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Germination of immature (Stage III) and mature (Stage V) wheat

(Triticum aestivum L. var. Chinese Spring and Yamhill) embryos is

prevented by the inclusion of 10-4 M abscisic acid (ABA) in culture

medium. In addition, Stage III embryos develop into mature embryos

in culture medium containing ABA. In the absence of ABA, Stage

III embryos precociously germinate and yield mature wheat plants

indistinguishable from those produced by Stage V embryos.

Germination is characterized by synthesis of a number of

specific proteins, including the small subunit of ribulose-1,5-

bisphosphate carboxylase/oxygenase ( ssRUBISCO). De novo svn-

thesis of ssRUBISCO is first detected two days after imbibition.

Dark-grown seedlings have 40% of the amount of ssRUBISCO present

in light-grown seedlings at this time. Synthesis and accumulation

of ssRUBISCO increases in light-grown seedlings by three days,

while decreasing in seedlings deprived of :Light. Synthesis

and accumulation of ssRUBISCO were monitored by in vivo protein

labelling and immunologically using Western blotting. Neither



synthesis nor accumulation of this protein is detected when

germination is repressed by ABA.

Cell-free translations of extant mRNA of Stage V embryos

and that of germinating seedlings show a dramatic change in

translatable RNA upon imbibition. ABA does not prevent this

change in translatable RNA. Both in vivo and in vitro protein

synthesis reveal few differences between +ABA- and -ABA-seedlings

during early germination. This indicates that ABA is not a general

inhibitor of transcript formation, but rather affects specific

gene expression.

Nick-translated cDNA homologous to wheat ssRUBISCO mRNA is

used to determine levels of ssRUBISCO mRNA in germinating seedlings.

This message is newly transcribed during the first day of germi-

nation. As germination progresses, an increasing percentage of

the poly A+ population is found as ssRUBISCO mRNA. After three

days of ABA treatment, the quantity of mRNA for ssRUBISCO does

not increase and is equal to the amount found in one-day seedlings

germinated in the absence of ABA. ABA appears to influence dif-

ferential gene expression by varying the levels of specific gene

transcripts.
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THE EFFECTS OF ABSCISIC ACID ON GENE EXPRESSION

DURING WHEAT GERMINATION

INTRODUCTION

Dormancy and Germination

The seed is a unique stage in the angiosperm life cycle.

Following embryogenesis and the accumulation of food reserves,

development of the embryo is arrested as the seed undergoes

dessication. Developmental arrest may be sustained by an

impermeable seed coat, the presence of germination inhibitors

or, in the case of seeds with no dormancy requirement, the

unavailability of water. Germination is essentially the

resumption of embryo growth upon imbibition by the seed.

Quiescent tissue becomes metabolically active, synthesizing

a number of new proteins necessary for utilization of food

reserves to support growth of the embryo until it becomes an

autotrophic seedling.

The wheat caryopsis is an example of this unique stage

of developmental arrest. Development of the grain on the

inflorescence or head takes approximately 60 days. Several

developmental stages of seed morphogenesis have been described

for wheat (66), and are listed in Table I. Following fertili-

zation, the embryo increases in size by cell division until

Stage III, when major tissue differentiation is complete.

Subsequent growth may be accounted for primarily by an increase
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TABLE I. Characteristics of different stages of wheat caryopsis
development (from Rogers and Quatrano, 1983).

Stages

II 111 IV V

Days post-anthesis' 0-7 7-14 14-21 21-31 31-50
Grain color white white/mint green green tan

green
Grain length (mm) <5.5 5.5-6.5 6.5-7.0 6.5-7.0 6.5

Grain fresh wt (mg) <20 20-35 35-50 50-60 40-50
Endosperm characteristics watery milky, early soft-dough hard-dough hard

dough
Pericarp characteristics fleshy shrinking reduced and dry, thin and dry. thin and

flexible papery papery
Embryo length' (mm) <0.4 0.4-1,5 1.5-2.5 2.5 -2.7 2.5-2.7

T. aestivum L. cv. Chinese Spring grown in 18 hr of light (19 C) and 6 hr of dark (12 C).
b Includes scutellum.

in cell size as embryogenic storage products accumulate. Maximal

size is reached during Stage IV, when the endosperm is dense and

hard. The onset of dessication is concurrent with the arrest of

embryo development.

Most mature wheat grains do not require a period of dormancy,

and germinate readily upon imbibition. Germination of the wheat

embryonic axis can be divided into three phases (48). In the

first phase (0-40 min), water is rapidly imbibed, the tissue is

maximally hydrated, and metabolism initiated. This is followed

by a lag phase (1-5 hr), which is characterized by little change

in embryo fresh weight, and which appears to be preparatory to

growth. Cell expansion is initiated five hours after imbibition.

The embryo emerges from the pericarp, and root and shoot primordia

begin to elongate by cell division. Exponential growth continues

from this phase of germination until the plant approaches maturity.

Immature (Stage III) embryos precociously germinate when
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excised from the grain and placed on filter paper moistened with

a basal salt medium supplemented with sucrose (82). Precociously

germinated seedlings develop into mature plants indistinguishable

from those arising from mature seed. Thus, the later stages of

embryogeny (IV and V) are not necessary for germination and

normal seedling development in wheat.

Precocious germination can be prevented by either abscisic

acid (ABA) or high osmoticum in the medium. Inclusion of 10
-7

M

to 10-4 M ABA or 0.29 M mannitol promotes the accumulation of

embryogenic proteins and embryo development that closely resembles

that observed in situ during Stage III (47, 82). Endogenous

levels of ABA in the developing wheat grain appear to peak during

Stage III (41, 74), suggesting that ABA may regulate embryogenic

gene expression during grain development on the plant as it does

in vitro.

When incubated in the same concentration of ABA, embryos of

mature grain (Stage V) emerge from the pericarp but are prevented

from further development for several days. Although embryos can

not be excised completely from surrounding tissue, both whole

seeds and embryo half-seeds exhibit ABA-arrest of seedling

development.

By manipulating the hormonal environment of excised embryos

of Stage III and Stage V grains one can experimentally alter the

development of the embryo, as shown in Figure 1, with either

continued embryogenesis (2) or precocious germination (3) of
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Stage II embryos, and, either arrested germination (4) or

germination (5) of Stage V embryos. Concomitantly, expression

of specific genes characteristic of each pathway is affected.

Similar ABA stimulation of embryogenesis and repression of

germination has been noted in other plants (e.g., rapeseed,

cotton, barley), and is being used to study control of gene

expression in these systems (18, 23, 25).

PRECOCIOUS

GERMINATION

(-ABA)

in Situ EMBRYOGENESIS (1)

stage: I II , III IV .-'7
..-..

in vitro EMUVOGENESIS

(104 M ABA)

----,\GERMINATION (5)

V \ A-ABA)

ARRESTED ERMINATION

(+10
4 M ABA)

Figure 1. Developmental pathways available to Stage III and
Stage V wheat embryos.

Molecular Events During Embryogenesis and Germination

During seed formation nucleic acids increase exponentially

in the seed until late Stage III, indicating that cell divisions

throughout the seed are essentially complete at this stage.

Maximal levels of nucleic acids are achieved just prior to the

accumulation of storage proteins (37). Endosperm storage

proteins in wheat, such as the gliadins and glutenins and the
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aleurone proteins, are synthesized at this time. Embryo-specific

storage proteins are synthesized preferentially from Stage III

until the onset of dormancy. Cell expansion in the embryonic

axis is also apparent.

In vitro embryogenesis (2, Fig. 1) is similar to embryo-

genesis in situ (1, Fig. 1). Stage III embryos cultured in the

presence of ABA increase in size, fresh weight and dry weight

in a manner identical to that observed in embryos remaining in

situ over the same time period. The embryogenic pathway is

characterized by the synthesis of a number of embryogenic-

specific proteins. Among these is wheat germ agglutinin, whose

synthesis is restricted both temporally and spatially to embryos

of Stage III/IV grain, and appears to be stimulated by ABA (82).

Additional ABA-stimulated acid-soluble proteins have been

identified as both embryo- and stage-specific (47).

Germination (3, 5, Fig. 1) is accompanied by the synthesis

of a number of proteins necessary for the enzymatic degradation

of food reserves, as well as those proteins necessary to establish

the seedling as an independent entity. The embryonic wheat axis

likely depends on stored scutellar proteins to provide an energy

supply for the resumption of metabolic activity during imbibition.

Degradation and mobilization of endosperm storage products,

both proteins and starch, is most active between the second and

fourth days of germination and contribute to subsequent growth

(48) .
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The enzymatic conversion of endosperm food reserves to

a form which can be utilized by the growing seedling is dependent

on specific protein activity within the imbibing seed. Some

hydrolytic enzymes, particularly endoproteases, are present within

the dry seed, and activities of these increase considerably during

germination (65). Cleavage of storage proteins yields dipeptides

and oligopeptides, which are transported to the embryonic axis

through the scutellum (30, 53).

Starch degradation is accomplished by several amylases.

wheat - amylase is synthesized prior to dormancy and stored in

the endosperm as a zymogen. Proteases released from the aleurone

are responsible for the activation of f3-amylase during germination

(67). a-amylase, in both barley and wheat, is synthesized de novo

during germination in the aleurone layer and released to the

endosperm (31). Starch hydrolysis yields glucose which is trans-

ferred to the embryonic axis via the scutellum.

The embryonic axis of the dry seed contains all components

necessary for protein synthesis, including ribosomes and initiation

factors (73). Assembly of polyribosomes occurs upon imbibition,

and hydration appears to be necessary for protein synthesis to

begin (50). A number of preformed mRNAs are in the embryo prior

to imbibition (75) and these messages are enriched in sequences

coding for low molecular weight basic proteins, including ribosomal

proteins (19) and poly (A) polymerase (42). Translation in the

imbibing embryo initiates with these messages (34), and during
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the first hour of imbibition the message population remains

unchanged (19).

The rate of protein synthesis increases at least two-fold

between one and six hours post-imbition (49), during the lag

phase preparatory to growth of the embryo. By six hours formation

of new proteins, both in vivo and in vitro, is evident. This

transition to the synthesis of a new set of proteins is dependent

on production of new mRNAs, as in vivo appearance of these proteins

is sensitive to a-amanitin (79). Modification of mRNA extant in

the dry embryo axis upon imbibition has been ruled out as being

responsible for this change in protein synthesis (44) and the

conserved mRNA disappears during early germination (9). Although

it was originally thought that stored mRNA was integral to the

initiation of germination (64), more likely these mRNAs are

residual embryogenic transcripts. The imbibing embryo has

adequate ribosomal proteins to sustain protein synthesis, so

the additional ribosomal proteins provided by translation of

these messages do not appear to be necessary to germination.

In addition, a number of these conserved mRNAs have been shown

to program the synthesis of specific proteins associated with

embryogenesis, and these transcripts are rapidly depleted in

the germinating seedling (29, 88).

New messenger RNA formation is necessary for germination

in wheat (12). The transcriptional switch from embryogenesis

to germination appears to occur sometime between one and four
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hours after hydration of the seed begins. Formation of the new

transcripts is necessary for resumption of growth in the embryonic

axis for a number of reasons. It is apparent that constitutive

gene transcripts are not stored in the dessicated embryo and

must be synthesized. Although respiration occurs in the dry seed,

it is greatly reduced compared to the accelerated metabolism

required for germination. Energy demands must be met by

enzymatic hydrolysis of stored food reserves. Degradation of

reserves within the embryo appears to proceed rapidly, although

it is not known whether utilization of embryo reserves is

dependent on new protein synthesis. Hormonal signals from the

embryo to the aleurone stimulate the production of hydrolytic

enzymes which digest endosperm starch and proteins. The release

of embryo-synthesized signal molecules, such as gibberellins,

and subsequent uptake of nutritive substances from the endosperm

is mediated by the scutellum. This bi-directional transfer implies

a change in scutellar membrane function during germination, which

is likely the result of changes in integral membrane proteins.

Initiation of transcription during germination appears to

occur very early and may begin before the seed is completely

hydrated (69). RNA polymerase II is present in the dry seed as

REA pol IIA, the form common to quiescent plant tissue. Conver-

sion of pol IIA to RNA pol IIB is complete within 24 hours of

imbibition. IIB is the form of RNA pol II found in most metab-
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olically active plant tissue. Although transcript formation

occurs early in germination, there appears to be a rise in pol

II activity concurrent with conversion of IIA to TH. It is

not known whether this conversion has any effects on specific

gene expression (36). Again, early transcription, during the

first hour of imbibition, does not appear to produce a change

in the mRNA population. Thus any transcription which takes

place very early in germination reiterates the message population

present in the dry seed (79).

