. At anthesis, plants were placed in a growth
chamber with a photoperiod of 18 hours light (19°C) and 6 hours dark
(12°C). Immature grains were collected at various developmental
stages (15) throughout embryogenesis. Embryogenesis is divided into
five distinct developmental stages based on various morphological
and cytological characteristics. The undifferentiated embryo in
Stage 1 (0-7 dpa) enters a period of rapid cell division and
differentiation in Stage 2 (7-14 dpa). Embryos continue to increase
in size primarily by cell division until Stage 3 (14-21 dpa) when
major tissue differentiation is complete. This is followed by a
period of increasing cell size as embryo storage proteins are
accumulated, and maximal embryo size is reached during Stage 4
(21-31 dpa). The onset of desiccation and developmental arrest
occurs during Stage 5 (31-50 dpa). Embryos were removed from the
developing grain under aseptic conditions, and those which were to
receive no further treatment were immediately frozen in liquid
nitrogen and stored at -70°C. Stage 3 embryos receiving treatment
were placed into sterile petri dishes containing two pieces of
filter paper saturated with either growth medium (12) or growth
medium supplemented with 10-4 M abscisic acid (ABA) (Sigma grade IV)
and incubated in the dark at 30°C for 3 days. Embryos were then
harvested, frozen in liquid nitrogen and stored at -70°C. Mature
embryos were isolated manually from Stage 5 grains which had been
disrupted in a Waring blender. Mature grain was germinated for 72

hours at 30°C in the dark or in the light in petri dishes on filter
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paper saturated with sterile distilled water. Germinating seedlings

were removed with forceps, frozen in liquid nitrogen and stored at
-70°C.

Isolation of RNA

Total RNA was isolated from a crude tissue homogenate by
differential precipitation from LiC1 (20). Each gram of frozen
tissue was ground in a mortar and pestle with 3 ml boiling
homogenization buffer (200 mM Tris-HC1 pH 9.0, 400 mM NaCI, 25 mM
EGTA and 1% SDS) containing Proteinase K (0.5 mg/ml). The homogenate
was incubated for one hour at 37 °C after which KC1 was added to a

concentration of 50 mM. The resulting solution was transferred to a
centrifuge tube of suitable volume, chilled on ice for 15 minutes
and centrifuged at 16,000 x g at 4°C. The supernatant was decanted,
made 2 M with LiC1 and incubated overnight at 4°C. The precipitated
RNA was collected by centrifugation for 20 minutes as above. The
resulting pellet was washed twice in 5 ml 2 M LiC1 at room
temperature and, without drying, resuspended in 2 ml sterile
distilled water.

This solution was made 0.3 M with NaCl, ethanol

precipitated, resuspended in sterile water and lypholized. Poly(A)rich RNA was isolated using poly (U) Sephadex affinity
chromatography (Bethesda Research Laboratories).

Construction of cDNA clones

Five pg total poly(A)-rich RNA from ABA treated Stage 3 embryos
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was used as template for the synthesis of single stranded cDNA
according to the procedure of Land, et al. (21) in the presence of
ca. 4 pM [32P]dATP.

Single stranded cDNA from the first strand reaction,
approximately 1.2 pg, was incubated with 50 units E. coli DNA
polymerase I (large fragment) for 20 hours at 15°C in a 100 p1
reaction containing 10 mM Tris-HC1 pH 7.5, 10 mM MgC12, 50 mM NaCl,
1 mM dithiothreitol, and 1 mM each of the four dNTP's (unlabelled).

The reaction was stopped by addition of EDTA to a concentration of
10 mM, extracted with an equal volume of phenol:chloroform (1:1),

made 0.3 M with NaC1 and ethanol precipitated. The DNA pellet was
resuspended in 50 p1 1 mM Tris-HC1 pH 7.5, 0.1 mM EDTA.
Hair-pin loops on the 5'- termini and any single stranded

regions remaining on the 3'-termini of the double stranded cDNA were
removed by digestion with 1 unit S1 nuclease for 20 minutes in a
100 pl reaction mixture (22). The reaction was terminated by
addition of EDTA to 10 mM, extracted once with an equal volume of
phenol:chloroform (1:1) and passed over a column of Sephadex G 5080.

Fractions containing cDNA-incorporated counts were pooled, made

0.3 M with NaCl and ethanol precipitated.

S1 digested, double stranded cDNA was size fractionated by
Sepharose CL-4B column chromatography and fractions with a mean size
greater than 500 base pairs were pooled. Approximately 70 ng of this
DNA was poly C-tailed and annealed with ca. 300 ng PstI-digested,

poly G-tailed pBR322 (22). Approximately 10 ng of the annealed DNA
was used to transform E. coli strain DH1 (23). Tetracycline
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resistant, ampicillin sensitive transformants were recovered and
stored individually in microtiter wells.

Nucleic acid blotting and hybridization

Colony blots were prepared according to the procedure of
Grunstein and Hogness (24) as modified by Maniatis et al. (22). DNA
gel blots were prepared according to the procedure of Southern (25).
cDNA clones were digested with endonuclease PstI, electrophoresed in
a 1.5% agarose gel in Tris-acetate/EDTA buffer (0.04 M Tris-acetate
pH 7.5; 0.002 M EDTA), and stained in ethidium bromide prior to
transfer. Northern blots were prepared according to the procedure of
Thomas (26). Glyoxylated RNA was separated by electrophoresis on a
1.5% agarose gel in 10 mM phosphate pH 7.0 and transferred without
staining to nitrocellulose. Glyoxylated 26S and 18S wheat rRNA's and
purified globin mRNA (Bethesda Research Laboratories) were run as
molecular weight standards in a separate lane, removed prior to
blotting and stained in acridine orange. RNA was slot-blotted onto
nitrocellulose as described by Wahl (27).

All blots were hybridized and washed under identical
conditions. Blots were prehybridized for 4 hours at 42°C in 50%
formamide hybridization buffer (22) then hybridized overnight in the
same buffer containing 2 x 106 cpm/ml radioactively labeled probe

DNA. Filters were successively washed (20 minutes each) in
2 X NaCl/Cit;0.1% SDS (twice at room temperature) and in
0.1 X NaCl/Cit;0.1% SDS (twice at 65°C) prior to autoradiography.
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Hybrid-select translation

Plasmid DNA isolated from individual colonies was linearized by
digestion with Eco RI, denatured and immobilized on 0.8 cm2 disks of
DBM paper as described by Christophe, et al. (28). These disks were
each hybridized with 12.5 Ng wheat-germ poly(A)-rich RNA in 100 pl
10 mM Pipes/NaOH pH 6.4, 0.4 mM NaC1, 2 mM EDTA, 50% (v/v)
formamide, 0.1% SDS, 10 Ng /ml oligo dA, at 42°C for 16 hours. Non-

hybridized RNA was removed by two washes with 1 X NaCl/Cit;0.1% SDS
at room temperature followed by sequential washes with 0.1 X
NaCl/Cit;0.1%SDS at room temperature and 50°C for 15 minutes each.
The hybridized RNA was eluted at 40°C for 30 minutes in 200 pl 90%
(v/v) formamide, 10 mM Pipes/NaOH pH 6.4, 1 mM EDTA, 0.5% SDS,
followed by 100 pl sterile distilled water at 40°C for the same
time. RNA was recovered by ethanol precipitation, following addition
of 10 jig E. coli tRNA, and translated in vitro in a wheat-germ cell-

free system (29) treated with micrococcal nuclease (30).

In vivo protein analysis

Stage 3, 4, and 5 embryos were excised from the grain as
described above and incubated on growth medium supplemented with 140
pCi/m1 [35S]methionine (specific activity of 1000 Ci/mmol) for 10
hours. Stage 3 embryos were cultured in the presence and absence of
ABA as described, except [35S]methionine was added for the last 10
hours of the incubation period. Manually excised Stage 5 embryos
were incubated for 24 hours in the dark on growth medium with
[35S]methionine added for the last 10 hours of incubation. At the
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end of the incubation periods, embryos were harvested, rinsed in
cold sterile distilled water and stored frozen at -70°C. Proteins
were extracted as S30 fractions as described by Cuming (19).
Protein extracts were mixed with an equal volume of Laemmli
sample buffer (31) and heated at 80°C for 5 minutes. Samples were
electrophoresed for 5 hours at 100 volts on an 18% (w/v) SDSpolyacrylamide gel according to the method of Thomas and Kornberg
(32). Hybrid-select translation products were electrophoresed on a
10-30% linear gradient, SDS-polyacrylamide gel as described by
Cuming (19). Following electrophoresis, gels were stained in 0.1%
(w/v) Coomassie brilliant blue R-250 in methanol:distilled
water:glacial acetic acid (5:5:1) for at least 2 hours and destained
in ethanol:distilled water:glacial acetic acid (20:73:7). For
analysis by Coomassie staining, equal protein was loaded in each
lane.

