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ABSTRACT

Robertson, Masumi. Ph. D., The University of Manitoba,

July 1989. Effect of EnvÍronment and ABA on G-

Amvl-ase/Subtilisin Inhibitor Accumul-ation Durinq KerneI

Development and Early Seedling Growth in Hordeum vulgare

L.. Major Professor; Dr. R.D. Hill.

Regulation of o-amylase/subtilisin inhibitor

synthesis was studied in the kernel and embryo during

barley development. Effects of ABA and dehydration

stress were also examined to elucidate t.he physiological

function of the inhibitor.

In the developing barley kernel, inhibitor synthesis

v/as initiated shortly after fert.ilization and most active

protein accumul-at.ion occurred early in kernel development

parallel to an increased level- in inhibitor mRNA.

Inhibitor mRNA content after l-9 DPA was higher than

expected from a smal-l amount of protein accumul-ati-on,

suggesting the presence of transl-ational control. The o-

amylase content was very low throughout kernel

development, thus the inhibitor is unlikely to at.tenuate

the enzyme activily in immature kernels.



In mature kernels, the inhibitor was mostly in the

endosperm, although a small amount was present in the

embryo. Inhibitor expressj-on is confined to kernel

tissue since neither the protein nor its mRNA was

detected in vegetative tissue, indicating that its

function is limited to the kernel.

The c-amylase inhibitor was induced by dehydration

stress in barley. The inhibitor accumulated following

increases in ABA content in isolated immature embryos and

young seedlings under dehydration. Exogenous application

of ABA induced inhibitor synthesis i-n isol-at.ed immature

embryos and young seedlings. In addition, during normal

embryo development, the inhibitor accumulated as

embryonic ABA increased up to grain desiccation. The

evj-dence suggests that the induction of the inhibitor is
mediated by ABA under dehydration stress. Of the two

known biochemical- functions of the inhibitor, the

protein may function as a protease inhibitor rather than

an o-amylase inhibitor under stress.

Exogenous ABA arrest.ed germination in isolated

immature embryos, while in its absence, the immature

embryos germinated. As the embryos aged, responsiveness

to ABA decreased as more embryos germinated at a given

ABA concentration. Responslveness to ABA, however, was

different for inhibitor synthesis and germination. More
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inhibitor was accumulated by ABA application in isol-ated

immature embryos at stage IV than those at stage III.

Both germinated and non-germinated embryos responded to

ABA treatment by increasing the inhibitor. fn contrast

t.o the embryos, exogenous application of ABA did not show

any change in inhibitor synthesis in the kernel.

A modified RNA isolation procedure \^ias developed to

obtain RNA from starch-rich barley kernels. Kernel

starch was removed by centrifugatíon of tissue

homogenate, followed by an addition of guanidinium to

inactivate RNase completely, t.hen RNA was isolated by

ul-t.racentrifugation through CsCI/EDTA. Using the RNA

thus isolated, an immunoprecipitation of total in vitro

Lranslation products showed a single polypeptide having

Mr of 2l-,500. This protein was processed by canine

pancreatlc microsomal membranes to a smaller protein of

about 20,000, demonstrating t.he presence of a signal

peptide. Northern analysis of kernel- poly(A) -RNA for the

inhibitor mRNA showed a single transcript of about 900

nucleotides.



OBJECTIVES

During germination of cereal grains/ many hydrolytic

enzymes are produced by the aleurone layers. Alpha-

amylase is the dominant protein synthesized and secreted

by the aleurones. This enzyme has been extensively

studied due to its importance in the hydrolysis of kernel

reserves during germination. The enzyme is important

because of its effect on sprout-damaged cereal- grains and

its role in the modification of endosperm starch during

the malting process. Alpha-amylase is composed of two

isozyme groups, the hígh-pI isozyme group is germination-

specific whereas the J-ow-pl group is not. Synthesis of

the high-pl isozyme group is regulated by plant growth

substances in the mature aleurone layers. Alpha-amylase

synt.hesis is promoted by gibberellic acid (GA3) and

inhibited by abscisic acid (ABA) .

An endogenous o-amylase inhibitor has been isolated

and characterized from barley and wheat. It inhibits the

high-pI isozyme group of barley a-amylase and a bacterial

protease, subtil-isin. ABA induct.ion of the protein in

the aleurone, together with its inhibitory action against

germination specific o-amylase, suggests that its

physiological function is to att.enuate germination
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processes by retarding starch hydrolysis upon forming a

complex with a-amylase. In order to gain better

understanding of inhibit.or function for the benefit of

crop improvement, it would be beneficial to understand

factors that may affect inhibitor synthesis during kernel

development.

Although activity assays provide meaningful

information for inhibitor action, investigation at the

molecular level was desirable to further characterize

inhibitor synthesis. To detect and quantify the û,-

amylase inhibitor protein and its messâgê, analytical

methods r^/ere developed. Tissue specificity of the

inhibitor will- be used to illustrate these techniques.

Isolation of RNA from the kernel- tissue was difficul-t

using the established extraction procedure, due to the

high starch content in the kernel. To reliably isolate

undegraded RNA, a modj-fíed procedure was developed

combining two separate procedures.

It is essential to understand t.he pattern of

inhibitor synthesj-s in immat.ure kernels, thus inhibitor

synthesis was studÍed in developing kernels and embryos.

ThÍs woui-d help to postulate metabolic function of the

inhibitor during development and to examine the possible

presence of regulating factors. It.s temporal pattern was

also compared wíth those of other kernel proteins.
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ABA is widely considered to regulate embryo

development and to inhibit germination. A set of
proteins j-s induced by ABA in germination-arrested

embryos. Since both inhibitor synthesis and germination

can be regulated by ABA, the role of the o-amylase

inhibitor in controlling germination was further

investigated in isolated immature embryos. ABA is also

involved in plant stress response. Plants exposed to

water stress undergo adaptatíon to stress by means of

physiological and biochemi-cal changes. Synthesis of a

unique set of dehydration-induced proteins has been shown

to be mediated by ABA and these proteins may be invol-ved

in plant adaptation to imposed stress. A condition known

to increase endogenous ABA in plants, dehydration st.ress,

was appJ-ied to the embryos and young seedlings to

investigate a possible physiological function for the

inhibitor under stress.



LITERATURE REVIEW

2.t. CereaI cr-amylase Inhj-bitor

Cereal kernels contain proteins with inhibitor activity

aqainst ü-amyÌase. Various homogeneous protein preparations

from different extraction fractíons exhibit inhibitory

activity. The most extensively studied proteinaceous

inhibitors are t.he al-bumin components of wheat (Buonocore et

â1., 197-7; Deponte et â1., 1916). A smaf]- fraction of

inhibitory activity is also found in wheat gliadin fraction

(Pace eL al., 1,978) and in barley globulin (Barber eL af .,

1986) . These inhibitors are effective against cr-amylases of

bacterial, insect and mammalian origin. Inhibitors that are

effective against endogenous plant cr-amylases are more

recenl ín their discovery. Heat-stable inhibit.ors have been

isolated from wheat (!{archalewski, L9'76t I917a, I9'7'7h.. and

l-983) and from maize (BIanco-Labra and Iturbe-Chinas, 1981) .

Heat-IabiIe inhibitors of barl-ey malt o-amylase in cereal-s

have been isol-at.ed and characterized from two independent

workers (Mundy et al., 1-983 and I9B4; Weselake et â1.,

1983a) . Further attention will be focused on these

inhibitors.



2.I.I. Isolation and Characterization of the a-Amylase

Inhíbitor
Weselake and HiIl (1982) hypot.hesized the presence of

an endogenous inhibitory factor in triticale as a resuft of

abnormalities observed during t.he isolation of o-amylase.

Earlier, using isoelectric focusíng to separate s-amylase

isozyme groups according to their isoelectric poínts (pIs) r

MacGregor and Bal-lance (1980) noted the disappearance of a

group of o-amylase isozymes termed o-amylase III and

observed íncreased actÍvity of the u,-amylase ff group after

heat treatment. Subsequent ínvestigations led to the

isolation of an endogenous a-amylase inhibitor from barJ-ey

(Mundy et al-., 1983; weselake et âf ., 1983a and 1983b) and

wheat (Mundy et al., 1984). The purified material- yíelded a

singte band on isoelectric focusing and SDS-PAGE, indicating

that the inhibítor consist.ed of a single protein.

This proteinaceous inhibitor has a molecular weight,

based on the amino acid sequences' of 19,865 for barJ-ey

(Svendsen et â1., 1986) and 19,641- for wheat (Maeda, l-986) .

These figures are consistent with values obtained for the

inhibitor from malure barley kernels (Hordeum distichum cv

KJ-ages) (Wesel-ake et âI., 1983b) ' gireen barley malt (H.

vulgare cv. Gul-a) (Mundy et aI., 1983) and wheat (Triticum

aestívum cv. Solid) (Mundy et ãL., 1'984), which have

estimated relative molecular weights between 20' 000 and

27,000 usingr SDS-PAGE or gel filt.ration. The protein has
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pI of 1.3 (Weselake et àL., 1983b) or 1.2 (Mundy et al.,

l-983 and 1984) . The amino acid sequences (Maeda, L986;

Svendsen et aI. , l.986) show a homology of greater than 902

between barley and wheat inhíbltors. The ínhibitor is 59%

homologrous to Kunitz-type trypsin inhibitors in soybean

(Koide and Ikenaka, 79-13), and 58% homologious to that in

winged bean (Yamamoto et â1., 1983). The amino acid

compositions of these inhibitors also showed simil-arit.ies to

the previousl-y reported subtilisin inhibitor from barley

(Yoshikawa et â1., I916) and band-2 protein (Rodaway, I91B) -

2.I.2. Inhibition CharacterisLics

The inhíbitory activity of the proteín is specific

towards high-pI a-amylases from germinated barley and wheat.'

whereas low-pI cr-amylase activities are not affected by the

. inhibitor (weselake et ãL., l-983a) . Upon bindinq with the

high-pl isozymes, the inhibitor converts the enzyme to a

previously reported (MacGregor and Ball-ance' 1980) higher pI

amylase group (Weselake et âI., 1983a) . Two mol-es of the

r . inhibít.or bind one mol-e of the enzyme during the inhíbition

process (Hal-ayko et aI., 1986) . The binding af finity

between the inhibitor and high-pI amylase is pH dependent;

it is 7 fold greater at pH 7.0 than at pH 5.5 (Halayko et

ãL., 1986). The difference in binding affinity corresponds

to the observed difference in inhibitory ability/ suqqesting

that complex formation is the mechanism of inhibition
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(Vleselake et âl . , 1983b) . SaIt concenLration af fects

complex dissociation; a concentration of 0.3M NaCl reduces

t.he association by 50-fotd (Halayko et al . , 198 6) .

Alteration of a specific trypt.ophan resídue on high-pl G-

amylase reduces inhibitor binding, sugigesting that this

region is t.he site of action of the inhibitor (Hal-ayko et

âf., 1986). In order to elucidate the structure-funct.ion

relationship of the inhibitor, a crystallographic study is

reported t.o be underway (Maeda et aI., 1987) . Examination

of hydrolysis products by a-amylase in the presence of the

inhíbitor shows no significant differences when amylose is

used as a substrate, however the composition of the low

mol-ecular weight products is slightly altered when starch

granules are used (MacGregor et â1., 1986).

The protein also inhibits the bacterial serÍne

protease, subtilísín, at 1000-fold greater binding affinity

than its binding to cr-amylase (Mundy et al-., 1983; Yoshikawa

et af., I91 6) . Inhibitors of microbial proteases of similar

sizes and pIs have also been isolated from wheatr rYê, and

triticale (Mosol-ov and ShuI'gin, I986) and these are

probably the same inhibitor, since proteins having

immunochemical- simil-arity have been identified from wheat,

ryê, and triticale but noL from sorghum, oats, millet., ríce,

and maize (Vlesel-ake et âf ., 1985a).
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2.I.3. Regulation of Inhibitor Synthesis and its Function

Reg-ulation of o-amyl-ase inhíbitor synthesis has been

studied during grain development and in aleurone Iayers,

with particular reference to its hormonal control by GA, and

ABA. In contrast to a-amylase, a-amylase inhibitor

synthesis is promoted by ABA and abolished by GA, (Mundy'

L984; Mundy et al., 1986,' Mundy and Rogers, 1986) . ABA

íncreases de novo synthesis of the inhibitor in embryo-l-ess

half seeds or isolated aleurone layers with most of the

protein synthesízed being ret.ained in the tissue (Mundy,

1984; Mundy and Rogers, 1986) . Enhanced synthesis results

from an Íncreased level of translatable messagre for the

inhibitor (Mundy et aI., 1986; Mundy and Rogers, 1-986) .

Inhibítor synthesis during grain development has been

st.udied by various methods. Single radíal- immuno-diffusion

techniques used by Lauriere et aI. (1985) show a steady

increase of the inhibitor content from L2 to 31 days post

anthesis (DPA) , a period prior to kernel desiccat.ion.

Inhibitor accumulation j-n three barley cultivars, as

measured by ELISA, increases logarithmically at 20 to 30

days aft.er pollination (Munck et aI . , 1985 ) . The inhibitor

is detect.able at 74 DPA by immunoblotting and its relative

abundance increases up to 44 DPA (Mundy and Rogers, 1986) .

Transtatabl-e message for the inhibitor, is slightly higher

relative to total poly (A) -RNA at 30 DPA than at 20 DPA

(Mundy et âI., 1986,' Mundy and Rogers, 1986). The relative
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inhibitor Lranslation capacity per kernel, however, is about

double for 20 DPA endosperm than 30 DPA (Mundy et aI ',

198 6) . In addition, during the 1-0 and 30 DPA period

examined, the relative amount immunoabsorbed increases only

stightty after 22 DPA (Rasmussen et â1., 1988). In mature

barley kernels, inhibitor conLents ranged from 20 to 3B

pglkernel (Rasmussen et aI., 19BB) ' 13 ¡rglgrain

(Lecommandeur et al., I9B'7), 180 to 450 mq/kg kernel (Munck

et al., 1985). This range in value probably represents the

variation of a number of factors including the crop and

cultivar of barley used, and the assay procedure.

AJ-t.hough inhibitor synthesls is induced by ABA in

mature aleurone layers, ño translatable inhibitor message

was detected in immaLure aleurone layers at 20 and 30 DPA or

in mature, dry aleurone layers, and synthesis appears to be

localized in the starchy endosperm during kernel development

(Mundy et aI. , 1986; Mundy and Rogers, l-986) . Tissue

local-ization shown by a immunohistochemical method indicates

the association of the inhibitor around starch granules

within the starchy endosperm (Lecommandeur et al. I 1987).

No positive presence of the inhibitor has been detected in

aleurone layer ceIIs, using the same method-

Duríng the germination of barley kernel' protease

degradation of the inhibitor appears to be slow; more than a

hal-f of the protein can be detected after a 5 day

germination period (Lecommandeur et af., L987) -
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Several workers have specuJ-ated on the physiologícal

significance of the a-amylase inhibitor based on the

analyses of inhibitor characteristics and the regulation of

its synthesis. In mature aleurone Iayers, inhibitor

synthesis can be induced by ABA leading to a suggestion that

the inhibitor may function in the prevention of precocious

germination (Mundy, I9B4) . However there was no significant

correlation bet.ween pre-germination incidence and l-evels of

the inhíbitor in many barley cul-tivars, thus Munck et al.

(l-985) concluded that the Ínhibitor did not seem to be a

directly Iimiting factor in the control of preharvest

sprouting. Rather, the protein ís more likely to attenuate

germination during kernel maturation or early germination by

reducj-nq starch degradation (HiII et aI., I9B7; Weselake et

âf., 1985b) There have been suggestions that the

significant quantities of the protein synt.hesized

specifically in endosperm tissue during grain development

may protect t.he kernel proteins against microbial- attack due

to its anti-protease activity and Iimit degradation of

starch granules by endogenous cr-amylase (Mundy and Rogers,

1986) .

The role of the inhibitor in the end use of cereal

gra.i-ns has also been investigated. q,-amylase activity, a

critical factor in determining mal-t. qualit.y, is modulated by

different level-s of inhibitor activities in barley cul-tivars

(Henson and Stone, 1988) . The inhibit.or is al-so shown to be



11

an effective additive ín bread making. The addition of

purified a,-amylase inhibiLor to flour containing high a-

amylase activit.y, a serious problem encountered in pre-

harvest sprout-damaged grains, during Lhe baking process

neutralizes the detrimental effect of excess a-amylase

activity and normal- bread loaves are produced (Zawistowska

et al., 198B). The nutritional quality of barley girain, in

particular the lysine content, is affected by the level of

high lysine proteins. The inhibitor, which contains 7

Iysine residues, frây contribute to this effect. However, the

inhibitor content \^ras lower in a high lysine cultivar than

in a low lysine cultivar, âñ opposite pattern to that found

for other lysine-rich proteins (Rasmussen et âI., l-9BB).

2.2. Protein Synthesis During Barley Kernel- Development

Examination of the developmental and hormonal

regulation of inhibitor synthesis in the immature barley

system, and its comparison to other kernel protej-ns, wiII
give a better undersLanding of the possible physiological

significance of the protein in cereal kernel-s. This sect.ion

outlines a general developmental pattern of barley kernels

with an emphasís on the patterns of various kerneÌ protein

syntheses.

Several studies of barley kernel development. have been

conducted. A comparison of these studies is often
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difficult, however, due to the variable growth conditions

used. TemperaLure, for example, plays an import.ant rol-e in

grain development as higher temperature hastens the ripening

process (Goldbach and Michael, I916). A set of growth

parameters devised for wheat caryopses, that includes qrowth

and size measurements as weIl as morphological

characLeristics, provides a convenient basis for a

comparison of the different stages of devel-opment (Rogers

and Quat.rano/ 1983) . These parameters wil-l be used to

correl-ate the results of the various studies, where

possible. The development staqes are divíded into 5 groups,

stages I through V. Among the characteristics, grain colour

and endosperm characteristics are most easiJ-y ident.ified.

Stage I caryopses are white in colour with watery endosperm,

those in stage fI are white to mint gireen in cofour with

milky to early dough endosperm, at staqe fII, grain col-our

remains gireen havj-ng soft.-dough endosperm, stage IV grain

cofour is still green and the endosperm is hard-dough, and

finally at stage V/ caryopses are tan coloured and endosperm

is hard.

In general, there is a rapid increase in fresh weight

unt.il the start of desiccation at stage IV (Goldbach and

Michael-, I916; MacGregor et âI., 1,91I; Rogers and Quatrano/

1983; Rahman et aI., L9B2). Dry weight increase occurs

slightly after the fresh weight increase and t.he dry weight

increase continues through staqte V. The kernel- prot.ein
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content increase ís parallel to the dry weight increase

(Kirsi, 1913; Macgregor et aI., I91t; Rahman et aI., L9B2) -

Kernel maturation generally occurs between 40 and 60 DPA

(Goldbach and Michael , I916; MacGregor et âf ., I91L,' Rahman

et aI. / 1982,' Rogers and Quatrano, 1983) .

2.2.1,. Temporal Cont.rol of Protein Synthesis

Coordination of proteín synthesis during kernel

development is one of many significant biochemical processes

required for survival of the kernel. Kernel proteins are

classÍfied into four main groups according to their

soJ-ubiJ-ity characterist.ics (Osborne, 1895) . Albumíns are

solubl-e in water and Io\^/ ionic Strength Sol-utions; solutions

with a higher concentration of Salt will extract globulins.

Prolamins are extracted with agueous al-cohols and glutelins

ín acidic or basic solutions. In cereals, the major storage

proteins are prolamins (Higgins, L984; Kreis et aI., 1987)

which are termed hordeins in barley. Proteins in other

fractíons are mostly metabolic, although some proteins

exhibit. storage protein-tike characteristics (Kreis et al.,

1987) . The qeneral- sequence of deposition for these

proteins has been studied by differential extraction and

nitrogen determination of each fraction (Brandt, L976;

Rahman et a1. / I9B2) . Most of t.he albumins are accumul-ated

during the early staqes of development while the globulins,



I4

glutelins and hordeins account for kernel protein increases

l-ater in development.

The Iargiest fraction at maturity is hordein, accountingt

for 30 to 50% of kernel protein (Brandt., 1976; Kreis et â1.,

I9B1; Rahman et al., L9B2). This fraction consists of

proteins divided into three groups termed B, C and D

hordeins that are present in decreasing relative abundance.

B and C hordej-ns are present ín 10 DPA kernels at very Iow

levels and increase very rapidty later in development (Giese

and Hopp, 1,984; Giese et aI., 1983; Rahman et al-., I9B2) .

The increase in rat.e of accumufat.ion for hordein proteins

corresponds with an increase in the proportion of hordein

mRNA (Dail-ey et aI., 1988,' Rahman et al., 1984) . There

appears to be a coordination of hordein genes, but,

subsequent analyses show a slight differential expression of

B and C hordeins and their subgroups (Giese et. aI., 7983;

Rahman et aI., L9B2 and 1984). The expression of hordeins

is influenced by the nutritional status of plants during

development, in particular nitrogen (Bottacin et âI., 1985;

Giese et al-., 1983; Gj-ese and Hopp, 1984), and sul-fur

(Bottacin et âf ., 1985,' Rahman et â1. , 1983) .