Both template and endogenous RNA polymerase II activities

increase during the first 24 hours of imbibition, followed by

a marked increase (10-fold and 40-fold, respectively) during

the next 48 hours of germination (76). This increase in tran-

scriptional activity has been correlated with a change in proteins

associated with the chromatin (81). The phosphorylation and

dephosphorylation of specific histone and non-histone chromosomal

proteins, as well as changes in these substrate proteins available

for phosphorylation during germination, suggest that structural

changes in the chromatin effected by these events may regulate

differential gene expression (71).

Research into gene expression during germination has focused

primarily on these early events, i.e. the resumption of metabolism

and initiation of growth during the first 24 hours. Although the

embryo differentiates shoot and root primordia very early in

embryogenesis, specialized functions of these organs are not
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morphologically evident until well into germination. Acquisition

of photosynthetic capability has been well-studied in older (7-10

day) seedlings with primary focus on control of light-induced

gene expression in dark-grown seedlings (21, 85). Little attention

has been given to establishment of independence during germination.

Crucial to the survival of the seedling is its ability to photo-

synthesize, as food reserves, upon which initial metabolism during

germination is dependent, are limited in the seed. Prior to

becoming autotrophic then, the seedling must synthesize and

assemble components of functional chloroplasts: an array of

photosynthetic pigments and a number of proteins particular to

photosynthetic electron transport and carbon reduction. One

well-characterized enzyme necessary to photosynthesis is ribulose-

1,5-bisphosphate carboxylase/oxygenase (RUBISCO), responsible

for fixation of CO2 in the Calvin-Benson cycle. RUBISCO has been

identified as a putative marker protein of the germination pathway,

as ABA arrest of germination appears to suppress RUBISCO expression

(28).

Hormonal Regulation of Embryogenesis and Germination

Development encompasses both spatial and temporal changes in

growth patterns and cellular functions. Hormones appear to play

an important role in temporal regulation of plant development:

both induction of dormancy and induction of growth in buds and

seeds, the photoperiodic induction of flowering, accumulation
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of food reserves in perennials, and activation of the abscision

layer during leaf senescence (56). During formation of a seed-

ling from a single cell two phases of growth are evident:

embryogenesis and germination. Dormancy provides temporal

separation of these two growth phases.

Both periods of growth encompass increases in both cell

numbers and size, characteristic of specific hormonal effects.

During embryogenesis and again during germination growth responses

are typical of those evoked by growth-promoting hormones including

cytokinin, auxin, and gibberellin. Growth arrest, or a lag

phase in growth, is found during specific stages of the plant

life cycle. Although increase in tissue mass or size is not

evident during growth arrest, metabolism is often active. In

particular an acceleration in metabolism can be detected prior to

resumption of growth. Such is the case during the lag phase

(1-5 hr) of early germination. During Stage III of wheat embryo-

genesis cell divisions cease and accumulation of specific storage

materials begins. There is an increase in mass of the embryo but

no increase in cell numbers. Specific arrest of cell division

after the establishment of determinate cell numbers can be con-

sidered a unique type of growth arrest.

There is much evidence that dormancy and subsequent germi-

nation are regulated by variations in endogenous levels of

gibberellins, ABA, auxin and possibly cytokinins. During

germination, supplemental auxin enhances the phosphorylation of
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chromosomal proteins associated with differential transcriptional

activity (59), and accelerates the transitional change in the mRNA

population in the hypocotyl during soybean germination (5). Auxin

has also been implicated in the regulation of cellulase mRNA in

pea epicotyls (84). Cytokinin-like activity, similar to cytokinin-

mediated release of lateral bud inhibition from apical dominance,

is characteristic of early germination. Gibberellin biosynthesis

and influence on a-amylase production during germination in cereals

has been the focus of much research (3, 4, 60) and will be discussed

in detail later.

Dormancy inducing mechanisms in seeds must be transient. They

must function only when further embryo development is unfavorable

to seedling survival. Thus, one would expect the concentration

of a dormancy inducing substance to be high when germination poten-

tial is high and low when conditions for germination are poor. ABA

concentrations in developing wheat seeds follow such a pattern.

Several forms of ABA are present in plants, the active (free)

form being 2-cis, 4-trans ABA. ABA is also found in conjugated

form as a hydrolyzable glucose ester (abscisy1-6-D-glucopyranoside)

(61). Maximal levels of free ABA are found during Stage III of

wheat grain development and remain high until the seed begins

to dehydrate. As dessication occurs, levels of ABA decline

rapidly, and no significant amounts remain in the mature seed

(41, 74). ABA levels rise presumably to prevent vivipary in

seeds (24). Mature seeds of many plants, especially those that
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have evolved in temperate climates, contain germination inhibitors,

which must be leached from the seed prior to germination. This

is the case with oat, which has germination inhibitors in the

hull (26), but does not appear to be true of wheat, as germination

proceeds rapidly upon imbibition.

One of the crucial problems to understanding the mechanisms

of hormonal action in plants is the lack of definitive means of

investigating hormone binding sites at the plasma membrane and

intracellularly. Recently, a sensitive and very specific immuno-

assay for ABA binding sites was developed. This method has been

used to demonstrate high affinity sites for ABA on the plasmalemma

of guard cells in Vicia (33), which close in an ABA-mediated

response to water stress. Hopefully further studies will provide

insight into binding of specific hormones as well as mechanisms

involved in plant hormone action. Clearly specific hormone

binding results in specific intracellular reactions that mediate

changes in gene expression, hence differentiation during develop-

ment.

One must consider hormonal responses to be specific and to be

related to the pre-differentiated state of the target tissue.

Although hormones are capable of evoking specific responses, e.g.,

xylem differentiation as stimulated by IAA, it must be remembered

that the same hormone may be capable of eliciting very different

responses in different parts of the plant. The target tissue

must be competent to exhibit a specific response characteristic
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of any one hormone. Competence is an example of specific differen-

tiation, where tissue is committed to a particular response, and

is variable during development. For example, ABA may be capable

of promotion of embryogenesis/prevention of germination only at

specific times in embryo development.

In Arabidopsis. the ABA of both maternal and embryonic (embryo

and endosperm) origin can be functionally distinguished in ABA-

deficient mutants. The onset of dormancy in these seLds is

correlated with maximal levels of only embryonic ABA, and

dormancy is induced in situ in both the presence and absence

of maternal ABA (40). In Arabidopsis, exogenously applied ABA

does not induce dormancy in embryonic-ABA-deficient mutants.

The fact that ABA is capable of inducing dormancy in several

previously mentioned species indicates that ABA is taken up by

these embryos and affects intracellular processes. Perhaps ABA-

deficient mutants in Arabidopsis lack receptors and/or uptake

mechanisms for ABA that are present in species exhibiting induced

dormancy by exogenous ABA.

During periods of maximal ABA concentration in the wheat seed,

germination is prevented and cell divisions cease. Growth is not

completely arrested. Cell size increases in both embryo and non-

embryo portions of the seed are observed as storage proteins accumu-

late. The accumulation of putative ABA-regulated proteins in wheat

has been discussed previously. The correlation between increases in

endogenous ABA levels and specific protein synthesis has been



15

noted as well in several non-cereal plants, including rapeseed,

cotton, and bean (18, 25, 35). ABA stimulation of protein

synthesis during embryo development is not necessarily related

to storage protein accumulation, as both in cotton and pea

storage proteins are synthesized during early embryogeny when

endogenous ABA levels are low, and ABA does not appear to

enhance synthesis of these proteins. However, ABA does

stimulate other embryo-specific proteins in these systems

(20, 26).

The specific mechanism of ABA action is not known. ABA

has been shown to effect bioelectric membrane function during

wheat germination, inhibiting a gibberellin-stimulated H+/K+

antiport in the scutellum (58). During germination H+ efflux

from the scutellum may drive glucose and amino acid uptake,

and ABA may thus inhibit nutrient uptake by the embryonic axis

during germination. This particular ABA effect may have a great

deal to do with ABA arrest of germination in mature seeds. The

prevention of precocious germination in vitro by ABA has not been

investigated for changes in active transport of nutrients. In

any event, ABA effects on membrane pumping functions does not

suggest a mechanism for promotion of specific gene expression

during embryogenesis. It is not clear at this point whether

endogenous levels of ABA in wheat seeds are located within the

embryo or are maternal in origin and exert specific effects

only at the plasma membrane of cells adjacent to maternal or
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endosperm tissue.

The only hormone-induced germination-specific gene expression

in plants for which the level of gene regulation has been identi-

fied is the gibberellin-induced synthesis of a-amylase in the

cereal aleurone layer. During grain imbibition gibberellin is

released from the embryo and stimulates the aleurone to produce

a-amylase denovo (13, 57). There are at least two gibberellins

involved in this process: GA' released by the embryo induces

GA4 synthesis in the aleurone, and GA4 appears to be the form

of gibberellin responsible for a-amylase induction (3). Isolated

aleurone synthesizes a-amylase only when GA is present in the

medium, and simultaneous inclusion of ABA will prevent a-amylase

production. GA promotion of a-amylase gene expression is at the

transcriptional level (4), although ABA inhibition of this gene

expression appears to operate at both transcriptional and

translational levels (83). If ABA is present during in vitro

aleurone induction, transcripts for a-amylase are not detectable

by either cell-free translation or RNA blot hybridization, nor

are they detectable if GA is lacking in the medium (60). It

should be noted that cereal grains are themselves rich sources

of some gibberellins, and peak levels of ABA in the developing

grain are probably necessary to prevent such GA-induced gene

expression. Breaking of dormancy and induction of germination

in wheat appear to rely on the relative concentrations of at

least two hormones, ABA and GA.
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In rapeseed ABA has been shown to induce expression of genes

for embryo storage proteins in vitro in a manner similar to in

situ transcriptional events. Rapeseed embryos synthesize two

types of storage protein, cruciferin and napin, whose synthesis

in vivo is regulated temporally. Napin mRNA appears at 18 days

post-anthesis (DPA) in developing seeds. Levels of this message

peak at 27 DPA and then decline. Napin synthesis in vivo ceases

at 42 DPA. Cruciferin mRNA is first detectable at 21 DPA and

peaks at 42 DPA. This protein accumulates through 50 DPA.

Temporal regulation of messages for both storage proteins is

evident when ABA induces mRNA synthesis in vitro. When embryos

are removed from the seed at 25 DPA and cultured in the presence

of ABA napin mRNA levels remain at the high levels present in

situ at 25 DPA, while cruciferin mRNA levels increase 10-fold

over three days. If ABA is omitted from the culture medium

napin messages decrease 20-fold within one day, while cruciferin

mRNA remains at the same low level found in situ in 25 DPA

embryos. Specific mRNA levels are enhanced during embryogeny in

rapeseed, and this enhancement can be regulated by ABA (17).

Hormones thus have been shown to effect differential gene

expression in vitro, and fluxes in horMone levels in situ can be

correlated with specific developmental events. It is not clear

what molecular events are affected by hormones that result in

this differential gene expression. Wheat embryo culture provides

an ideal system for investigating hormone-influenced gene
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expression, as exogenously supplied ABA prevents germination of

cultured embryos. A molecular marker of the germination pathway,

RUBISCO, was identified as a gene product whose expression is

affected by ABA.(28).

RUBISCO: A Molecular Marker Of the Germination Pathway

Previous research into molecular events of embryogenesis

and germination has provided useful information on general

trends in macromolecular synthesis and turnover during each of

these distinctive stages in plant differentiation. To investigate

coordinate regulation of gene expression it is necessary to choose

a specific gene product for which a number of molecular probes

are available. This is especially important when attempting to

identify levels of gene control during developmental transitions,

such as found during embryogenesis and germination. Detection

of gene products, both mRNA and protein, must be specific and

sensitive as transitions in development involve low initial

levels of gene products. In order to discern regulatory events

governing expression then, it is advantageous to choose a gene

product which is well-characterized, and for which molecular

probes, e.g., antibodies to protein and sequence-homologous

transcript probes, are available. Such is the case with ribulose-

1,5-bisphosphate carboxylase/oxygenase (RUBISCO).

RUBISCO is the most abundant protein on earth, responsible

for fixing 1011 tons of CO2 annually (54). Because of its

importance to energy cycles and abundance in photosynthetic
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tissue, it is the most well-studied of plant proteins. Research

into its structure, synthesis and regulation has provided

extensive information useful in identifying RUBISCO as a develop-

mentally regulated gene product.

A multimeric enzyme, RUBISCO is composed of eight each of

two nonidentical subunits. The plastome encoded (15) large

subunit (1sRUBISCO) has a molecular weight of 53 kd in wheat

(89) and contains the catalytic site of the enzyme (62). The

small subunit (ssRUBISCO) is nuclear encoded (32) and synthesized

as a precursor protein, 20 kd in wheat (68), which is processed

upon energy-dependent import into the chloroplast (14). Post-

translational processing involves removal of a transit peptide

sequence of the precursor, yielding the mature ssRUBISCO, 13.5

kd in wheat (89), found in the holoenzyme. The function of the

small subunit is not understood, although it is required for

both carboxylase and oxygenase activity (2).