Radioactive proteins were detected by fluorography according to
the procedure of Chamberlain (33). Destained gels were soaked in
distilled water for 30 minutes followed by 30 minutes in 1M sodium
salicylate. Gels were then dried onto Whatman 3MM filter paper under
Saran Wrap on a Bio-Rad gel dryer for 2 hours. The dried gels were
exposed to Kodak XAR-5 film at -70°C. For fluorography, equal
incorporated radioactivity was loaded in each lane.

RESULTS AND DISCUSSION

Isolation of ABA-enhanced sequences:

Cloned cDNA sequences corresponding to ABA-enhanced mRNA
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species were isolated by differential colony blot hybridization.
cDNA clones were constructed from poly(A)-rich RNA from excised
Stage 3 embryos cultured in the presence of ABA. Colony blots of
these clones were first hybridized with 32P-labeled, single-stranded
cDNA synthesized from poly(A)-rich RNA from excised Stage 3 embryos
cultured in the absence of ABA (-ABA cDNA). Blots were then

hybridized with labeled single-stranded cDNA synthesized from
poly(A)-rich RNA from excised Stage 3 embryos cultured in the
presence of ABA (+ABA cDNA). Six colonies displayed strong positive
hybridization signals when probed with the +ABA cDNA population, but
not when probed with the -ABA cDNA (16). Southern blots of PstI
digested plasmid DNA from all six ABA-enhanced clones were probed
with each sequence in turn to determine how many different sequences
were represented. Five of the six sequences did not cross-hybridize
under stringent wash conditions (0.1 X NaCl/Cit; 65°C) and were,
therefore, considered unique (data not shown).
The putative ABA-enhanced clones isolated on the basis of
differential colony hybridization were verified to be ABA-enhanced
by RNA slot-blot analysis. Total poly(A)-rich RNA from Stage 3 +ABA
and Stage 3 -ABA embryos were slot-blotted onto nitrocellulose and
probed with nick-translated plasmid DNA isolated from each of the
putative ABA-enhanced colonies. All clones hybridized very strongly
to RNA from Stage 3 +ABA embryos, but also, without exception,

hybridized at low levels to RNA from Stage 3 -ABA embryos. Neither
RNA population exhibited a detectable hybridization signal when
probed with pBR322 (vector sequence) alone (data not shown).
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Identification and characterization of an ABA-enhanced sequence:

Clone identification;

ABA stimulates the synthesis and accumulation of a group of
low molecular weight, acid-soluble proteins in developing wheat
embryos (16). Em-protein is an abundant, low molecular weight, acidsoluble protein present in mature wheat embryos (17) for which a
cDNA clone, pWG432, has recently been isolated (19). To determine if
one or more of the ABA-enhanced clones might be an Em-sequence, DNA
from each of the five unique ABA-enhanced cDNA clones was bound to
nitrocellulose and probed with labeled pWG432 insert DNA. Under
stringent hybridization and wash conditions, clone p1015 hybridized
strongly with pWG432 and was, therefore, tentatively identified as
an Em-protein cDNA clone. To confirm its identity p1015 was analyzed
by hybrid-select translation. Under the conditions used, p1015
selected a message from Stage 5 poly(A)-rich RNA which translated
into a protein comigrating with Em-protein on a one-dimensional SDSpolyacrylamide gradient gel (Fig.II-1). Based on its migration
relative to standards of known molecular weight in an 18%
nongradient SDS-polyacrylamide gel, p1015 polypeptide appears to
have a molecular weight of approximately 10,500 Daltons. This figure
corresponds closely to figures obtained by sedimentation analysis
(Byron Lane, personal communication).

Clone characterization;

Poly(A)-rich, poly A- and total RNA from Stage 5 embryos and
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Figure II-1. Hybrid select translation product of clone p1015.

Stage 5 poly(A)-rich RNA was hybridized with
immobilized plasmid DNA from clones pWG432 and p1015.
The selected mRNA's were translated in vitro, separated
by one-dimensional SDS PAGE on a 10-30% linear gradient
gel, and visualized by autoradiography. a) Hybridselect translation product of pWG432. b) Hybrid-select
translation product of p1015. c) in vivo labeled
proteins from excised Stage 3 embryos cultured in the
absence of ABA. d) in vivo labeled proteins from
excised Stage 3 embryos cultured in the presence of
ABA. e) in vitro translation products of Stage 5
poly(A)-rich RNA. The migration of molecular weight
standards and the position of Em-protein are shown.
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from three-day seedlings germinated in the light were glyoxylated,
separated by electrophoresis on a 1.5% agarose gel and blottransferred onto nitrocellulose. The resulting Northern blot was
probed with nick-translated insert DNA from p1015 and, subsequently,
with insert DNA from pW512, a cDNA clone for the small subunit of
ribulose 1,5 bisphosphate carboxylase (carboxylase) from wheat.

Clone pW512 was used throughout these experiments as a germinationspecific marker since carboxylase small subunit messenger RNA
appears shortly after the onset of germination in seedling leaf
tissue but is not detectable at any time during embryogenesis (16).

Clone p1015 hybridized to a single RNA species of approximately
780 bases detected only in Stage 5 poly(A)-rich RNA while pW512
hybridized, as expected, to an RNA species of approximately 950
bases detected only in three-day light-germinated embryo poly(A)rich RNA (Fig.II-2). The cloned cDNA sequence in p1015 is

approximately 680 base pairs, and, therefore, represents roughly 87%
of the mRNA sequence.

Regulation of Em- protein expression:

Having identified a sequence which appeared to be positively
regulated in response to exogenous ABA in culture we proceeded to
examine in vivo levels of Em-protein and its mRNA during embryo
development.

RNA slot-blot analysis;

Nitrocellulose slot-blots of total and poly(A)-rich RNA from
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Figure 11-2. Northern blot analysis of wheat embryo RNA

RNA isolated from Stage 5 embryos and from seedlings
germinated for 3 days in the light was glyoxylated,
separated on a 1.5% agarose gel and blot transferred to
nitrocellulose. The blot was hybridized sequentially
with insert DNA from clones p1015 and pW512
(Carboxylase small subunit). a) 3-day total RNA. b) 3day poly(A)-rich RNA. c) 3-day poly A- RNA. d) Stage 5
poly(A)-rich RNA. e) Stage 5 poly A- RNA. Distances
migrated by 26S and 18S wheat rRNA and globin mRNA (G,
590 bases) are indicated, as are the positions of Em
message (Em, ca. 780 bases) and carboxylase small
subunit message (Rs, ca. 950 bases).
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embryogenic Stages 3, 4, and 5, from three-day germinated seedlings
and from isolated Stage 3 embryos cultured in the presence and
absence of ABA were probed with insert DNA from p1015 and,

subsequently, with insert DNA from pW512. Results presented in
Figure 11-3 show Em-protein mRNA was abundant during the later
stages of development in the seed (Stages 4 and 5), was detectable
only at very low levels earlier in embryogenesis (Stage 3), and was
not detectable at all shortly after the onset of germination (threeday germinated seedlings). The most striking difference in Em
message levels, however, was seen in excised Stage 3 embryos in
response to treatment with ABA. After only three days, excised

embryos cultured in the presence of ABA accumulated Em-protein mRNA
in amounts equalling those found in Stage 4 embryos in the seed,

while those cultured in the absence of ABA showed levels of Emprotein mRNA approximately equal to those in Stage 3. Changes in Em

RNA levels requiring 8-9 days in planta are, thus, induced by ABA in
cultured embryos in only three days. Carboxylase small subunit

message was, as expected, present at high levels in three-day
seedlings germinated in the light (16) but was undetectable in any
other developmental stage or treatment except in excised Stage 3
embryos cultured in the absence of ABA, where it was present at
about 40% of the level present in light-germinated seedlings. The
patterns of hybridization seen in both total and poly(A)-rich RNA
populations were identical.
Although the accumulation of Em RNA in excised Stage 3 embryos
cultured in the presence of ABA is dramatic, this does not
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Figure 11-3. Slot-blot analysis of Em- protein RNA levels.

Total RNA (25pg) and poly(A)-rich RNA (10pg) isolated
from embryos at various developmental stages in planta,
from excised Stage 3 embryos cultured in the presence
and absence of ABA (Stage 3 +/- ABA) and from 3 day old
seedlings germinated in the light were slot-blotted to
nitrocellulose. Blots were probed with insert DNA from
A) clone p1015 (Em-protein cDNA clone), or B) with
insert DNA from pW512 (a carboxylase small subunit cDNA
clone). 1) Stage 5 embryo RNA. 2) Stage 4 embryo RNA.
3) Stage 3 embryo RNA. 4) Stage 3 +ABA RNA. 5) Stage 3
-ABA RNA. 6) 3-day seedling RNA.
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necessarily imply that ABA is directly stimulating Em gene
expression. In fact, preliminary evidence indicates ABA up-regulates

Em expression indirectly by affecting the stability of Em RNA
(manuscript in preparation). Whether the increase in Em RNA levels
noted in response to ABA is also the result of increased levels of
specific transcription or represents solely an increase in the
stability of Em transcripts is not known. A direct examination of
the effect of ABA on transcription is being initiated using isolated
nuclei from wheat embryos (34) and nuclear transcription run-off
from various stages and treatments (35). Since changes in Em RNA
levels in response to ABA were identical in both total and poly(A)rich RNA one can, however, conclude that control is not at the level
of polyadenylation of the RNA. It is also important to note that the
modulation of Em RNA levels in response to ABA was not an on/off
phenomenon but was superimposed on a low, basal level of Em RNA
expression in embryos in the absence of ABA (Stage 3 and Stage 3
ABA). This basal level of expression, however, appeared confined to
embryogenesis since Em RNA was not detectable in three-day
germinated seedlings.