Control elements for hordein genes have been isolated

from genomic clones and studied in homologous and

heterologious expresslon systems. By use of a chimeric alene

system/ the 5' flanking regíon of a B hordein giene was shown

to contain control elements for temporal expression of t.he
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protein in Lransgenic tobacco plant.s (Marris et âI., 19BB).

The reporter gene, chloramphenicol acetyl transferase (Cef¡,

is expressed in tobacco kernels at the appropriate

developmental interval, demonstrating that the flanking

region contains controlling elements direct.ing the temporal

expression of the gene in the seed. Within this regíon,

strongly conserved sequences are identified that are

homologous to similar regions from storagfe protein genes of

wheat and. corn (Forde et al., 1985). Regulatory elements of

Iow molecular weight glutenin-CAT and 24 zein-GUS (beta-

glucuronidase) fusion genes are capable of imposing temporal

conLrol on the synthesis of these reporter enzymes in

transgenic tobacco seeds (Col-ot et al. , I9B7 ; Schernthaner

et al., 1988).

Among the grlobulins, smalI amounts of particular

storage-type proteins provide a significant lysine

contribution to cereal kernel proteins. These are of

interest ín improving the nutritional quality of cereal-

kernels. For example, B*amylase, chymotrypsin inhibitors

(CI) L and 2, and prot.ein Zt which contain high proportions

of lysíne/ are present ín larger quant.ities in high lysine

barley muLants (Jonassen, 1980) at the expense of hordeins

(Kreis et âI., 1984). Globulin accumulation starts early ín

kernel d.evelopment with synthesis occurring at. 1-0 DPA/

before the period of hordein synthesis (Giese and Hejgaard,

1984). Beta-amylase and protein Zt however, are synthesized
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Iater than these minor grlobulin species, ât about the same

time as hordeins (Giese and Hejgaard, LgB4; LaBerge and

Marchylo, 1986) . The ínhibitory activity of CI, also

increased most rapidj-y later in development (Kirsi, L913) .

In vitro translatíon and Northern analyses demonstrated that

the temporal control of these globulin genes is simiÌar to

that. for hordeins (Giese and Hopp, I9B4; Mundy et. aI., L9B6;

Rasmussen et âI., 198B; Williamson et âI., 198B).

In addítion to the temporal control applied to the

expression of these kernel proteins, sLorage proteins are

found exclusively in the kernel (Kreis et al., 1987).

Hordein polypept.ides are present only in endosperm and not

in embryo tj-ssue (Goldberg et âI., 1989). Regulatory

elements for this tissue specificity have been located

within the same region as t.hat for temporal control- (Forde

et al., 1985; Marris et al-., 1988) . St.orage-like protein,

CT-1, mRNA is also detectable only in endosperm and not in

vegietative tissues, which ínclude shoots, l-eaves and roots

(Williamson et â1., 198B). CI-1 and 2 messages are also

present in immature al-eurones (Mundy et a1., 1986) . A

probable amyl-ase-protease inhibitor is present prímarily in

aleurones (Mundy and Rogiers, 1986) . A kernel protein with a

known enzymatic activit.y, p-amylase, is not restricted t.o

kernel tissue and ís found in various tissues of the barley

pIant, and corresponding abundance of p-amyl-ase mRNA is

found in these tíssues (Kreis et âf., 1981).
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2.2.2. Characterization of Immature KerneI s-Amylase and

Temporal Control of its Synthesis

Alpha-amylase, one of t.he major hydrolytic enzymes

produced by cereal kernel-s during germinatíon, is also

present in immature cereal kernels. It appears in small

amounts early in development and declines by the second week

after anthesis in barley (MacGregor et âI., L91I). This

isozyme has similar characterist.ics to the low-pI o-amylase

that appears during germinat.ion (MacGregor et â1., 1974).

fn wheat, this isozyme is limited to t.he outer pericarp of

the developing kernel and has a similar temporal-

refationship to the barley enzyme (Radleyt L916). For a

cul-tivar with hígher dormancy, however, the actívit.y remaíns

very low throughout development. fn a cultivar with lower

post-harvest graín dormancy, a-amylase activity increases

following grain drying coinciding with a decline in ABA

(King, 191 6) . Even greater activity is observed for a

trit.icate cultivar which Iacks dormancy (King et af., L919).

Further study revealed that the hígh amount of a-amylase,

present ín the mature kernel-s as a result of enzyme

accumulation during desiccation, is composed of both high-

and low-pT forms that are synthesized by the aleurone layer

(Cornford and BIack, 1985) . Thus, it appears that a-amyÌase

synthesized lat.e in development in some cultivars is under a

separate cont.rol- from the low-pI enzymes of early

development.
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2.2.3. Pl-ant Growth Subst.ances Found Durinq Kernel

Development

The ABA and GA contents of seeds, which play an

important role in seed devel-opment (King, I9B9), have been

determined by several- workers employingi various methods.

For barJ-ey kernels, kernel ABA contenL increases following

the pattern for dry weight (Goldbach and Michael, L916;

Tietz et âI., 1981), and the great.est ABA content is

attained as fresh weight reaches a maximum during stage IV

and the content decreases rapidly with the onset of

desiccat.ion (Goldbach and MichaeI, I916). Similar results

are reported for wheat kernel_s (King, L9'7 6 and I919; King et

àL . , I91 9; Mcwha , 1915 ; Radley , I9'7 6) . Durlng kernel-

maturat.ion, 'free/ ABA decreases rapidly accompanied by a

rapid increase in 'bound/ ABA/ to about one tent.h the rever

of 'free/ ABA (Slominski et â1., 1979). Both forms become

very low in quantity at harvest..

Varíation of the ABA contents can be seen among

different cultivars, yet a pattern of ABA changes are

maíntalned. For a given curtivar, higher temperature leads

to a more rapid change in the level, yet the values for the

maximal- and mature ABA contenLs remain the same for barrey
(Gofdbach and Michael, I9-16) whíIe slightly different for
wheat (McWha | 79'7 5) .

An important. consideration, when examining GA

invol-vement/ is that there are many forms of GAs present
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that have varying biological activities. Peak GA levelS are

reached before the fresh weight maximum and decline rapidly

prior to the ABA decrease (Radley, I916; Slominski et aI.,

1919). The GA content in developing grains is less than one

tenth of the ABA content in weight (Radley, I91 6) , yet this

is much more than that found in germinating grain (Gaskin et

â1., 1984). Biological activitíes of these GAs are,

however, very low, particularly lacking highty active GAt.

Germinating grain, on the other hand, contains smaller

amounts of different, active forms of GAs (Gaskin eq aI./

1984).

2.3. Kernel Dormancy and Germination

Dormancy results from the inability of viabl-e kernel to

germinate under favourable environmental conditions (King'

1989) . Evol-utionary development to acquire dormancy is one

of adaptat.ional advantage in increasing physiological

t.olerance to limited water availability (Mapes et ãL.,

1989) .

Dormancy in kernel-s is an inherent character of the

kernel as a result of its genetic background. The factors

involved in dormancy mechanisms are complex and its

regulat.ion at the mol-ecular l-evel remains mostly

unídentified (King, 1989) . Numerous factors may modify the

deqree of dormancy during development, maturation and
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qermination. An achievement of the proper bal-ance between

the attainment of dormancy and an ability to germinate

(germinability) is essential for cereal crop breeding.

Considerable economícal Ioss is experienced every year due

to pre-harvest sprouting, a condition where cereal kernels

germinate before processing.

2.3 .1,. Transition to Germination from Dormancy

In cereals, detached kernels exhibit variabl-e

g.erminability during developmenl, mat.uration and after

harvest (King, 1916; Mitchell et âI., 1980; Slominski et

âf ., 1,919; Symons et aI. , L9B3; Walker-Simmons I LgB'7) .

During devel-opment and maturation, kernels of some cereaf

cultivars are unable to germinate when imbibed under

favourable conditíons. This is referred to as primary

dormancy. ABA acts in situ to regulate germination in

cereafs. Kernel tissue ABA, located in the palea and lemma,

has been implicated in kernel dormancy during development,

as kernel dormancy coincides with a period of high kernel

ABA cont.ent (King, I916) and removal- of the outer pericarp

increases germÍnabiIíty (Symons et al., l-983).

In addition to ABA, there have been other compounds

contained within the kernel that have been implicated in

kernei- dormancy, such as catechin, catechin tannin and other

water-soluble, yet unidentified compounds mainly in bran and

seed coat (McCrate et â1., 1982; Morris and Paulsen, 1988).



2I

An application of these water-soluble extracLs on isolated

embryos prevents qermination. An additíonal endogenous

inhíbitor identified is L-tryptophan in wheat grain and

bran, but it is not as inhibitory as ABA, in bioassays on

mature embryos, in preventingi giermination (Morris et âI.,

198B) .

The onset of germinability coincides with the start of

desíccation during development (Slominski et âI . , 1'9'7 9;

Walker-Simmons, I9B1) , Enforced drying of immature kernels

induces premature germinability at earl-ier stages (Mitchell

et aI., 1980,' Symons et al., 1983) . These results imply

that drying is one of the major factors that initiat.es the

change from the deveJ-opment to the germination phase of

kernels.

Coordinated with desiccation and the increase in

germinabiJ-ity ís the rapid decrease in kernel- ABA levels
(Kíng, I916; Slominski et âf., 1919). Combined with the

effects of ABA on embryo dormancy, ABA is considered to be

import.ant in regulating the germinability of kernels. In

addition to the physical presence of ABA, there appear to be

changes Ín the responsiveness to plant growth regulators,

which are associated with germinability. The ability to

produce c,-amylase in response to exogenous GA, develops at

about the same time as desiccat.ion (King, I976). Similar

responsiveness can be artificiall-y induced in, otherwise
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non-responsive, half kernels that have been dried (Cornford

et â1., 1986,' Evans et âf ., L915; King, I916) .

2.3.2. Environmental- Factors Modifying Kernel- Germination

The transition from kernel development to germination

is a normal part of a plant's growth cycle. However, the

propensity to germínate can be modified by variable growing

condit ions .

Environmental conditions during seed development and

maturatíon have a profound effect on t.he deqree of dormancy.

Cereal- crops grown under coofer condítíons are more dormant

than those gror^in at hígher temperature (Reddy et aI., 1985).

fn particular, the last phase of kernel maturation

determines the degree of dormancy at maturity, with low

temperatures inducíng a longer dormancy period (Belderock,

I97I) or high temperatures reducing ít (Reiner and Loch,

I916). This high temperature effect. may be related to the

rate of dryíng, since higher temperatures generalJ-y hasten

the maturation process and drying. As mentioned above,

germinabilit.y frequently accompanies grain drying. It is

suggested that low temperatures may maintain high ABA levels

for Ionger periods contributing to higher degrees of

dormancy (Goldbach and MichaeI, I916) . In addition, l-ow

temperatures earlier in development confers lower dormancy,

an opposite temperature effect to t.hat found later in

development (Reiner and Loch I I91 6) .
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In addition, the degree of dormancy is affected by

germination temperature. Strongier dormancy is imposed at

higher grermination temperatures for cereal kernels before

after-ripening (DunwelI, 1981,' George, I96'7; Mares, I9B4;

Reddy et al., 1985). For after-ripened kernel-s, the optimum

germination temperature is considerably higher (Mares I I9B4)

yet some non-dormant kernel-s fail to gierminate at 30 oC

(Georget 1967).

2.3.3. Isolation and Characterization of Cereal a-Amylase

A1pha-amylase has been exLensively studied due to its

importance in the hydrolysis of kernel- reserves during

germination, its effect on baking quality of sprouting'-

damaged flour, and its significant role in the use of

malting barÌey. The enzyme wiII be reviewed with regard to

its rel-evance to the kernel- germination process.

During the germination of cereal graíns/ many

hydrolytíc enzymes are synthesized and secreted by the

al-eurone layer t.o mobí Lize endosperm reserves for the

embryo. Alpha-amy1ase, which is responsibJ-e for the

degradation of endosperm starch, is t.he major protein

synthesized (Varner and Chandra, 7964) . The enzyme consists

of a complex mixture of isozymes which can be separated by

isoe.l-ectric focusing into two isozyme groups, characterized

by different pIs (MacGregor and Ballance' 1980) . The high-

pI group is the dominant form synthesized by the al-eurone
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layers during germination, whereas the low-pI isozymes are

found in small-er amounts in both immature and germínating

barley (MacGreqor, I911; MacGregor and Ball-ance, 1980;

MacGregor et aI. I9-14). The third group, a-amylase III' was

identÍfied to be a complex form of high-pl amylase group and

an endogTenous inhibitor of that enzyme (Mundy et aI., l-983;

Weselake et aI., 1983a). GermínaLed barley kernels, gireen

malt and kilned mal-t contain all three groups of the

amylases of immunological identity, wit.h a slight variation

in quantitative distribution amongi them (MacGreqor and

BaIlance, 1980; MacGregor and Daussant, 1981-) . The enzymes

all- have a molecular weight of about 44,000 to 45,000; their

exact MW are determined by the amino acid sequence of each

isozyme.

Studies of six euplasmic wheat-barley additíon Iines

indicate that the structural genes of the low-pf group are

on chromosome 1 whil-e the high-pI group genes are on

chromosome 6 (Muthukrishnan et al., l-984). Two unl-inked

Ioci were further characterízed to examine the number of

genes involved for each isozyme group. Southern blot

analysis of barley DNA reveals the presence of multiple

genes or pseudogrenes coding for a,-amylase transcripts

(Chandler et â1., I9B4; Rogers and MiIIiman, L9B4;

Muthukríshnan et al., 1983b). An estimat.ion of gene copy

number indicates that there are about eight gene copies per

haploíd genome (Chandler et âI., L984) . Use of fow- and
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high-pI specific cDNA probes enabled Rogers (1985) to

identify five g-enes for low-pI and one gene for high-pI

amylases based on differential hybridizatíon intensities.

The same number of high-pl qenes are also predicted by

primer extension studies (Rogers/ 1985). Isolation of

genomíc clones, however, identified one low-pl and three

high-pl genes from barley (Knox et aI ., 1-987) . Thus the

exact number of genes encoding these isozymes remains

uncertain.

Further molecular differences between Iow- and high-pT

isozymes are found upon nucleotide Sequence analysis of cDNA

and genomic clones. Comparison of deduced amÍno acid

Sequences for one low- and. two high-pI isozymes revealed 75%

homology between the low- and hígh-pI isozymes and greater

than 95t between the two high-pl cDNA clones (Chandler et

â1., 1984; Rogers, 1985). Both types of cDNA clones

hybridize to a 1500 base mRNA. Sequence information also

shows that a-amylase isozymes are translated with a signal-

peptide, 23 amino acids ín length. The presence of the

precursor form was predicted by in vitro translation and

processíng of RNA (Boston et aI., I9B2) . Greater

differences, however, are found within the signal peptides

where only half of the amino acid sequence shows homology.

PossíbIe differences in the regulatory mechanisms have

been suggested on the basis of the analysis of genomic

cl-ones. Comparison of 5t regulatory sequences shows
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marginally related promoter regions (Knox et aI., 1987).

Even within the low-pI isozyme genes/ some differences are

seen in the 5' region, indicating the presence of two

separate genes (Whittier et â1., 1987).

2.3.4. Regulation of cr-Amylase Synthesis wit.hin the

Aleurone

Regulation of a-amylase synthesís is important during

germination. In relation to cereal germination, the mode of

action of plant growth substances on gene regul-ation has

been studied extensively using isolated barley aleurone

Ìayers as an experimental system based on the following

initial reports on enzyme synthesis. Duríng grerminatíon of

barley kernels, hydroJ-ytic enzymes are induced by

gibberellic acid (PaIeg, 1960a, 1960b and L96L,' Varner,

1964) . The sit.e of enzyme synthesis is in the al-eurone

layers within the kernel (Varner and Chandra, 1964;

Chrispeels and Varner, 1967a) . The same isozyme groups and

isozymes within each group are found in isolated aleurone

layers treat.ed with GA. and in germinating kernels

(MacGregor, L916) .

The synthesis of u-amylase is regulated by plant. growth

substances in mature al-eurone Iayers. GA, promotes

synthesis whereas ABA inhibits synthesis (Chrispeels and

Varner I L966 and L961b) . The increase in amyJ-ase actívity
i,s due to de novo synthesis of the enzyme induced by GA,
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(Jacobsen and Knox, L914; Varner, 1964; Varner and Chandra,

1964) , which in turn ís the result of an increase in the

level of translatable mRNA (Bernal-Lugo et aI., I9BI;

Higgins et aI., 1916 and !982; Muthukrishnan et al., 1919).

fnvestigation using the barley aleurone protoplast confirmed

these findíngs and demonstrated that the protoplast ís a

useful- system in the study of plant growth substances

(Jacobsen et âI., 1985). Combíned with evidence from

studies using cDNA clones for the enzymes (Chandler et âI.,

1"984; Muthukrishnan et al., 1983b, Rogers and Milliman,

1983), it appears that events at the level of transcription

are most affected by plant growth substances (Jacobsen and

Beach, 1985) .

fnduction of enzyme synthesis by GA, occurs after an

initial lag phase of about 6 hours, followed by a linear

increase (Jacobsen, 7973,' MolI and Jones, L982; Mozer,

1980) . A slightly shorter lag phase is observed for the

appearance of t.he message (Chandler et dI. , 1,984; Higgins et

âf., 1976 and L9B2; Mozer, 1980; Muthukrishnan et al-., 1919

and 1983a; Rogers and Milliman, l9B3 and 1984) . The extent

of enzyme induct.ion is GA. concentration dependent (Jacobsen

1973; Muthukrishnan et aI., 1983a) and is also affected by

the interactíon between GA, and ABA. ABA can nul-l-ify the

effects of GA. when ABA is applied with GA. and ABA effects

decrease with longer time Iapsed after the GA, addition

(Higgins et âf., 1982; Mozer, 1980; Muthukrishnan, et âf.,
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1983a; Nolan and Ho, l98Bb; Nolan eL al., 1987). A critical

ABA concent.ration is required to be effective in inhíbiting

GA, effects (Nolan and Ho, I9BBa) . There is differential

control on the expression of two isozyme group genes that is

both GA. and t.ime dependent. The GA. concentration

requirement for the high-pI group is greater t.han that for

the low-pf group (Jacobsen and Higgins, I9B2; Nolan and Ho,

1988a) . The lag time for the appearance of J-ow-pI ísozymes

is longer than that for high-pl (Callis and Ho, L983;

Jacobsen and Higgins, I9B2; Nolan and Ho, l9BBa; Rogers,

198s).

Secretion of the enzyme is dependent upon the presence

of Caz* in the medium (MoII and Jones, 1,982). In additíon,

the cation has a regulatory role on cr,-amyl-ase isozyme

synthesis. Translat.ion of the high-pI isozyme group

requires the presence of Ca2* in the medium (Bush et aI.,

LgB6; Carbonel and Jones, 1-984,' Deikman and Jones, 1985;

Jones and Jacobsen, 1983), whÍle the accumul-ation of high-pl

a-amylase mRNA is not affected by Ca2* (Deikman and Jones,

1985 and 1986) . Ca2* concentration in the cytoplasm,

critical for high-pI o,-amylase synthesis and secretion, is

shown to be affected by both medÍum Ca2* concentration and

pH (Bush and Jones, 198B) .

The effect of ABA on the GA. induction of o-amylase

synthesÍs has been studied. In some studies, ABA reduced cr-

amylase synt.hesis in vivo more t.han the transl-atable nRNA
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level, Ieading to the conclusion that ABA also acts at the

level of translation of o-amylase mRNA (Higgins et al.,

I9B2; Mozer, 1980) . Other studies showed that both proteins

and mRNA for u-amylase were reduced to a similar level

(Bernal-Lugo et aI., 1981; Chandler et âI., L984;

Muthukrishnan eL al., 1983a; Nolan et â1., 1987). The

discrepancy may have been due to a different response to ABA

by the two isozyme groups which may have been overl-ooked due

to the analytical methods used by earlier workers. ABA

additÍon after GA, is l-ess effective in inhibiting a-amylase

synthesis. The longer t.he durat.ion after GA. addition, the

Iess effective ABA becomes (Ho and Varner, I976; Nolan et

âI., 1987). This inhibitory effect of ABA on the

promotional effect of GA, requires a continuous supply of

RNA and proteln synthesis since the addition of a

transcríptional inhibitor abolishes the inhibitory effect of

ABA (Ho and Varner, 1916; Nolan and Ho, L9BBb) .

Isolated aleurones are capable of taking up ABA which

is metabol-ized into phaseic acid (PA), dihydrophaseic acid
(DPA) and other metabolites (Dashek eL al., 1,g7g) . The ABA

metabolism is autocatatytic unique to barley aleurone layers

(Uknes and Ho, l-984) . The inhibitory effect of ABA added to

the incubation medium can be duplicated by PA or DPA,

indicating that PA or DPA may be the active substance to

inhibit GA. effects (Dashek et â1., 1919; Lin and Ho, 1986;

Nolan and Ho, I98Bb) .
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In addition to reducing o-amylase mRNA levels, ABA

induces many ABA specific genes in barley aleurone Iayers

(Higgins eL aI., I9B2; Hong et aI., 19BB; Lin and Ho, L9B6;

Mozer, 1980) . ABA induced proteins do not appear to be

secreted (Lin and Ho, 1986) , as profiles of secreted

proteins are very simil-ar to those secreted by aleurones

incubated without ptant growth substances (Higgins et aI.,

L982,' Mozer/ 1980) . Although the function of the proteíns

remains unknown/ one of the ABA induced prot.eins in the

aleurones is a barley lectin (Lín and Ho, 1986) , and another

the c-amylase inhibitor (Mundy, I9B4; Mundy et al., 1986).