Southern blot analyses utilizing complementary DNA (cDNA)

to ssRUBISCO mRNA have shown this protein to be encoded by a

multigene family (7). There is a single copy of the 1sRUBISCO

gene per plastid genome, but 15-30 genome copies per chloroplast

and up to several hundred chloroplasts per cell (43). RUBISCO

synthesis thus requires the coordinate regulation of a small

number of nuclear ssRUBISCO genes with up to several thousand

copies of the 1sRUBISCO coding region of the plastome.

Sequencing of genomic and cDNA clones containing ssRUBISCO
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encoding regions has been reported for both wheat and pea (6, 7).

Comparison of one wheat ssRUBISCO genomic sequence with that of a

cDNA to ssRUBISCO mRNA has revealed the presence of one intron in

the primary transcript of at least one wheat ssRUBISCO gene. Two

exons code for separate functional domains of the translation

product. The first exon (190 bp) encodes the transit peptide

and the amino-terminal end of the mature protein. The remainder

of the mature protein is coded for by the second exon (670 bp)

which includes a polyadenylation signal sequence. Excision of

the intron and polyadenylation yield a cytoplasmic mRNA of 850

bases.

The expression of at least some members of the ssRUBISCO

multi-gene family is light-regulated (16). Phytochrome appears

to mediate these light-regulated sequences as expression is pro-

moted in red light, and this promotion is reversed by far-red

light (70). RUBISCO is synthesized in the absence of light-

promotion during germination in cucumber, castor bean and

mustard (22, 55, 86). It is not known whether the synthesis

of ssRUBISCO in these cases is the result of expression of a

subset of the ssRUBISCO gene family, i.e., specific gene(

not dependent on light-promotion. It may be that light-regulation

of gene expression is itself developmentally regulated, such that

genes constitutively transcribed during early germination are

phytochrome-regulated only after a specific stage of germination

has been reached.
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Preliminary investigations of ssRUBISCO synthesis during

wheat germination have shown that light is not required for

synthesis of the protein, and that hormones may regulate

specific gene expression during germination (28).

An Investigation of Mechanisms of Control of Gene Expression
During Germination: Rationale for These Experiments

Differentiation relies on the expression of specific genes

in particular tissue during the course of development. The level

at which this expression is controlled and how selective gene

expression is achieved remains a major problem in understanding

cellular differentiation. The fact that there is protein

differentiation in plant tissues, and that protein specificity

is accompanied by the accumulation of protein specific

mRNAs is well documented. Qualitative differences in RNA

populations in various plant tissue types have been reported

(38). Thus tissue-specific expression occurs at both the

protein and mRNA level. However, such evidence does not indicate

that selective transcription is occurring. Specific mRNA may

accumulate in the cytoplasm, i.e., turnover rates and half-lives

of individual mRNAs may be affected post-transcriptionally.

It is now known that products of transcription comprise a

heterogeneous population of RNA (hnRNA) in the nucleus. In

plants, studies of tissue-specific polysomal RNA hybridized to

hnRNA of different plant tissue types (39), and hybridizations

of hnRNA of differing tissue types (38) have shown that
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differential gene expression is controlled both transcriptionally

and post-transcriptionally. Transcripts of structural genes which

are expressed in a tissue-specific manner were found to be either

constitutively transcribed in non-expressive tissue (post-transcrip-

tional regulation) or not present in hnRNA of non-expressive tissue

(transcriptional regulation). Little is known of the regulation

of specific gene products. The effects of hormones on specific

gene expression during plant differentiation is of considerable

interest.

The experiments included in this research were based on the

hypotheses that temporal differentiation in plants is effected by

hormones, and that hormones may effect differentiation through

regulation of specific gene expression. During the course of

this investigation I have addressed the following topics:

1. Identification of a specific set of proteins

synthesized in vivo during germination;

2. Determination of the time course of appearance

and accumulation of ssRUBISCO, a member of this

germination-specific gene set;

3. The influence of ABA on the appearance of

germination-specific proteins, including RUBISCO;

4. Changes in mRNA populations during germination

in the presence and absence of ABA, as monitored by

in vitro translation and hybridizations.



MATERIALS AND METHODS

Plant Material
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Mature wheat grains (Triticum aestivum L. var. Yamhill and

var. Chinese Spring) were surface sterilized with 10% Clorox

for 10 minutes, rinsed thoroughly in sterile water, and plated

in glass dishes lined with two layers of filter paper which

had been moistened with either water (-ABA) or a 10
-4 M

solution of ABA (4-.ABA) (Sigma). Aluminum foil was used as

a light barrier for dark-grown seedlings. Dishes were incubated

at 26°C in a growth chamber with a 16 hour photoperiod. At

harvest the embryo portion of the seed was removed with sterile

forceps and frozen immediately in liquid nitrogen.

Immature grains (T. aestivum L. var. Chinese Spring) were

harvested from greenhouse grown plants at Stage III of grain

development (66) and surface sterilized. The embryos were

aseptically removed and plated onto petri dishes containing

filter paper saturated with an inorganic salt medium (45)

supplemented with 2% sucrose and 150 mM glutamine, plus or

minus 10-4 M ABA. Incubation parameters were as above.

Protein Extraction

Frozen plant tissue (0.2-1.0 g) was pulverized in liquid

nitrogen with a mortar and pestle and homogenized in 5 ml of a

cold extraction buffer consisting of 10 mM glycine, 10 mM Tris-C1
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pH 9.0, 1% E-mercaptoethanol and 1 mM phenylmethyl sulfonyl

fluoride (PMSP) (10). The homogenate was centrifuged for 30

minutes at 10 krpm (16 k X g) in a HB-4 (Sorvall) rotor at 4°C.

The supernatant was then dialyzed against one-tenth strength

homogenization buffer for 16-18 hours at 4°C, with two changes

of buffer. Some of the protein extracts were further enriched

for RUBISCO by (NH4)2SO4 precipitation following the initial

clearing of the homogenate by centrifugation. Solid (NH4)2SO4

was added to the supernatant to a concentration of 33%, and

the extract then centrifuged at 10 krpm for 30 minutes in an

HB-4 rotor. This supernatant was then made to 50% ammonium sulfate

and the extract spun as before. The precipitated protein was

resuspended in 5 ml of cold homogenization buffer and dialyzed

as above. The dialysates were lyophilized and stored at -20°C.

After resuspension in water, protein yield was determined by the

method of Schaffner and Weissmann (72) using bovine serum albumin

as a standard.

In Vivo Protein Labelling

Twenty-four hours before harvest, 150 pCi of H2
35 SO4 (43 Ci/mg,

New England Nuclear) was added to individual petri dishes of various-

ly treated seeds or embryos (20-30 per dish). Upon harvest the

seedlings were rinsed in water and frozen immediately in liquid

nitrogen. Protein extraction and determination of yield was as

above.
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Polyacrylamide Gel Electrophoresis

Protein samples were analyzed on discontinuous poly-

acrylamide gels containing sodium dodecyl sulfate (SDS-PAGE)

(77). The running gel was 15 or 18% acrylamide, 0.12 to 0.36%

N,N'-methylenebisacrylamide, in 0.75 M Tris-Cl pH 8.8, 0.1%

SDS. TEMED (0.1% tetramethylethylenediamine) and 0.024%

ammonium persulfate were added to polymerize separating gels.

The stacking gel was composed of 5% acrylamide, 0.16% bis, in

0.125 M Tris-Cl pH 6.8, 0.1% SDS, 0.1% TEMED and 0.048%

ammonium persulfate. A volume of sample buffer (125 mM Tris-

Cl pH 6.8, 4% SDS, 20% glycerol, 10%, S-mercaptoethanol, 0.02%

bromophenol blue) equal to that of the protein sample was added

to extracts, which were then heated for five minutes at 80°C

prior to loading. Gels were electrophoresed for six hours at

a constant voltage of 110V in an electrode buffer of 0.05 M

Tris base, 0.38 M glycine, 0.1% SDS, pH 8.3.

Gels were stained with 0.1% Coomassie brilliant blue in

water/methanol/acetic acid (45:45:10) for 8-12 hours and

destained in water/ethanol/acetic acid (73:20:7). Trans-

illuminated stained gels were photographed with a Polaroid

camera using an orange filter. Gels containing radio-labelled

protein were shaken on a rotary platform in water to remove

destain, then in 1.0 M sodium salicylate for 30 minutes (11).

The gels were dried onto Whatman 3MM paper on a Biorad gel

dryer, and fluorographed with Kodak XR-5 X-ray film at -70°C.
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Isoelectric Focusing of Proteins

Protein extracts were separated according to isoelectric

point by isoelectric focusing (IEF) (1, 63), and according to

molecular weight in the second dimension by SDS-PAGE as

previously described.

Lyophilized extracts, 100 to 300 ug protein per sample,

were solubilized by heating at 70°C for 30 min in 50 mM Tris-

Cl pH 6.8, 2% SDS. As the ratio of SDS/protein (w/w) should

be 1.3/1 (1), 20 111 of the solubilization buffer is sufficient

for 300 pg protein. After heating, samples were diluted with

two volumes of a solution containing 9.5 M urea, 8% Nonidet

NP40 (Particle Data), 2% 8-mercaptoethanol, 2% ampholytes

(Bio-Rad; 2:2:1 of pH 4-6, 6-8 and 3-10, respectively). The

final concentrations in the sample buffer were thus:

0.67% SDS, 15.7 mM Tris-Cl pH 6.8, 6.34 M urea, 5.34% NP40,

1.33% 8-ME, 1.33% ampholytes. Samples were spun four minutes

in a Beckman microfuge at room temperature and the supernatants

loaded onto 0.3 cm X 11.0 cm tube gels. IEF gels were 12.6%

acrylamide, 0.7% N,N'-methylenebisacrylamide, 9.2 M urea, 5%

ampholytes (composed as above), photopolymerized with a ribo-

flavin (.14% w/v) -TEMED (1% v/v) solution (270 pl catalyst

solution per 10 ml final volume). Proteins were electro-

phoresed for 16 hours at 400 V followed by one hour at 600 V



27

in a Bio-Rad model 150-A electrophoresis cell at 17°C. The

cathode electrolyte was 20 mM NaOH (degassed), and the anode

electrolyte 10 mM H3PO4.

At the end of the focusing period, extruded gels were

equilibrated in 62.5 mM Tris-Cl pH 6.8, 10% (w/v) glycerol,

2% (w/v) SDS, 2% (w/v) s -ME for 15 to 30 minutes prior to

SDS electrophoresis. Gels which were not immediately run in

the second dimension were frozen at -20°C with no effect on

protein resolution. 15% acrylamide-SDS gels (previously

described) were used for molecular weight sieving of focused

gels. Tube gels were sealed to stacking gels with 1% agarose

(Sigma, low gelling temperature) in equilibration buffer con-

taining 0.02% bromophenol blue. Second dimension electrophoresis

was carried out at 110 V for 30 minutes using 2X tray buffer in

the upper (cathode) reservoir and 1X tray buffer in the lower

(anode) reservoir, followed by five hours at the same voltage

with 1X buffer in both reservoirs (1X tray buffer is 380 mM

glycine, 50 mM Tris, 0.1% SDS). Gels were stained and treated

for fluorography as previously described.

Western Blotting

Specified non-radioactive protein samples, 50 pg per lane,

were separated using SDS-PAGE and transferred immediately after

electrophoresis to nitrocellulose (BA85, Schleicher and Schuell).

Transfer was completed in a BioRad Trans-Blot apparatus at room
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temperature (25 V, 180 mA) using an electrode buffer composed

of 192 MM glycine, 25 MM Tris base, and 20% (v/v) methanol

(8, 80). Following transfer the gel was stained as above to

determine the presence of non-transferred protein. Nitrocellu-

lose containing transferred protein was shaken in a rinse

buffer containing 0.9% (w/v) NaC1, 10 MM Tris-Cl pH 7.4, 0.05%

(v/v) Triton X-100, and 5% BSA at room temperature for two

hours. Following prehybridization, nitrocellulose was placed

in a sealable plastic bag containing 6 to 10 ml of cold rinse

buffer (minus BSA) with an appropriate amount of antibody to

ssRUBISCO prepared in this laboratory (28). Air bubbles were

expressed, the bag sealed and rotated on a platform at 4°C for

two hours. Nitrocellulose was rinsed several times in fresh

rinse buffer, then transferred to a new plastic bag containing

10 ml of rinse buffer and 2.5 pCi of 125I-protein A (2-10 uCi/

pg, New England Nuclear). After sealing, the bag was rotated

for two hours at room temperature on a platform. The nitrocellu-

lose was then rinsed several times in rinse buffer, air-dired,

placed between Whatman 3MM paper, wrapped in plastic, and exposed

to Kodak NS X-ray film at -70°C for one to three days.