In vivo protein analysis;

The effect of ABA on the synthesis and accumulation of
Em-protein was analyzed by SDS-polyacrylamide gel electrophoresis of
protein extracts (19) from in vivo [35S]methionine-labeled embryos.

Proteins were extracted from embryos which developed on the plant
(Stages 3, 4 and 5), from Stage 5 embryos after 24 hours imbibition,
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and from excised Stage 3 embryos cultured in the presence and
absence of ABA. Protein extracts were separated by one-dimensional
SDS-PAGE and visualized by Coomassie staining and autoradiography.
Results presented in Figure 11-4 show Em-protein was moderately
abundant in embryos during the later stages of embryogenesis (Stages
4 and 5), but was undetectable by Coomassie staining either earlier
in embryogenesis (Stage 3) or in mature embryos shortly after the
onset of germination (24 hour imbibed Stage 5 embryos). The most
striking difference was again seen in excised Stage 3 embryos in
response to treatment with ABA. After only three days, excised Stage
3 embryos cultured in the presence of ABA accumulated Em-protein in
amounts which, based on Coomassie staining, exceeded those found in
Stage 4 or 5 embryos in the seed, while those cultured in the
absence of ABA showed little or no accumulation of Em-protein.

Incorporation of label into Em-protein, however, seemed to parallel
the pattern of mRNA accumulation in the corresponding developmental
stages and treatments. Incorporation of label into a newly
synthesized protein comigrating with Em-protein was seen in all the
stages and treatments examined, although [35S]methionine appeared to
be selectively incorporated into Em-protein at a greater rate during
Stage 4, when endogenous levels of ABA are at their highest (36,

37), and at an even greater rate in excised Stage 3 embryos cultured
in the presence of exogenous ABA. Since equal protein was loaded in

each lane for Coomassie stain analysis, and equal counts were loaded
for autoradiography, the increases in Em-protein noted in ABAtreated tissues represent a selective increase in the accumulation

38

Figure 11-4. Accumulation and synthesis of Em-protein during
embryogenesis.

Wheat embryos from the indicated developmental stages
were excised from the seed and labeled with
[35S]methionine for 10 hours in culture. Excised Stage
3 embryos cultured in the presence or absence of ABA,
and Stage 5 embryos cultured for 24 hours in the
absence of ABA were labeled during the last 10 hours of
incubation. Embryo S30 extracts were separated by one
dimensional SDS-PAGE and visualized by A) Coomassie
staining and B) autoradiography. Lanes in A) are: 1)
Stage 5 embryos incubated 24 hours in the absence of
ABA. 2) Stage 5 embryos. 3) Stage 4 embryos. 4) Stage 3
embryos. 5) Excised Stage 3 embryos cultured in the
presence of ABA. 6) Excised Stage 3 embryos cultured in
the absence of ABA. Lanes in B) are 1) Stage 5 embryos.
2) Stage 5 embryos incubated 24 hours in the absence of
ABA. Lanes 3) through 6) are the same as in A). The
migration of molecular weight markers (values x 10-3)
and the position of Em-protein are indicated.
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or synthesis of Em-protein and not simply an overall, nonspecific
increase in total protein synthesis.

Since incorporation of label into newly synthesized Em-protein
closely paralleled the level of Em RNA present in cultured embryos
and embryos which developed in the grain, we conclude Em is not
effectively regulated at the level of translation. Em-protein,
however, failed to accumulate in detectable levels in embryos in the
absence of ABA (Stage 3 and Stage 3 -ABA embryos) even though
labeling results indicated Em-protein is being synthesized. One is
led to speculate, therefore, that ABA might have an additional
regulatory effect at the post translational level of protein
stability.

I conclude from these results that ABA specifically modulates

the level of Em expression in cultured immature wheat embryos. Since
increased levels of ABA in the developing wheat grain during
approximately the middle third of embryogenesis (36,37) correspond
to increased levels of Em RNA and Em-protein, it appears probable
that ABA also modulates the level of Em expression in the developing
wheat grain. A basal level of Em expression is seen in wheat embryos
both in planta and in culture in the absence of ABA. This is not
seen, however, in three-day germinating embryo tissue. It appears,
therefore, a signal other than ABA may be involved in determining
the embryogenic specificity of Em expression. The embryogenic signal
may activate an embryo-specific gene set, of which Em is a member,

early in development and result in a basal level of expression. ABA
is then involved in the up-modulation of expression of genes within
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this group later in embryogenesis. In Brassica, immature embryos in
culture respond to ABA by making storage proteins but adult tissues
do not, and immature embryos cultured in the absence of ABA continue
to exhibit a basal level of storage protein synthesis while mature
tissues do not (5). Higher levels of ABA are also required to elicit
continued expression of Em in cultured Stage 5 wheat embryos than in
Stage 3 (unpublished results) and, in Brassica, levels of ABA
required to elicit continued expression of storage proteins continue
to rise after the onset of germination until they become toxic
(Martha Crouch, personal communication). These results suggest that
some germination signal, such as desiccation (38,39), inactivates
the embryo gene set on which ABA had one modulatory effect, and
activates a germination gene set on which ABA has perhaps a
completely different modulatory effect. This model is consistent
with the observation that ABA does indeed have different
physiological and molecular effects in different tissues at
different times in development (6). I conclude, therefore, that ABA
modulates Em protein gene expression in developing wheat embryos,

but is probably not involved in determining the embryogenic
specificity of Em expression.
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CHAPTER III

ABA-REGULATION OF EMBRYO-SPECIFIC GENE SETS
IN THE MATURE WHEAT EMBRYO

INTRODUCTION

Although most recent examples of eukaryotic gene expression
reported seem to involve transcriptional control (1,2,3,4), evidence
has also been presented for various types of post-transcriptional,

translational and post-translational control mechanisms. Goldberg
and Davidson (5,6), for example, have proposed models wherein the
majority of developmentally regulated genes are constitutively
transcribed and differential expression is controlled post-

transcriptionally. A number of researchers have also presented
evidence suggesting the importance of protein phosphorylation in the
regulation of growth and development (7,8). In rat hepatoma cells

the induction of al-acid glycoprotein (AGP) in response to
glucocorticoid hormones is apparently the result of selective
stabilization of messages by a specific stabilizing protein (9).

Heat shock proteins (HSP's) in Drosophila are controlled by
selective translation of preexisting mRNA's (10) and a similar

mechanism for HSP control has been proposed for soybean (11). In
Lemna gibba, the apparent ability of kinetin to retard the
disappearance of mRNA's coding for carboxylase small subunit and
chlorophyll a/b apoprotein when light grown plants are transferred
to the dark suggests selective mRNA stabilization (12).
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The isolation of cloned cDNA sequences corresponding to ABA-

enhanced mRNA species from a Stage 3 + ABA cDNA library by
differential colony blot hybridization has been described previously
(13). Southern blot hybridization of Pst I digested plasmid DNA from
these clones showed that five of the cDNA sequences did not crosshybridize and, therefore, represented different mRNA species. One of
these sequences was identified by Southern blot analysis and hybrid
select translation as a clone of the Em-polypeptide message, and
evidence has been presented that Em RNA levels were enhanced in
excised Stage 3 wheat embryos cultured in the presence of ABA
(Chapter II, p. 33). Data from RNA slot blot analyses seemed to
indicate Em-polypeptide was regulated either at the level of mRNA
transcription or, post-transcriptionally, through differential
stability of constitutively transcribed mRNA. Whether the upregulation of Em message is a direct effect of ABA or an indirect
effect through the inhibition of germination by ABA was not clear.