Regulation of a-amylase synthesis in the aleurones has

been discussed regarding plant growth substances. There are

a few other fact.ors controlling its synthesis. Heat-shock

dest.abilizes cr-amylase mRNA in barley aleurones (Belanger,

et af., 1986). Reduction of o-amylase and induction of heat

shock proteins are prominent at temperatures above 35 oC and

are under transcriptional control. RNA complementary to s-

amylase mRNA may also regiulate cr-amyJ-ase gene expression by

altering the stability of t.he mRNA and/or by ínterferíng
wíth translation (Rogers, 19BB) . The complementary RNA is
present in immature endosperm and aleurone, in mature

aleurone íncubated in the absence of pIant. girowth

substances, or in the presence of ABA. A proteinaceous

factor induced by GA, in rice aleurone layers binds a 5'

untranslated regiion of a rj-ce qenomic cl-one of o-amyl-ase
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(Ou-Lee et al., 1988) . The proteínaceous factor is unique

t.o GA3 treated aleurones. A specific segment within the 5'

region binds this factor and it contains putative regulatory

sequences which share structural homologies with a barley

giene (Knox et al., 1987) . These results sugigest that this

factor acts as a mediator of the activation of the a-amylase

gene by GAr.

2.3.5. Responsiveness of the Kernel to Plant Growth

Substances During Grain Maturatíon

AJ-pha-amylase is synthesized in response to GA during

germinatíon (Varner and Chandra, 1,964) . The kernel may have

a varying degree of responsiveness to GA. The

responsiveness can depend on factors such as artificial
drying, graín maLuraLion, environmental conditíons during

growth and maturation, and drying temperature. There are

many contradictory findings but, so far there is no

consensus of opinion on the relationshíp of t.hese factors to

GA responsiveness. Variability in genet.ic background of

materials, assay methods, and/or treatments may contribute

to this ambiguity. fmmature grains do not respond to GA.

with respect to cr-amylase synthesis but wil-l- respond if the

grain is dried prior to GA3 treatment according to Evans et

aI. (1975). Nícholls (1-986), on the other hand, reports

that drying is not essential for the development of GA.

sensitivity in immature kernels. Immature triticale



a^

kernels, when dried prior to imbibition, wíII synthesíze ü-

amylase and germinate in the absence of added GA, (King et

â1., I919). In a high a-amylase-containing wheat cultivar,

enzyme induction can occur during late maturation in the

absence of artificial drying (Cornford and BIack' 1985) .

For barJ-ey, environmental conditions during grain filling,

and desiccation temperature during late maturation, affect

GA, responsiveness (NichoIls, I9B2) . Aleurone

responsiveness can be induced also by pre-incubation. Pre-

incubated immature wheat aleurones in a medium can be made

responsive to GA., producing cr-amylase when transferred to a

fresh medium containing GA, (Cornford et ãL., 1986).

Taken toqether, the interaction of many factors appears

to contrÍbute to the responsiveness to GA in cereal grains.

If a-amylase synthesis is considered as a modul-atingr factor

for kernel germinability, interpretation of resul-ts becomes

even more perplexinq.

2.4. Embryo Development and Germination

Embryo tissues undergo some distinct changes during

development that requi-re some description apart from the

overall- process of grain development. fn this section,

embryogenesis and embryo germj-nation of mostly monocots are

reviewed. Unl-ike dicots, where the embryo includes the

major storage orgian/ cot.yledons, the embryo in cereal grains
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represents the vital tissue that continues plant development

separate from the major storage organ of monocols, the

endosperm.

2.4.L. Cereal Embryogenesis and Germination

Embryogenesis is a period of embryo growt.h between

ovul-e fert LLtzation and embryo qermination interrupted by

development.al arrest or embryo quiescence (Goldberg et âI.,

1989; Quatrano, 1986) . Metabolic or morphological changes

of embryogenesis have been studied. Emphasis wÍIl be pJ-aced

on metabol-ic changes in this section.

The embryo fresh and dry weights and protein content

j-ncreases later in maturation (Duffus and Rosie, I975;

Grilli et al-., 1986; Mil-ler and Bowles, 1985; Wal-ker-

Simmons I L9B7) . Mature embryos contain large amounts of DNA

and RNA (Duffus and Rosie, 7975; Grilli et â1., 1986; Mill-er

and BowIes, 1985), making the embryonic tissue metabol-íca1Iy

active. During embryogenesís, the majority of embryonic

proteins are constitutive and most of the mRNAs are

conLinuously expressed throughout development (Gol-dberg et

âI., 1989). A profile of soluble proteins from immature

embryos shows l-ittle qualitative change throughout embryo

development (Gri11i et â1., I986; Miller and Bowles, 1985).

A smal-I number of proteíns are/ however,

characteristic of embryogenesis. In cereals, three major

embryogenesis specific proteins have been studied in detail;



)A

Iectin (MiIIer and Bowles, 1985; Morris et â1., 1985;

Raikhel et al-., I9B4 and 19BB; Triplet and Quatrano, L982),

Em protein and 7S globulin (Berge et al., 1989; Wil-l-iamson

et al-., 1985) . Despite considerable characterization of

these proteins and their genes, their plant function ís

largely unknown. They share a few common characteristics of

gene expressíon. Their expression is temporal-ly regulated

durinq embryogenesis and the glenes are expressed during late

embryogenesis (Mi11er and Bowles, 1985; Morris et êI., 1985;

Raikhel et af . , 1- 9B B; TripÌet and Quatrano , I9B2; Williamson

et al-., 1985) . The expression is eit.her exclusive to the

embryo or it is several magnitudes lower in vegetative

tissue (Berqe et aI., 1989; Raikhel et aI., 1984), and the

expression is spatially regulated both at the level of

organs and cell-s. The cell-ul-ar distribution is the same for

the mRNA and the protein (Raikhel eL aI., 1-9BB).

ABA plays a major role in maint.aining embryogenesis in

cereafs and medíating the expression of embryo-specific

genes (Quatrano, l-986) . ABA content increases during

embryogenesis in barley and wheat, as fresh weíght increase,

then rapidJ-y decreases with desiccation (Goldbach and

Michael 7976; WaIker-Simmons, I9B1) . Embryogenesis proteins

appear to be regulated by ABA since they are expressed

durlng the period of high embryonic ABA and are induced by

exogenous ABA (Goday et aI., 198B; MiIIer and Bowels, 1985;

Morris et âI., 1985,' Quatrano eL âI., 1983,' Sanchez-Martínez
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et aI./ 1986; Williamson, €t â1., 1985). Gene expression of

these proteins usually occurs in coordination with the

maintenance of an embryogenesis pathway, preventing

germination (Triptet and Quatrano, I9B2; Williamson and

Quatrano, 19BB) . Further analysis of the Em gene shows t.hat

a regulatory element for synthesis of the protein in wheat

is located in the 5' region since ABA is able to induce t.he

expression of the chimeric gene containing this regJ-on and a

GUS reporter (Marcotte et â1., 19BB).

During germination, metabolic processes wit.hin the

embryo, including protein and RNA synthesis, increase

markedly. A sígnificant amount of translatable poly(A)-RNA

can be found in dry/ mature embryos (Brooker et aI., 7918;

Caers et al., 1979; Cuming and Lane, 1919; Grill-í et â1.,

1986; Saitoh et aI., 198B) and protein synthesis takes place

upon the formation of polysomes using this stored mRNA

during germination (SpiegeI and Marcus, 1-975) . Although

most of the slored mRNA is not required for germination, it

may be important in selective adaptation to unfavourable

condÍtions since a large number of different species of mRNA

are readily available upon germination to be used without

requiring transcription (Peumans et al., I919). One of the

messages stored is low-pI a-amylase (Saitoh et a]., 1-98B),

being immediately availabte during early germination events.

Germinated embryos contained bot.h high- and 1ow-pf isozyme
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forms (MacGregor and Marchylo, I986) , indicating that hígh-

pI isozymes are transcribed after germination.

Fol-lowing the initial phase of gierminatíon, actíve

transcription to synt.hesize new RNA is essential to replace

rapidly deqraded poly (A) -RNA and continue protein synthesis

in the embryo (Bhat and Padayatty, L975; Brooker et aI.,

I97B; Caers et al., 1919; Cuming and Lane, 1919; Sen et â1.,

1-975) . Inabitity to maint.ain a suf fícíent level of poly (A) -

RNA has been assocíated with decreased embryonic viability

(Roberts et âI., 1913,' Smith et al., 1986) and is attríbuted

to selective ínactivation of RNA polymerase II and poly (A)

polymerase (Lakhani et âI., 1987)

2.4.2. Precocious Germination and Embryo Dormancy

Cereal- embryos in sit.u undergo a period of devel-opment

and dormancy before germination. Immature wheat embryos at

a certain stage of development are capable of germination

when separated from the kernel (Dunwell-, L98L; Symons et

â1., 1983; Walker-Simmons, 1981).

The precocious germination of isolated embryos can

blocked by an exogenous application of ABA, maintaíning

status similar to in situ embryoqenesis (Morris et âf.,
1985,' RobÍchaud and Sussex, I9B6; Triplett and Quatrano,

I9B2; Walker-Simmons, I98-l) . The role of ABA in restricting
precocious germi-nation has also been demonstrated in maize.

Viviparous maize mutants qierminale because of low endoqenous

be

a
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ABA levels (Robichaud and Sussex, l9B6) whíIe normal maize

kernel-s can be induced t.o germinate during development by an

application of fluridone to the intact kernel, inhibiting

ABA synthesis (Fong et af., 1983). Fluridone inhibits

carotenoid synthesis, and also decreases the endogenous

IeveI of ABA synthesized through the carotenoid biosynthesis

pathway (Bartels and Watson, I91B; Gamble and MuIlet, I9B6;

Raikhel et a.l- , 198 6 ) .

An embryo that will not germinate, even when ít ís

excised from the seed, is said to possess embryo dormancy

(King, 1989) . Embryo dormancy may arise from inhíbitors

within embryonic tissue, from a lack of promoters and/or

from an incomplete embryo development. Frequently

interaction among- them, rather than any one factor, results

in the onset of, and release from, dormancy (McCrate et â1. ,

r9B2) .

ABA is considered to be the most sígnificant germination

inhibitor (King, 1989) . Application of ABA to ísoIated,

mat.ure embryos prevents germination (WíIl-iamson and

Quatrano, 1988; Wal-ker-Simmons, 1988). Immat.ure embryos are

abl-e to germinate upon isol-ation from the kernel up until
later in kernel mat.urat.ion, when the embryos become dormant

(Dunwell , 7987; Symons et a.I., 1983,' Walker-Simmons , 198'7) .

These embryos contain high embryonic ABA (Goldbach and

Michael I916; Wal-ker-Simmons, I9B1) .
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The degree of responsiveness of immature cereal embryos

to ABA, as measured by germination, ís affected by embryo

age and genetic background. More mature embryos, in stage

V, are less responsive to ABA than younger embryos, and a

higher ABA concentration is required to arrest precocious

germination (Morrís et â1., 1985; Robichaud and Sussex,

1986,' Wa1ker-simmons I I9B1) . Embryos from a sproutíng-

resistant curtivar of wheat are more sensitive to ABA than

those from a susceptible cultivar indicat.ing that

responsiveness may be more important than ABA content in

maintaining dormancy (Watker-Simmons, L9B7). Responsíveness

to ABA by mature embryo also affects embryo germinability.

Mature embryos are more responsive to ABA at a higher
germination temperature (WaIker-Simmons, 1988) .

The importance of ABA in maintaining embryogenesis and

preventing precocious germinatj-on, is a characteristic not

only of monocots, but is shared by the embryos of dicots
(Goldberg et âf., 1989; Quatrano, 1986). The maintenance of
embryogenesis and genes characteristic of this dewelopmental

stage are regulated by ABA (Ackerson, 1984,. Bray and Beachy,

i-985; Eisenberg and Mascarenhas, I9B5; Finkelstein et àI.,
1985; Gal-au et al., 1986; Nielsen et âI., l_989). Embryonic

weight. and protein content are greatly increased by

exogenous ABA in dicots because seed storage protein

synthesis in the cotyledons and. embryo grrowth, measured by
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fresh weight increase, are induced by ABA in dicot embryos

(Ackerson, I9B4t Eisenberg and Mascarenhas, 1985) .

Exogenously applied GA, exerts an opposite effect to

that of ABA, by promoting germination. It can parti-y

overcome the inhibítory effects of ABA and water-soluble

endoqenous germination inhibitors, in promoting germination

in mature cereal embryos (DunweII, 1981; McCrate et aL.,

L9B2) . During cerea.l- germination, embryonic GA is thought

to be responsible for alleviating kernel dormancy since GA

or a GA-like substance active in bioassays is produced by

imbibínq the cereal embryo (Cohen and Paleg, L961; Radley,

L961) . Isol-ated/ mature embryos synthesize GAr-dependent o-

amylase isozymes both in the absence and presence of

exogrenously applied GA' indicating that there is suffícient

endogenous GA present in these embryos (MacGregor and

Marchylo, 1-986) .

2.5. Plant nesponse to nntiron

Plants are continuously exposed to a multitude of

biotic and abiotic stress conditions. PIant responses to

these unfavourable conditions enable the survival and

continuation of t.he species. Biotic stress involves the

intrusion of other organÍsms. Abiotic stress invol-ves the

effects of unfavourable environmental conditions. This

section wilt review plant biochemical responses to
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environmentaÌ stress/ wíth an emphasis on water stress.

Changes in the physícal water status of plants and their
physiological response are relatively well characterized,

but the bÍochemical changes are mostly unknown (Hsiao,

1973). Only recently have st.ress-induced proteins and gienes

been identified. Although their functions are currently
largely unknown, their characteri-za1cíon wil-I assist in
understanding the mechanisms of plant stress tolerance. In

the }ong term, controlled gene transformation and expression

into desirable plants will benefit crop production (Sachs

and Ho, 1986) .

2.5.7. Plant Stress due to Limitation of Water Availability

Plants are placed under stress when insufficient water

is available, due to drought. and high soil salinity,

resulting in a reduction in osmoLic potential- (Reid and

Wamp1e, 1985) . Stress conditions often increase ABA in

plant tissues and an applicat.ion of ABA can precondition

plants to an oncomj-nq stress environment (Zeevaart and

Creelman, 1-988).

High soil salínity reduces soil osmotic potentiaJ-,

reducíngr v/ater availabitity, in addition to causing specific
salt ef fects in the plant. Pl-ants respond to sal-inity

stress by expressing stress-induced proteins specific to

ce.l-I, tissue and qenotype (Hurkman et aI., 1988; Ramagopal,

198'7a and 1987b) . Induction of salinity proteins appears to



4I

be mediated by ABA as both ABA and NaCI solutions induce the

synthesis of a 26 kD protein, osmotin, in cultured tobacco

cel-ls (Singh et al., 1987a) . Thís protein shares a high

amino acid sequence homology with thaumatin, a Lobacco

mosaic virus-induced protein, and maj-ze trypsín/cr-amylase

inhibit.or (Singh et al., 1987b) .

The salt ion effect can be excluded by use of

polyethylene glycol (PEG) or mannitol. The effects of

osmotic potential- and the sal-t. ion can be differentiated, as

salt ion-specific and water potential-specifíc qenes are

expressed. This has been demonstrated in soybean seedlings

using NaCI and PEG (Czarnecka et âI., I9B4) . A large

increase ín the prolj-ne pool, a characteristic of water

stressed cell-s (Hsiao, I913) , resul-ts from t.he J-ow plant

water pot.ential caused by PEG in tomato suspensíon culture

cel-ls (Rhodes et â1 . , 198 6) . OveraII prot.ein synthesis is

reduced by a conLrolled water stress condition imposed on

barley l-eaves by PEG (Dasgupta and Bewley, 1,984) or on oat

coleopt.ile by mannitol (Dhindsa and CIeland, 1975) . protein

synthesis reduction is greater, ín both plants, under a

higher sol-ute concenlration. Synthesis of a few proteins is

induced by the stress and, in particular, a protein having a

Mr of 60,000 is induced in barley leaves (Dasgupta and

BewIey, I9B4) .

The response to other stress factors appears to share

símil-arities with the water-st.ress response. Heat-shock
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índuces heat-shock proteins, hsp 10 in maize and hsp 2'7 in

soybean, which are al-so induced by PEG-applied water stress
(czarnecka et ãI., I9B4; Heikkila et âI., 1984). Another

stress, wounding, induces hsp 10 as well (Heikkila et â1.,

l-984) . ABA appears to be invorwed in the induction of these

wat.er, and other stress-induced gienes, since an application

of ABA induces hsp 70 and hsp 27 (Czarnecka et âf., I9B4;

Heikkil-a et al. , I9B4) .

Drought stress applied to whole plants increases the

proteins unique to stress-induced morphological change. fn

the roots of Brassica napus, where water stress is

encount.ered directly, a tíssue-specific induction of

proteins occurs in coordinat.ion with a formation of a type

of roots induced only under stress (Damerval et â1., 1988).

Drought conditj-ons, applied t.o soybean seedlings, affect
growt.h. The reduced elongation in the hypocotyl region is

accompanied by an increase in ABA and changes in the

translatab]e poly (A) -RNA population (Bensen et al., l-988) .

Cell-ular changies ín gene expressíon relative to the

t.hesis topic, aÌso occur under water stress. Alpha-amylase

activity increases in barley l-eaves during drought st.ress in

coordination with an increase in ABA and a d.ecrease in plant

water potential (Jacobsen et dL., 1986). The low-pl isozyme

form is synthesized and preceded by an r-amylase mRNA

increase. The regulation of enzyme synthesj-s, by ABA and

stress, in l-eaves, is opposite to the wel-l- characterized
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regulatory pattern in the aleurone system. This indicates

the presence of a different control mechanj-sm in leaves.

Controlled dehydration of plant parts is preferable to

the use of whole plants since precise control can be applíed

to the experimental system. Using this system, Vüríght and

Hiron (L969) showed an induction of ABA in wíIted wheat

leaves. ABA level increases in the shoots and roots of

barley plants under dehydration stress, in coordination with

an expressíon of one family of mRNA (Chandl-er et â1., 1988).

Dehydration or wounding of maíze leaves al-so induces a mRNA

for a gJ-ycine-rich protein in coordination with an increase

in ABA (Gomez eL âI., 19BB). A rice gene, encoding a

protein rich in glycine, is induced in dehydrated shoots and

ABA-Ireated shoots, roots and embryos (Mundy and Chua,

19BB) . The ability of cereal plants to survive water stress

is l-inked to the presence of dehydration-induced proteins

(Chandler et êI., 1988).

Dehydration and ABA treatments induce the dehydration-

inducible mRNA to the same degree in a GA-mutant and wild

type of barley (Chandler, 19BB) . This implies that the

abil-ity to respond to ABA is not affected by a mutation in

GA response, indicating the presence of a separate response

pathway to ABA and GA in barley. However in a corn mutant

which fail-s to accumulate ABA/ a gene homologous to the

barley water stress-induced gene ís not induced under

dehydration stress. The l-ack of induction can be overcome
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with an application of ABA to the mutant, further supporting

an involvement of ABA (Chandler et âI., 19BB).

The role of ABA in dehydration stress has a.Lso been

examined in tomato ABA mutants (Bray, 1988) . A set of

proteins are induced in wíld type tomato leaves by

dehydration stress. The same proteins are synthesized to a

l-esser extent 1n an ABA-deficient mutant under stress. The

proteins can be induced only after an ABA application to the

mutant. These results indicate elevated ABA l-evels induced

by stress are essential for the induction of these proteins.

The embryo and seed tissue general-l-y undergo drying to

enter a quiescent period of plant development. This process

is a part of normal- kernel maturatíon and it might. be

expected that the embryo expresses dehydration-índuced genes

l-ate ín grain development. Some of the dehydration-induced

genes in vegetative tissue are present in mat.ure cereal_

embryos and ai-eurone layers isolat.ed late in kernel

development (Chandler et âI., 198B; Gomez et al., 19BB;

Mundy and Chua, 198B) . Wheat. germ contains another l_ate

maturation mRNA that. appears to be induced by grain

desiccation during l-ate maturation (McEl-wain and Spiker,

1989) . Along with the barley, rice and maize dehydratíon-

induced genes that are abundant in mature embryos, these

l-ate embryog-enesis g:enes may play an important role in

kernel transit.ion through the drying process.



45

The dehydration of embryos after germinatíon can be

d.etrimental to embryo survival-. When dehydration occurs

within a critical t.ime limit, however, the process is

benefícial as a pretreatment to enhance prot.ein and RNA

synthesis ín rye (Sen and Osborne, I974). If dehydration

occurs Iat.er in the imbibition period, structuraf damage and

a reductíon in embryo growth occur (Sargent et al., l-981-) .