Quantification of antigen was accomplished by including a

range, 10 pg to 100 ng, of purified wheat ssRUBISCO in each

gel to be transferred. Fluorographs of blots, each containing

these internal standards, were then scanned with a densitometer

(Model SD3000, Schoeffel Instrument Corp.) connected to an
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Apple II plus computer for data storage and analysis.

Immunoprecipitation of
35

S-labelled Protein Extracts

Selective immunoprecipitation of RUBISCO was accomplished

by adsorption of the antigen -antibody complex to Staphylococcus

aureus cells (IgSorb, the Enzyme Center, Boston, MA) (51). Equal

counts per minute of specified protein samples were used for

immunoprecipitation. S. aureus cells (SAC) were prepared by

resuspending in NET (150 mM NaC1, 5 mMNa ',EDTA, 50 mM Tris-Cl

pH 7.4) plus 0.05% Triton X100 to a 10% (w/v) cell suspension,

immersing in an ultrasonic cleaner five minutes, and centrifuging

for one minute in a Beckman microfuge. After decanting the

supernatant, cells were resuspended to original volume in the

same buffer plus 0.1% BSA and stored at 4°C. For immunoprecipi-

tation, protein samples were brought to 150 pl with NET plus

0.05% TTX and 0.1% BSA, and 1.0 pg cold ssRUBISCO was added.

Mixtures were preincubated with 10 pl of the SAC suspension for

5 minutes at room temperature, spun in a microfuge for one

minute, and the supernatants transferred to fresh microfuge

tubes. Appropriate amounts of antibody to RUBISCO holoenzyme

were added and samples were incubated overnight (minimum: 12

hr) at 4°C. 50 pl of SAC suspension was added per sample,

and tubes were incubated on ice for 30 minutes. The cells

were pelleted by centrifugation, washed three times in NET

(plus 0.05% TTX, 0.1% BSA), resuspended in the same buffer
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minus BSA and transferred to fresh tubes. After centrifugation the

supernatant was removed and the cells suspended in 40 ul of SDS-PAGE

sample buffer, heated 5 minutes at 80°C, and centrifuged again.

An aliquot of this supernatant was spotted on Whatman 3MM paper and

counted in a Beckman LS 6800 scintillation counter, using Omnifluor

(New England Nuclear) as a scintillant. The remainder was analyzed

by SDS-PAGE and fluorography. The antibody to RUBISOC used for

immunoprecipitations was supllied by William Taylor (Dept. of

Genetics, University of California, Berkeley).

RNA Extraction

Tissue was pulverized in liquid nitrogen with mortar and

pestle and homogenized in buffer (2.5 ml/g tissue) which had

been heated to 100°C. The homogenization buffer was 0.2 M

Tris-Cl pH 9.0, 0.4 M NaC1, 25 mM EGTA, 1.0% SDS (27). As

the homogenate cooled proteinase K was added to a concentration

of 0.25 mg /ml, the mortar covered and incubated at 37°C for

one hour. Following protease treatment the homogenate was made

0.25 M KC1 and chilled at 4°C for 15 min to allow precipitation

of SDS-protein complexes. The homogenate was cleared of these

by centrifugation (Sorvall HB-4, 16 kXg, 15 min). The super-

natant was made 2.0 M LiCl and held at 4°C overnight to allow

selective precipitation of large RNAs. Precipitated RNA was

collected by centrifugation (HB-4, 15k X g, 30 min) and the

pellet washed twice with 2.0 M LiCl. The pelleted RNA was

resuspended in 0.3 M NaCl and ethanol precipitated (2-3 volumes
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95% ethanol) at -20°C for a minimum of 18 hr. Ethanol precipi-

tates were centrifuged as above at -10°C, the pellets washed

with cold 70% ethanol, centrifuged again, and then vacuum

dessicated. The dried pellets were resuspended in water and

an aliquot scanned in a Varian DMS90 spectrophotometer connected

to an Apple II plus computer for determination of RNA yield

(unit A
260

= 40 pg RNA/ml). RNase contamination was minimized

by baking all glassware at 250°C for four hours, and by addition

of diethylpyrocarbonate (pg/ml) to all solutions prior to auto-

claving (46).

Isolation of Polyadenylated RNA

Polyadenylated (poly A+) RNA was selected from total RNA

by affinity chromatography utilizing poly U Sephadex (Bethesda

Research Laboratories). Lyophilized total RNA was resuspended

in water, denatured by heating to 68°C for five minutes and

cooled on ice. An equal volume of 2X binding buffer (1X

binding buffer is 0.2 M NaC1, 10 mM Tris-Cl pH 7.5, 1.0 mM

EDTA, 0.2% SDS) was added to the RNA prior to passing the

sample over a poly U Sephadex column previously equilibrated

with binding buffer. Each sample was passed over a column three

times, followed by extensive washing of the column with binding

buffer. Unbound RNA was monitored spectrophotometrically, and

when A
260

was less than .002, bound RNA was eluted. The elution

buffer was 90% formamide, 10 mM Tris-Cl pH 7.5, 1.0 mM EDTA,
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0.2% SDS. Eluted RNA (poly A+) was ethanol precipitated follow-

ing addition of 2.0 M NaC1 to a final concentration of 0.4 M.

Precipitated poly A+ was collected by centrifugation (HB-4,

16k X g, 60 min), washed with 70% ethanol, vacuum dessicated

and stored at -70°C.

In Vitro Translations of RNA

Cell-free translations of poly+ RNA were done with a

wheat-germ translation kit (Bethesda Research Laboratories).

Reaction parameters were as described in the protocol provided

by Bethesda Research Laboratories, using 15 uCi 3H-leucine (120

Ci/mmol, ICN Biomedicals Inc.) and 0.5-1.0 ug RNA per assay.

Incorporation of 3H-leucine was determined by TCA precipitation.

An aliquot (2 0.) of each assay was added to 1.0 ml of 0.5 mg/ml

leucine, and 25% TCA was added to a final concentration of 8%.

Precipitates were collected on glass filters (Whatman GF/C) using

a Millipore filter manifold. Filters were washed extensively with

8% TCA prior to drying. Dried filters were counted in Omnifluor in

a Beckman LS 6800 scintillation counter.

Gradient Fractionation of RNA

Total RNA was fractionated on linear 10-40% sucrose gra-

dients. 10-40% sucrose in NET (0.1 M NaCl, 10 mM Tris-Cl

pH 7.5, 1.0 mM EDTA) plus 0.2% SDS was layered in seven steps

in centrifuge tubes and kept at room temperature for four hours
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prior to loading. RNA (1.0 mg per 5.0 ml gradient) was resus-

pended in NET prior to layering onto the gradients. Prepared

tubes were centrifuged using a SW28 rotor in a Beckman L5-65

ultracentrifuge at room temperature for 34 hr at 24 krpm.

Gradients were fractionated by pumping from the bottoms of the

tubes through 100 ul capillary pipettes using a Buehler peri-

staltic pump. Approximately 0.5 ml fractions were collected,

and RNA per fraction monitored by absorbance at 260 nm.

Fractions from different gradients were pooled according to

absorbance profiles, and RNA ethanol precipitated at -20°C.

Precipitated RNA was vacuum dessicated and stored at -70°C.

Preparation of cDNA Probes

A pBR322 clone, pW512, containing a 0.64 kb insert of cDNA

to wheat ssRUBISCO mRNA was provided by Steven Smith (CSIRO,

Canberra City, Australia). Plasmid DNA was prepared from chloram-

phenicol-amplified cultures grown in LB medium with 25 pg/m1

ampicillin (46). Host cells (Escherichia coli, HB101) were col-

lected by centrifugation and washed in cold STE (0.1 M NaC1,

10 mM Tris-Cl pH 7.8, 1.0 mM EDTA) prior to lysis. Cells were

resuspended in 5 ml of 0.9% glucose, 25 mM Tris-Cl pH 8.0, 10 mM

EDTA, placed on ice and lysed with the addition of 10 ml of 0.2

N NaOH, 1.0% SDS. Cells were kept on ice for 15 min during

lysis (with gentle mixing) after which 7.5 ml of 5.0 M KOAc

(pH 6) was added. Tubes were held on ice for 15 min to allow
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precipitation of SDS-protein complexes, which were removed by

centrifugation (HB-4, 16k x g, 15 min). The supernatant was

then extracted twice with an equal volume of phenol:chloroform:

isoamyl alcohol (25:24:1). Phases were separated by centri-

fugation (HB-4, 10k x g, 10 min), and nucleic acids precipitated

from the aqueous phase with two volumes of isopropanol at room

temperature. Nucleic acids were collected by centrifugation,

resuspended in 2.0 ml TE (10 mM Tris-C1 pH 7.4, 1.0 mM EDTA)

containing 50 pg/m1 RNase A, and incubated at 37°C for one hour.

RNase-treated extracts were ethanol precipitated at -20°C over-

night, nucleic acids collected by centrifugation (HB-4, 16k x

g, 30 min) and vacuum dessicated. Pellets were resuspended in

TE containing 0.4 mg/ml ethidium bromide. Solid cesium chloride

was added to a final density of 1.56 g/ml. Samples were loaded

into tubes and centrifuged in a Beckman L5-65 ultracentrifuge

using a Vti65 rotor for 18 hr at 55 krpm. Plasmid DNA bands

were collected with a syringe, and the ethidium bromide removed

with isopropanol (equilibrated with NaCl-saturated water).

DNA was ethanol precipitated after diluting DNA solutions with

two volumes water. Precipitated DNA was resuspended in water,

and yields determined spectrophotometrically (unit A260 = 50

1-1g/m1). DNA was stored in solution at 4°C.

Insert cDNA was isolated from plasmid DNA by BamHl digestion

and separation on 1.0% agarose gels in TBE (0.089 M Tris-borate,

0,08911boric acid, 0.002M EDTA). Insert bands were collected
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by electrophoresing onto strips of Whatman DE81 filter paper.

Filter paper strips were washed four times with 0.1 M NaC1,

10 mM Tris-Cl pH 7.4, 0.1 mM EDTA, and the DNA eluted with

1.0 M NaCl, 10 mM Tris-Cl pH 7.4, 0.1 MM EDTA. Ethidium

bromide was removed by extraction with water-saturated

isobutanol, and DNA then precipitated with ethanol in the

presence of 0.3 M NaOAc.

Nick-translated cDNA probes were prepared from both whole

plasmid DNA and insert DNA. One pg DNA was nick-translated in

a reaction volume of 50 pl. containing 100 pCi of labelled

nucleotide (e.g., dAT32-P) (3000 Ci/mmol, New England Nuclear),

200 p14 of each of three unlabelled nucleotides (e.g., dCTP,

dGTP, dTTP), 50 mM Tris-Cl pH 7.2, 10 mM MgSO4, 0.1 mM DTT,

50 pg/ml BSA, 5 p DNA poi I (Bethesda Research Laboratories),

and a small amount, determined experimentally (46) of DNase I.

The reaction was carried out for one hour at 16°C, and stopped with

the addition of 2 pl of 0.5 M EDTA. Percent of label incorporated

was determined by TCA precipitation, and DNA separated from

unincorporated label by Sephadex G50-80 column chromatography

(46). Fractions containing

Slot Blots

DNA were pooled and stored at 4°C.

RNA samples, up to 10 pg poly A+ and 50 pg total RNA per

100 p1, were denatured in formaldehyde:20X SSC (1:1) at 65°C

for 15 minutes. Denatured RNA was loaded onto nitrocellulose
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which had been equilibrated with 10X SSC (1X SSC = 0.15 Ai NaC1,

15 mM trisodium citrate) and mounted in a slot blot apparatus

(Schleicher and Schuell). Samples were drawn onto the nitro-

cellulose with gentle vacuum, and each sample slot washed with

four volumes of 10X SSC. The nitrocellulose was air-dried

and baked in a vacuum oven at 80°C for two hours.

Nitrocellulose blots were prehybridized in sealable plastic

bags at 42°C for 24 hours with 10 ml of a buffer consisting of

5X SSC, 50% formamide, 0.5 mg/ml denatured salmon sperm DNA,

50 mM sodium phosphate pH 6.5, and 10X Denhardts solution

(50X Denhardts = 1% each Ficoll, polyvinylpyrrolidone PVP-40, BSA).