In order to examine the molecular basis of the effect(s) of ABA
on gene expression in wheat, the group of ABA-enhanced cloned cDNA
sequences were used as hybridization probes to examine the
expression of the the corresponding genes during embryogenesis and
early germination, and to compare the effect of ABA on their
expression in cultured immature (Stage 3) and mature (Stage 5)

embryos. Stage 5 embryos are an ideal system to address these
questions due to its temporal position separating the embryo

maturation and germination pathways. Levels of embryo-specific
sequences present in Stage 5 embryos decrease rapidly at the onset
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of normal germination (14,15), while those characteristic of the
germination pathway are upregulated (16,17). Germination and the upregulation of the germination-specific carboxylase small subunit
mRNA can be blocked, however, by exogenously applied ABA (18). In
addition, mRNA transcription and protein synthesis can be
selectively inhibited in mature wheat embryos with a-amanitin and
cycloheximide respectively. Using combinations of these inhibitors,
together with ABA, it should be possible to selectively manipulate
the expression of Em and the other ABA-enhanced sequences, and
thereby determine the level at which ABA effects their expression in
mature wheat embryos. Jendrisak (19) has demonstrated that low
concentrations of a-amanitin (0.1 to 1.0 pg/m1) block germination of
mature, imbibed wheat embryos by strongly and selectively inhibiting
in vivo poly(A)+ RNA synthesis. This closely parallels the level of
a-amanitin required for inhibition of purified RNA polymerase II in
vitro. These same concentrations do not inhibit transcription by
purified RNA polymerases I or III, nor did they inhibit in vivo
translation of existing mRNA in mature, imbibed wheat embryos. In
addition, cycloheximide was shown to completely inhibit wheat embryo
germination at low concentrations (ca. 10 pg/m1) by inhibiting
protein synthesis. In experiments I conducted to verify these
findings, concentrations of a-amanitin and cycloheximide used by
Jendrisak inhibited incorporation of label into newly synthesized
RNA and protein respectively by greater than or equal to 94%.
In this paper evidence is presented for a possible posttranscriptional/translational method of regulation for the Em-
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polypeptide, and the transcriptional regulation of the four
remaining ABA-enhanced sequences in mature wheat embryos. The most
abundant of these sequences, p511, was also characterized by
northern blot analysis.

MATERIALS AND METHODS

Plant tissue preparation

Wheat plants (Triticum aestivum L. cv. Chinese Spring) were
grown as previously described (13), and grains collected at various
developmental stages (20) throughout embryogenesis. Embryos were
removed from the developing grain under aseptic conditions, and
those which were to receive no further treatment were immediately
frozen in liquid nitrogen and stored at -70°C. Stage 3 embryos
receiving treatment were placed into sterile petri dishes containing
two pieces of filter paper saturated with either growth medium (GM)
(21) or growth medium supplemented with 10-4 M abscisic acid (ABA)
(Sigma grade IV) and incubated in the dark at 30°C for 3 days.

Embryos were then harvested, frozen in liquid nitrogen and stored at
70°C. Mature embryos were isolated manually from Stage 5 grains
which had been disrupted in a Waring blender. Mature embryos
receiving no treatment were frozen in liquid nitrogen and stored at
70 °C. Stage 5 embryos receiving treatment were first imbibed for

one hour in a sterile aqueous solution containing various
combinations of ABA, a-amanitin, and cycloheximide. Imbibed embryos
were transferred to sterile petri dishes containing two pieces of
filter paper saturated with GM (21) supplemented with the same

49

combination of ABA, a-amanitin, and cycloheximide, and incubated in
the dark at 30°C for 47 hours. Stage 5 treatments were as follows:

1) imbibed in sterile distilled water; incubated in GM (- ABA
- a-amanitin),

2) imbibed in 90 pg/m1 a-amanitin; incubated in 5 pg/m1 a-amanitin
(+ a-amanitin),

3) imbibed in 5 X 10-3 M ABA; incubated in 10-4 M ABA (+ ABA),

4) imbibed in 90 pg/m1 a-amanitin + 5 X 10-3 M ABA; incubated in
5 tig/m1 a-amanitin + 10-4 M ABA (+ ABA + a-amanitin),

5) imbibed in 40 ug/m1 cycloheximide; incubated in 10 ug/m1
cycloheximide (+ cycloheximide), and
6) imbibed in 40 ug/m1 cycloheximide + 5 X 10-3 M ABA; incubated in
10 ug/m1 cycloheximide + 10-4 M ABA (+ cycloheximide + ABA).

Embryos were then harvested, frozen in liquid nitrogen and stored at
-70°C. Mature grain was germinated for three days at 30°C in the
light in petri dishes on filter paper saturated with sterile
distilled water. Germinating seedlings were removed with forceps,
frozen in liquid nitrogen and stored at -70°C.

Isolation of RNA

Total RNA was isolated from a crude tissue homogenate by
differential precipitation from LiC1 (22). Each gram of frozen
tissue was ground in a mortar and pestle with 3 ml boiling
homogenization buffer (200 mM Tris-HC1 pH 9.0, 400 mM NaCl, 25 mM
EGTA and 1% SDS) containing Proteinase K (0.5 mg/ml). The homogenate
was incubated for one hour at 37°C after which KC1 was added to a
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concentration of 50 mM. The resulting solution was transferred to a
centrifuge tube of suitable volume, chilled on ice for 15 minutes
and centrifuged at 16,000 x g at 4°C. The supernatant was decanted,

made 2 M with LiC1 and incubated overnight at 4°C. The precipitated
RNA was collected by centrifugation for 20 minutes as above. The
resulting pellet was washed twice in 5 ml 2 M LiC1 at room
temperature and, without drying, resuspended in 2 ml sterile
distilled water. This solution was made 0.3 M with NaC1, ethanol
precipitated, resuspended in sterile water and lypholized. Poly(A)+
RNA was isolated using poly(U) Sephadex affinity chromatography
(Bethesda Research Laboratories).

Nucleic acid blotting and hybridization

Colony blots were prepared according to the procedure of
Grunstein and Hogness (23) as modified by Maniatis et al. (24). DNA
gel blots were prepared according to the procedure of Southern (25).
Complementary DNA clones were digested with endonuclease PstI,
electrophoresed in a 1.5% agarose gel in Tris-acetate/EDTA buffer
(0.04 M Tris-acetate pH 7.5; 0.002 M EDTA), and stained in ethidium
bromide prior to transfer. Northern blots were prepared according to
the procedure of Thomas (26). Glyoxylated RNA was separated by
electrophoresis on a 1.5% agarose gel in 10 mM phosphate pH 7.0 and
transferred without staining to nitrocellulose. Glyoxylated 26S and
18S wheat rRNA's and purified globin mRNA (Bethesda Research
Laboratories) were run as molecular weight standards in a separate
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lane, removed prior to blotting and stained in acridine orange. RNA
was slot blotted onto nitrocellulose as described by Wahl (27).
All blots were hybridized and washed under identical
conditions. Blots were prehybridized for 4 hours at 42°C in 50%
formamide hybridization buffer (24), then hybridized overnight in
the same buffer containing 2 X 106 cpm/ml radioactively labeled
probe DNA. Filters were successively washed (20 minutes each) in 2 X

NaCl/Cit;0.1% SDS (twice at room temperature) and in 0.1 X
NaCl/Cit;0.1% SDS (twice at 65°C) prior to autoradiography.

In vivo protein analysis

Stage 5 embryos were excised from the grain as described and
incubated on growth medium supplemented with 140 pCi/m1
[35S]methionine (specific activity of 1000 Ci/mmol) for 10 hours.

Excised Stage 5 embryos receiving treatments were incubated for 24
hours in the dark on growth medium supplemented as described, except
[35S]methionine was added for the last 10 hours of incubation. At

the end of the incubation periods, embryos were harvested, rinsed in
cold sterile distilled water and stored frozen at -70°C. Proteins
were extracted as S30 fractions as described by Cuming (15).
Protein extracts were mixed with an equal volume of Laemmli

sample buffer (28) and heated at 80°C for 5 minutes. Samples were
electrophoresed for 5 hours at 100 volts on an 18% (w/v) SDSpolyacrylamide gel according to the method of Thomas and Kornberg
(29). Following electrophoresis, gels were stained in 0.1% (w/v)

Coomassie brilliant blue R-250 in methanol:distilled water:glacial
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acetic acid (5:5:1) for at least 2 hours and destained in
ethanol:distilled water:glacial acetic acid (20:73:7). For analysis
by Coomassie staining, equal protein was loaded in each lane.
Radioactive proteins were detected by fluorography according to
the procedure of Chamberlain (30). Destained gels were soaked in
distilled water for 30 minutes followed by 30 minutes in 1 M sodium
salicylate. Gels were then dried onto Whatman 3MM filter paper under
Saran Wrap on a Bio-Rad gel dryer for 2 hours. The dried gels were
exposed to Kodak XAR-5 film at -70°C. For fluorography, equal
incorporated radioactivity was loaded in each lane.