Sensitivity to dehydration coincides with an increase in t.he

prot.ein synthesis rate and the onset of DNA replication

duríng imbibition (Sarqent et aI., 1981). Embryos sensit.ive

t.o dehydration are incapable of RNA and DNA synthesis upon

rehydration following dehydration (Crevecoeur et âI., 198B).

Upon rehydration, cellular disorganization increases with a

Ionger imbibition period prior to dehydration (Marínos and

Fi f e , 1,97 2; Sargent et âl . , 1- 981 ) .
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MATERIALS AND METHODS

3.1. Chemicals

Canine mi-crosomal membranes, toc-labeIled marker

proteins, a nick translation kit, Hybond-N nylon

membranes and tts-methionine (>1000 Cilmmol) were obtained

from Amersham Canada Ltd., OakvilIe, Ontario. Bio-GeI P-

30 (50-100 mesh), DNA grade agarose, Protein Assay Dye

Reagent, goat-anti-rabbit horseradish peroxidase (GAR-

HRP) and its substrate, 4-chloro-1-naphthol-, were

obtained from Bio-Rad Laboratories ICanada] Ltd.,

Mississauga, Ontario. DH5-cr competent ceIls, guanidinium

thiocyanate, RNA markers and a rabbít reticul-ocyte in
vitro transl-ation syst.em i^rere obtained from Bethesda

Research Laboratories Life Technologies, Inc.,

Burlington, Ontario. Oligo (dT)-cellul-ose (type 3) \^ras

obt.ained from Collaborative Research, Lexington, Mass. .

c[-l"PIcrP (>3OOO Cilmmol) was obtained from rCN

Biomedicals Canada, LLd., Montreal, Quebec. Protein

A-Sepharose CL-48 and ampholines (pH3.5-10, 4-6 and 6-B)

vlere obtained from LKB-Pharmacia ICanada], Dorval,

Quebec. ENHANCE, "S-sulphate (>3OO mCi/mmol) and Du pont.

Lightning PIus intensifying screens were obtained from
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NEN Du Pont Canada Inc., Lachine, Quebec. Nitrocellulose

vùas obtained from Schleicher & SchueIl, Keene, New

Hampshire. (+)-cis, trans-Abscisic acid (ABA) was

obtaj-ned from Sigma Chemical Co., St. Louis, MO. . Other

chemicals were reagent grade unless indicated otherwise.

3.2. PIant Material

Barley, Hordeum vu.l-gare L. cv. Bonanza, was groü¡n in

the growth cabinet under 16 hour day length with I8/1,4"C

daylnight temperature. Kernels were planted in an

artificj-aI planting medium (Metro-mix 220, Vü. R. Grace &

Co. of Canada Ltd. Ajax, Ontario, Canada) in 1L cartons.

The seedlings were thinned to 2 plants per pot. The

plants v¡ere fertilj-zed with a fertii-izer having a N-P-K

composition of 202-20e"-20% once a week until maturity.

Each head was tagged at mid-ant.hesis and was harvested at

the required time intervals. Embryonic stages were

determined according to Rogers and Quatrano (1-983). At

harvest, the samples were used immediately for

experiments or stored whole at -75"C until required.

Young seedlings b/ere obtained by germinating

certified barley seeds. Seeds were surface sterilized

with L% hypochlorite with 0.1% Tween 20, rinsed with

steril-ized distil-led water, then placed on a Whatman 3lO4
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paper and allowed to germinate with sterilized water, in
the dark, for 2 days.

3.2.1". Ef fects of Plant Growth Substances on Kernel-

Proteins and on Embryos

The effects of plant growth substances on protein

synthesis in barley kernels and embryos were studied

through spike, endosperm and embryo culture in a nutrient
medium with treatment substances.

Immature barley heads were harvested at 7 DpA. For

spike cul-ture, stems were sterilized with l_å hypochlorite
sol-ution for 5 minutes and rinsed with sterile distirred
water. Spikes were curtured in basal- medium of Murashige

and Skoog (MS) (1962) except for KH2PO4, which has been

increased from 170 to 1200 mq/L to satisfy the

requirement for K in the absence of KNO3 (Donovan and

Lee, 1911) . The quantit.ies of sucrose and vitamins ü¡ere

derived from the conditíons for optimum growth of
cul-tured grains (Gifford and Bremner, 1981). Casein

hydrolysat.e contains about L4 amino acids and the

addition of glutamine appears to satisfy the need of
isolated kernel growth, thus they were used instead of
NH4NO3 and KNO3 or a mixture of amino acids. Cul-ture

medium contained ABA at concentrations of O, I, 10 and

100 pM and/or fluridone at 0, I,10 and 100 mg/I.
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Culture tubes were covered with aluminium foil to exclude

tight and were immersed in a cooling bath at 4"C. Spikes

were placed in a growth cabinet under the same conditions

as for growing plants. At. 13 DPA, or after 6 days under

culture, each spike was fed with 80 pci ttS-NarSO4 (NEN)

then returned to the treatment medium. On 1-5 DPA,

proteíns were extracted from isolated endosperms and

embryos.

Al-ternatively, 11 DPA kernels \^rere isolated from

plants and sterilized as above. They were cultured ín a

24 weII culture plate (Corning) at 1 kernel-/wel-l with 200

pI cul-ture medium containing ABA and/or fluridone. The

plates were wrapped in an aluminium foil- and on 13 DPA,

or aft.er 2 days under culture, 15 pCi tus-Met (Amersham)

was added to each kernel-. Kernels were harvested at. 1_4

DPA and proteins extracted.

Immature embryos were isolat.ed aseptically from

surface steril-ized whol-e kernels. They were placed

scutel-lum side down individually in a 96 wel_l_ cul_ture

pl-ate (Corning) with 50 ¡rI of the medium used for the

kernel culture. ABA concentrations used were L, 10 and

100 pM. The embryos were cultured in the dark for 5 days.

Then, the embryos were analyzed for germinabil_ity and

inhibitor cont.ent .
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3.2.2. Ef fects of Dehydration S

Young Seedlings

Immature embryos and 2 day-old seedlings \¡¿ere placed

in a desiccator in the dark which had been equilibrated

with 25% (v/v) glycerol sol-ution as described by Chandler

(1988) . The calculated rel-ative humidity in this

environment is 9LZ at 20"C. After the experiments, the

embryos and seedlings were analyzed for inhibitor

content. Dupticate samples were sent to Dr. M. Walker-

Simmons (Vüashington Stat.e University, Pull-man) for ABA

analysis.

3 .4 . Analytical Methods

3.4.l-. Protein Determination

In the kernel development study, barley grain was

isolated on ice from frozen samples of 7 to 35 DPA. At

maturity, whole kernel-s \^rere used without the removal of

husks. Crude protein extracts were prepared by

homogenízíng the kernels in 10x (v/w) 50mM Tris-CI (pH

7.0) wj-th 1mM CaCl, or 20 mM acetate (pH 5.5) with l-mM

CaCI, using a glass homogenízer. These two buffers had

similar protein extractability. Hordein fraction r^ias

obtained by extracting the pellet from the above

extraction with 50å aqueous isopropanol-. The cul-tured
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and vrater stressed embryos were homogenized with 10 mM

phosphate-buf fered-saline (PBS : 10 mM KHTPO4/K'HPOn at pH

J.0, 145 mM NaCI), 0.1% (w/v) Triton X-100, and 100 mI4 N-

acetylgl-ucosamine. I¡üater stressed seedlings were divided

into three parts after desiccatj-on; segment containing

the shoot., coleoptile and scutellum (thereafter referred
to as SCS), the root, and the remaining kernel . Sol-ub1e

proteins \^rere extract.ed with 50 mM Tris (pH 7.5) and 1 mM

NaCl. PBS and Tris buffers were equal-ly effective in

extracting the o-amylase inhibitor. The homogenates were

kept on ice with an occasional shaking for 30 min, then

microfuged at 15,000 xg^"* for 10 min.

Buffer extractable protein concentrations \^rere

determined by the method of Lowry et al-. (f 951-), or

Bradford (1916) (Bio-Rad) using BSA or -gJ_obulin as a

standard. Total kernel protein content (% protein, dry

weight basis) was calculat.ed from Kjeldahl nitrogen

determination mul-tiplied by 6.25.

3.3.2. Protein GeI Electrophoresis

The crude protein samples were separated by

dj-scontinuous sodium dodecyl sulphate polyacrylamide gef

electrophoresis (SDS-PAGE) on 15% (T) gels by the method

of Laemmli (7910), as modified by Maniatis et al. (L982)

for one-dimensional el-ectrophoresis.
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Two-dimensj-onal- electrophoresis using IEF in the

first direction and SDS-PAGE in the second was carried
out according to O'Farrell- (1975) with a slight change in
ampholine composition (0.4% pH 3.5-10, 0.42 pH 4-G, I.2Z
pH 6-8) .

The proteins were visualized by a silver stain by

Merri} et al- . (1981) .

3 .3 .3 . Western Blot of Protein El_ectrophoresis Gel_s

Protein gels u/ere electroblotted onto nitrocellulose
(schl-eicher & Schuel-Ì) in a LKB transphor electrobrotting
unit (LKB-Pharmacia) according to the manufacturer's

instructions. The antigen bands were visualized using

specific rabbit ant.isera raised against the purified

inhibitor or cr-amylase (Weselake et al_., 1985), GAR-HRP

conjugate and 4-chl-oro-1-naphthol as a substrate

according to the manufacturer, s instructions (Bio-Rad) .

The inhibitor and a-amy]-ase contents in the samples at

various dirutions r^rere quantified visuarl-y against. the

purified antigen standard on the same gef. Samples

giving band intensities outside the rangie of the

standards were appropriately dil-ut.ed and the anaJ-ysis

repeated.
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3.3.4 ABA Analysis

Dissected embryos of seedling tissues were frozen,

J-yophilized and powdered. Samples were extracted in
methanol as described by lrialker-simmons (1987) . ABA

content of the extracts was measured by indirect ELrsA

utilizinq a monoclonal- antibody for (+)ABA as previousJ-y

described (Irüa1ker-Simmons , I9B7) .

3.3.5. Total and Messenger RNA fsolation
Procedures were carried out in sterj_Ie disposable

plasticware or glassware treated to el_iminate RNase

activity (Maniatis et âI. , L9B2) . Gl-ass distill_ed water

was treated with an ion exchange resin,
diethyrpyrocarbonate (DEpc), then autocl-aved twice to
el-iminate residual DEPC.

Total RNA was isolated from dehusked whore kernels
in a modified guanidlnium thiocyanate procedure. Due to
the high starch content in kernels, the guanidinium

thiocyanate/CsCI method by Chirgwin et al. (t919)

generally ísorates i-ntact. RNA at very low yields. The

isolation of RNA using a Tris buffer and

phenoÌ/chroroform by Brandt and rngversen (rgl.g) yiel-ds

larger amounts of RNA, but lhe RNA showed some

degradation. The modified met.hod removes materiar-s

insol-uble i-n the Tris buffer as a first step, forrowed by
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the addition of guanidine thiocyanate to inactivate RNase

completefy.

The frozen sample r^/as homogenized on ice in 0.1 M

Tris, 0.1 M NaCI, 0.01 M EDTA (pH 9.0) , 1.0% (w/v) SDS

and 1.5% (v/v ) Þ-mercaptoethanol using polytron

homogenizer (Brinkman fnsLruments. Rexdale, Ontario) .

The homogenate was centrj-fuged at 15,000 xg for 30 min at

4"C. The supernatant was pooled to measure its volume.

Guanidinium thiocyanate salt was added to the supernatant

to give a final concentration of 4.0 M. The homogenate

was then layered on 5.7 M CsC1/EDTA and total RNA was

iso]ated in the usual manner (Chirgwin et â1 ., t97g) .

Shoot samples were t.akes from the above ground

portion of 2 week old green seedrings. Root tissues were

col-lected from the root tip regions of mature plants.
RNA was isol-ated from frozen samples of shoot and root by

a guanidinium thiocyanate/CsCl method (Chirgwin et â1.,
'1 0?o\LJ I JJ .

PoIy (A) -RNA was isolated by affinity chromatography

on oJ-igo (dT)-cel-Iulose (Type 3) (Aviv and Leder, L912) .

In Vitro Translation and Immunoprecipit.ation

rabbit reticulocyte in vitro translation system

was programmed with 0.5 to 1 pg poly (A) -RNA using 5 pci

"S-methionine (>1000 CilmmoI) as a radio l-abel.

6.

A



55

Processing of the ínitial translation product was

examined by including canine pancreas microsomal

membranes in the in vitro translation system (Jackson and

BlobeI, L911) and immunoprecipitating the l-abell-ed

product with a specific antiserum raised in a rabbit

against purJ-f ied inhibitor (Wesel-ake et aI., 1985) . The

incorporation of t.he radiol-abel into TCA-precipitabte

prot.elns r^ras measured by a filter paper disc method (Mans

and Novelli, L96I) and the activity \^¡as counted with 3 ml

Aquassure (NEN Du Pont) in a Mark fII liquid

scintil-l-ation countÍng system (Searle Instrumentation,

Oakville, Ontario) .

Total- translation products containing 300,000 to
450,000 cpm of TCA-precipitable proteins \^rere used for
immunoprecipitation. Cross-reacting proteins were

removed by PRS/protein A sepharose. rmmunoprecipit.ation

buffer (50 mM Tris-Cf, pH:7.8, 0.1 M NaCl, 0.1% (w/v)

SDS, t% (v/v) Triton-X) was added to give a final volume

of 0.5 ml and this was incubated with 5 pI pre-j_mmune

rabbit serum (PRS) for t h at room temperat.ure with

shaking. lVashed protein A-Sepharose CL-48, 25 þf , was

added and the samples \^rere incubated for a further 30

min. After separat.lon in a microfuge at 15,000 Xg, the

supernatant was incubated wit.h o-amylase inhibitor

antiserum, overnight at 4"C. The incubation buffer
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contained 0.5 M Nacl to reduce cross reactivity. The

antigen/anLibody compJ-ex was precipitated on protein
A-Sepharose and, after severar washes of the comprex, the
precipitate was denatured by the addition of Laemml_1

sample buffer (Laemmri, rg] 0) forlowed by boiring for 2

min. The total- in vitro translated protein sampre and

the immunoprecipitated samples r¡/ere separated on

discontinuous SDS-PAGE as described above. The proteins
were visuarized by fluorography. They were fixed. in 5oå

(v/v) methanor and 10% (v/v) acetic acid. The get was

treated with Enhance (NEN), dried and exposed to Kodak

X-omat AR fil-m with a Du pont intensifying screen at
-75"C for 2 weeks.

3.3.7. Northern Analysis

An inhibitor cDNA cl-one was isorated by T. Hatton
(Appendix 1). cDNA clones for an ABA induced protein
(pHVA34 ) and B hordei-n tpHoR2 -4 (2 .B) I u¡ere kindly
provided by P. chandler (commonwealth scientific and

Indust.rial Research Organization) and e. Brandt
(carlsberg Laboratory), respect.ivery. DH5-o competent

cel-ls were transformed with 5 or 1o ng plasmj_d (Maniatis
et al., L982) and screened on agar plates with
appropriate antibiotics. The transformed singJ_e colony
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\^ras re-screened on another agar plate containing
antibiotic.

Bacterial culture of E. coli \^/as maintained i_n a

glycerol stock kept at -75"C (Maniatis et al.. L982).

The bacterial cul-tures were used to inoculate LB broth
wíth an appropriat.e antibiotic, then they were grown over

night at 37'C to increase plasmid. The plasmi_d was

isolated according to Birnboim and Dolly (l_979) . The

purified plasmids were digested with restriction enzymes

and the inserts brere electroeluted after separation on an

agarose gel electrophoresis using dialysis membrane

(Maniatis et af., 1982) .

For gef blots, RNA was separated on a denaturing

1.5% (w/v) agarose formaldehyde geI el-ectrophoresis and

bl-otted onto nylon membranes (Hybond-N) (Manj_atis et âI.,
I9B2) . For dot blots, serial dilution of samples vrere

made with TE. Denaturation of RNA was carried out in a

buffer containing sample:formatdehyde:20xSSpE at !:2:L,
heated at. 650C. RNA was applied to Hybond-N in a 96 weII

dot. blot apparatus (Bio-Rad). Filters were exposed to uv

Iight, to covalentÌy fix the RNA and prehybridized in
BLOTTO (SiegeI and Bresnickn L987) , 5XSSPE (t-XSSpE:0.l_5 M

NaCl, 0.01 M NaHrPOn, lmM EDTA pH 7 .4) , 0.IZ (w/v) SDS and

50 pg/mL yeast LRNA for at J-east three hours at 65'C.
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The cDNA insert of the inhibitor clone was labelled

with "P-CTP (>3000 Cilmmol) by nick translation to a

specif ic activíty of >1x108 cpm/pg. Hybridizations \^/ere

carried out under the same condit.j-ons as the prehybridi-

zation, with the addit.ion of the nick translated insert.

After hybridization, the blots were washed three times in
2xSSPE, 0.L (w/v) % SDS for 10 min at room temperature,

foll-owed by three washes in 0.2xSSPE, 0.!eo (w/v) SDS for
10 min at 65"C. The blot.s were exposed to Kodak X-OMAT AR

fil-m at -75"C with an intensifying screen (Du Pont

Lightning Plus) . The o-amylase inhibitor mRNA sj-ze was

estj-mated by DNA fragment anaj-ysis operated on an IBM

compatible computer adapted by J. Nash, based on an

analysis of the l-east square fit of DNA length to gef

migration (Schaffer and Sederoff, 1981).

Quantificat.ion of the hybridizíng message r^ias

carried ouL by cutting out circles from the dot blot and

t'P activitj-es \^rere counted by Iiquid. scintillation.
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4. RESULTS AND DISCUSSION

4.L. Tissue Specificity of the o-Amyl-ase Inhibitor

Analytical- methods to detect and quantify t.he û,-

amylase inhibitor were developed to facilit.ate

investigations usJ-ng many distinct samples. An

immunoblotting procedure, frequently referred to as a

Western blot (Burnette, 1981), takes advantage of a

specific antigen-antibody reaction to identify t.he

protein of interest. Northern analysis util-izes a cDNA

clone for the inhibitor as a probe to detect the

inhibitor message among RNA populations (Meinkoth and

Wahl, L984).

4.1.l-. Vüestern Blot. Analysis for the o,-Amylase Inhibitor

Protein

The antj-serum used for development of the assay was

previously employed to detect proteins that shared

immunol-ogical- identity with the inhibitor in various

cereal grains (!üeselake et êI ., 1985) . By virt.ue of the

nature of antibodies, recognition between antigens and

antibodies is dependent on the concentration of both

antigen and antiserum. Sensit.ivity and selectivity of an

antibody is determined by antibody titre and these
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parameters are mutually exclusive (Burnette, 1981). In

order to establish a suitabÌe detection range, having a

minimum cross-reactivity with proteins other than the

inhibitor, titration of the antiserum was carried out.

Within a dilution range between 1000:1 and 200:I,

100 ng purified inhibitor \,vas vi-sualized in greater

intensity as more antiserum was used. fn order to assess

se.l-ectivity of the antiserum, a mixture of proteins was

separated along with t.he purified inhibitor. At the

Iower ant.iserum dilution of 200:L, several cross-reacting
proteins became visible, whereas these proteins were

absent at dil-utions of 1000:1. Weighing the balance

between selectivity and sensitivity, a working antiserum

dilution of 1000:1 h¡as found suitable for use in Western

blot experiments. AssessmenL of the antiserum at 1000:l_

dirution reveal-ed the detection range of the inhibitor to

be between 10 and 250 ng (Appendix 2A) . This technique

has a wj-de working range from the appl-ication of

appropriately dil-uted crude protein extracts of 5 to 100

þg/Lane to SDS-PAGE geIs. Within this range, inhibitor

contents as l-ow as 0.01_ percent and as high as 5 percent

of total protein could be detected.

The rabbit antiserum directed towards the inhibitor

had hiqh specificity under the conditíons used (Fig. 1).

Crude extract from various tissues contained many
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Figure 1. Western blot analysis of inhibitor proteln in
crude extracts of barley. The proteins were staj-ned
in panel A. Lane L, Mr. standards, ribonucl_ease-4,
l-3.3, trypsin inhibitor, 20 .L, carbonic anhydrase,
30, and ovalbumin, 44, x 10-'; Iane 2, Bonanza
endosperm extract; fane 3, Bonanza embryo extract;
lane 4, Bonanza shoot extract; fane 5, Argyle kernel
extract (10 LLq each) ; l-ane 6, 100 ng purif ied
inhibitor. Panel B is the Vüest.ern bl-ot for the
inhibitor. Lane L, Bonanza endosperm extract,. lanes
2 and 7, Bonanza embryo extract; l_anes 3 and 8,
Bonanza shoot extract; Iane 4, Argyle kernel
extract; lane 5, 50 ng purified inhibitor,. 5 lLg
total protein was applied t.o lanes 1- to 4, 100 pg to
l-anes 7 and B.
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proteins of a wi-de Mr range (Fig. 1A) Bonanza endosperm

and Argyle kernel buffer-extracted proteins were simj-l-ar

Ín protein profile, whereas embryo and shoot proteins

shared few similarities with the endosperm proteins.