For hybridization of blotted RNA, 0.1 lig of nick-translated

cDNA (107 -108 cpm/ ug) was denatured by heating (90°C, 10 min)

in 10X SSC, 10X Denhardts, 50 mM sodium phosphate pH 6.5, 0.5

mg/ml denatured salmon sperm DNA, and quenched on ice. When

the hybridization mix was cool, an equal volume of formamide

was added, and the prehybridization buffer replaced with the

probe mixture. Hybridization was carried out at 42°C for 24

hours. Following hybridization blots were washed four times

with 2X SSC, 0.1% SDS at room temperature, followed by two

washes in 0.1X SSC 0.1% SDS at 67°C. The nitrocellulose was

air-dried, wrapped in plastic wrap and placed on film (Kodak

XR-5) at -70°C. Densitometric scanning of slot blot film was

as for Western blotting.
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Northern Blots

RNA was denatured by treatment with glyoxal and electro-

phoresed in agarose gels (52) prior to transfer to nitrocellulose

(78). Total RNA (to 50 pg) and poly A+ RNA (to 10 pg) samples

were resuspended in 7 pl water, 3.2 pl 0.1 M Na2HPO4 pH 7, and

5.4 pl deionized glyoxal (46). Reaction tubes were incubated

at 50°C for one hour, cooled to room temperature, 4 pl loading

buffer added (50% glycerol, 0.01 M Na2HPO4, 0.4% bromphenol

blue), and samples loaded onto an agarose gel (1.4% agarose

in 0.01 M Na2HPO4). Gels were run submerged in recirculating

0.01 M Na2HPO4 at 4 V/cm for four hours. Separated RNA was

blotted immediately to nitrocellulose by capillary movement of

20X SSC in a sponge-blotting apparatus (78). Blotting proceeded

for 12-16 hours. The nitrocellulose was then dried, prehybri-

dized, and hybridized with nick-translated probe as described

for slot blots. Gels were stained with either acridine orange

or ethidium bromide (46) to detect any non-transferred nucleic

acid.

In Vivo Labelling of RNA

Stage V grain was surface sterilized and allowed to imbibe

growth medium plus or minus 10-4 M ABA for six hours at 26°C.

Embryos were aseptically removed from seeds with a forceps and

plated onto fresh medium in sterile petri dishes. Two plates

( f/- ABA) were pulsed with 200 Ul 3H-uridine (= 3.0 x 106 cpm/dish)
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(37 Ci/mmol, New England Nuclear) from 6 to 24 hours post-imbibition

at 26°C, rinsed in sterile growth medium (+/- ABA), and plated onto

fresh medium (+/- ABA) plus 0.1 mg/ml cold uridine. Two plates

(+/- ABA) were pulsed with an equal amount of
3H-uridine from 32

to 48 hours post-imbibition, and rinsed well in medium at the

end of the pulse period. All embryos were harvested at 48 hours.

RNA was extracted as previously described.
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RESULTS

Seedling Development: Germination in the Absence of Exogenously
Supplied ABA

To facilitate comparison of seedlings grown from two differ-

ent embryo sources, immature (Stage III) and mature (Stage V)

grains, it is necessary to distinguish developmental character-

istics of the germinating seedlings. The seedlings produced by

precociously germinating Stage III embryos develop at a slower

rate than those from Stage V embryos. Harvest of precociously

germinated seedlings is based on their developmental character-

istics compared to seedlings from Stage V grains germinated for

specific time periods. Therefore, seedlings from Stage III embryos

are harvested when morphologically and developmentally similar to

seedlings of specific germination stages of Stage V embryos

(Table II).

Within 24 hours after imbibition of mature grains (germination

stage G1), seedlings emerge from the pericarp. Elongation of the

primary root occurs in both light-grown (L) and dark-grown (D)

seedlings by this time (Fig. 2A, B). The shoot portion of all

seedlings is 2-3 mm. Between the first and second day, adventi-

tious roots initiated near the scutellar node also elongate. By

germination stage G2 shoots are 8-11 mm in length, and light green

in (L)-seedlings. The primary root has grown considerably by this

time in (D)-seedlings, while in (L)-seedlings adventitious root

growth is equal to that of the primary root. By three days (G3),



TABLE II. Morphological and growth characteristics of wheat seedlings at
different developmental stages of germination.

Stage of Germination Cl c2 C3 C
4

Days post-imbibition 1 2 3 4

light-grown seedlings

Shoot length (mm)

Color

2-3

white

8-11

pale green

15-20

green

25-35

green

Primary root length (mm) 1-2 7-14 15-25 25-35

Adventitious roots (mm) - 6-12 12 -20 15-30

Dark-grown seedlings

Shoot length (mm) 2-3 6-10 22-30 30-40

Color white white white white

Primary root length (mm) 1-2 15-25 20-30 25-35

Adventitious roots (mm) - 6-12 1(1 -18 15-15

Stage V grains grown at 26'C.

CD
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the coleoptiles of (L)-seedlings attain maximal length (15-20 mm)

and the first foliage leaf is ready to emerge. The shoots of

(L)-seedlings are now bright green. The coleoptile of (D)-

seedlings continues to lengthen between days three and four (G4)

until reaching a length of 30-40 mm, at which time the first

leaf, lacking in pigment, emerges from the coleoptile. Adventi-

tious root development is more pronounced in (D)-seedlings than

in (L)-seedlings during these last two stages of germination.

ABA Suppresses Seedling Development

When 10
-4

M ABA is included in the germination media, embryos

emerge from the pericarp of mature grains within 24 hours of

imbibition. However, no evidence of further growth and development

into a recognizable seedling is apparent within a four day incuba-

tion period (Fig. 2C). Although apparent swelling of the embryo

takes place, morphological evidence of germination is absent. No

greening occurs in these ABA-treated embryos whether incubated in

the light or in the dark. The shoot portion of these embryos

enlarges to a maximum of 3.0 mm. Although adventitious root buds

swell, no root structures, either primary or adventitious, elongate.

In the presence of ABA, embryos do not progress beyond stage G1

(Table II) of germination (Fig. 2C). Excised embryos of Stage III

seeds also increase in size, but fail to germinate, when incubated

several days in ABA (Fig. 2D).
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Figure 2. Wheat seedlings grown from Stage V (A-C) and Stage III
(D) embryos, incubated as follows:

A: Light (-ABA): G1, G2, G3, G4
B: Dark (-ABA): Gi, G2, G3, G4
C: Light (+ABA): G1 after 1, 2, 3, and 4 days
D: Stage III (immature) embryos (left), after

5 days incubation in the presence (center)
and absence (right) of ABA. The seedlings
to the right are germination stage G2.
(bar = 1.0 cm)
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Physiological Changes During Germination of Stage V Embryos

Growth curves of seedlings germinated from Stage V embryos

are shown in Figure 3. When incubated in the absence of ABA for

four days, similar growth (as measured by increase in fresh weight)

is observed in light-grown and dark-grown seedlings. Both light-

incubated and dark-incubated seedlings exhibit increases in total

extracted protein per seedling. Those seedlings germinated in

the absence of light show a significant increase in total protein

per seedling between one and three days post-imbibition, but

little protein gain after the third day. Light-grown seedlings

exhibit a gradual and constant exponential increase in protein

content per seedling throughout germination.

In the presence of 10
-4

M ABA, little increase in fresh

weight is noted between the first and fourth days of incubation.

Although protein content per ABA-treated seedling appears to

fluctuate slightly, approximately the same protein to fresh

weight ratio is maintained throughout the sampling period.

Yields of RNA per gram of tissue (Table III) vary markedly

with the stage of the wheat seed/seedling from which RNA is

extracted. During the first day of imbibition, when embryo

fresh weight increases considerably due to water uptake, RNA

yield per gram tissue increases two-fold. RNA extracts of

Stage V embryos are obtained from embryo-containing half-seeds,

which have a significant amount of non-embryo tissue, and may

overestimate the embryo RNA content. RNA extracts from other
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incubation time (days)

Figure 3. Fresh weight and total soluble protein per seedling
from Stage V embryos incubated from one to four days
at 26°C. Minimum sample size = 45. Minimum sample
number = 2. Bars show standard deviations when more
than two samples were used to calculate the mean.
Abbrevations: (L) Light, (D) Dark, (A) +ABA, light.
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stages are from embryo tissue only. Thus, this increase in RNA

during the first day of germination is clearly underestimated

and represents a very significant increase in RNA yield from G1

seedlings. As germination progresses, RNA yields decrease,

reflecting cell expansion and a greater contribution of water

mass to fresh weight. In mature leaves, where cell enlargement

has ceased, RNA yield is at its lowest, 0.08% of fresh weight.

The fraction of the total RNA population which is found

as polyadenylated RNA (poly A+) follows a pattern of appearance

similar to that of total RNA. Early in germination (G1)

synthesis of poly A+ RNA must be several times that of poly A-

RNA, as the percentage of poly A+ RNA increases 60% within the

first day of germination. Percent poly A+ peaks at G1 and decreases

during subsequent germination stages. In mature leaves poly A+

yields were significantly lower. It may be that techniques

employed failed to select for leaf poly A+ because of unidentified

intrinsic differences in leaf poly A+. For example, if poly A

tracts in leaf mRNA are significantly shorter than those found

in mRNAs from other tissues studied, then affinitity of leaf

poly A+ for poly U Sephadex would be considerably less and

yields correspondingly lower.

During germination template activity of poly A+ RNA

increases steadily, and by G2 is within the range of template

activity noted in mature leaf poly A+. G1 seedlings from

either +ABA or -ABA treatments exhibits approximately equal



TABLE Average RNA yields, purity, and template activity of different germination stages

of wheat.

Tissoo

Stage V

*
Total RNA Yield
(mg/g fresh weight)

RNA Purity: ratio
of absorbance

260/280 260/230

poly Al-
**

Relative
template

activity***

embryos

GI seedlings
(-ARA)

G seedlings
2

(-ABA)

seedlings
3 .

(-ABA)

C1 seedlings
(+ABA)

Mature Leaves

0.96

2.45

1.95

1.67

2.54

0.83

2.05

2.29

7.44

2.34

2.37

2.14

1.53

1.63

1.66

1.65

1.64

1.58

0.63

1.02

0.78

0.60

0.88

0.005

1.0

1.6 (0.2)

2.6 (0.5)

2.8 (0.4)

1.8 (1.3)

2.2 (0.8)

*
Average yields, purity and 7. poly A4- based on 6 to 25 separate extractions per tissue

type, each representing from 2-4 g of timsne.

* *
2 poly A+ = 100 x poly Al- (pg) eluted from poly U Sephadex/total RNA (tig) applied to column.

***
Template activity = ratio of cpm incorporated in TCA precipitable protein by equal amounts

of poly A+ RNA relative to that of poly A+ RNA from Stage V embryos (excised from dry seed).

Averages are based on from 3 to 5 translations per tissue type. Standard deviations are

given in parentheses.
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relative template activities, as well as % poly A+ and total RNA

yields.

Protein Synthesis During Germination

One dimensional SDS-PAGE separation of extant proteins of

germinating seedlings resolve few differences in banding patterns

during early germination (Fig. 4). In the absence of ABA a

progression in the accumulation of a few specific polypeptides is

evident. Seedlings obtained from Stage V seeds, whether incubated

in the light or in the dark, exhibit increases in specific protein

bands present at one day (germination stage G1), as well as synthesis

of new polypeptides, by stage G3 of germination. Protein bands of

approximately 47, 28, 27, 16.4, 15.5 kd are found in all (-ABA) -

seedlings by stage G3 of germination (Fig. 4, lanes 4, 5, 7, 8),

and do not appear to be present in extracts of (+ABA)-seedlings

(Fig. 4, lanes 6, 9). After establishing that protein synthesis

was identical in light-grown and dark-grown (+ABA)-seedlings (not

shown), all (+ABA)-seedlings were incubated in the light. A wheat

ssRUBISCO standard comigrates with the 15.5 kd polypeptide, which

is not apparent in (+ABA)-seedlings. This 15.5 kd protein accumu-

lates in both light-grown and dark-grown (-ABA)-seedlings (Fig. 4,

lanes 4, 5, 7, 8). In seedlings obtained from Stage V seeds, little

difference in the amount of this 15.5 kd protein is detectable by

Coomassie staining in light-grown and dark-grown seedlings of the

same age (Fig. 4, lanes 4, 5).

Both subunits of RUBISCO are prominent by G4 (Fig. 4,
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Figure 4. Proteins of seedlings from Stage V (2-6) and Stage III
(7-9) embryos: (1) 15.5 kd wheat ssRUBISCO standard;
(2-4) germinated in the light; (2) Gl; (3) G2; (4) G3;
(5) germinated in the dark, G3; (6) Gl, Stage V embryos
after 3 days in ABA; (7-8) germinated in the light; (7)
G3; (8) G4; (9) Stage III embryos after 3 days in ABA.
Molecular weight markers in kd are indicated to the
left. Arrows to the right indicate proteins discussed
in text.
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lane 8). Earlier in germination, and in the presence of ABA,

neighboring bands prevent the absolute determination of RUBISCO

accumulation.