RESULTS AND DISCUSSION

Having identified a group of sequences which appear to be
positively regulated and coordinately controlled in response to
exogenous ABA in culture, an effort was made to characterize the
most abundant of these. Clones p1015 and p511 gave strong
hybridization signals in both colony blot and initial slot blot
screening hybridizations, and were, therefore, assumed to represent
abundant RNA species. Clone p1015 was previously identified as an
Em-polypeptide sequence and characterized by northern analysis and
hybrid select translation (Chapter II, p. 27) (13). Clone p511,

although "uncharacterized", apparently represents the most abundant
ABA-enhanced RNA sequence in Stage 3 embryos cultured in the
presence of ABA. An effort was made, therefore, to characterize this
sequence by northern analysis and determine whether or not it
represented a ribosomal, tRNA or other non-coding sequence.
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Northern blot analysis of clone p511:

Poly(A)+, poly(A)- and total RNA from Stage 5 embryos and from
three-day seedlings germinated in the light were glyoxylated,
separated by electrophoresis on a 1.5% agarose gel and blottransferred onto nitrocellulose. The resulting northern blot was
probed with nick-translated insert DNA from p511 and, subsequently,
with insert DNA from pW512, a cDNA clone for the small subunit of
ribulose 1,5 bisphosphate carboxylase (carboxylase small subunit)
from wheat and p1015, a wheat Em-protein cDNA clone (13). Clone
pW512 was used throughout these experiments as a germinationspecific marker since carboxylase small subunit messenger RNA
appears shortly after the onset of germination in seedling leaf
tissue but is not detectable at any time during embryogenesis (31).
Clone p1015 is known to hybridized to a single RNA species of
approximately 780 bases detected only in Stage 5 poly(A)+ RNA (13)
and was included as a convenient internal molecular weight marker.

Clone p511 hybridized to a single RNA species of approximately
2500 bases detected only in Stage 5 poly(A)+ RNA. As expected, clone
pW512 hybridized to an RNA species of approximately 950 bases
detected only in three-day light germinated embryo poly(A)+ RNA,
while clone p1015 hybridized to an RNA species of approximately 780
bases detected only in Stage 5 poly(A)+ RNA (Fig.III-1). The cloned
cDNA sequence in p511 is approximately 720 base pairs, and,

therefore, represents roughly 28% of the corresponding poly(A)+ RNA
sequence. The p511 sequence did not cross-hybridize with ribosomal
RNA or tRNA present in total or poly (A)- RNA (Fig.III-1) or with
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Figure III-1. Northern blot analysis of wheat embryo RNA.

RNA isolated from Stage 5 embryos and from seedlings
germinated for 3 days in the light was glyoxylated,
separated on a 1.5% agarose gel and blot transferred
to nitrocellulose. The blot was hybridized
sequentially with insert DNA from clones p1015, p511
and pW512 (carboxylase small subunit). a) 3-day total
RNA. b) 3-day poly(A)+ RNA. c) 3-day poly A- RNA.
d) Stage 5 poly(A)+ RNA. e) Stage 5 poly A- RNA.
Distances migrated by 26S and 18S wheat rRNA and
globin mRNA (G, 590 bases) are indicated, as are the
positions of Em message (Em, ca. 780 bases), p511 RNA
(ca. 2500 bases) and carboxylase small subunit message
(Cs, ca. 950 bases).
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the wheat ribosomal clone pTA71 (data not shown). Although a protein
product has yet to be identified, it is tentatively proposed that

p511 does indeed represent an mRNA sequence.

Regulation of expression of ABA-enhanced sequences:
Having characterized two abundant ABA-enhanced RNA sequences,
and the in vivo levels of these sequences during embryo development,
their response to ABA in cultured Stage 3 and Stage 5 embryos was
examined.

RNA slot blot analysis

A series of nitrocellulose slot blots was prepared, each
containing total and poly(A)+ RNA from embryogenic Stages 3, 4, and
5 in planta, from excised Stage 3 embryos cultured in the presence
and absence of ABA, from excised Stage 5 embryos cultured in various
combinations of ABA and a-amanitin, and from three-day germinated

seedlings. These were probed with insert DNA from the ABA-enhanced
clones p1015 and p511 as well as the germination-specific
carboxylase small subunit sequence, pW512, and the apparently
constitutively expressed ribosomal and non-ribosomal sequences,
pTA71 and p66 respectively. Slot blot hybridization results and
densitometric scans are presented in Figure 111-2 and Table III-1.
In the following discussion, results of control experiments will be

presented first, followed by an analysis of the hybridization data
for the ABA-enhanced sequences.

57

Figure 111-2. Slot-blot analysis of RNA levels of ABA-enhanced
sequences in cultured mature embryos.

Total RNA (20pg) isolated from A) embryos at various
developmental stages in planta, from excised Stage 3
embryos cultured in the presence and absence of ABA
(Stage 3 +/- ABA) and from 3 day old seedlings
germinated in the light, and B) Stage 5 embryos
cultured in various combinations of ABA, a-amanitin
and cycloheximide were slot-blotted to nitrocellulose.
Blots were probed with insert DNA from a) clone p1015
(Em-protein cDNA clone), b) clone p511, c) clone p816,
d)clone p936 or e) clone pW512 (a carboxylase small
subunit cDNA clone). RNA samples in A are: 1) Stage 5
embryo RNA. 2) Stage 4 embryo RNA. 3) Stage 3 embryo
RNA. 4) Stage 3 + ABA RNA. 5) Stage 3
ABA RNA. 6) 3day seedling RNA. RNA samples in B are: 1) Stage 5
embryo RNA. 2) Stage 5
ABA
a-amanitin. 3) Stage 5
+ a-amanitin. 4) Stage 5 + ABA. 5) Stage 5 + ABA
+ a-amanitin. 6) no RNA (blank). 7) 3-day seedling.
8) Stage 5 + cycloheximide. 9) Stage 5 + ABA
+ cycloheximide.
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Densitometric data from RNA slot-blot hybridizations.

Table III-1.

of various
Equal total or poly(A)+ RNA from various developmental stages and from immature and mature embryos cultured in the presence
and
probed
as
indicated.
combinations of ABA, a-amanitin and cycloheximide was slot-blotted to nitrocellulose
in Stage 5
For ABA-enhanced clones p1015 (Em) and p511, and for the ribosomal clone pTA71, values were normalized to the signal level present
for that sequence.
subunit), values were normalized to the signal level in three-day germinated
For the germination-specific sequence, pW512 (carboxylase small
seedlings.
For Stages 3, 4 and 5 as well as 3-day embryos, numbers represent relative levels in plants.
For various treatments of Stage 3 and 5 embryos, numbers represent relative levels in culture.

Stage3
-ABA

Stage5
-ABA
-aaman

Stages

+1731e5

Stage5
+Cyclo

Stage5
+cyclo
+ABA

probe

RNA

Stage3

Stage3
+ABA

.25 (.02)

2.03(.18)

1.0

.19 (.02)

.56 (.04)

.67 (.06)

.64 (.03)

0.0

.301(.02)

2.05(.20)

.74

tot

.25

1) p1015

0.0

.33 (.02)

0.0

0.0

.62 (.02)

.37 (.02)

.39 (.02)

.24 (.01)

.40

1.0

tot

0.0

.60

2) pW512

.98 (.02)

1.0 (.02)

.97 (.01)

1.0

1.04(.03)

.95 (.03)

.96 (.01)

.96 (.04)

1.0

1.0

tot

1.0 (.01)

.97

3) pTA71

4.11(.19)

.51 (.08)

3.24(.16)

1.0

.56 (.06)

.48 (.02)

1.51(.18)

.30 (.05)

.63

0.0

tot

2.69(.11)

.74

4) p511

5) p1015

pA+

.18

1.5

.13

1.6

1.0

.20 (.03)

.74 (.02)

.70 (.04)

.86 (.09)

pA+

0.0

0.0

.33

0.0

0.0

.38

.20

.16

.10

1.0

6) pW512

pA+

2.25

3.95

.47

3.5

1.0

.22

.56

1.69

.27

0.0

7) p511

Stage4

Stage5

:ral

+111e5

+aaman

-

2

1) Data represent mean values where the results of more than one repetition were averaged. Numbers in () indicate the range of the data.
2) (-) these points were not determined.

3-Day

0.0
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Control hybridizations:

Total RNA slot-blots were first probed with a wheat ribosomal
DNA sequence, clone pTA71 (32). Results showed there were
approximately equal amounts of rRNA in each slot-blotted total RNA
sample (Table 1, line 3). Ballo (18) indicates there is no
significant difference in the percent poly(A)+ RNA to total RNA in
germinated seedlings cultured for 24 hours in the presence or
absence of ABA. Marcus and colleagues (16) note a similar constancy
between Stage 5 and 17 hour germinated seedlings. It was concluded,
therefore, that equal rRNA per slot corresponds to equal total and
equal poly(A)4" RNA per slot.

During the initial isolation of ABA-enhanced clones from our
Stage 3 + ABA cDNA library, several clones were identified which
hybridized with approximately equal intensity to poly(A)+ RNA
extracted from Stage 3 embryos cultured in either the presence or
absence of ABA (31). These sequences made up approximately 25% of
the clones in the Stage 3 + ABA library, and probably are moderately
abundant in developing embryos. Two of these clones, p1049 and p66,
were tested and found to hybridize with approximately equal
intensity to slot-blotted total RNA from Stage 3, 4, and 5 embryos.