Although the endosperm proteins do not contain embryo

proteins, endosperm and kernel proteins from a cul-tivar

are qualitatively simil-ar since embryo proteins

constitute less than l-0 percent of kernel proteins
(sections 4.3. and 4.4.). Bands co-migrating with a

purified inhibitor band were apparent. in the endosperm

and the kernel extracts. The existence of the inhibitor
was confirmed by Western blot using the inhibitor

antiserum (Fig. 1B) . Endosperm and mature kernel-

contained high amounts of the inhibitor. More than 1

percent of the tot.al- buffer-extractable protej-n could be

accounted for as the inhibitor. The inhi-bitor was not

present as a major protein in the embryo or shoot

extracts (lanes 2 and 3) . When a large amount of buffer-

extractabl-e protein was l-oaded (lanes 7 and 8), however,

a faint band was det.ected in the embryo sample,

corresponding to less than 0.05 percent buffer-

extractable protein.

The rabbit polyclonal antiserum directed towards the

a-amyJ-ase inhibit.or was specific for that antigen in
endosperm and kernel extracts and did not cross react
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with the numerous other prot.eins present in the crude

extracts (Fig. 1). The inhibitor protein was not

detected in vegetative tissues under the conditions used

in these experiments, sug'gesting that the protein is

specific to kernel- tissue. The inhibitor constituted a

higher proportion of buffer-extractable proteins in the

endosperm than in the embryo.

When present, onJ-y one form of the inhibitor \^¡as

observed j-n the kernel exLracL as shown by a Vüestern btot
of 2-D gel electrophoresis (Appendix. 3). Two

independent separation parameters used in this system

(O'FarrelI, I915) segregate individual_ protein species

based on both pI and Mr. Observation of only one spot

after immunoblotting was strong evidence that there is
onÌy one protein in the kernel that is recognized by the

ant ibody .

4.I.2. Isolation of RNA f rom Kernel- Tissue

In order to detect inhibitor mRNA, RNA was lsolated
from 14 DPA seeds, the most active period of inhibitor
accumul-ation (section 4.3.2.) . The guanidiníum/CsCl-

method of Chirgwin et al. (I919) yielded very low amounts

of RNA, varying from 0 to 300 þg/g fresh weight (Table

1). A Tris-buffer homogenization foll-owed by a

phenol/chl-oroform extraction (Brandt and fngversen, 1978)
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TABLE 1. RNA yieJ-d f rom L4 DPA barJ-ey kernels by three

different methods.

Procedure Yiel-d

Chirgwin et al-. (L919)

Brandt and Ingversen (1878)

Modified

1 Numbers in bracket.s indicate rangie

Utg/g fresh

95 .4

480

101 6

weight )

( 0-32s )

(180-77s)

( 73 0 -L270)

in va1ue.
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yielded larger amounts. Some degradation was apparent,

however, âs indicated by additional bands between the 265

and lBS rRNA bands and below t.he l8S rRNA band on

formal-dehyde gef electrophoresis (Fig. 2) . A modified

method, âs outlÍned in Figure 3, yielded greater than 1

mg of total RNA per gram fresh weight which appeared to

be undegraded when viewed after electrophoresis on the

formaldehyde ge] (Fig. 2) . This yield is about 10 times

that of the method by Chirgwin et al-. (1919) and twice

that by Brandt and Ingversen (1978) (Table l-) .

The extraction of RNA from kernels is more

difficult than from other plant. parts because of the

presence of large quantities of starch in the endosperm.

The highly chaotropic character of guanidinium sal-ts used

in the procedure of Chirgwin et al. (I919) dissolves

starch, resulting in a gelatinous homogenization buffer.
This entraps RNA during ul-tracentrifugati-on through the

CsCl cushion. In the modified procedure, the initial

extraction of RNA in a Tris buffer al-lows the starch to

remain insolubl-e. It can then be removed, along with

other cell debris, by low speed centrifugation (Brandt

and Ingversen, 1978) . Phenol- extraction on its own

resul-ted in more degraded RNA (Fig . 2) , probably because

RNase was inactivated too slowly. Another problem with

the Tris buffer procedure is that any sol-ubl-e
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Figure 2 . Formal-dehyde agarose gef (1 . 5 Z)
el-ectrophoresi-s of total- RNA isol-ated from 14 DpA
barley kernels by three different procedures;
ChirgwÍn et al. (1919) (Lane I), Brandt. and
IngversenJf97g) (Iane 2) , modified (l-ane 3) and
leaf total RNA (Iane 4).
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Figure 3. Outl-ine of the modified RNA isol-ation scheme
f rom kernel-s.
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frozen barley kernels

i

I
extract separation (centrifuge at l-5,000 xg 30 min. )

RNA Isolation Scheme

aqueous buffer homogenization on ice
(Polytron 2X 30 sec.)

I
RNase inactivation by guanidinium thiocyanate

I
RNA isolation through CsCI/EDTA

I

redissolve RNA pellet
I

phenol/chloroform extract.ion

I
NaAc/EtOH precipitation
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oligosaccharides present in the aqueous phase after the

phenol extract.ion, can be precipitated by ethanol along

with the RNA, requiring further purification by

ultracentrifugation through a CsCI cushion.

The modified method takes advantage of the best.

features of these two procedures. The frozen sample was

homogenized in a Tris buffer and the starch removed. The

presence of EDTA, SDS and B-mercaptoethanol help to

minimize RNase activity. The guanidj-nium thiocyanate

salt subsequently added to the supernatant inactivated

RNase activity completely. RNA was isol-ated through the

CsCl cushion, and redissol-ved RNA was phenol treated to

further remove any contaminating RNase. RNA, thus

isolated, was shown to be intact (Fig. 2) . This

reliabJ-e, high-yielding procedure wil-I be useful_ in RNA

isolation from tissues containing a high amount of
starch.

4. l-.3. Northern Analysis of Barley Tissue for the s:

Amylase Inhibitor

Tissue specificity for inhibitor gene expression was

analyzed by Northern analysis (Maniatj-s et af ., L982).

When poly(A) -RNA from kernel, shoot and root t.issues r^ras

analyzed for the existence of inhibitor messâge, the

transcript I^IaS present only in t.he kernel and not in the



shoot or the root (Fiq. 4) . Two

kernel poly (A) -RNA, lanes 1 and 4

abundance of inhibitor messag.e as

hybridization intensities .

12

separate preparations of

, conLained the same

shown by their equal

The size of t.he mature RNA transcript encoding the

inhibitor was about 900 nucleotides in the developing

kernel (Fig. 5) . The mature inhibitor molecule contains

181 amino acid residues (Svendsen et aI., 1986) ,

indicating that about a third of the inhibitor message

could represent untranslated regi-ons. This is in
agreement with a nearly full size cDNA isolated by Leah

and Mundy (personal communication), which contained 609

bases of open reading frame withi-n the 807 base cDNA.

Rel-atively long untranstated sequences may be required

for translational regulation of this message.
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Figure 4. Tissue specificity of ínhibitor mRNA.
Poly(A) -RNA (2 pg) from L4 DPA kernel (lane 1),
shoot (Iane 2) , root (l_ane 3) and 13 DpA kernel_(lane 4) vras examined for the existence of inhibitor
message by Northern analysis. positions for the 26s
and 1BS rRNAs are indicated on the l_eft and those
for RNA morecul-ar weight standards in kb are on the
right.
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Figure 5. Estimation of a-amyrase inhibitor mRNA size by
Northern blot. analysi-s. Migration distance and sizeof RNA standards are obtained from Fig. 4.
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fn Vitro Translation of fmmature Barl-ey Kernel RNA

RNA isolated from L4 DPA kernels was used to examine

the presence of translatabl-e inhibitor message by a

rabbit reticulocyte in vitro translation system.

Although the quality of the total RNA preparations

appeared to be sound when examined in a formaldehyde gel

(Fig . 2) , this total RNA did not translate well in vitro.

The transl-ation system, however, was actíve in

synthesLzíng proteins when pofy(A)-RNA was used as a

template. Transl-ation was optimal with about 0.5 to L ttg

pofy(A) -RNA t.o synthesize TCA precipitable proteins at 1_0

to 20,000 cpm/¡rJ-. The system synthesized proteins of Mr

from 10,000 to 80,000 (Fig. 6).

The inhibitor protein band was not visj_bIe among the

total- transl-ation products. Immunoprecipitation of the

total products with inhibitor antiserum produced a single
band of about 2L,500 (Fí9. 6, lane 3). The estimated Mr

bras slightly larger than the reported sj_ze for the

inhibitor protein (19,865) (Svendsen et âf., 1986), which

suggested the presence of a leader sequence.

The possibility of a siqnal peptide presence was

tested using canine pancreatic microsomal membranes

(Jackson and Blobel, L911) . When the membranes were

incubated wit.h the transl-ation system, immunoprecipi-
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Figure 6. Fluorogram of in vitro translation products of
14 DPA kernel-. A rabbit reticulocyt.e in vitro
transl-ation system was programmed with þolylA¡ -RNA
and l-abeÌled. Total translation products r^rere
separated by SDS-PAGE (l_ane 2) . The inhibitor
protej-n was sel-ected by immunoprecipitatj-on (Lane
3). Lane 1 contains tnc-Iabelled marker proteins.
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tation of the products revealed a second band of small_er

Mr, about 20,000 (Fig 7A) . Signal peptidase dependent

processing of the precursor protej_n i,vas shown when an

increasi-ng proport.i-on of the immunoprecipitated inhibitor
was found in the processed, smal_Ier Mr protein as larger
amounts of the membranes were added (Fig. 7B). There,

thus, appears to be a reader sequence of about l-500 which

can be cJ-eaved by the signal-peptidase activity of the

membranes.
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Figure 7. Signal peptidase processing of in vitro
translation products of 14 DPA kernef-poly 1¡¡ -RNA.
Panel- A : Total in vitro translation products (lane
2) . The translation products without (lane 3) or
with (Iane 4) canine pancreatic microsome membranes
r^rere immunoprecipitated by inhibit.or antiserum.
Lane 1 contains labelled marker proteins. panel_ B :
Signal peptidase-dependent precursor protei_n
processing. Different amounts of canine mj_crosomal
membranes r^/ere added to the translation system and
the inhibitor immunoprecipitated. Lane I, no
membranes; Ianes 2, 3 and 4, one, two and fj_ve pl
membranes vrere added, respectively.
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4.3. Barley Kernel Development

Devel-oping barley kernel offers a sultable
experimental system to st.udy temporal regulatíon of

kernel protein gene expression. Temporal control of o-

amylase inhibitor synthesJ-s was examined through it.s
pattern of protein accumulation and the l_evel of its
messaqe in developing kernels with the objective of

establishing a physiological role for the inhibitor.
The generaJ- characteristics of barley kernel-

development observed in this study (Fig. B) were similar
to results from other studies (Brandt, t976; Kirsi, I973;

MacGregor eL âf . , L97 4; Rahman et al . , 1,982) . The l-evel_

of Tris buffer-extractabre proteins increased rapidry t.o

one mglkernel during the first L4 DpA and remained

rel-atively constant. thereafter (Fig. 88) . Fresh weight

followed a similar pattern to this prot.ein content change

(Fig. BA) , resulting in a rel-atively constant 18 mg

buffer-extractable protein/g fresh weight throughout

grain development. Dry weight (Fig. 8A) and total kernel

protein (Fig. BB) increased over the period examined

att.aining maximum levels at 35 DPA of 44 mg and 6.6G mg,

respectivery. The water content of kernels at this time

was 20 percent (Fig 8A) and kernels appeared to be at
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Figure B. Changes in protein, moisture contents, and
weight of barley kernel-s during development. paner
A; fresh weight, dry weight and moisture content.
Panel- B; Tris buffer-extractabl-e and total protein
contents.
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near maturity as assessed from these growth parameters.

4.3.I. Temporal Changes in the protein population

During Kernel Development

Buffer-extractable protein species from immature

barley were analyzed by SDS-PAGE (Fig. 9). At T DpA,

many protein species of varying s j-ze hrere present. As

the kernels matured, there was a general shift toward.s

several- more dominant proteins and a disappearance of
other bands. one of the more dominant bands co-migrated
wit.h a purified inhibitor marker. This band became

detectabre at r4 DPA, then maintained it.s rerative
abundance from 2L t.o 35 DpA. No protein band co-migrat.ed

with the a-amylase marker throughout development.

overarl, there were changes in protei-n species among J,

L4, and 21" DPA samples but the buffer-extractabre protein
dist.ribution was relativery stable after 2r DpA. severar

l-ow Mr proteins (Mr 14, 000 to 19, 0oo) accumur-ated after
14 DPA.

More detailed observations \^rere made by 2-D gel

electrophoresis using rEF in the first dimension and sDS-

PAGE j-n the second (Fig. 10) . At 7 DpA, many low

abundance proteins \^/ere present, which were mostJ-y acidic
(Fig. 104) . By 14 DPA, several proteins had increased in
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Figure 9. Electropherograms of Tris buffer-extractable
proteins from barj_ey kernels during development.
Lane L, Mr standards as ín Fig'. L; lanes 2,3, 4,5
and 6, 10 pg of '7, L4, 2L, 28 and 35 DpA kernel_
extracts, respectively; l_ane '7, purified ínhibitor
and cr-amylase.
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s of Tris
ey
C, 2L

mature
) and (A)
e
14, 2r,

h rangie,

proteins

Figure 1-0. Two-dimensional geI electropherogram
buffer-extractable proteins from developing barl_
kernels. Panel A, 7 DPA; panel B, 14 DpA; panel
DPA; panel D, 28 DPA; panef E, 35 DpA; panel E,
kernels. Dif ferent arrows (Ä) , (A ) , (A) , (A) , (A
indicate proteins that have increased in rêtatiü
abundance from the previous sampling dat.e to J ,28, 35 DPA, and maturity, respectively. Vühen th
rel-ative abundance remained in the medium to hig
the various types of arrow are shown on one
electropherogram. OnIy medium to high abupdance
were examined. Inhibit.or is indicated by ,f , .
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abundance ( Á , Fig. 108) . The inhibit.or coul_d be

detecteO t f I . There was one particularly dominant

protein (Mr about. 55,000, the protein is not clearly
visible in this print), and it rapldly decreased in
relative abundance thereafter. Between L4 and 2t DpA,

many proteì-ns had become of medium to high abundance (A,

Fig. 10C) . This is the period of active synthesis of
many proteins, and a changeover of protein speci_es r^¡as

observed. Proteins t.hat hrere reÌatively abundant at 14

DPA al-I decreased in rel-ative abundance. Several

prot.ei-ns that became abundant by 21, DPA were of l-ow Mr.

The protein population remained sj_mj_lar at 2I and 28

DPA, yet a number of proteins i_ncreased in rel-ative
abundance ( Å , Fig. 10D) . By 28 DpA, the inhibitor had

become one of the more prominent buffer-extractabl_e
proteins. Protein profire changes continued even after
desj-ccation had begun at 28 DpA (Fig. 1_08) . Many of the

proteins that increased in amount were neutra] in nature.
The l-ate development proteins remained rel-atively
abundant and the protein population changed little. The

stabirity of these proteins was confirmed as the protein
profire of a mature kerner extract very crosely resembl-ed

that of the 35 DPA sample (Fig. 10F).

Use of a lysis buffer to extract. total kernel
proteins (Payne et a.l-.. 1986) reveal-ed species other than



92

those in Fiq. 10. Lysis buffer-extracted proteins in 1

DPA kernels were very simj-lar to those in Tris-extracted
proteins (Figs. 114 and 104) . By 28 DPA, however, the

protein population changed considerably and additional,
very abundant prot.eins were observed in the Mr range

between 35,000 to 70,000 (Fig. 118). These proteins are

apparently hordeins since they were present j_n 2-.D gel

electropherogram (Fig. 12) of isopropanol extract of
mature kernels, a procedure used to obtain the hordein

fraction (Rahman et al., L982) . The stained hordein gel

revealed A, B and C hordeins (Rahman et âf., j_983) in
high abundance in the 28 DPA kernel tot.al_ protein

extract. B hordeins were stained darkty whereas C

hordeins \^rere negatively stained. This ís due to a 1ack

of cysteine in C hordeins, a group of storage proteins
nutritj-onally poor in S (Forde et al_., 1985) . Cysteine

is required for silver staining (Chuba and pal_chaudhuri,

1986) .
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Figure 1L. Two-dimensionar ger electropherogram of totalprotei-n extracts of devetoping kernel_s. KerneIproteins brere extracted with lysis buffer and.
separated as in Fig. 9. panef A, 7 DpA and panel B,
28 DPA.
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Figure 12. Two-dimensional gef electropherogram of
hordeins. Isopropanol- extract of mature kernels was
separated as in Fig. 10.
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A1a û,-Amyl-ase Inhibitor and s-Am lase Accumul-ation

During Kernef Development

Protein accumulat.ion of the a-amylase inhibitor and

a-amylase lvas studied during barley kernel- deveropment

using a western btot of buffer-extractabre proteins.
rnhibitor content increased during deveropment (Fig.

13) . small- amounts of the inhibitor were already present

at 7 DPA as shown when an excess of crude protein extract
was separated on SDS-PAGE (Appendix 2B) . Rapid

accumulation occurred from 7 to 2L DpA/ wit.h the most

active accumul-ation taking prace from L4 to 2L DpA (Fig

13) . The inhibitor revel remained rerativery constant at
50 to 60 pglkerner from 2L t.o 35 DpA. This observation

is in agreement with the 2-D ger el-ectrophoresis resul_ts
(Fig. 10) . The initiat increase of inhibitor prot.ein to
r4 DPA occurred concurrentry with an increase in Tris
buffer-extract.able proteins (Fig. BB) . Since the buffer-
extractabl-e proteins remained rel-atively constant from L4

DPA oflr inhibitor content increased, thereafter, in
rerative abundance among Tris buffer-extracted proteins
(Appendix 2B) .

western blot analysis was also used to examine the
presence of o-amyrase in Tris buffer-extracted samples

through use of an antiserum raised against a mixture of
high- and low-pf o-amyJ_ase (Fig. 13 and Appendix 2C) .
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Figure 13. changes in a-amylase and a,-amyrase inhibitorcontents during barley kernel deveropment. Extracts
were examined for the existence of the i_nhibitor and
o-amylase as in Fig. 1.
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The enzyme was present in the 7 DPA sample in very low

amounts, 0.01 percent of buffer-extractabl_e proteins
(Appendix 2C) . It was also present in ol_der kernels

since it was detected when an excess amount of the crude

extract r^/as loaded on each l-ane. This antiserum was not

as specific as the inhibitor antiserum, as higher and

l-ower Mr proteins also cross-reacted wit.h the antiserum

even at a dilution at 4000:1. These cross-reactJ_ng

proteins were temporally controlled as wel_1.

4.3.3. Temporal Changes in RNA Contents During Kernel

Devel-opment

Total- RNA was extracted from developing and mature

kernels usj-ng the prevj_ously described, modified
procedure (Fig. 3) . Totar RNA content j-ncreased rapidly
from 14 pg,/kernel at 4 DPA to 35 pglkernel at 13 DPA,

then gradually declined as kernels matured (Fig. j-4A) .

on a fresh weight basj-s, concentrat.ion of totar- RNA was

highest, I.4 pg/mq fresh weight, ât 4 DpA, on the

earliest date sampred, t.hen decreased due to the combined

factors of fresh weight increase and kerner RNA decrease

(Fig. 144) . The change in poly (A) -RNA content r^ras

simil-ar to changes in total RNA content (Fig. 148) . A

higher proportion of total RNA (greater t.han 1 percent)

was in the poly (A) fraction at earlier stages than at
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Fi-gure 14. Total and pory (A) -RNA contents in deveroping
barley kernels. Total RNA was isol_ated f rom
immature and mature kernel-s by the modified method.
Poly(A) -RNA was affinity isol_ated from total_ RNA.
RNA contents \,vere estimated by using a value of one
absorbance unit/cm path/mt : 40 pg.
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later stages, which may indicate that a higher portion of

the RNA was available for transl-ation during early kernel

development.

4.3.4

mRNAs

Northern Analysis of Devel_opmentall_y Regulated

Inhibitor proteín accumulation was temporally

regulated during kernel development (Fig. 13). Relative

abundance and the level of inhibitor messagie urere also

studied, using Northern analysis of gel and dot bÌots.
The pattern of deveropmentar regulation was then compared

to other barley kernel proteins, B hordein and pHVA34. B

hordein is the major group of barrey storage proteins and

it.s synthesis is developmentatly regulated (Dailey et
â1., 1988; Giese and Hopp, L9B4; Giese et aI., 1983;

Rahman et al., Lg82 and 1-984). A protein characterized
by a cDNA clone, pHVA34, is one of the ABA-induced.

proteins Ín the al-eurone (p. Chandler, personal_

communication).

A cDNA clone for the inhibitor hras used to carry out

Northern analysis of L4 DPA barley kernel RNA for the

existence of inhibitor message in total, pofy(A.)- and

poly (A-)-RNAs (Fi9. 15) . Poly (A) -RNA was intact with
most of the rRNA removed (Fig. 154). As can be seen, Lhe

inhibitor cDNA cl-one hybridized to a singre transcript of
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Figure 15. Northern analysis of total and poly (A) -RNAisolated from 14 DpA kernels. RNA was
separated on a formaldehyde agarose get (paneI
A) and transferred to Hybond-N, then hybridized
to the '2P-Iabetl-ed insert of an ínhibitor cDNA
cl-one (panel B) . Lane 1 (T) , total_ RNA; lane 2
(A*) , poly(A) -RNA; l-ane 3 (A-) , poty(A-)-RNA.
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about 900 nucleotides in the L4 DPA kernel poly(A)-RNA.