To better resolve differences in proteins, extracts were

electrophoretically separated in two dimensions (IEF/SDS-PAGE).

Comparison of those proteins present in Stage V embryos before

imbibition to those found in G
3

seedlings reveals several major

changes in the protein population (Fig. 5). A number of low

molecular weight proteins present in dry seed embryos disappear

by the third day of germination (arrows, Fig. 5A). These may

be embryo storage proteins rapidly utilized by the embryo as

germination proceeds. Also evident is the accumulation of a

number of proteins newly synthesized during germination. Among

these is RUBISCO (arrows, Fig. 5B), which does not accumulate

in seedlings treated with ABA (Fig. 5C). Although several pro-

teins appear to be newly synthesized when ABA is present during

germination, four major "families" of proteins which are dominant

in G3 seedlings (stars, Fig. 5B) are conspicuously absent in

mature embryos (Fig. 5A) and ABA-treated seedlings (Fig. 5C).

Stained gels demonstrate the disappearance or accumulation

of specific polypeptides, but cannot reveal proteins which may

be actively synthesized but have a high turnover rate.

determine whether RUBISCO is synthesized in the presence of

ABA, but fails to accumulate, pulse-labelled proteins were

analyzed both by immunoprecipitation with RUBISCO antibody
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Figure 5. Two-dimensional (IEF/SDS-PAGE) analysis of Coomassie
Blue stained soluble polypeptides of: (A) Stage V
embryos prior to imbibition. Arrows indicate low
molecular weight proteins which disappear upon
germination. (B) G3 seedlings of Stage V embryos.
Arrows indicate subunits of RUBISCO; stars, addi-
tional polypeptides which accumulate during
germination. (C) Stage V embryos incubated
for 3 days in 10-4 M ABA. Boxes in A and C
show the absence of ssRUBISCO.
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Figure 5.
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and by two-dimensional electrophoresis of radioactive proteins.

Selective immunoprecipitation of RUBISCO from in vivo

labelled protein extracts yields several bands upon SUS-PAGE

analysis (Fig. 6). Two polypeptides, of 47 kd, and

15.5 kd, incorporate label and react with antibody to the RUBISCO

holoenzyme. The intensity of bands, and banding pattern, varies

with the source of the extract. The 47 kd protein is present in

all extracts, whether incubated in the light or dark, plus or

minus ABA, and co-migrates with the large subunit (1s) of

RUBISCO. In (L,-ABA)-seedlings this band increases in intensity

throughout the three day germination period. Both this 47 kd

and the 15.5 kd protein are dominant in immunoprecipitates by

stage G3 of germination. The 15.5 kd protein is also immuno-

precipitated from (D, -ABA)-seedlings harvested at stage G2,

but by stage G3 only the 47 kd protein appears in immunoprecipi-

tates from these seedlings. The 15.5 kd protein, which comi-

grates with labelled purified ssRUBISCO, is not precipitated

from extracts of seedlings incubated in ABA. After two days

of treatment, the 47 kd protein is the only labelled polypeptide

in these (+ABA)-extracts that is antigenic to RUBISCO antibody.

One-dimensional SDS-PAGE separation of labelled proteins

synthesized in vivo during early germination exhibit few

differences in banding patterns of extracts from variously treated

tissue. The subunits of RUBISCO do not incorporate sufficient

label relative to other protein bands to allow detection using
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Figure 6. Fluorograph of in vivo synthesized proteins reactive
with RUBISCO antibody. Seedlings of Stage V embryos
were pulse-labelled with 11735SO4 for 24 hours prior
to harvest. (1-3) germinated in the light; (1) Gl,
(2) G?, (3) G3; (4) germinated in the dark, C3; (5)

incubated in 10-4 M ABA. Molecular weight markers

in kd are to the right.
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this method of separation (data not shown).

Two-dimensional analysis of proteins labelled in vivo during

germination of Stage V embryos are shown in Figure 7. During the

first day of germination incorporation of label into polypeptides

is essentially the same in seedlings incubated in the dark or in

10
-4

M ABA (not shown) as that seen in G1 seedlings (Fig. 7A).

By stage G3 several proteins are being synthesized that do not

incorporate label in seedlings whose germination has been arrested

by ABA (Fig. 8A, B). Among those proteins synthesized only when

germination progresses is RUBISCO. Subunits of RUBISCO were

identified by comparison to gels of purified RUBISO, leaf extracts

and two-dimensional analysis of leaf protein antigenic to RUBISCO

antibody. Both the large and small subunits of RUBISCO are

indicated by small arrows in Figure 7B and 7C. No incorporation

of label during G1 into these subunits is detectable (Fig. 7A).

During G2 1sRUBISCO incorporates a greater amount of label than

that incorporated by ssRUBISCO, but by G3 (Fig. 7C) and in leaf

extracts (not shown), both subunits show similar amounts of

radioactivity.

There are several clusters of proteins, in addition to

RUBISCO, whose synthesis appears to be limited to germinating

seedlings. These clusters, indicated by lettered arrowheads

in Figure 7C, are present as well in seedlings germinated in

the dark (not shown). Like RUBISCO, they exhibit photo-enhanced

incorporation of label. Clusters a, b and RUBISCO appear to
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Figure 7. Two-dimensional analysis of radioactive polypeptides
synthesis in vivo during germination of Stage V
embryos in the light. Seedlings were pulse-labelled
with H235SO4 for 24 hours prior to harvest, and
extracted proteins resolved by IEF/SDS-PAGE. (A)

Gi; box: absence of ssRUBISCO; (B) G2; (C) G3.
Lettered arrows: germination-specific protein

clusters. Arrows: subunits of RUBISCO.
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accumulate during germination, and are visible in stained gels

of G
3
seedlings (Fig. 7B). Cluster c, although actively synthe-

sized, is not detectable in Coomassie stained gels, and apparently

has a high turnover rate.

Similar patterns of expression of these four groups of

proteins are found in precociously germinated Stage III embryos,

and none are found when either Stage III or Stage V embryos are

incubated in the presence of ABA (Fig. 8). As synthesis of these

proteins appears to be requisite to germination, and does not

occur when germination is prevented by ABA, they may be classified

as "germination-specific" proteins.

Those proteins actively synthesized in seedlings whose germi-

nation has been prevented by 10
-4

M ABA are shown in Figure 8.

ABA-stimulated proteins are denoted by lettered arrowheads in

Figure 8A, a fluorograph of an extract of Stage V embryos treated

with ABA for three days. Those labelled d and e are also visible

in Figure 8B, an extract of identically treated Stage III embryos.

None of these incorporates label in the absence of ABA (Fig. 7).

The two spots indicated by arrowhead d are not present among

in situ labelled Stage III embryogenic proteins (not shown), and

may be proteins either specific to ABA stimulation or synthesized

in situ later than Stage III of embryogenesis.

Both polypeptides e and f are prominent among the stained

proteins of Stage V embryo extracts (Fig. 5A). Neither of these

appears in stained gels of Stage V embryos treated with ABA
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Figure 8. Two-dimensional analysis of radioactive polypeptides
synthesized in vivo by Stage V (A) and Stage III (B)

embryos incubated in 10-4 M ABA for three days.
Embryos were pulse-labelled with 11935SO4 for 24
hours prior to harvest. Lettered arrowheads:
ABA-stimulated proteins.
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(Fig. 5C), although their synthesis is evident in fluorographs.

In germinating embryos neither of these proteins incorporates

label (Fig. 7), although polypeptide e is seen in stained extracts

of G3 seedlings (Fig. 5B). Both e and f are utilized rapidly

when Stage V embryos are germinated in the presence of ABA,

and continue synthesis during ABA treatment. In the absence

of ABA, f disappears rapidly as germination progresses and is

not replenished.

Of additional interest is a cluster of proteins denoted by

arrowhead g in Figure 8B. These proteins appear to be stimulated

by ABA only in Stage III embryos, and are not apparent in either

Stage V (+ABA) embryos (Fig. 8A), or among those proteins labelled

in situ during Stage III (not shown). ABA thus enhances some

specific protein synthesis only during a particular stage of

development. None of these proteins is visible in extracts

of seedlings permitted to germinate in the absence of ABA (Fig.

7).

The synthesis of ssRUBISCO during germination, and the

influence of ABA on this synthesis is summarized in Figure 9.

No ssRUBISCO is detectable in stained gels of unimbibed Stage

V embryos. Synthesis and accumulation of this protein are first

detected at germination stage G2, whether seedlings are obtained

from Stage III or Stage V embryos, grown in the light or the

dark. When germination is inhibited by ABA neither synthesis

nor accumulation of ssRUBISCO is apparent.
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Figure 9. Synthesis of ssRUBISCO during germination. Enlargements

of the gel area where ssRUBISCO is seen on two-
dimensional gels: (A) stained proteins of Stage V
embryos extracted prior to imbibition and (B-F)
fluorographs of extracts from: (B) Gl, ABA-treated

seedlings from Stage V embryos; (C) Stage III embryos
after incubation in ABA; (D) G3 seedlings from Stage V
embryos, germinated in the light; (E) G3 seedlings from
Stage V embryos, germinated in the dark, (F) G3 seedlings
from Stage III embryos, germinated in the light.
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Quantification of ssRUBISCO by Western Blotting

Although immunoprecipitation indicates that ssRUBISCO is

either not synthesized or, if synthesized, not processed to

mature form in seedlings incubated in ABA, this technique lacks

both the sensitivity and a means of quantifying antigen which

is possible with Western blotting. With most immunoreactions,

as in immunoprecipitation, antibody is incubated with extracts

containing numerous proteins. When the target antigen represents

a small proportion of those polypeptides, the occurrence of

antibody-antigen reactions is diminished. When proteins from

these extracts are separated by SDS-PAGE and immobilized on

nitrocellulose (Western blotting), interference with the

immunoreaction is considerably reduced. In addition, Western

blotting allows quantification of antigen, even when antigen

comprises a small percentage of the protein present in the

extract.

When Western blots of germinated (-ABA)-seedling protein

extracts are probed with antibody to ssRUBISCO, this protein is

first detected at stage G2 of germination (Fig. 10). In

seedlings provided with a 16-hour photoperiod, ssRUBISCO repre-

sents an increasing proportion of total proteins extracted as

germination progresses. Extracts of those seedlings deprived

of light have a signal intensity slightly less than those of

light-grown seedlings when both are harvested at germination

stage G9. However, after three days of light deprivation the
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Figure 10. Western blots, probed with antibody to ssRUBISCO,
showing the relative concentrations of ssRUBISCO
in seedlings of different stages: (A) ssRUBISCO
standards: 100 ng, 10 ng, 1.0 ng, 0.10 ng, 0.01 ng;
(B) Seedlings germinated from Stage V seeds, with 16
hour photoperiod: G4, G3, G2, Gl; (C) Seedlings
germinated from Stage V seeds, in the dark: G4, G3,

G2, GI; and Stage V embryos treated with ABA for 2
days; (D) Seedlings germinated from Stage III embryos,
with 16 hour photoperiod: G3, G2, Gl; seedlings of
Stage III embryos, germinated in the dark, G2, and
Gl; Stage III embryos incubated for 2 days in 10-4
M ABA; (E) (1) SDS-PAGE, G3, (2) ssRUBISCO, (3)

Western blot of SDS-Page, G3.
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quantity of ssRUBISCO relative to total protein decreases

significantly in dark-grown stage G3 seedlings. When a strong

signal response to ssRUBISCO antibody is evident with a poly-

peptide of 15.5 kd in (-ABA)-seedlings, a very weak response

to this antibody is often apparent with proteins of approximately

47 kd and 30 kd (not shown). No immunoreaction products are

detectable in extracts of (+ABA)-seedlings.

Standard amounts (10 pg to 100 ng) of ssRUBISCO were included

on each gel, and densitometric peak areas of 125I-protein A

binding to these standards were used to plot standard curves

for each gel blotted. When peak areas are plotted against logio

of the standard quantities of ssRUBISCO, the linear relationship

of these values allows quantification of ssRUBISCO present in

extracts when the signal from the antigen in these extracts falls

within the range of the standards (Fig. 11). Although Coomassie

staining of gels after electroblotting failed to reveal non-

transferred proteins in the mobility range of ssRUBISCO, the

sensitivity of this staining technique did not preclude the

possibility that some of this protein remained in the gel after

transfer. It was assumed in these studies that signals exceeding

the upper limit of the standards may not represent the total

amount of ssRUBISCO in those extracts, and these values were

not included in quantification of the protein.

Quantification of ssRUBISCO (Table IV) reveals that this

protein is present in total protein extracts of (-ABA)-seedlings
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Figure 11. Standard curve of densitometric scans of signals
generated by a set of standard ssRUBISCO quantities
included in a Western blot.