Both clones also hybridized with approximately equal intensity to
slot-blotted total RNA from Stage 3 embryos cultured in the presence
and absence of ABA and from Stage 5 embryos treated with various
combinations of ABA and a-amanitin (data not shown). No detectable
hybridization signal was seen, however, when either was used to
probe poly(A)- RNA from several of these treatments. This suggests
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that neither p1049 nor p66 is a ribosomal or tRNA sequence. It has
been shown that, during the first 48 hours, the fresh weight (per

embryo) of Chinese Spring embryos cultured in the absence of ABA
increases approximately three to five times as much as the fresh
weight increase in Stage 5 embryos cultured in the presence or ABA.
There is, however, no significant difference in either total RNA per
embryo fresh weight, or in the percent poly(A)+ RNA to total RNA in
germinated seedlings cultured for 24 hours in the presence or
absence of ABA (18). The fact that p66 and p1049 are present at
approximately equal levels in all the treatments examined, together
with the observation that rRNA and poly(A)+ sequences make up
relatively constant proportions of these same total RNA populations,
implies that a large number of RNA sequences, including rRNA, p66
and p1049, are present in -ABA at three to five times the levels
found in +ABA. Whether this directly involves ABA regulation or is
an indirect effect of inhibition of growth (lack of change in fresh
weight per embryo) in the presence of ABA is not known.
As a final control, slot blots were probed with pW512, a pBR322
clone containing a 0.64 kb cDNA insert homologous to wheat
carboxylase small subunit message.

Results (Table 1, lines 2 and 6)

showed that message for carboxylase small subunit, a member of the
germination-specific gene set (18), was, as expected, not detected
in immature and mature embryos (Stages 3 through 5) but made up an
increasing percentage of both the total and poly(A)+ populations in
germinating embryos (-ABA). This means that during normal
germination levels of the small subunit sequence must be increasing
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at a much greater rate than sequences such as rRNA which appear to
be increasing at a rate proportional to the increase in embryo fresh
weight. In Stage 3 embryos cultured in the absence of ABA, small
subunit was present at about same level as in Stage 5 embryos
cultured in the absence of ABA. In Stage 3 embryos cultured in the
presence of ABA, however, small subunit RNA was not detected. This
implies that at least some small subunit genes are potentially
active in Stage 3 embryos even though none are expressed in the
presence of ABA. A similar, though incomplete, reduction in the
expression of carboxylase small subunit was seen in Stage 5 embryos
cultured in the presence of ABA. Whether or not ABA specifically
inhibits small subunit transcription, or whether the changes in
steady state levels of small subunit RNA are the result of slight
differences in an overall inhibition of growth and incidentally RNA
transcription is not known.

Hybridization with p511:

Slot blots were next probed with p511. Results (Table 1, lines

4 and 7) showed p511 RNA is already abundant in Stage 3, indicating
that the gene is already active. p511 RNA is even more abundant in
Stage 4, but is present at very low levels in dry, mature (Stage 5)

embryos. Upon imbibition, remaining levels decline further until
p511 RNA is not detectable at three days post-imbibition. This
pattern of expression clearly parallels the levels of endogenous ABA
in the developing seed. In addition, in both excised, cultured Stage

3 and Stage 5 embryos levels of p511 RNA appear to be enhanced in
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the presence of ABA as compared to levels in the absence of ABA. In
Stage 5 embryos cultured in the presence of ABA, the p511 sequence
increased to a level greater than that found in Stage 5. When Stage
5 embryos were incubated in the presence of ABA + a-amanitin,
however, p511 RNA was present at an extremely low level. This
indicates specific new poly(A)+ RNA synthesis occurred in Stage 5
embryos in the presence of ABA, and suggests that new transcription
is necessary for ABA regulation of p511 RNA. Experiments analyzing
the effect of ABA on the amount of labeled UTP incorporated into
p511 mRNA have also been initiated to provide a more direct analysis
of the effect of ABA on p511 transcription.

Hybridization with p1015

Slot blots were also probed with the Em cDNA clone p1015.

Results in Table 1 (lines 1 and 5) show that Em RNA was initially
present at a low level in Stage 3, is very abundant in Stage 4, and
remains at moderately high levels in dry, mature (Stage 5) embryos.

At the onset of germination (Stage 5, -ABA, -a-amanitin) Em RNA
levels began to decline until at 48 hours they were roughly 20% of
Stage 5 levels. By three days Em RNA was not detected. This pattern
of expression clearly does not parallel the levels of endogenous ABA
in the developing seed. In both excised, cultured Stage 3 and Stage

5 embryos, however, levels of Em RNA appear to be enhanced in the
presence of ABA as compared to levels in the absence of ABA. In
excised Stage 5 embryos cultured in the presence of 10-4 M ABA Em
RNA levels were up to 70% of Stage 5 levels. Em RNA levels also

64

remained high in excised Stage 5 embryos cultured in the presence of
ABA + u-amanitin. This suggests that Em, unlike p511, is not
transcriptionally controlled by ABA in the Stage 5 embryo RNA
population. Taken by themselves the Stage 5 results can be
interpreted in several ways. As with p511, the initial decrease in
relative levels of Em RNA seen in germinating embryos when compared
to Stage 5 embryos cultured in the presence of ABA or a-amanitin
could be the result of a simple "dilution effect". While Stage 5
embryos cultured in the absence of ABA increase approximately three
to five times in fresh weight, those cultured in the presence of
either ABA or a-amanitin, or both, do not increase in fresh weight
appreciably. If a three to five-fold increase in fresh weight is
paralleled by a general increase in RNA content, as is apparently
the case, while levels of 1015 mRNA per embryo remain constant, a
decrease in the relative levels of 1015 in -ABA to about 20% of the
relative level present in +ABA would be expected. This is in fact
what was observed (Table 1, lines 1 and 5). The small decrease seen
when comparing relative levels of Em in Stage 5 and Stage 5 +ABA
(Table 1, line 5) might result from the fact that, although
sequences such as rRNA, p66 and p1049 do not increase, increases in
sequences such as p511, as well as the small increase in
germination-specific sequences, seen in Stage 5 +ABA might account
for the small decrease in Em that is seen.
If the differential levels of Em RNA seen in + and

ABA

treated Stage 5 embryos was due entirely to the inhibition of growth
by ABA (or a-amanitin), or conversely, if the decrease of Em RNA in
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germinating seedlings is due primarily to the type of dilution
effect described, one would expect to see Em levels stabilized at
fairly high levels when growth and the associated increase in fresh
weight is inhibited using cycloheximide. What was seen instead was a
decrease in the relative level of Em in cycloheximide treated Stage
5 embryos which roughly paralleled the decrease seen in 48 hour
germinated embryos (-ABA,

a-amanitin), while relative levels of Em

remained high in Stage 5 embryos cultured in the presence of
cycloheximide +ABA (ca. 75% of Stage 5 level, Table 1, line 1).

While a dilution effect such as described may be having some effect
on the changes in Em RNA levels described, additional ABA effects
are clearly implicated.

Since Em RNA was present at high levels in cultured embryos in
the absence of new message synthesis, one might conclude that
existing Em RNA was stabilized in some fashion. Em RNA was also
present at high levels in the presence of a-amanitin alone,
indicating that blocking new message synthesis in general was

sufficient to stabilize existing Em message. Stabilization of Em
message by ABA might occur by a mechanism similar to the effect of
a-amanitin, i.e. ABA might stabilize Em message through the
inhibition of some specific subset of total mRNA, while a-amanitin
inhibits this specific subset as an indirect result of inhibiting
all mRNA synthesis.
The above results suggest a possible non-transcriptional

mechanism for the regulation of Em mRNA by ABA. Since ABA does not
inhibit transcription in general (p511 data, Table 1, lines 4 and
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7), but specifically inhibits expression of germination-specific
messages (pW512, Table 1, lines 2 and 6) while promoting expression
of embryogenesis-specific messages (p1015, Table 1, lines 1 and 5),
this suggests that one or more members of a new class of RNA's
transcribed in Stage 5 embryos in the absence of ABA (e.g. the
germination-specific message set of which carboxylase small subunit
is a member) might act in some manner to "destabilize" Em message.

If this message, or group of messages, acts to destabilize Em
message through the action of a protein intermediary (e.g. a
specific RNAase), the protein synthesis inhibitor cycloheximide
should also act to stabilize Em RNA. If, on the other hand, ABA
promotes the expression of a specific Em RNA stabilizing protein
(similar to the AGP stabilization mechanism proposed by Ringold
(9)), cycloheximide should prevent the stabilization of Em RNA by
ABA. From the results shown in Table 1, line 1, it can be seen that
Em RNA was instead present in high levels in embryos cultured in
cycloheximide + ABA, but was not detectable in excised Stage 5
embryos cultured in the presence of cycloheximide alone. This

suggests that the disappearance of Em message during early
germination is not the result of a newly synthesized, specific

RNAase (or other destabilizing protein), nor is new protein
synthesis required for the Em message stabilizing effect of ABA.