The inhibitor transcript was detectable in poly (A) -RNA,

but not in tot.al RNA (Fig. l-58, Iane 2 vs. Iane I),
suggesting a relativeJ-y low abundance of the inhibitor
message in the RNA population. Since the observation

that globin mRNA contained poly (A) sequences (Lim and

CaneIl-akis, t9-10) , most functional- mRNAs are identified
with simil-ar poly(A) sequences and t.he inhibitor mRNA is
not an exception.

Af f inity isol-ation of poly (A) -RNA was necessary to
detect a l-ow abundance of inhibitor mRNA in Northern

analysis (Fig. 15) . The gel blot of 1 pg poty(A) -RNA

hybridized with the inhibitor cDNA insert showed that the

message was already present in 4 DPA kernels and could be

detected at higher abundance between 10 and 2g DpA (Fig.

164). The presence of a single band on the blot also

confirms that the washing stringency used eriminated any

cross-reacting RNAS. Relative abundance was quantified
using three separate dot brots of dupricate samples (Fig

174). Each membrane also cont.ained a set of internal
standards consisting of a seriar dilution of the isolated
cDNA insert. From the bl-ot, it can be clearry seen that
the inhibitor message was present at very l-ow rer-ative
abundance wit.hin the pofy(A) -RNA popuration. rn order to
quantify inhibitor mRNA, each circle was cut out and the
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Figure 16. Northern analysis of poly(A)-RNA gel blot
analyzed for inhibitor (panel A) and pHVA34 (panel
B) mRNAs duri_ng kernel development. One pg pofy(A) -RNA/lane was used. Numbers at the bottom indicate
sample DPA and M refers to the mature kernel- sample.
Mol-ecular weight standards are indicated to the left
and rRNA sizes to the right.
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Figure 11 . Dot blot analysis of pofy (A) -RNA (paneÌ A)
and total RNA (RNAI) (panel B) for inhibitor and B
hordein mRNAs, respectively, during kernel
development. Serial dilutions of poly (A) -RNA at
1.0, 0.5 and 0.25 pg and RNAL at 10, 5 and 2.5 pg
were used in Northern analysis. Numbers at the top
indicate sample DPA, M refers to the mature kernel-
sample. The insert column contained the inhibitor
cDNA and the plasmid column contained the B hordein
cDNA at quantities indicated to the right.
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radioactivity determined. The quantity of the inhibitor
message present in these tissues can be estimated based

on a rinear relationship between the known quantities of
inhibitor cDNA insert applied to the btot and its
activity aft.er hybridizaLion with the nick-transrated
probe (Fig. 184) . rnhibitor message abundance increased

rapidly during the first 10 DpA, and, unl_ike the protein
it codes, was nearry absent in the mat.ure kerner-s (Figs.

164, 1.lA and 19). Almost 20 percent of the maximum

abundance was achieved by 4 DpA, i-ndicating a very earry
commencement of gene expression (Fig. 19). The kernels

reached a higher relative abundance between l0 and 2g

DPA, after which, with the onset of kerner desiccation,
there was a rapid decl_ine in inhibitor mRNA. It was

shown that even at the maximum abundance of inhibit.or
message on 23 DPA, t.he message was less than I25 pg per 1

tlg poly (A) -RNA or 0.0125 percent by weight (Fiq. 19) .

Using the rel-ative abundance of the messag:e (Fig.

19) and poly (A) -RNA content during development (Fig. :-4) ,

an estimation of the lnhibitor message content in
immature kernel-s during development can be ca.l-culated

(Fig. 20) . The inhibitor mRNA quantity increased seven

fol-d between 4 and 13 DpA as a resurt of the combined

effects of increased abundance and pory(A)-RNA contents

between 4 and 13 DPA. Although the rel-ative abundance of
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Figure 18. standard curve for an estimation of inhibitor
and B hordein mRNAs based on hybridization
activities of known amounts of the inhibitor cDNA
insert (Pane] A) and hordein cDNA p]_asmid (panel_ B) .
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Figure 19. Rel-ative abundance of inhibitor and B hordein
mRNAs during kerner development. Rel-ative abundance
is expressed as an average of three duplicate dot
bl-ots in pg/pg poly(A) -RNA for the inhibitor and
ng/þg RNAI for B hordein.
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Figure 20 - rnhibitor and B hordein *RNA content.s inimmature kernel-s during development.
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inhibitor mRNA remained hiqh between 10 and 28 DPA (Fig.

19) , the inhibitor mRNA content was l-ower at 19 and 28

DPAs (Fig . 20) .

The rel-ative abundance of mRNA hybridizíng to cDNA

clone pHVA34 was also studied during kernel- development.

A poty (A) -RNA gel blot used for inhibitor Northern

analysis \^/as stripped of ti-:e inhibitor cDNA insert probe

and re-hybridized with nick-translated pHVA34 plasmid

(Fig. 168) . The message was barely detectable at 13 DPA,

reached high abundance at 19 and 28 DPA, and was still_
present in 35 DPA kernels. Hybridization patterns over

time for the inhibitor cDNA clone and pHVA34 were

different (Fig. 16) suggesting that pHVA34 hybridizes to
a mRNA representing a different type of developmentally

regulated gene from that observed for the inhibitor.

B hordein mRNA was analyzed for its relative
abundance and quantity in developing kernels by the same

procedure as for the inhibitor mRNA (Figs. l_78, 1BB, 19

and 20) . The use of total RNA was adequate in the

detection of hordein mRNAs due to very high abundance of
the hordein mRNA among the RNA populat.ion (Fig. 178) . At

maxj-mum abundance on 13 DPA, 4.2 ng/pg total RNA can be

accounted for by hordein mRNA (Fig. :-9) , or about one

half of the poty(A)-RNA (Fig. 14). Hordein mRNA was

barely detected in 4 DPA kernels (Fig. 178) but. íts
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quantity rapidly increased, remai_ning high bet.ween 1o and
28 DPA and changing pararJ-el to the inhibitor *RNA (Fig.
20) . The differences between the inhibit.or and hordein
*RNA expression are minor but suggest a sright deray in
the initiation of the hordein gene (Fig . ZO) .

rncreases in hordein mRNA in this experiment (Figs.
77 and 20) occurred earrier than reported by Rahman et
al-. (1984) and comparabre to a resur-t by Dailey et ar.
(1988). Bonanza barrey kerner used in this study appears
to have deveroped more rapidly based on the earry
detection of the message and an abrupt decr_ine of its
message at 35 DpA (Figs . Ig and 20) .
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4.4 Regulation of q,-Amylase Inhibitor Synthesis During

Barley Embryo Development

The o-amylase inhibitor was expressed in kernel

tissue (Figs. 1 and 4) with some protein found in embryos

(Fig. 1) . The protein synthesis could not be moderated

in the endosperm (section 4 .5. ) but preliminary study

showed an induction of the inhibitor by ABA in the

embryo. Inhibitor synthesis in the embryo I^Ias studied to

determine whether its regulation would be mediated by ABA

in this tissue during development.

Fresh weight, dry weight, inhibitor, and ABA

contents were determined during barley embryo development

(Fig . 2I) . Fresh weight increased f rom l-ess than 0 .5

mglembryo at 4 DPA to almost 4 mg at 32 DPA, after whích

fresh weight declined as a result of desiccation (Fig.

2LA) . Dry weight increased from 0.1 to 1. B mglembryo

over the period from 4 to 42 DPA. Maximum dry weight was

reached at 36 to 42 DPA, and remained near that l-evel-.

Large increases in the ABA content per embryo were

found at 28 and 32 DPA (Fig. 2LB) . After that the ABA

content per embryo declined. ABA concentration (UM) was

estimated under the assumption that al-l- of the embryoni-c

water was avail-able to ABA and that ABA was uni-formlv
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Figure 2t . Changes in weight, J_nhibitorof barley embryos during developmentfresh and dry weight. Þanet B I aeacontent.

and ABA contents
. Panel A :
and inhibitor
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distributed throughout the tissue. As with ABA contenl,

ABA concentration increased up to 32 DPA. From then ofl,

it continued to increase due to a decline in water

content. Similar ABA resul-ts were reported for barley
(Gol-dbach and Michael, L916) and for wheat (Walker-

Simmons, 1987). Increases in ABA concentration preceded

the period of o-amylase inhibitor accumulation. The

inhibitor content remained very low unt.il- 28 DPA when,

over a period of four days, it increased six fold, from

50 ng to over 300 ng (Fig. zLB) . Inhibitor accumulation

continued until 49 DPA. Increases in both inhibit.or

abundance and buffer extractable protein content

(Appendix 4') account for inhibitor accumulation. The

final inhibitor content was 600 nglembryo at 3 pM ABA.

Inhibitor content in t.he mature embryos hras about 1

percent of that found in t.he whol-e kernel while embryo

inhibitor concentration per unit. of dry weight was about

one quarter t.hat of the whole seed; 0.3 pg/mg dry weight

in the embryos (Fig. 2I) and l-.1 pg/mg dry weight j-n the

whol-e kernel (Figs. 8 and 1-3) . Among the buffer
ext.ractabl-e proteins, the protein profile remained

rel-atively unchanged over t.he course of the development

period (Appendix 5) . The profile r^ias characterized by

the presence of many proteins with Mr ranging from 10,000
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to over 100,000 wi-th no one species very abundant. They

probably function as metabolic proteins (Goldberg et â1.,
1989) .

4.5

Protei

. Effects of Plant Growth Substances on KerneL

ns, Isolated fmmature Embryos and youn Seedl-inqs

rnhibitor synthesis appears to be mediated by ABA in
developing embryos (Fiq. 2L) and exogenously applied ABA

is effective in up-regurating the protein in aleurone
layers (Mundy, I9B4; Mundy eL aI., 1986). Further study
was carried out to examine effects of exogenousry apptied
plant growth substances on developing kernel-s, isolated
immature embryos and young seedlings.

ABA and fl-uridone were applied to curtured spikes
and whole, immature kernels. protein synthesis was

studied through comparison of protein profiles of de novo

synthesized proteins label_Ied with ,tS on 2-D gel
fluorography. several attempts to study the effects of
ABA and f l-urj-done resul-ted in ambiguous observations. rn
brlef, there was no conclusive evidence to suggest that
either ABA or fluridone had any consistent effect on

endosperm protein synthesis (Appendix 6). There have

been no pubrished reports that have shown an effect of
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appried ABA on the regulation of cereal starchy endosperm

proteins.

1r 
^ 

t Effects of ABA on Isol_ated. Immature Embrvos

rsorated, immature embryos at various stages of
development. were cultured with and without ABA to examine

embryo responsiveness to the p]-ant growth substance as

measured by precocious g'ermination and inhibitor
synthesi-s.

when stage rrr embryos (r4 and 2L DpA) were cul_tured

for 5 days without ABA, they germinated and grew into
seedlings (Tabl-e 2). Inclusion of ABA j_n the medium at
concentrations of L, 10, 100 pM ABA prevented this
precocious germination. As embryos approached stage rv,
fewer embryos germinated in the absence of ABA,

suggesting the presence of embryonic d.ormancy. The

ability of ABA to inhibit precocious germination deci_ined

as embryos aged. whereas i- pM ABA inhibited germinat j_on

by 95 percent in 2L DpA embryos, it onJ-y inhibited 2.2
percent of the germination in 35 DpA embryos (Table 2) .

Protein profiles exhibited dist.inct characteristics
of germinated and arrested embryos (Fig. 22) . proteins
in the germination arrested embryos were present in in
vivo embryos, i-ndicating that these were embryogenic

proteins. These include proteins having Mr 34,000,
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TABLE 2. Effect of ABA on precocious germination of
isol-at.ed embryos

ABA Concentrat.j-on (pM)

DPA 100r0

% Germination

L4 100 0 0

21 89.4 4.1 O

28 46.3 31.8 19.5
3s 4s.0 44.0 20.8

0

0

0

4.8



r21

Figure 22. Effect of ABA on protein profires' of isorated
embryos at 14 DPA (panel A) , 2I DpA (panel B), 2g
DPA (panel C) and 35 DpA (panel D) . O, I, 10 and
100 refer to ABA concentration used (pM) for
germinated (q) and arrested. (a) embryos. Other
numbers are DPA for embryos isorated from intact
kernel-s and anaryzed immediatery. Lanes M containprotein standards as in Fig. 1. Embryogenesis-
associated proteins are marked with o and proteins
present in both germinated and arrested embryos are
marked with | .
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35,000, 39,000 and 49,000. Many poJ_ypeptides with Mr

greater than 62,000 were present in the germination

arrested and i-n vivo embryos. A f ew protei-ns were

present in both germinated and arrested embryos, for
example, a very abundant protein having Mr 15,OOO.

Protein bands co-migrating with the inhibitor and s-
amylase markers were not recognized among the population.

fn the developing kernel_, stage III embryos grew

rapidly over the 5 day period, as fresh weight increased

dramatically (Fig. 2I) . Inhibitor content. rose by 30 ng

during the 5 day developmenL period (Table 3).
ABA-cul-tured embryos, during the 5 day period, increased

in fresh weight and protein content t.o a lever- simil-ar to
those Ieft intact on the plant, although the protein
content of L4 DPA embryos decreased as ABA concentration
increased (Appendix 1) . The inhibitor i_n these embryos

increased to l-evels greater than those found in embryos

Ieft with the deveJ-oping kernel over the same period
(Table 3) . This was due to an increase in rel_ative

abundance among sol-uble proteins since the sotuble
protein content remained about the same for 2L DpA

embryos or decreased for 74 DpA embryos, indicating that
i-ncreased accumul-ation of the inhibitor occurred at the

expense of ot.her proteins (Appendix 7). The l_evel of
inhibitor ín isol-at.ed embryos increased with increasing



TABLE 3. Effect of ABA
content of isolated

130

on the a-amylase inhibitor
embryos f rom deveJ_oping kernels.

Embryo sample ABA
Inhibitor

Germinated3 Arresteda

(rrM) ( nglembryo )

14 days post anthqsis

kernell (I4 DpA)
kernel- (19 DPA)
cultured2
cultured
cul-tured
cul-tured

kernel (2L DPA)
kernel- (26 DPA)
cultured
cultured
cul-tured
cul-tured

kernel (28 DPA)
kernel (33 DPA)
cul-t ured
cultured
cultured
cultured

0
1

10
100

10 ?

5.25
38.7

43 .4
73.9
s0.3

21 davs post anthes is

,
1

10
100

8;
113

2;
28

to:

1iã
264
116

36.2
69.2
18

299
1].3
83s

96
r76
L01
359
444
421

28 days post anthe s is

õ
1-

10
100

35 days post anthes is
kernel (35 DPA)
kernel (40 DPA)
cul-tured 0
cultured 1
cul-tured 10
cul-tured 10 0

225
316
394
52L

10 01
7328

t Embryos Excised from the kerner on the DpA indicatedin brackets and analyzed directlyt Embryos excised ffom the kerner on the DpA indicat.edin heading and analyzed 5 days after designat.ed treatment.' Inhibitor cont.ents in germinated embryos
' rnhibitor contents in lermination arrested. embryos
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ABA concentrations from 1 to 100 pM. The isolated

embryos incubated in the absence of ABA underwent

germination, experiencing a large increase in fresh

weight with l-ittre increase in a-amylase inhibitor in the

seedlings (Table 3; Appendix i).
For stage fV embryos, inhibitor synthesis was

induced in the germinatj_on arrested embryos by ABA t.o

level-s simil-ar to, or greater than, the intact embryos

(Tabl-e 3). The relative abundance of the inhibitor among,

the buffer-extractabl-e proteins increased during the

cul-ture in ABA, whiÌe l-it.tre difference in the buffer-
extractabre protein content was observed between the

cultured embryos and the intact embryos (Appendix j).

some embryos, however, germinated even in the presence of
ABA (Tabl-e 2) . Under conditions where the embryos did
germinate, inhibitor l_evel_s varied depending on the
deveropmental age of the embryo. At 2e DpA, inhibitor
l-evei-s for the germinated embryos were always lower than

those left on the plant. (Table 3). For the 35 DpA

sampJ-es, inhibitor levels at 10 pM ABA concent.rations and

higher were greater in t.he germinated embryos than in the
intact. kernel embryo.
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4.5.2. Effect.s of ABA on young Seedlings

Two-day old barley seedlings were t.reated with 100

H-M ABA to study whether inhibitor synthesis woul-d be

induced by the pj-ant growth substance. rnhibitor mRNA

was induced in ABA treated seedrings (Fig. 23) . Northern

analysis showed that a mRNA in ABA-Ireated seedlings
hybridizíng to the inhibitor cDNA was the same size as

the transcript in t.he kernel_ (Fig . 23 lanes 3 and 4) .
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Fig. 23 . Ef fect of ABA on inhibitor mRNA j_n young
seedl-ings. Poly (A) -RNA f rom 2 day ol_d untreated
seedlings (lane 1) , dehydrated seedl-ings (J_ane 2) ,ABA-treated seedlings (Iane 3) and 14 DpA kernel_s(lane 4) were analyzed for inhibitor mRNA.
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4 .6. Effects of Dehydration Stress on Isolated fmmature

Embryos and Young Seedlings

rnhibitor synthesis was induced by ABA in immature

isolated embryos (Tabre 3) and young seedl-ings (Fig. 23)

and inhibitor synthesis in developing embryos appear to
be mediated by endogenous ABA (Fig. 21) . To determine

whether the conditions that induce j-ncreased endogenous

ABA content woul-d al_so increase inhibitor leveJ_s,

isolated immature embryos and young seedJ_ings were

subjected to dehydration stress, a condition that is
known to el-evate ABA content in plants (Hsiao, I9T3) .

4.6.L. Effects of Dehydration Stress on fsol-ated

Immature Embryos

rsol-ated embryos were placed in a chamber of known

humidit.y and were al-l-owed to dehydrate. Twenty-one DpA

embryos, which initiatty contained over 60 percent

moisture, lost greater than 30 percent of the initial_
fresh weight withj-n 3 hours from the dehyd.ration stress
(Fig . 24) . The embryos remained viabl-e during the stress
as they were able to germinate upon rehydratlon. The

immature embryos responded to the stress very rapidly.
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Figure 24. Effect of dehydration sLress on isolated
immature embryos. 21 days post anthesis embryos
were isolated and placed in a desiccation chamber
and allowed t.o dehydrate for up to three hours.
Contents of inhibitor and ABA were determined.
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Endogenous ABA content increased almost five fotd during

the f irst t.wo hours of stress, with the maximum change

occurring between the first. and second hour. rnhibitor
content. increased three fotd within the first two hours

of dehydration and remained at about the same levet.
In immature embryos, inhibitor synthesis uias induced

by dehydration stress in conjunction with an ABA increase

(Fig. 24) , indicating that dehydration-induced inhibitor
synthesis was mediated by ABA. This is the first
evidence to show that. a naturally occurring process, a

dehydration stress, \^ras able to regulate inhibitor
synthesis.

4.6.2 Effects of Dehydration st.ress on young seedrings

Since the induction of inhibitor synthesis may be

one of many stress responses in barley mediated by ABA,

an examinatlon of the effect of a dehydration-induced ABA

increase on o-amylase inhibitor synthesj_s in young

seedlings was carried out.

The dehydration stress applied to young seedlings

\^ras relatively mild resulting in a final fresh weight

loss of 28 percent (Fig. 25) . SeedJ_ing growth ceased at
the onset of the dehydration treatment and inhibitor
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synthesj-s was induced ín the scs over the period of the

stress. By L2 hours of dehydratj_on stress, the ABA

cont.ent íncreased 20 fold and an increase in the

inhÍbit.or content \^ras detected. The ABA content

continued to increase with longer stress apprication,
eventually reaching a revel- of 2.r nglSCS, 80 times the
l-evers in non-stressed, 2 day-old seedrings. The maxímum

l-evel- of inhibitor \^ras reached on the 5th day of stress
application, ât greater than 20 t.imes the non-stressed, 2

day-oJ-d seedl-ing. The increase in inhibitor content in
the scs followed the observed increases in ABA content.
rn additional experiments, it was found. that more than
90% of the inhibitor protein in the SCS sample was

l-ocated in the scutell-um. The i-nhibitor increase in the
other parts examined, root tissue and the remaj-ning seed,

was minor compared to that in the SCS (Table 5) .

When the stressed seedlings were al_l_owed to
rehydrate, ABA and inhibitor contents decreased rapidly
(Fig . 26) . During 2 days of rehydration fottowing the 5

day stress, the ABA content in these tissues decreased

from 2.1 nglscs in the dehydrated tissue to o.3l_ nglscs
in the rehydrated tissue. During the same period., the

inhibitor content decreased from 2.3 pg to 1.1 þg, one

hal-f the stressed rever. The scs tissue i-sol_ated f rom
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Figure 25. Effect of dehydration stress on young barley
seedJ-ings. 2 day old seedlings were placed in a
desiccation chamber t.o dehydrate for up to 5 days.
Seedlings were separated into three parts: shoots,
coleoptile, and scutellum (SCS), roots, and
remaining seeds. Inhibitor and ABA contents were
determined f or SCS sampJ_es.
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TABLE 5. Tris buffer-extractabre protein and inhibitor
contents of dehydrated young barley seedlings.