TAMA IV. Quantification of ssRUBiSCO in seedlings by densitometrim
scanning of Western blots.

Seedling Source

Stage V embryos

Treatment*
ssRUBISCO

(ng per 50 IT
protein)"

(7) ssIBIBISCO/

total protein

N.D.V, GI N.D.

Stage V embryos 1.20 2.4 X 10

Stage V embryos L, C3 11.30 2.3 X JOT
2

Stage V embryos D, Ct N.D. N.N.

Stage V embryos D, C2 0.48 9.6 X i0
-4

Stage V embryos D, G
3

0.03 6.0 X 10
-5

Stage V embryo, -IAAA (2d) N.D. N.D.

Stage HI embryos L, G
I

N.D. N.
Stage III embryos L, C

2
11.40 2.3 X 10

-2

Stage Ill embryos D, C
2

3.00 6.0 X 10

Stage III embryos -I-ABA (2d) N.D. N.D.

Abbreviations: (L) Light, (D) Dark. lucubation times of ABA treatments
are given in parentheses.

**
50 lig of each specified protein extract were electrophoresed and blotted.
Limit of detection: 10 pg, or 2.0 X 10-5% of total protein. Curves similar
to Figure 11 were used to calculate the relative amounts of ssRUBISCO.
H.P. not detected.



66

in extremely small amounts, even three days after germination.

Whether from Stage III or Stage V embryos, dark-grown G2 seedlings

contain 40% of the quantity of ssRUBISCO found in light-grown G2

seedlings. However, the percentage of ssRUBISCO to total protein

increases ten-fold in light-grown seedlings between stages G2

and G3, while decreasing considerably during this same time period

in seedlings grown in the dark. Stage G2 seedlings precociously

germinated from Stage III embryos contain the same percentage

ssRUBISCO as G3 seedlings grown from Stage V seeds. Densito-

metric scans of (+ABA)-seedling extract blots yielded no absorbance

peaks. As the lower limit of detection was 10 pg, and 50 pg of

each protein extract was electrophoresed and blotted, ssRUBISCO,

if present, represents less than 2.0 X 10
-5

% of total protein

in (+ABA)-seedlings.

Detection of ssRUBISCO mRNA During Germination Using Northern
and Slot Blot Analysis

Leaf total RNA is fractionated on a sucrose gradient, and

fractions enriched in ssRUBISCO mRNA identified by cell-free

translations and by Northern blot analysis using as a probe

nick-translated cDNA (pW512) to wheat ssRUBISCO mRNA. In

leaves, this message is 0.95 kb (Fig. 12).

When glyoxal-denatured poly A+ RNA or total RNA from

germinating wheat seedlings is separated on agarose gels,

blotted to nitrocellulose, and probed with pW512, homologous

sequences are detected by one day after imbibition by mature
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Figure 12. Analysis of sucrose gradient-fractionated leaf RNA.
(A) In vitro translations of gradient fractions.
Arrows indicate the migration of ssRUBISCO (s) and
its precursor (ps). (B) Northern blot analysis of

gradient fractions probed with pW512. Size markers

are indicated to the right. Arrow = 0.95 kb.
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seeds (Fig. 13). The message found in germinating seedlings is

indistinguishable in size on 1.4% agarose gels from that found

in leaf gradient-fractionated total RNA. This message is present,

although greatly reduced in quantity, in Stage V embryos treated

for three days with 10
-4

M ABA. It is not detectable in embryos

excised from Stage V grains.

The amount of ssRUBISCO message present during various stages

of germination was quantified by densitometric scanning of fluoro-

graphs from slot blots and Northern blots. To determine the

relationship between the amount of probe bound, and copy number

or mass of homologous sequences, a Northern blot of a specific

amount of pBR322 digested with restriction endonucleases was

scanned. As equal copy numbers of each fragment size should be

generated in such a digest, the densitometric scan showing a

linear increase in amount of probe bound as fragment size increases

indicates that binding is related to mass of the hybridizable

fragment (Fig. 14A). In this case, both probe and nitrocellulose-

bound sequences contained equal lengths of hybridizable nucleic

acid, as pW512 is a pBR322 clone. The cDNA insert size in pW512

is 0.64 kb. The mRNA for ssRUBISCO was determined to be 0.95 kb,

1.5 times the probe size, necessitating a correction factor in

calculations to account for the non-hybridizable portion of

ssRUBISCO mRNA. Also, as nick-translated cDNA probes tend to

be reduced in size due to DNase activity, a correction factor

relating radioactivity bound to the length of hybridizable nucleic
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Figure 13. Detection of ssRUBISCO mRNA by Northern blot analysis
of total RNA and poly A+ RNA of different germination
stages using pW512 as a probe. 40 pg per lane of each
total RNA, 3 pg of leaf gradient-fractionated RNA and
10 pg each of poly A+ RNA were electrophoresed and
blotted. Size markers run separately (Fig. 12) indicate
ssRUBISCO mRNA is 0.95 kb.



70

acid immobilized is included. No attempt was made to correct

for differences in rates of DNA:DNA versus RNA:DNA duplex for-

mation.

Quantification of ssRUBISCO mRNA was based on absolute values

obtained from densitometric scans of slot blots incorporating

standard amounts of pBR322 (Fig. 14B), as well as densitometric

scans of relative amounts of message detected on several Northern

blots, and this data is summarized in Figure 15. Quantity of

ssRUBISCO mRNA was determined using the following formula:

Qm = (Qs) (Hs/Hx) (Lm/Lx)

where s = standard, x = hybridizable portion of mRNA, m =

ssRUBISCO mRNA, Q = mass, H = length of hybridizable sequence,

L = sequence length, and Qs is determined by interpolation of

equivalent signal to sample on a curve of internal standards.

The amount of ssRUBISCO mRNA increases exponentially

from germination stages Gi to G3. When Stage V embryos are

incubated in 10-
4 M ABA for three days (G1, +ABA) a small

amount of message is detectable, but is less than those found

in G
1
seedlings germinated in the absence of ABA. No ssRUBISCO

mRNA is detected in either Stage V embryos excised from dry seeds

or in Stage III embryos incubated in ABA, with a detection limit

of 10.0 pg per 10 vg of poly A+ probed.

The quantity of ssRUBISCO message present in germinating

seedlings comprises a small percentage of the poly A+ RNA
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Figure 14. Quantification of ssRUBISCO mRNA: densitometric

scanning of slot blots. A. Southern blot of digest
of 10 ng of pBR322; densitometric scan and graph of
relative peak areas of absorption from this digest.
B. Slot blot of pBR322 standards and densitometric
scan (above) and slot blot of wheat poly A+ RNA and

densitometric scan (below).
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Figure 15. Range of the quantity of ssRUBISCO mRNA per 10 pg
poly A+ RNA during germination. Limit of detection

= 10.0 pg. G * (+ABA); values shown are for Gi
obtained from Stage V embryos germinated in the
presence of 10-4 M ABA. All other germination
stages shown are of seedlings germinated in the
absence of ABA.
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population. By germination stage G3 the maximum amount of this

specific message detected is 950.0 pg per 10 ug poly A+ RNA,

or 9.5 X 10
-3

% of the poly A+ RNA population.

In vitro Translations of Poly A+ RNA From Germinating Seedlings

When a wheat germ cell-free translation system is primed with

poly A+ RNA from Stage V embryos excised from dry seeds a number

of low molecular weight polypeptides are synthesized (Fig. 16A).

When germination occurs, whether in the presence or absence of

ABA, the electrophoretic pattern of polypeptides synthesized

changes dramatically (Fig. 16B, D) compared to that seen in

Stage V embryo translations. With the exception of a prominent

doublet, labelled h, of approximately 18 kd in the acidic portion

of all three fluorographs, protein synthesis as directed by

Stage V embryo poly A+ ceases during germination. The mRNA

coding for these two acidic polypeptides, which are still being

synthesized by poly A+ of G3 seedlings, may be "stored" mRNA

necessary to germination. These two mRNAs are not present in

Stage III (+ABA) embryos (Fig. 16C), and may be transcribed at

some later stage of embryogenesis. Although other polypeptides

present in translations of Stage V embryos can be noted in trans-

lations of G1 (+ABA) poly A+, these do not appear to be retained

in G3 seedlings.

Additionally there are two dominant polypeptides, labelled

i and j, primed by Stage III (+ABA) embryo poly A+ which can be
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Figure 16. Two-dimensional resolution of polypeptides
synthesized in vitro when a wheat germ cell-free
translation system is primed by poly A+ RNA of:
(A) Stage V embryos (preimbibition), (B) G3
seedlings from Stage V embryos, (C) Stage III
embryos treated with ABA for three days, (D)
C1 seedlings (+ABA) from Stage V embryos.
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seen in translations of both Stage V embryo and G1 (+ABA)

seedling poly A+, which are no longer synthesized in G3

seedlings (Fig. 16). These are the only dominant proteins

noted which appear specific to ABA-treated tissue, and may be

present in Stage V embryos as residual messages from an earlier

stage of embryogenesis.

The mRNA for ssRUBISCO comprises only a small proportion of

the poly A+ population in germinating seedlings and putative

precursor to ssRUBISCO, as identified by comparison to two-

dimensional gels of leaf gradient-fractionated RNA translations,

is not discernable in the gels presented here. RUBISCO does not

appear to be a major product of translations by germination

stage G3.

To determine if translatable message for ssRUBISCO was

indeed present in tissue extracts, translations were immunopreci-

pitated with antibody to RUBISCO (Fig. 17). The visualization

of translation products precipitated by RUBISCO antibody required

long exposure times: a minimum of two weeks. This was at least

ten times the exposure required to detect the major translation

products separated by SDS-PAGE. Although immunoprecipitation

parameters were based on maximal precipitation from G3 seedling

poly A+, no quantitative difference is noted in immunoprecipi-

tates of G1 and G2 seedling poly A+ translations. This may be

due to the low level of ssRUBISCO mRNA present during early

germination. That immunoprecipitation of translations fails to
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Figure 17. SDS-PAGE resolution of in vitro translation products
(1-6) and immunoprecipitates (8-11) from in vitro
translations of different poly A+ RNAs using anti-
body to RUBISCO. (1) globin mRNA, (2) no RNA, (3)
G1 (+ABA), (4) Stage V embryo (pre-imbibition),
(5) G1, (6) G3, (7) ssRUBISCO, (8) G1 (+ABA),
(9) Stage V embryo, (10) Gl, (11) G2. Molecular
weight markers in kd are indicated to the right.
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discriminate a 10-fold increase in specific mRNA (Fig. 17) may

result from the difference being between that message comprising

10
-4

% of the message population in G 1
seedlings and 10

-3
% in

G
2

seedlings. Whatever the case, it is clear from immunoprecipi-

tation that no stored translatable mRNA for ssRUBISCO is present

in Stage V embryos, and that de novo synthesis of ssRUBISCO mRNA

occurs in germinating seedlings in both the absence and presence

of ABA.

In translations yielding immunoprecipitable proteins, two

polypeptides are visible. The smaller of these (15.5 kd)

comigrates with a purified ssRUBISCO standard, indicating that

in vitro processing of the primary translation product is occurr-

ing. The putative precursor to ssRUBISCO appears to have a

molecular weight of approximately 20 kd in these immunoprecipita-

tions.

Effect of ABA on RNA Synthesis

It is apparent in translations of poly A-1- RNA that new

messages are synthesized by Stage V embryos that imbibe ABA.

One of these newly synthesized messages codes for an immuno-

precipitable, product to RUBISCO antibody, and quantification of

this message by slot hybridization indicates that ssRUBISCO

mRNA is present in G1 seedlings treated for three days with ABA

at or below that level found in Gi (-ABA) seedlings. Both this

biochemical evidence and the morphological evidence of germi-
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nation-arrest by ABA suggest that RNA synthesis or turnover rate

may be influenced by ABA. To test this hypothesis, the effect

of ABA on the incorporation of
3
H-uridine into RNA during germi-

nation was investigated. Seedlings were pulsed with
3
H-uridine

during the first 24 hours of imbibition (0-24 hours) and harvested

after a 24 hour chase period (24-48 hours). Similar amounts of

label were incorporated into RNA from seedlings treated with 10
-4

M ABA and those germinated in growth medium without supplemental

hormone (Fig. 18A). The recovery of labelled RNA after 48 hours

(24 hour pulse/24 hour chase) may result from either retention

of RNA synthesized during the pulse period, or turnover of this

RNA and subsequent incorporation of nucleotides freed during

breakdown of G1 -RNA into RNA synthesized during the second day

of germination.