Synthesis of one or more germination-specific RNA's is apparently
necessary and sufficient for the destabilization of Em RNA.

Experiments analyzing the effect of ABA on the amount of labeled UTP
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incorporated into Em message have also been initiated to provide a
more direct analysis of the effect of ABA on Em RNA transcription.

In vivo protein analysis

The effect of ABA on the synthesis and accumulation of
Em-polypeptide in Stage 5 embryos was analyzed by SDS-polyacrylamide
gel electrophoresis of protein extracts (13,15) from in vivo
[35S]methionine-labeled embryos. Proteins were extracted from mature
(Stage 5) embryos, Stage 5 embryos after 48 hours imbibition, and
Stage 5 embryos cultured for 48 hours in the presence of various
combinations of ABA, a-amanitin, and cycloheximide as indicated in
Table 1. Protein extracts were separated by electrophoresis on onedimensional SDS-polyacrylamide gels and visualized by Coomassie
staining or fluorography. Results (Figure 111-3) show Em-polypeptide
was moderately abundant in Stage 5 embryos and in the presence of
all combinations of ABA and a-amanitin, but was not detectable by
Coomassie staining in Stage 5 embryos incubated in the absence of
either ABA or a-amanitin. Incorporation of label into Em-polypeptide
also paralleled the level of Em RNA seen in the corresponding Stage
5 embryo treatments, i.e. when Em message is present it is being
translated in proportion to the amount present. This data
incidentally demonstrates that Em message is intact and functional
in the RNA populations which give a positive slot-blot hybridization

signal. It appears, therefore, that Em was not translationally
regulated by storage in mRNP particles (33,34,35,36).
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Figure 111-3. Em-protein synthesis and accumulation in cultured
mature embryos.

Stage 5 wheat embryos were manually excised from the
seed and labeled with [35S]methionine for 10 hours in
culture. Excised Stage 5 embryos cultured in various
combinations of ABA and a-amanitin, were labeled
during the last 10 hours of incubation. Embryo S30
extracts were separated by one dimensional SDS-PAGE
and visualized by A) Coomassie staining and B)
autoradiography. Lanes in A) are: 1) Stage 5 embryos.
2) Excised Stage 5 embryos incubated 24 hours in the
a-amanitin).
absence of ABA or a-amanitin (- ABA
3) Excised Stage 5 embryos incubated in the presence
of a-amanitin alone (+ a-amanitin). 4) Excised Stage 5
embryos incubated in the presence of ABA alone (+ABA).
5) Excised Stage 5 embryos cultured in the presence of
ABA and a-amanitin (+ ABA + a-amanitin). Lanes in B)
are the same as in A). The migration of molecular
weight markers (values in kDaltons) and the position
of Em-protein are indicated.
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These data suggest regulation of Em expression might occur at a
post-transcriptional/ translational level by means of message
competition or ribosome selection similar to models proposed for the
regulation of heat shock proteins (HSP's) in Drosophila and soybean
(10,11). During normal development the germination gene-set is
activated, perhaps in response to drying of the grain in late
embryogenesis (37,38), and upon imbibition (Stage 5, -ABA,
-a- amanitin) germination-specific messages begin to be transcribed

(16,17). As these new messages become more abundant they begin to
displace Em messages from the ribosomes where, until this time, Em
has been stably associated. In the Drosophila heat shock model,
displaced HSP mRNA's were stored as RNP particles until the heat
shock response was triggered anew, and the HSP messages were
remobilized onto ribosomes. In the case of Em, however, and perhaps
in any case where one developmentally regulated set of messages is
being supplanted by another, the displaced message is degraded
rather than stored. In the presence of ABA, germination-specific
messages are inhibited (as is germination). As a result, Em mRNA's
are not displaced from the ribosomes but continue to be translated
and, therefore, stabilized. This same effect is also seen when
embryos are imbibed in the presence of a-amanitin (or ABA +
a-amanitin) since a-amanitin, in inhibiting message synthesis in
general, also coincidentally inhibits transcription of the
germination gene-set.

In contrast to the Em sequence, members of the group of

sequences represented by p511 seem to be controlled by ABA primarily
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at the level of transcription. The isolation and characterization of
these ABA-regulated clones now makes it possible to study in more
detail, and perhaps exploit, the effect(s) of ABA during
development. Isolation of corresponding genomic sequences will allow
comparison of the nucleotide sequence of cDNA and genomic clones,
and provide information about gene structure and possible posttranscriptional processing. Flanking regions (both 3' and 5') can
also be isolated, sequenced and compared to identify regions of
sequence homology which might be involved in the developmental
regulation of gene expression during embryogenesis. The isolation
and characterization of developmentally regulated promoters would
have enormous impact on the ongoing effort to produce agriculturally
useful, genetically altered plants.
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CHAPTER IV

GENERAL CONCLUSIONS

I have described four classes of sequences based on their
response to ABA (Fig.IV-1). The first group is represented by the
Em-polypeptide sequence (p1015), a member of the embryo gene-set,
which is apparently "up-regulated" at the level of translation or
message stability as an indirect effect of the suppression of
germination by ABA. Em is expressed during the latter part of embryo
maturation; Em RNA (and protein) is present at a low level in Stage
3, is very abundant in Stage 4, and remains at moderately high
levels in dry, mature (Stage 5) embryos. Upon imbibition, steady
state levels of Em RNA and protein decline rapidly until they are
not detectable at three days post-imbibition. This pattern of
expression clearly does not parallel the levels of endogenous ABA in
the developing seed. In both excised, cultured Stage 3 and Stage 5
embryos, however, levels of Em RNA are enhanced in the presence of
ABA as compared to levels in the absence of ABA. By analysis of RNA
and protein levels in Stage 5 embryos cultured in various
combinations of a-amanitin and cycloheximide, in the presence and
absence of ABA, it was determined that Em RNA was stabilized in the
presence of ABA as an indirect effect of the inhibition of the
germination gene-set. Since this stabilization is seen in the
absence of RNA synthesis, I conclude that control at the level of
transcription is not a major factor. Conversely, Em RNA is
destabilized by the appearance of germination sequences, such as
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Figure IV-1 Expression of ABA-regulated gene-sets.

Relative levels of RNA in the lower portion of the figure are
represented as follows: levels of RNA homologous to p511 in planta
(M) and in mature and immature embryos cultured in the presence of
ABA (D); levels of RNA homologous to p1015 in planta () and in
mature and immature embryos cultured in the presence of ABA (0);
levels of RNA homologous to pW512 in planta (A) and in mature
embryos cultured in the presence of ABA or immature embryos cultured
in the absence of ABA (W.
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carboxylase small subunit. Stabilization of Em RNA is apparently a
result of association with the ribosomes. In the absence of ABA,

germination sequences are transcribed and displace Em message from
the ribosomes. Once displaced, Em message is degraded. In the
presence of ABA, however, germination sequences are not produced and
Em RNA remains bound to the ribosomes and thereby stabilized. mRNP
particles are apparently not involved in this stabilization since Em
RNA is being translated at all times when present and at levels
proportional to levels of RNA present. There may also be a
transcriptional component to this regulation, but, if so, it does
not seem to be the primary one.

Some interesting differences were also noted when comparing the
effect of ABA on cultured Stage 3 and 5 embryos:
1) The levels of Em RNA in Stage 3 + ABA are greater than in
Stage 5 + ABA; in fact, while Em levels in Stage 5 + ABA are greater
than in Stage 5

ABA they are still less than levels present in

mature, dry embryos (Stage 5). This implies that Stage 5 embryos are
less "sensitive" to the effects of ABA than are Stage 3 embryos.
This decrease in sensitivity could be due to trivial factors such as
decreased permeability of the embryo to ABA or the presence of fewer
receptors to mediate an ABA response. It could imply, however, that,
while the Em message is being stabilized as in Stage 3, the level of
constitutive transcription seen in Stage 5 is lower than in Stage 3
because the embryo gene-set of which Em is a member is being
"deactivated" as germination progresses. This latter supposition is
supported by the following observation.
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2) A "basal level" of Em RNA is seen in both Stage 3 and Stage
3

ABA, while Stage 5

ABA shows no such basal level of

expression. This was interpreted as meaning that, first, not only
was the Em gene already potentitally active during Stage 3, but it
was also open in precociously germinating embryos (Stage 3
No such basal level was seen in germinated Stage 5

ABA).

ABA embryos,

implying that the Em gene is closed. Crouch has reported a similar
retention of "embryogenic" gene expression in precociously
germinated embryos of Brassica napus which is absent in normally
germinated mature embryos.

The second group of sequences described is represented by the
clone p511. Members of this group are apparently up-regulated by ABA
at the level of transcription. The sequences in this group are
expressed earlier during embryo maturation; p511 RNA is already
abundant in Stage 3, indicating that the gene is already open. p511
RNA is even more abundant in Stage 4, but is present at very low
levels in dry, mature (Stage 5) embryos. This pattern of expression
clearly follows the level of endogenous ABA in the developing seed.