Time qa c1

Samples

Root RE2

I4P3

L-r.d.y Þ

0
0.s
1.0
l_ .5
2.0
3.0
5.0

trglSCS

195
300
298
421
465
414
579

nglSCS

98
240
s96
854

13 95
115I
23t6

p"g / root

86
81
12
91
96

116
105

nglroot

43
q,?

58
46
29
23

t_05

pglRE

510
174
112
630
735
168
664

pglRE

¿õ
?o
36
3¿

38
??

1 sample consisting shoot, coleoptile and scutel-rumisol-ated from dehydrat.ed seedlings2 sample consisting of remaining- endosperm isorated fromdehydrated seedlingst Tris buffer-ext.ractabl-e protein contentn rnhibitor content



r43

Figure. 26. Effect. of rehydration on dehydrated
seedrings. 2 day ord seedlings were dehydrated for 5
days (2O+, 5D-) , then rehydrated for 2 days (2D+,
5D-, 2D+). Unst.ressed seedling samples are shown at2 days (2D) and 7 days (7D+) .
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etiolat.ed seedlings gro\,vn without dehydration stress for
7 days had a l-ow endogenous ABA content and cont.ained

very low levels of the inhibit.or.
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5. GENERAL DISCUSSION

5.1. Temporal Regulation of a-Amyl-ase Inhibitor

Synthesis Durj-ng Barl_ey KerneI Development.

Barley kernel proteins and RNAs were examined. during

development to study patterns of temporal regulation and

the presence of factors that might. control inhibit.or
synthesis in the kernel. A comparison of the

accumul-ation of the inhibitor protein and its mRNA with
other endosperm proteins indicated that inhibitor
synthesi-s was under temporal regulat j-on.

Developmental regulation of the c,-amylase inhibitor
$¡as studied by 2-D ger electrophoresis (Fig. 10), western

bl-ot analysis (Fiq. 13 ) and Northern anal_ys j_s (Figs . 16A,

71A, 19 and 20) . fn this study using an immature barJ-ey

grain system, it was found that inhibitor synthesis r^ras

initiated soon after fertirization and that the most

rapid protein accumulat.ion occurred earJ_y in kernel_

development in coordination with an increased r-evel in
the inhibitor mRNA (Figs. 10, L3 and 20) . An indication
of the very early onset of gene expression was shown by

the detection of the inhibitor message at 4 DpA (Figs.

16A' and 174) and the protein in the 7 DpA sampJ_e (Fig.



13; Appendix 2B).
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An earlier detection of the inhibitor
message before that of the protein, a sJ-ight devi-ation of
a few days, is undoubtedly due to the sequential events

invol-ved in protein synthesis. Most of the inhibitor
protein accumulated relatively early in development (Fig.

13) with accumulation being complete by the 2lst duy,

before the commencement of kernel_ desiccation (Fig. B).

similar accumulation patterns for the inhibitor protein
have been reported for different barley cultivars
(Rasmussen et. âf ., 1988) . Other reports indj_cated a

continued accumul-ation persisting l-ater into development

(Lauriere et â1., 1985; Munck, €t â1., 1985). The

difference coul-d be genetic or environmental. Genetic

variations in the finar inhibitor contents have been

shown among cultivars (Fig. 1,. Munck et al . , 1985 ) that
are due to dissimilar rates of accumulatj_on (Munck et
âf., 1985; Rasmussen et al-., 1988). In addition to
cul-tivar differences, growing condit.ions affect the
mature kernel- inhibitor contents within cul_tivars
(Audette and Hill-, personal communication).

The pattern of inhibit.or mRNA content (Fig. 20)

during development was simil-ar to that for inhibitor
protei-n accumul-ation up to L4 DpA (Fig. 13) , indicating
that the temporar reguration of the inhibitor synthesis

is at the l-evel- of the inhibitor message. Rel_ative
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abundance of the message after 19 DPA was greater,

however, than what was expected from the small amount of
protein accumulated after 2L DPA (Figs . L9 and l-3) . This

discrepancy can be explained in part by estimating the

inhibitor mRNA content per kerner, which decreased after
l-9 DPA (Fig. 20) . Translatable inhibitor mRNA per kernel
hras also higher for 20 DPA kernels than 30 DpA (Mundy et
âf ., 1986) . The smal-l- amount of protein accumul_ation j_n

the presence of inhibitor mRNA, however, may be due to
translational control, as discussed Iater, or a more

rapid turnover of the protein, if translation was to
proceed at the same rate per mol_e mRNA. Lecommandeur et
aI. (1987) have shown that the protein is relatively
stable, suggesting that protein turnover is not the

expranation for t.he dj-screpancy between inhibitor protein
and j-ts mRNA levels. Protein turnover is prevented by

acetylation of alanine at t.he N-terminus (Arfin and

Bradshaw, 1988) . The inhibitor may be stabil_ized by N"-

acetylation of alanine at the N-terminus (Svendsen et
â1., l-986) .

The inhibitor proteln accumulated earlier than

storage or storage-type proteins, which accumul-ate most

actively during the last half of kernel development.

These endosperm proteins include the major barley storage

protein, hordein (Giese and Hopp, I9B4; Giese et âf.,
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1983; Rahman et aI., L9B2), salt-soluble proteins; such

as protein Z (Giese and Hejgaard, L984) , p-amylase (Giese

and He jgaard, 1984,. LaBerge and Marchyi_o , Lgg6) , CI-1 and

cr-2 (Kirsi, L91r,' Rasmussen et âf ., 19BB) . Messenger

RNAs for these proteins are present relative to the rate
of protein synthesis, but were det.ected sJ-ightJ_y earlier
than the proteins (Dailey et âI., 19gB; Giese and Hopp,

1984; Mundy et al- . , 198 6; Rahman et al_ . , 198 4,. Rasmussen

et al-., 1988; Vüill-iamson et al_. , 1988) . Since, in these

studies, Northern anarysis was not conducted during rate
maturation, when these proteins are reported to contj_nue

accumul-ation, a comparison of hordein mRNA levels to this
study (Figs. l-78 and 1-9) is incomplete. Hordein mRNA

increased earlier (Figs . L7B and 19) than reported by

Rahman et al. (1984) and comparable to the work by Dailey
et al-. (1988) by folJ_owing simil_ar stages of graj_n

development (Rogers and euatrano, 1983) . The difference
may be due to a variability in nutrient suppry. Nitrogen
and sul-fur availabilities greatly infruence hordein
accumulation (Bottacin et ar. , 1985,. Giese et al-. , 1993,-

Giese and Hopp, r9B4; Rahman et al-., 1983). Hordej-n mRNA

content changed in a similar pattern to the inhibitor
mRNA content (Fig. 20) . Direct comparison between

patterns of protein and mRNA contents for these proteins
is difficul-t to make since a quantitative analysis for



150

hordein protein was not made. The majority of the very

high abundance proteins in total kernel proteins

extracted from 2B DPA kernels were hordein (Figs. 11 and

12) , indicating that hordein protein accumul-ation coul_d

have been near compÌetion by 28 DPA. An abrupt decline

in its message at 35 DPA (Figs. 19 and 20) supports this
suggestion. Temporal patterns of gene expression for the

inhibitor and hordein appear to be distinctive in protein

accumulation (Fig. 1-3; Rahman et al, 1982) , yet simil-ar

in patterns of mRNA content change (Fig. 20) , indicating

t.hat temporal regulation of these proteins may not onJ_y

be on transcript.ion of these genes, but al-so on their
translation.

Temporal control of kernel- protein synthesis is not

l-imited to the inhibitor and hordein. The Tris buffer-
extractable fraction changed in quantity and protein
profile during devel-opment. (Figs. B and 9) . The changes

in this fraction is very similar to changes observed in
t.he albumins fraction reported by Brandt (1,976) .

In addition to temporal regulation on protein

synthesis, a bal-ance of translation system changed during

development. Within RNA popul-at.ion, proport.ion of
poly (A) -RNA related sequences decreased as kernels

matured due to their reduction in transcription or

stability relative to total- RNA (Fig. t4) Functional-
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mRNAs usually contain poly (A) sequences (Aviv and Leder,

I912) . The changes in balance among different RNA

species, particuJ-arly a reduction in the poly(A) -RNA and

an increase in poly (A-) -RNA sequences such as rRNA (Fig.

I4), woui-d suggest that translatj_onal machinery changed

during deveropment, affecting effi-ciency of translation
(Tas and Martini, L986) .

5.2. Metabol-ic Function of the s-Amyl_ase Inhibitor

Based on the known biochemical- functions of the

inhibitor and its target enzymes, the metaboric function
of the inhibitor during barley kernel- development and

germination will- be discussed. rn the immature barrey

kernel-, u,-amylase protein was present at very low leveJ-s,

representlng a smarl- fraction of the inhibitor l-evels

throughout deveropment (Fig. 13). Although the isozyme

group detected in this study was not confirmed, the form

of the enzyme present in developing barJ_ey kernels has

been report.ed to be the low-pl group (MacGregor et âI. ,

L91 4) . The inhibitor reacts only with the high-pI
isozyme group (Vrleselake et âl ., 1983a), which is the

germination specifì_c form of a-amylase isozymes

(MacGregor, I911). The inhibitor is, therefore, unlj_kely



L52

to function to attenuate o.-amylase during normal- grain

development.

The inhibit.or protein may act as a serine protease

inhibitor (Mundy et aI., 1983; yoshikawa et âI., Ig16) to
protect barrey kernel proteins against microbial attack
during deveropment. A relatively large quantity of the

protein was rapidly accumulated by 2L DpA, being present

shortly after fertil-ization, and eventuatly reaching
about 1- percent of total- proteins j-n mature kernel (Figs.

8, 10 and 13). ft may be part of a defence strategy to
synthesize the protease inhibitor early in development.

Another protease inhibitor from barrey kerners al-so shows

prolonged existence during development (Kirsi, j_9?3) .

In mature kernels, the u-amylase inhibitor may

modulate high-pr isozyme act.ivity on starch granules in
cereal kernels during germination (Hilt et ê1., L9B7;

Wesel-ake et â1., 1985b) . In this study, the inhibitor
was found mostry in the endosperm (Fig. 13), arthough a

smal-I amount h/as present in the embryo (Fig. 1 and 2I).
Durj-ng barley germination, a large amount of high-pf a-

amylase is synthesized (Jacobsen et âf., 1970; Jacobsen

and Higgins, 1982; MacGregor and BaJ_lance, 19BO;

MacGregor and Daussant, LgB1) , the majority secreted. into
the endosperm with a retatively small- amount present in
the embryo (MacGregor et âI., I9B4) If the inhibitor
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reduces enzyme activity, the majority of the inhibitor

should be found in the endosperm.

In addition to modulating c-amylase activity during

germination, the inhibitor may function to prevent starch
g'ranure degradation late in kernel development in some

cultivars. fn mature kernels of high o-amylase-

containing curtivars, the high-pr isozyme group is found

in wheat (Cornford and Black, 1985; MarchyJ_o et âI.,
1- 98 0 ) and triticale (King et ar . , L97 9) . Enzyme j-ncrease

in these cul-tivars occurs during the period of rapid
water 1oss. This maturation associat.ed pattern of
synthesis is different from that generally observed early
i-n grain deveropment in quantity and quaJ-ity (Macgregor

et al., L9'7I) . Synthesis can be induced by a high GA

content during kernel desiccation as GA sensitivity is
induced, or alternatively, the kernel_s are l_ess

responsive to ABA which prevents GA actlon (King et al_.,

L919) - The inhibitor in the kernel- ffiây, then, interact
with this high-pr isozyme group to prevent degradation of
starch granules late in grain maLuration.

The lnhibitor expression is rimited to the kernel
tissue of barley (Figs. I and 4) , which would fit with
t.he function of the protein as an inhibitor of t.he high-
pI j-sozyme group in cereal a-amylase (Weselake et âf . ,
1983a) . The inhibitor protein and mRNA were not detected
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in veqetative tissues (Figs. 1 and 4) and no high-pl s-
amyrase isozyme types have been detected in barrey l-eaf

(Jacobsen et â1., 1986). This spatial- gene expression

pattern is a characteristic common to many seed storage-
type proteins (Goldberg et dL. , l-989) indicating the

proteins of this type have functions confined to seeds.

tr2 ABA Regul-ation of cr- l-ase fnhibit.or Svnthesis

The o-amylase inhibitor was induced. by dehydration

stress in barrey (Figs. 24 and 25) . This adds to a list
of several waLer stress-induced proteins, such as hspTo

in maize (Heikkila et âf., L9g4) , hsp27 in soybean

(Czarnecka et âf., L984), osmotin in tobacco (Singh et
â1., l-987a and 1987b), and proteins identified by three
cDNA cl-ones which encode for relatively smal_l_ proteins in
barley (pHVA39) (Chandler, 1988,. Chandl-er et â1., 19gB) ,

maize (Chandl-er et. âf . , 1988; Gome z et âf ., i-9gg) and

rice (Mundy and Chua, 198B) .

The inductj-on of the inhibitor by dehydration stress
is likeJ-y to be mediated by ABA. ABA is generalÌy
el-evated in water-stressed plant tissues (Hsiao, 1,973;

wright and Hiron, 1969) . rn this study, the inhibitor
accumul-ated folrowing increases in ABA content in
isol-ated immat.ure embryos (Fíg. 24) and. young seedlings
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(Fig. 25) under dehydration. Furthermore, exogenous

apprication of ABA to isolated immature embryos (Tabre 3)

and young seed.I j-ngs (Fig . 23) induced inhibitor
synthesis. ABA induces inhibitor synthesis in the maLure

aleurones as wel-l (Mundy, 1984; Mundy et al ., 1996; Mundy

and Rogers, LgB6) . Two other dehydration-ind.uced genes

are also induced in coordination with endogenous ABA

increase (Chandter et âI ., 1988,. Gomez et âI ., 19Bg) .

During normal- embryo deveJ_opment, the inhibitor
accumulated as embryonic ABA increased up to grain
desiccation (Fig. 2L) . The maize gene identified by

Gomez et al-. (1988), a rice gene isolated by Mundy and

Chua (1988) and barley pHVA39 (Chandl_er et âf . , 19gg) are

arso expressed in embryos and areurones during grain
desiccation under naturar conditions. The dehydration-
induced proteins listed above are all induced by

exogenous application of ABA (Chandler, 19BB; Chandl_er et
âf., 1988; Czarnecka et al., I9g4; Gomez et âf., 19gg;

Heikkila et âf ., L9B4; Mund.y and. Chua, 19gg; Singh et
âf., L981a and 1987b).

The inhibitor was induced not only in isolated
immature embryos (Fig. 24) but al-so in young seedlings
(Fig . 25 ) under dehydration. The degree of inhibitor
induction was more pronounced for these seedJ_ings than
f or t.he isol-ated embryos . Sen and osborne (rgi 4) have
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speculated that seedlings have a greater ability to

tolerate dehydratj-on since the embryonic tissue has

already gone through a desiccat.ion process during

maturation. The expression of t.he inhibitor, mediated by

an elevated level of stress-induced ABA, may act as part

of the tolerance mechanism in embryonic tissue during

young cereal seedJ-ing establ-ishment.

Speculation on the physiological- function of the

dehydration-induced inhibitor is based on the similari-ty

of its mode of induction to other protei-ns and their
function, which will- be discussed in the following
paragraphs.

Several- water stress-induced proteins are induced by

other stress parameters. One such parameter is heat-

shock. Heat-shock proteins of maize (hsp70) and soybean

(hsp27) are induced by water stress (Czarnecka et â1.,

L984,' He ikkila et âf . , 1984 ) . In addition to these heat

shock-proteins, a late maturation protein, thought to
have accumul-ated during grain desi-ccat.ion, is present in
wheat germ (McElwain and Spiker, 1989). A very high

sequence homoJ-ogy, 19 percent, is observed between this
protein and a L1 kD soybean heat-shock protein. !{ounding

is also capable of inducing proteins that appear under

dehydration stress conditions. Soybean hsp27 and a maize

dehydration-induced gene are bot.h induced by wounding
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(Czarnecka et ãL., I984; Gomez et aL, 198B). Atthough

none of these proteins have a clearly establ-ished

function, t.he broad spectrum of factors that are shown to
induce these proteins would indicate that they may

represent a general class of stress-induced proteins.

In contrast to these other stress-induced proteins
whose function is larg'e1y unknown, two biochemical_

functj-ons, inhibition of o-amylase and subtil_isin

activity, have been identif ied for t.he a,-amylase

inhibitor (Mundy et al . , 1983,' Wesel-ake et al-, 1983a) .

Although inhibitory activity against endogenous cr-amylase

is plausibl-e during kernel germj-nation, activity against

proteases may be more important under stress. This

inhibitor may function in a protective rol-e against
proteoJ-ysis in a sj-mil-ar manner to a protein described

from tobacco. Osmot.in is induced by NaCl and ABA (Singh

et al-., 1987a) . The N-terminal- of t.his protein is
homologous to a sweet-tasting protein, thaumatin (Singh

et aI., 1987b) . Thaumatin has shown st.rong sequence

homologies to a tobacco mosaic virus-induced protein and

a maize a-amylase/trypsin inhibitor (Richardson et â1.,

l-987) . Based on its rel-ationship to a pathogenesis-

related protein and an o-amylase/protease inhibitor,

osmotin is thought t.o act as a defence mechanism against
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external biotic stress caused by microorganisms, insects
and mammal-s. Protease inhibitory activity of the barley
inhibitor protein acts against bacterial proteases,

subtirisin carrsberg, BPN' and amylosaccharitics (Mundy

et aI . , 1983,' Yoshikawa et aI . , I916) . Although l_ittl_e

sequence homology exists between other dehydration-

induced protease inhibitors and the cr-amyrase inhibitor,

the action of the barley cr-amylase inhibitor represents,

presumabfy, a protect.ive mechanism against bacterial_

attack. The defensive requirement may increase when

pJ-ants are placed under stress and become more

vulnerable. The inhibitory activity agai-nst endogenous

a-amyÌase remains rei-at.iveIy unique among cereal

proteins. ft may be indicative of this protein having

evolved in order to regulate endogenous metabolic

actj-vities. Although the inhibitor failed to show any

activity against other proteases tested (yoshikawa et
âf. , L91 6) , these proteases are microbial or animal_ in
origin and no endogenous plant prot.ease has been t.ested.

The existence of inhibitory activity against endogenous

proteases for this protein may establish an important

regulatory role for the inhibitor as a mediator of
cel-l-ular metabol-ic reorganization, necessitated by plants
undergoing adapt.ation to water stress.
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Embryonic ABA control_s embryonic inhibitor
accumul-ation during normal development (Fig. 21_) . Tt

appears that ABA does not regulat.e embryonic germj_nation

through inhibitor induction, since the embryos respond to
ABA differently for inhibitor induction and germination
(Tables 2 and 3).

For isol-ated immature embryos in barley, exogenous

ABA arrested germination, while i-n its absence, these

immature embryos germinated and grew into normal_

seedlings (TabIe 2) . The concentrations of exogenousty

applied ABA used to examine its effect on embryos have

been found to be effective in modifying physiological
functions in embryos (Zeevaart and creelman, 19gg) . The

phenomenon of ABA acting as a regulator of germinat.ion

has been widery observed for both monocots and. dicots
(Zeevaart and Creelman, 19gg) . As the embryos aged,

responsiveness to ABA decreased as more embryos

germinated at a glven ABA concentration. Loss of
embryonic responsiveness to ABA, as measured by the
capability of ABA to bl-ock precocious germination, has

been reported for wheat embryos (Morris et â1., 19gg;

Wal-ker-Simmons, I9B7) .

The o-amylase inhibitor was

dependent manner, by exogenously
j-mmature embryos (Table 3) . The

induced, in an age-

appJ-ied ABA in isol_ated

reguJ-atory effects of
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prant growth substances on inhibitor synthesis have been

reported in mat.ure aleurone layers. rnhibitor synthesis

is increased by ABA and decreased by GA (Mundy I9B4;

Mundy et al, 1986), which is opposite to what is observed

for its t.arget cr-amylase isozyme group (Chrispeels and

Varner , 1966 and I961b) . The ef fect of ABA on protei_n

synthesis was not l-imited to the inhibitor. Other

embryonic proteins were maintained in the germination

arrested embryos as germinated embryos showed a

significantly different set of protel-ns than arrested
embryos (Fig. 22) . This clearly shows that they are in
distinctly different phases of plant deveropment. The

inhibitor (Table 3) and other embryogenic proteins (Fiq.

22) belong to a group of germination arrest-associated
proteins in cereals, such âs, wheat- and barley-germ

aggJ-utinin (Morris et al ., 1985,. TripJ-ett and. euatrano,
L982), and Em protein and 7s globurin (vüirriamson et. êf .,
1985,' Williamson and Quatrano , LgBB) , that are

characteristic of l-ate embryogenesis.