To test whether ABA affects the RNA turnover rate during

germination, seedlings (plus or minus ABA) were pulsed with an

equal amount of
3H-uridine during the second day of treatment

(24-48 hours) and harvested with no chase period. Those seed-

lings germinated in the absence of ABA incorporated
3H-uridine

into RNA during the second day of germination at nearly the same

rate noted in the 24 hour pulse/24 hour chase (-ABA) seedlings:

specific activity of the (24-48 hour)-pulse RNA was 88% of the

specific activity of the (0-24 hour)-pulse/(24-48 hour)-chase

RNA (Fig. 18B).

In the presence of ABA a dramatic decrease in RNA specific
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Figure 18. Effect of ABA on incorporation of
3
H-uridine into

RNA during germination.
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activity is evident when seedlings are pulsed during the second

day of treatment. The amount of label incorporated per unit

of RNA during the (24-48 hour)-pulse is 36% of the incorporation

found in (0-24 hour) -pulse/(24-48 hour)-chase (+ABA) seedlings.

These experiments indicate that the synthesis of RNA decreases

significantly in the presence of ABA during the second day of

treatment. As incorporation of label into RNA is relatively low

during the 24-48 hour post-imbibition period in ABA-treated

seedlings, the recovery of labelled RNA of significantly higher

specific activity (2.7 X) from +ABA-seedlings pulsed during the

first day of a two day treatment suggests that RNA synthesized

during this first day of treatment has a low turnover rate.

When no ABA is present in the medium RNA synthesis is

active during the second day of germination. As the rate of

incorporation of label is nearly the same during the (24-48 hour)

-pulse as during the (-24 hour)-pulse, the potential for rapid

turnover of RNA in (-ABA)-seedlings exists. This potential is

not apparent in ABA-treated seedlings. Although ABA effects a

decrease in RNA synthesis by the second day of treatment, it is

not known if this effect is restricted to a particular RNA

population.



81

DISCUSSION

Identification of a Germination - Specific Protein Set

A set of proteins is synthesized de novo during wheat germi-

nation (Fig. 7). None of these proteins requires light-stimulus

for in vivo synthesis, although their synthesis is enhanced in

the presence of light. A member of this set, ssRUBISCO, is first

detected during the second day of germination in both light- and

dark-grown seedlings. Synthesis of ssRUBISCO increases consider-

ably by G3 in the presence of light, and accumulates in these

light-grown seedlings. However, even by G3 ssRUBISCO represents

only 2.3 X 10-2 % of the total protein compared to mature leaves

where it comprises approximately 10% of the soluble protein (16).

When deprived of light, G2 seedlings synthesize and accumulate

only 40% of the amount of ssRUBISCO found in light-grown G2

seedlings. Although this protein is actively synthesized in

dark-grown G3 seedlings, it does not appear to accumulate. Only

0.3% of the quantity of ssRUBISCO present in light-grown G3

seedlings is found in dark-grown seedlings of the same age

(Table IV). Therefore, light has a more profound effect on the

accumulation of ssRUBISCO only after a certain developmental

stage has been reached, i.e., after G2.

The ssRUBISCO is synthesized in the absence of light during

germination in other plant species as well (25,55,86). These

results during early germination stages are different when
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compared with more mature tissue, where the expression of ssRUBISCO

is generally considered to be phytochrome-mediated (16,70). The

synthesis of phytochrome itself is light-regulated, although

molecular aspects of phytochrome synthesis and activation are

not well understood (87). Whether phytochrome is present and

exerts regulatory control on gene expression during early germi-

nation is not known.

It is also possible that ssRUBISCO mRNA, which is encoded

by a small multigene family (7), is transcribed from two or

more genes during development, and that these genes have different

regulatory regions. Perhaps differential light-regulation of

these genes, not necessarily phytochrome mediated, may account

for the patterns of expression during early germination in the

absence of light. For example, one member of the family may be

developmentally regulated, and expressed only during germination.

If this is the case, then some non-phytochrome regulator, perhaps

a hormone, is responsible for promoting its expression. It may

be that this gene is also expressed in older seedlings, but its

synthesis/accumulation is at a low level compared to another

gene of the family which is phytochrome-mediated and whose tran-

scripts increase in the light.

In many plant species several isoelectric variants of

ssRUBISCO are present, and this heterogeneity indicates that

more than one gene codes for ssRUBISCO in these species (54),.

In wheat no definitive study of charge variants in ssRUBISCO
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has been done. It is apparent from sequencing of one genomic

clone and comparison to an expressed mRNA for ssRUBISCO in wheat

leaf tissue that nucleotide substitutions in the coding region

of the genes occur (7). Hence the potential for heterogeneity

in this protein exists in wheat. In germinating wheat ssRUBISCO

migrated at only one pKi (Fig. 7). However, this does not pre-

clude the existence of charge variants of ssRUBISCO at some later

point in development.

Although synthesis of ssRUBISCO in dark-grown wheat seedlings

(G3) is only slightly less than in light-grown seedlings, this

protein fails to accumulate in the absence of light. As the

dark-grown seedlings age, a diminishing amount of soluble protein

is found as ssRUBISCO. Thus, synthesis of ssRUBISCO is not

dependent on light during early germination, but light appears

to increase the accumulation of the protein.

The expression of ssRUBISCO is thus regulated at several

levels. During early germination light is not required for

synthesis of this protein, yet light enhances its accumulation.

ssRUBISCO synthesis in older seedlings appears to be light-

dependent. Two members of a multigene family for ssRUBISCO,

each with different regulatory regions, may be responsible for

this differential regulation at two stages in the life cycle.
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The Effect of ABA on Germination- Specific Protein Expression

When germination is repressed by ABA, germination-specific

protein expression is inhibited. These proteins, including

ssRUBISCO, fail to accumulate (Fig. 5) and do not appear to be

synthesized in vivo (Fig. 8). Western blots using antibody to

ssRUBISCO demonstrate that if ssRUBISCO is present in ABA-treated

seedlings, it represents less than 2 X 10
-5

% of total protein.

It appears that some lsRUBISCO is synthesized in ABA-treated

seedlings. A 47 kd protein band which comigrates with lsRUBISCO

is evident in immunoprecipitates of these extracts (Fig. 6) but

does not appear to accumulate (Fig. 5). It may be that upon

imbibition this plastome-encoded gene is expressed as pro-

plastids develop, but 1sRUBISCO fails to accumulate in the

absence of ssRUBISCO. It appears that ABA does not exert the

same controls on plastome gene expression that it does on

nuclear gene expression.

The inhibition of germination proteins by ABA is specific.

During ABA repression little change in protein content per

seedling is noted (Fig. 3)but changes in specific protein

synthesis are evident (Fig. 5, 8). During the first day of

imbibition in vivo protein synthesis is virtually identical

in both +ABA- and -ABA-seedlings. Inhibition of germination-

specific protein expression is not evident in +ABA-seedlings

until the second day of treatment. This ABA-inhibition is

accompanied by enhancement of synthesis of proteins specific
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to ABA-treated seedlings (Fig. 8). This change in protein synthesis

pattern during ABA-repression of germination, with little change

in protein content over the same time period, is an indication

that gene expression is modified. Both protein turnover and new

protein synthesis occur when morphological progression in develop-

ment is repressed.

Stage V embryos have completed maturation, and do not exhibit

further embryo development when incubated in ABA. Stage III embryos

not only accumulate specific proteins, but also accelerate maturation

with increases in size and dry weight (47, 82). Yet, ABA treatment

of both Stage III and V embryos results in the promotion of similar

proteins, although accumulation of at least some of these proteins

is not apparent in Stage V embryos treated with ABA. It is not

known whether ABA-promotion of this specific protein expression is

the result of transcriptional enhancement or an increase in the

half-lives of specific transcripts present at the beginning of

ABA-treatment in both stages of embryo development (88).

Changes in mRNA Populations During Germination in the Presence
and Absence of ABA

Cell-free translation of extant RNA of Stage V embryos

yield a number of low-molecular weight proteins. There is a

dramatic shift to higher molecular weight translation products

during the first day of imbibition in both the presence and

absence of ABA (Fig. 16, 17). This transcriptional switch

occurs within the first few hours of germination (9, 69), and
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is dependent on new mRNA formation (79). Since ABA does not

affect this switch, either the mechanism of gene expression

during imbibition is not affected by this hormone, or the

exogenous ABA is not able to reach a critical internal concen-

tration soon enough to be effective.

mRNAs for germination-specific proteins are not abundant

messages, even after three days of germination. A representative

of this germination-specific set of transcripts, ssRUBISCO mRNA,

is present in G1 seedlings at very low levels and by G3 comprises

approximately 0.01% of the poly A+ population, or one out of

10000 messages of equal size. When ABA represses germination,

the de novo transcription of this message is not prevented,

although the levels of ssRUBISCO mRNA remain at or below that

found in G1 (-ABA)-seedlings throughout three days of ABA

treatment. Hence, the accumulation of ssRUBISCO mRNA after the

first day is prevented by ABA. G1 -seedlings and ABA-treated

seedlings exhibit other similar physiological characteristics.

Protein yield, RNA yield, % poly A+, and poly A+ template

activity of Stage V embryos which have been treated with ABA

for three days is approximately the same as that found in G1

(-ABA)-seedlings (Fig. 3, Table III).

Germination-specific proteins are not evident until after

the first day of germination, and this is reflected in an

increase in the level of mRNA for at least one of these proteins,

ssRUBISCO, by the second day of germination. Accumulation of
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this specific mRNA is repressed in ABA-treated seedlings. The

expression of this germination-specific gene set does not appear

to be an early event in germination.

The data then indicates mRNA for ssRUBISCO is present in

ABA-treated tissue in low levels, but is not translated in vivo.

In pea, low levels of this message have been detected in both

etiolated leaves and roots (16), tissue in which ssRUBISCO is

not expressed. At least some members of the ssRUBISCO multigene

family appear to be transcribed constitutively.

A number of molecular events occur by the second day of

germination which may be affected by ABA, and which may result

in differential gene expression. The conversion of RNA polymerase

from the IIA to the IIB form is complete within 24 hours of

imbibition (36). Initial transcription during early germination,

which is not affected by ABA, must be the result of pol IIA

activity. Whether ABA affects this conversion of IIA to IIB,

and whether this conversion affects specific gene expression

is not known.

Nothing is known of the transcriptional state of embryo

chromatin upon imbibition. It may be that chromatin is primed

for early transcription, i.e. some genes may be transcriptionally

active as the chromatin hydrates. An increase in transcriptional

activity during germination has been correlated with changes in

specific chromatin-associated proteins (81). It is not known

whether ABA has any effect on this change in chromatin structure.
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Another possible explanation for physiological arrest of

germination is that ABA may alter the turnover rates of specific

messages. Transcription during early germination (day 1) does

not appear to be affected by ABA, and pulse-chase experiments

indicate that RNA synthesis is significantly reduced in ABA-

treated seedlings during the second day (Fig. 18). As RNA

yields remain constant over the ABA treatment period, at least

some species of RNA must have a longer half-life in the presence

of ABA.

ABA appears to effect differential gene expression by

changing the levels of specific mRNAs. This ABA modulation of

mRNA levels is apparent both in ABA-inhibition of both ssRUBISCO

and a-amylase gene expression (83) and in ABA-enhanced gene

expression (17, 88). It is not clear whether this variation

in the levels of specific transcripts is the result of tran-

scriptional or post-transcriptional events. Although ssRUBISCO

mRNA is constitutively transcribed in ABA-treated seedlings, ABA

prevents the increase in quantity of this message apparent when

germination progresses in the absence of ABA. ABA may prevent

promotion of transcription, or it may affect the level of message

post-transcriptionally, e.g. by accelerating degradation of the

transcript or preventing transport from the nucleus. In vitro

transcription (nuclear run-off) experiments should distinguish

these two levels of control of gene expression.
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Summary

Morphological evidence of arrest of germination by ABA

is reflected in a number of specific molecular events. ABA

prevents the synthesis of proteins identified as specific to

the germination pathway, including ssRUBISCO, in cultured

wheat embryos. De novo synthesis and accumulation of ssRUBISCO

is first detected during the second day of germination. Syn-

thesis of this protein is not dependent on light, although

light promotes both in vivo synthesis and accumulation.

The mRNA for ssRUBISCO is not stored in the dry grain

(Stage V) embryo, but is transcribed de novo upon imbibition.

This mRNA is constitutively transcribed, and is present at low

levels in Stage V embryos treated with ABA. As germination

progresses in the absence of ABA, ssRUBISCO transcripts comprise

an increasing percentage of the mRNA population. This increase

in the quantity of ssRUBISCO mRNA is prevented by ABA.

ABA does not have a generalized inhibitory effect on either

transcription or protein synthesis. New transcript formation

is evident in cell-free translations of RNA of Stage V embryos

whose germination has been arrested by ABA. ABA promotes the

synthesis of a number of ABA-specific proteins in both Stage III

and Stage V cultured embryos. Thus ABA appears to effect

differential gene expression by influencing the levels of

specific mRNAs.
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