Upon imbibition, remaining levels decline further until p511 RNA is
not detectable at three days post-imbibition. In addition, in both
cultured Stage 3 and Stage 5 embryos, levels of p511 RNA are
enhanced in the presence of ABA as compared to levels in the absence
of ABA. By analysis of RNA from excised Stage 5 embryos cultured in
various combinations of a-amanitin and cycloheximide, in the
presence and absence of ABA, it was determined that regulation of
this group was, at least primarily, at the level of transcription.
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Some interesting differences were once again noted when
comparing the effects of ABA on p511 expression in cultured Stage 3
and 5 embryos:

1) As with Em, levels of p511 were much greater in Stage 3 +
ABA than in Stage 5 + ABA. This again appears to reflect a decrease
in sensitivity to the effects of ABA as the embryo matures.
2) The maximum levels of p511 are as high as (or higher than)

the maximum levels of Em attained during embryo maturation, however
p511 levels in Stage 3

ABA approximately equal to the "basal

levels" of Em seen in the same treatment. Although not conclusive,

this tends to support the conclusion that ABA modulation of both Em
and p511 is probably superimposed on a constitutive level of
expression in immature embryos.
Although all cDNA clones were derived from poly(A)+ RNA, and
the sequence of p511 contains a long open reading frame (Litts,
unpublished), it is not known whether p511 actually represents a
protein coding sequence. If it does, the protein product can be
identified by hybrid select translation, and the possibility of
translational control examined.

The third class of sequences examined, whose behavior during
germination has previously been described by Ballo (1), is a
germination-specific gene-set, represented by the carboxylase small
subunit clone pW512. During normal embryo development and maturation
(Stage 3 through Stage 5) carboxylase small subunit RNA is not
present, but begins to appear only after imbibition of the mature
embryo. In Stage 2 or 3 embryos cultured for 3 days in the absence
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of ABA, however, levels of small subunit message are approximately
equal to those found in Stage 5 embryos cultured in the absence of
ABA for two days. This indicates that, although carboxylase small
subunit is not normally expressed in developing embryos, the gene is
potentially active since, if removed from the seed, it is capable of
being expressed. Expression of this gene-set is prevented by ABA in
cultured Stage 3 embryos and, by inference, by the high endogenous
level of ABA present during embryo maturation in planta. As ABA
levels decrease during desiccation, precocious germination and
expression of carboxylase is prevented simply by the lack of water.
Comparing the response of mature and immature embryos to ABA,
we once again see a decreased sensitivity to ABA in Stage 5. In
immature embryos (Stages 2 through 4) either in planta or in culture
(Stage 3 + ABA) carboxylase small subunit message is totally
suppressed even though, if removed from ABA, it is potentially
active and capable of being expressed. In Stage 5 embryos, while ABA
still decreases the level of carboxylase message present, it does
not completely suppress it as in Stage 3.
Finally, two classes of sequences were identified which were
present during embryogenesis but whose levels were apparently not
modulated by ABA. The first of these are the ribosomal sequences
represented by clone pTA71, while the second is a group of
moderately abundant, non-ribosomal sequences represented by p66.
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Model for ABA-regulated gene expression;

The results and observations presented suggest a general model
for possible modes of ABA regulation of gene expression during

embryogenesis and early germination. Due to the limited data
available, such a model is, of course, highly speculative, and is of
value primarily for designing further experiments.
At some point fairly early in embryogenesis both embryogenic
and germination-specific gene-sets are activated and capable of
being transcribed. What signal(s) activates these sets and whether
or not they are activated simultaneously in not known. At the
earliest point in development examined in this study (late Stage 2/
early Stage 3) both sets of genes were capable of being expressed
and are therefore considered by definition to be potentially active.
These sets of potentially active genes constitute the background or
"expression potential" upon which ABA (which appears at about this
same time) acts. The group of embryogenic sequences represented by
p511 is apparently up-regulated transcriptionally and builds quickly
to a high level. At the same time, the germination gene set,
represented by pW512, is suppressed. The Em sequence, on the other
hand, is apparently transcribed constitutively at a low level and
accumulates slowly during embryogenesis by specific, ABA-mediated
stabilization which perhaps involves preferential binding by the
ribosomes. This mode of expression continues until the seed begins
to dry. At this point ABA levels begin to drop rapidly. This is
paralleled by an immediate decrease in the level of
transcriptionally regulated sequences, represented by p511. Although
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ABA levels are now low, germination and the expression of the
germination gene-set is prevented by lack of water. Since the
germination gene-set is not expressed, Em remains stabilized on the
ribosomes and, therefore, continues to be present at a fairly high
level in dry seeds. Whether or not Em is still capable of being
transcribed at this point is not known. Upon imbibition in the

absence of ABA the germination gene-set is expressed. Newly
transcribed germination-specific sequences "destabilize" Em RNA in
some manner, perhaps by simply displacing it from the ribosomes
where it had previously been preferentially bound. Displaced Em RNA
is degraded, and since Em transcription is also presumably lower at
this point (due to inactivation of the embryogenic gene-set), Em
levels begin to decrease rapidly. The group of transcriptionally
regulated embryo genes (represented by p511) are not transcribed in
imbibed seeds due to the absence of ABA, but also appear to be in
the process of being inactivated at this point.

While the results of the inhibitor studies described provide
indirect evidence for the effect of ABA at at least two different
levels during embryogenesis, transcription and translation, evidence
of a more direct nature is desirable. It is not possible to tell
from the data presented whether or not ABA might be effecting the
expression of a specific sequence at the levels of both
transcription and translation simultaneously. Incorporation of
[3H]Uridine into specific RNA sequences in embryos cultured in the
presence and absence of ABA is being used to provide direct evidence
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of possible transcriptional effects by ABA on the various sequences
examined.

If one ignores semantic differences (ie. what is or is not a
storage protein), the model of regulation proposed by Dure for
cotton embryos (2) seems to be generally compatible with the
observations and model above. The group of embryo-specific sequences
in cotton which are ABA-regulated parallel temporally

the

appearance of Em, and the dual-level model proposed by Dure (Figure
IV-2) seems to correlate well with our observations in wheat. A
group paralleling p511 is not reported, however, and Dure proposes
that all ABA-regulated sequences are constitutively active
(throughout the plant life cycle, not just within a stage) like the
HSP's. While this may be true in cotton, the evidence for wheat
embryos seems to indicate that at least some ABA-modulated genes
might also be developmentally regulated. The fact that ABA elicits
very different responses from different tissues at different times
in development by itself suggests a developmentally regulated
activation/inactivation of gene sets. This is supported by the
disappearance of basal levels of both Em and p511 at the onset of
germination and the decreasing sensitivity of the embryo gene-set to
ABA. This, of course, does not preclude the existence of an
additional set of ABA-regulated sequences which are expressed as
suggested by Dure. This can be easily clarified by determining
whether or not specific ABA-regulated sequences such as p511 can be
up-regulated later in growth by ABA, or if this gene has been
effectively inactivated. A complementary experiment required would
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be the measurement of endogenous levels of ABA resulting from
exogenously applied ABA. Crouch's group has noted that maturing
embryos in Brassica display a diminishing sensitivity to exogenously
applied ABA similar to that observed in wheat (Martha Crouch,
personal communication). It was demonstrated that maturing Brassica
embryos also displayed a diminishing sensitivity to endogenous
levels of ABA. This implies that the decreased ABA sensitivity noted
in mature embryos was not simply the result of an inability to take
up ABA. In fact, the endogenous level of ABA was always greater than
the level applied exogenously, suggesting an active uptake mechanism
for ABA rather than simple diffusion. It was further noted that
mature embryos will germinate at endogenous levels of ABA which
completely inhibit germination in immature embryos. Levels of ABA
found in situ in younger embryos are, in fact, toxic in mature
embryos. This argues against ABA uptake as a critical control
mechanism.

Beyond the immediate objectives of this thesis, the isolation
and characterization of the ABA-regulated cDNA clones described
makes it possible to study in more detail, and perhaps exploit, the
effect(s) of ABA during development. These clones are, for instance,

being used to isolate corresponding genomic sequences. A comparison
of the nucleotide sequence of corresponding cDNA and genomic clones
will provide information about gene structure and possible posttranscriptional processing. Flanking regions (both 3' and 5') will
also be isolated, sequenced and compared to identify regions of
sequence homology which might be involved in the developmental

87

regulation of gene expression during embryogenesis. Finally, long
range goals might involve functional analysis of these sequences by
1) ascertaining the ability of these sequences to promote the
developmentally regulated expression of adjacent, scorable DNA
sequences, and 2) determining the effect of various types of
sequence modification on this ability. The isolation and
characterization of developmentally regulated promoters would have
enormous impact on the ongoing effort to produce agriculturally
useful, genetically altered plants.
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