Both germinated and non-gierminated embryos responded

to ABA treatment by increasinq the cr-amylase inhibitor.
rn particurar, the responsiveness of germinated stage rv
embryos h/as greater, in terms of inhibitor accumulation,

but the responsiveness to ABA was less, in terms of
germination arrest, than stage rrr embryos (Tables z and
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3) . Embryos, thus, appear to possess independent

mechanisms, regulated by ABA, for protei-n synthesis and

germination arrest. This specuration is supported by the

studies of Dashek et al. (I919) showing independent

sensitivities to ABA for protein synthesis and

germination arrest in barley kerners. concentrations of
ABA, effective in inhibiting the promotion of o-amyrase

activity by GA, were relatively ineffectj_ve in
germination prevention.

5.4. Translational Control of s-Amyl-ase Inhibitor
Synthesis

Comparisons of the l_evel_ of inhibitor transcrJ_pt

and the level- of inhibitor protein during development

suggest the possibility of translationat control.
Although t.he evidence for translational control- of
inhibitor synthesis is very rimited at this time, the

evidence avairable for other proteins is useful- to
speculate how translationar control- might act on the

inhibiLor.

Northern analysis of kernel RNA detected the
inhibit.or message only in pory(A)-RNA and not in total_

RNA (Fig. 14). In addition, a low frequency of message

in the RNA population v,/as suggested by the l_ack of a



detectable inhibitor band in t.otal

products (Fig. 6) , even though the

increasing rapidly at. L4 DPA (Fig.

therefore, accumul-ate from a smaII

course of grain development.
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in vitro translation

inhibitor protej-n was

13). The protein mây,

pool of mRNA over the

The similarity of the patterns of the inhibitor mRNA

content and hordej-n mRNA content during development \^ras

noted, but there ís a 5000 fold difference in the

quantity of the two mRNA populations (Fig. 20) . The

inhibitor protein, oû the other hand, comprises less then

1 percent of total- kernel- protein mostly accumulated

prior to 2I DPA (Figs. 8 and l-3) while hordeins make up

about 30 percent to 50 percent (Brandt, L976; Kreis et

â1., 1981; Rahman et aI, L982), which represents a 30 to
50 fol-d difference in protein between the two. Since

their developmental patterns at the mRNA levels are very

simirar (Fig . 20) while the j-r rerative abundance differs
by 5000 fold, the inhibitor message appears to be

translated preferentially over that for hordein,

suggesting the presence of a translatj_onal_ enhancer for
the inhibitor mRNA up to 2L DPA in developing barley

kernel-s.

The presence of a transl-ationai_ control was al_so

suggested by the difference in the changes between

protein accumulatj-on and mRNA content during development
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Protein accumulates rapidly between 7 and 2I DpA,

followed by little accumulation from 2L to 35 DpA (Fig.

13) . The inhibitor mRNA content (Fiq. 20) parall-el-ed the

pattern of protein accumulation (Fig. 13) up to 13 DpA,

indicating that the temporar regulation of inhibitor
synthesis is mostly at the l_eveÌ of the inhibitor
message. Although the inhibitor mRNA l-evel was much

Iower after 18 DPA (Fig. 20) , it.s quantity was higher

than that expected since there was rittl-e increase in
protein accumul-ation (Fiq. 13 ) , indicating the

invol-vement of post-transcriptional control_ or a

t,ranslational repressor. Alternatively, the protein
might be catabolized more quickly after 2I DpA. This

however, is unlikely since the inhibitor is shown to
very stabl-e even during germination (Lecommandeur et
L987) , a period of active proteoJ-ysis for storage

proteins.

There are severar transl-ational- control mechanisms

identified. Some mechanisms offer steady state
translatj-onai- cont.rol_. The 5'-leader sequence of a

tobacco mosaic virus RNA enhances transl-at.ion of many

mRNAs (Gal-lie et â1., 1987) . structural- features other
than the 5/ end al-so contror transl-ation. An optimum

sequence around the initiator codon has been identified
(Kozak, 1986) and the l-eader sequence and mRNA secondary

be

¡l
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struct.ure affect transl_ation (Kozak, IgBg) . Control
factors that offer mechanisms amenabre to modul_ation,

belng up- or down-reguJ-ated, are of greater interest.
The biosynthesis of ferritin is translationally regurated
through a binding between the st untransl-ated leader
region of ferritin mRNA and a protej-n factor med.iated by

iron (Leibord and Munro, 19BB). A yeast gene t.ranslation
j-s repressed by the product of the 5' leader sequence, a

case of feedback inhibition (Werner et al., j_987) .

Transl-ation in Lransformed prant cel-l-s is increased by a

minimum poly (A) tail of 25 adenylate residues (Gallie et
âf., 1989) .

An investigation into the possible existence of any

of the above mechanisms would involve detailed studies.
A more plausible mechanism wourd entair antisense RNA.

Many naturally occurring antisense RNAs function to
control- translation (fnoue, 1998,. Simons, Iggg) . A smal_I

molecurar weight antisense RNA lsol-ated from the barley
embryo inhibits transl-atj-on by int.erfering with formation
of the initiation complex (Gunnery and Datta, 1997) . The

exj-stence of antisense RNAs for a-amylase isozymes has

been detected and it.s expression is found to be reguÌated
deveropmenta]-ly in the endosperm and aleurone, and by ABA

in t.he mature aleurone (Rogers, I9B8) . The nick-
t.ransl-ated cDNA insert woul-d detect both sense and
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antisense RNAs in Nort.hern analysis used Ín this study
(Figs. 16 and r7). rn order to verify t.he presence of
antisense RNA for the inhibitor and t.o analyze sense and

antisense RNAs separatery, Northern anarysis using a

single strand DNA or RNA must be carried out. Its
repressing activity on inhibit.or mRNA translation can be

shown by the reduction in translatability of the

exogenous antisense RNA in an in vitro translation system

programmed with total cellular poly(A)-RNA.

The possibiriLy of the existence of transl-ationar
control may also be studied by comparing efficiencies of
in vivo and in vitro translations. Less protein
synthesized in an in vivo system than an in vitro
transration of RNA from 2r DpA kernels would i_ndi-cate the
presence of a repressor factor in the in vivo system. A

similar approach using homoJ_ogous (chloroplastic) and

heterol-ogous translation systems showed the presence of
some transl-ation controlling factors in the chroroplast
in senescing barley reaves, regurated by cytokinin
(Mart.in and Sabater, 1989) . In vitro translation systems

derived from heat-shocked and normar- cell-s retain
selective transl-ational control (St.orti et al., l_9gO) .

Al-ternatively, j-n vitro translation of porysomar RNA and

cell-ul-ar RNA may reveal- a transl-ational_ control_ factor
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contained in the polysomes (Fabijanski and Attosaar,

1g8s) .

5.5. Cellular Transport of the ct-Amyl-ase Inhibitor

The in vitro translated inhibitor protein was

processed to a smaller size mature protej_n with canine

microsomal membranes, indicating the presence of a signal
peptide (Fig. 1) . A deduced signal peptide of 22 amino

acids of a cDNA clone supports this finding (l,eah and

Mundy, personal communication) Microsomal membranes

contain signal peptidase actÍvity (Jackson and Blobel,
L911), and the processing of a precursor protein into a

smal-l-er, mature protein is strong evidence of the

involvement of protein transl_ocation across the

endoplasmic reticulum (En¡ membrane (Walter et al.,
1984). Protei-ns translocated into the ER lumen must be

sorted for their destinies which may take one of several

forms; secretion out of the cell, transl_ocation to be

integrated in the membrane, deposition into cel_l_ular

organelles such as the rysosome or vacuol-e t or residence

in the Iumen. IntracelIuIar transl_ocation into the

mitochondria or the chloropl_ast invol-ves post-
t.ranslational- processes and does not occur through the ER

(Rothman and Kornberg, 1986). The presence of a signal-
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peptide in t.he inhibitor protein is positive evidence of
its cellular transport through the ER. The pathway it
may take, however, is unknown. Its synthesis during
barrey kernel development takes prace in the endosperm

(Figs. 1, 4 and 13; Mundy et al., 1996) and the protein
is distributed throughout the mat.ure endosperm (Weselake

et aI. , 1985a) . There is some evidence to suggest its
presence between starch granules j-n the mature kernel
(Lecommandeur et aI., 1987). These results suggest the

inhibitor is destined intracelrularJ-y and not secreted..

After translocation into ER, t.he inhibitor may be

intracelJ-urarly translocated into a celtul-ar organelre,
or may remain in the lumen t.o be dispersed among st.arch

granuJ-es and protein bodies when other cel_luIar

structures disrupt as endosperm cerl-s l-ose their cel_l_urar

integrity. In experj_ments examining inductj_on of
inhibitor synthesis in aleurones and embryos, some of the
protein was found in the medium (unpublished

observations), suggestíng that a secretory pathway may

have been taken by the inhibitor in mature al-eurones and

immature embryos incubated wit.h ABA, but it was not shown

whether active secretion or protein J-eakage took place in
these t.issues.

Prior to discussing the possible translocation
pathway for the inhibitor, it is appropriate to present
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information availabl-e for other proteins. The signal
peptide sequences of proteins destined for different
locations are highly diverse. There is only one common

denominator, a crustering of hydrophobic amino aclds in
the central region of the signal peptide (von Heijne,

1985) . Since the signal peptides are creaved off once

the proteins are in the l_umen (Jackson and BIobeI, ]-g'l'l),

cel-rular transport sorting mechanj-sms must reside in the
processed proteins. In a mammalian syst.em, luminal ER

proteins contain a specific C-terminal tetrapeptide
signal (KDEL) and these proteins are retained in the ER

by retrieval- from a post-ER compart.ment (Munro and

Pelham, 7981; Pelham, f98B) . For the secretory and

rysosomal proteins, burk movement was suggested after t.he

removal of the signal peptide (Warren, 1-SBT) .

Tntracetl-ular transport signals for J-ysosomal and

vacuol-ar proteins of yeast have, however, been

identified. Lysosomar enzymes are recognized through a

phosophomannosyl recognition marker i-ntroduced by co-

translational- glycosylation at asparagine and post*
transl-ational modif ication (Kornfel_d, l_987 ) . A sorting
signal- of yeast vacuorar protease is l-ocated at the N-

terminal of the mature protein independent of
modifications of glycosylation (Johnson et â1., IgBj;
Valls et al-., 1987) .
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In a plant system, protein translocation mechanisms

are not as well understood as those of yeast and the

mammalian systems, but, analogies between mammalian and

plant systems do exist. Transrocated plant proteins are

secreted or deposited in the vacuole, ârr organeJ_le that
is the equivalent of the lysosomal compartment of the

mammalian system. Cereal proteins, such as a-amylase and

81 and gamma-hordeins that are secreted or stored in the

protein body, a differentíated form of the vacuole,

contain hydrophobic signal- peptides (Cameron-Mil1s and

Brandt, 1988,' Chandler et âf . , L984,. Forde et aI . , 1985) .

The transration of storage prot.ei-ns is carrj-ed out. at the

membrane-bound polysomes (Brandt and fngversen, 1978) .

The Golgi apparatus is used for o-amylase secretion since

t.he enzyme is found in the Golgi fraction among

subcellular fractions of al-eurone cell_s (Heupke and

Robinson, 1-985) . The signal recognition partj-cIe (sRp)

recogni-zes a signal peptide and forms a complex, which

then attaches to the ER membrane (Walter et aI., 1984).

Pl-ant SRP has been isol-ated from wheat germ (prehn et
âf., 1987) and its 75 RNA has 35 to 43 percent sequence

homology with mammalian 7S RNAs (Marshallsay et a.l-.,

1989) . Identification of similar components for plant
protein translocation suggests similar sorting mechanisms

may al-so operate in the plant system. one indication of
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the requirement for sorting information has been

identified in a plant system. A finding for a pea

storage protein shows the transport is not. by a bulk-fl_ow

mechanism and requires yet unknown information beyond

that provided by the signal pept.ide (Dorer et â1. , 1999) .

These factors, arong with the known characteristics
of the inhibitor, show that a further stud.y of the

sorting mechanisms, part.icularry those of plant protei-ns,

is required to postulate the transrocation pathway for
the inhibitor. rf the sorting mechanisms for the animal

system are appried to the plant system, the l-ack of KDEI

sequence at the C-terminus (Svendsen et âf., j-996)

suggests that the inhibitor is not a luminal ER protein.
There may be different markers used for each organelre,

since there have been at l-east two independent markers

identified for translocation into two different
eukaryotic organelles (Johnson et aI., L9g'7; Kornfetd,
L981,' Valls et â1., 1987) . Therefore no specuJ_ation can

be made for the inhibitor, a plant protein not destined

to either of the two organerles studied, based on the

sequence information available. post-translational

modification required for the protein sorting mechanism

(Johnson et âI. , 1987; Kornfeld, l_987,. Va1ls et al_. ,

L987) , however, appears to be present in the inhibitor
based on the estimated size for the mature protej-n.
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rnhibitor Mr was estimated against Mr standards on a sDS-

PAGE gel and the isol_ated inhibitor (Figs. 1 and 9) was

larger, 22,000, than the in vitro translated protein,
20'000 (Fig. 1). The possibility of glycosyration may be

examined on the purified inhibitor by an enzymatic

digestion fol-Iowed by an analysis on a SDS-PAGE (Genzyme)

or by a use of a specific dye for grycoproteins (Munoz eL

âf., 1988) .

5.6. Conclusion

This study showed that the cx,-amylase inhibitor was

synthesized under temporal contror in bartey kernels and

embryos during development. Art.hough the protein is
reguJ-ated by ABA in the embryo, it is not likely to
dj-rectly affect embryonic dormancy since embryo

responsi-veness to ABA is not the same for o-amyrase

inhibitor induction and germination. The inhibitor in
the mature kernel- is likely to play a secondary role in
attenuating germination. rnhibitor induction under

dehydration stress was mediated by ABA. under stress,
the protein may act as an inhibitor of a protease rather
than of a-amyJ-ase, playing a protective role. With two

known biochemical functions, the inhibitor is unique

among dehydrat.ion-induced proteins regurated by ABA. The
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Appendix 1.

Inhibitor cDNA Clone

An inhibitor cDNA clone isol-ated from a lambda qtlo library
T¡ias subcloned into a puc13. The prasmid was double digestédwith Hindrrr and Bglrr to obtaine an insert containing theinhibitor cDNA. This insert was nick transrated and ùsed inNorthern analysis.

HincìIII

Hindl[ 
À gt to,(2æ)

EcoRI
lnhíbitor cDNA

EcoRI (121)

x gt 10,(960)

deduced amíno acid sequences of inhibitor

st ì0
(5.3k)

Nucl-eotide and
cDNA

439
TGG TGC
Trp Cys

48t
GCG TGG
Ala Trp

523
TTC AÄG
Phe Lys

CAG GAC
Gln Asp

TTC TTG
Phe Leu

AAG GCG
Lys AJ-a

TTC AGG
Phe Arg

GAG CCA
Glu Pro

TAA GGT
END

GAC CTC AÄ.G
Asp Leu Lys

TAC CAT GTC
Tyr His Val-

GGT GGG
GIy Gly

GTC GTG
VaI Val

CTC GGC GTG
Leu Gly Val

GCC ACC
AIa Thr

CCC GCT
Pro Ala

GGC
Grv

\- \- \f

Pro
CCA ATG ATC C
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Appendix 2.

Western Blots for the Inhibitor and a-Amytase

!{estern blot analysis of buffer-extract.abre proteins for the
o-amylase inhibitor (Ä', Bt D, E, F, G, H, It J and K) and a-
amylase (C) .

A: Purified c,-amylase inhibitor. Numbers ind.icate
inhibitor quantity in ng.

B and C: Tris buffer-extractable proteins from barJ_ey
kernel-s during deveropment. 5 pg was roaded per l-ane for
the o-amylase inhibitor (B) and l-00 pg for c¿-amylase (C),
except 50 pg was applied to l-ane 7,. The numbers indicate
DPA. The s-amylase blot also contains purified enzyme.

D: PBS buffer-extractable proteins from barley embryos
during devel-opment. 100 pg protein was loaded per lane.
Numbers indicate DPA.

E, F, G and H: PBS buffer-extractable proteins from ABA
treated embryos excised at L4 DPA (E), 2I DpA (F), 28 DpA
(G) and 35 DPA (H). Numbers above DpA indicate age of in
vivo embryos assayed direct.ly without further treatmentl
Numbers, 0, It 10 and l-00, indicate ABA treatment
concentration in pM. 100 pg protein was loaded per l-ane.trgrr refers proteins from germinated embryos and rrarr from
arrested embryos.

r: PBS buffer-extractab]-e proteins from isolated immature
embryos under dehydration stress. Numbers indicate duration
of the stress appried in hours. l-00 pg protein was loadedper lane.

J: Tris buffer-extractable proteíns from SCS under
dehydration sLress. Numbers indicate duration of the stress
applied in days. 50 ¡rg protein was loaded per l-ane.

K: Tris buffer-extractable proteins from SCS afterrehydration. seedlings were dehydrated for 5 days (Lane 2) ,then rehydrated for 2 days (lane 4) . Unstressed seedlingrs
at 2 days (l-ane l-) and 7 days (Lane 3) .
Ioaded per l-ane.

50 pg protein was
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Appendix 3.

Western BIot of 2-Dimensional Gel El_ectrophoresis

Tris buffer-extractable proteins from 1"4 DpA barrey kerneJ_
r^ras separated on 2-D gel and anal-yzed for the o-amyrase
inhibitor.
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Appendix 4.

fnhibitor Abundance and Buffer-Extractable prot.eins of

Embryos During Development

Embryo
sampJ-e

Moisture Buf fer-extractabl-e
Protei-ns

Inhibitor
abundance

(DPA)

I4
T1
20
24
2B
32
36
42
49
56
63

(u)

80.9
72.4
68 .9
64 .9
62.1
57 .3
53.2
34.1
20 .9
20 .4
20 .4

(¡rglembryo)

42
184
r70
392
342
542
552
542
461
493
sB0

@g/Wg protein)

69
200
2r5
L49
L49
642
625
817

r27 I
1101

914
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Appendix 5.

PBS Buffer-extractable Proteins of

Embryos Duringr deve]opment

Electrophoreogram of PBS buffer-extractable proteins from
barley embryos during development. 10 pg of embryo extracts
was applied. per lane. Numbers refer to embryo age in DPA.
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Appendíx 6.

Effect of ABA and Fluridone on Seed proteins

Appendix. 6.7. Fluorogram of Tris buffer-extractable
endosperm proteins from curtured spikes treated with ABA andfl-uridone. Protein sample containing 100,000 dpm TCA-precipitable activity was separated per gel. Numbers in
brackets refer to treatments applied for ABA ín M andfl-uridone in mgl1. some of the proteins were marked with
numbers for comparison.

1_

2
3
5

6

the inhibitor
a l-ocation reference protein.

and 4: medium abundance reference proteins.
a reference protein simíIar to t.he inhibitor in
abundance.
very abundant protein among Trís buffer-extractable
proteins from 14 DPA kernel.
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Appendix. 6.2. Fluoroqram of Tris buffer-extractable
endosperm proteins from curtured kernels treated v/ith ABA
and fl-uridone. Protein sampre containing 300,000 dprn TCA-precipitable activity was separated per gel. panel A,
control; panel B, 10 mq/L fluridone,. panel C, 100 mg/L
fl-uridone; panel D, 1 UM ABA; panel E, l_0 pM ABA; panel E,
1-00 uM ABA. Location of the inhibitor is indicated by a
ci-rcl-e
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Appendix 6.

Effect of ABA on Isolated Embryos from Developing Kernels

Embryo ABA
sample

Fresh weight
Germ.t Arr.n

Protein
Germ. Arr

Inhíbítor
Germ. Arr.

(W) (mglembryo) (pglembryo ) (nq /þg proteín)

l-4 days post anthe s i s

kernell ( l-4 DPA)
kerne12 (19 DPA)
cultured 0

cul-tured l-
cul-tured 10
cul-tured 10 0

2L days post anthesis

'> t1

??. JJ

^ 1,2r

35
190

75
93
55

0.15

0.25
0.30

o. os
0.0s
0.20

0.15
o.:t
0.55
0.80
0. 85

0.20
0.20
0.20
0.8s
2.2s
2.60

0.20
0.35
0.20
0.70
0.80
0.80

0
1

1
1
0

1l

.2

.1

kernel (2I DPA)
kernel (2 6 DPA)
cultured 0
cultured 1

cultured 10
cul-tured 10 0

kernel (28 DPA)
kernel (33 DPA)
cul-tured 0
cul-tured l-
cultured 10
cult.ured 10 0

28 days post anthesis

10.8
5.6

1.
2.5
4.5
/1 ')

4.2
3-6

3.1
3.8
tr?

6.0
5 -'7

4.0
?L
6.4
6.8
6.2
6.4

34t
378

¿ão
564
s38

sã¡
BB5
,lu

181
346
391
354
323
3r_9

52r
507
535
513
535
534

750
151,
788
144
661
664

2r.g
r_8.3
1,2.7

35 days post anthesis

kernel- (35 DPA)
kernel (40 DPA)
cult.ured 0 22.8
cul-tured l- 15 .5
cultured 10 ].4.I
cul-tured 10 0

0.30
0 . s0

0 .20 0.50
0.30 0.70
1.00 1.50

2.00
1-' Embryos Excised from the kernel-

brackets and analyzed directly
' Embryos excised from the kernel

heading and analyzed 5 days after
' Germinated embryosn Germination arrested embryos

on the DPA indicated in

on the DPA indicated in
designated treatment


