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ST]MMARY

Barley (1+3)-g-glucanases (EC 3.2.1.39) and (1-+3,1-+a)-B-glucanases (EC

3.2.I.73) are B-glucan endohydrolases encoded by a single super gene family. They

share 44 %-80% positional identities at the nucleotide sequence level. In this work,

genes encoding (1-+3)-9-glucanase isoenzyme GI and (1+3,1+a)-B-glucanase

isoenzyme EII have been isolated from a barley genomic library with cDNA probes and

specifically designed oligonucleotides.

The nucleotide sequence of a 3,327 bp genomic fragment for the (1-+3)-B-gluca-

nase isoenzyme GI gene has been determined. This DNA fragment encodes a mature

protein of 310 amino acid residues. The molecular weight of the protein, deduced from

the DNA sequence, is consistent with that of the purified eîzyme reported previously.

Nucleotide sequence analysis of the gene indicates that no targeting signals are present

and that the initiating Met residue is removed from the precursor protein during post-

translational processing. These observations suggest that the isoenzyme GI is a cyto-

solic enzyme. The mature enzyme-coding region of the gene has a high G+C content

(68.9%) that is commonly found in other barley genes, and an extreme bias towards the

use of G and C (99.4%) in the third position of codons. No intron-like sequence is

detected in the 5' tlanking region or coding region of the isoenzyme GI gene.

Nucleotide sequence analysis of the promoter region of the isoenzyme GI gene reveals

several cls-acting elements related to tissue-specific, hormonal and developmental

regulation, which may be characterized by promoter deletion analysis in the future.

The genomic clone for the (1-+3,1-+4)-B-glucanase isoenzyme EII has been

positively identified by the sequence of a 300 bp region that corresponds to the COOH-

terminal encoding region of the mature enzyme and the 3' untranslated region of a

previously characterized cDNA. Soon after the genomic clone for the barley

(1+3,1+4)-B-glucanase was isolated in the present work, the full sequence of the gene

was published elsewhere. Therefore, the complete sequence analysis of the gene was



abandoned in favour of characterizing the gene encoding the (1-+3)-9-glucanase

isoenzyme GI.

It is clear that (1+3,1-+4)-B-glucanases function as hydrolytic enzymes during the

degradation of cell walls that obstruct translocation of other hydrolytic elzymes during

germination. The expression of the (1-->3,1-+4)-B-glucanase genes has been shown by

other workers to be regulated in a tissue-specific manner, and in response to phytohor-

mones. Expression of the isoenzyme EII gene is germination-specific, and is only

detected in the aleurone of germinated grain. The expression of the isoenzyme EII

gene is enhanced by gibberellic acid (GAt and suppressed by abscisic acid (ABA).

The isolation of a genomic clone for the isoenzyme EII now allows promoter deletion

analyses to be undertaken in order to define the sequences representing regulatory

c¿'s-elements that are responsible for the regulation of gene expression.
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In the germinating barley (Hordeum vulgare L.) grain, a variety of hydrolytic

enzymes is synthesized in the aleurone and scutellar epithelium and subsequently

translocated into the starchy endosperm, where they depolymerise cell walls, starch,

storage proteins and residual nucleic acids into molecular products that are employed as

a nutrient source to support the growth and development of the seedling. Among these

hydrolytic enzymes, two classes of B-glucan endohydrolases, (1+3)-ß-glucanases and

(1-+3,1-+4)-B-glucanases, have been shown to perform very important roles in the

process of germination, and the genes encoding those enzymes are the subject of this

study. In this chapter, available information on the morphology and composition of

barley grain and the involvement of hydrolytic enzymes in germination are reviewed as

a basis for understanding the structural and physiological changes which occur after

germination is initiated.

1.1 ANATOMY AND COMPOSITION OF THE BARLEY GRAIN

The mature barley grain consists of two major anatomical components; the embryo

and the endosperm (Figure 1.1; Briggs, 1973). These are surrounded by the outer

layers of the grain, which include the testa and palea, or husk (Briggs, 1978; 1983).

The endosperm includes two distinct tissues; the starchy endosperm and the peripheral

aleurone layer that surrounds the starchy endosperm (Briggs, 1973, 1978). The

scutellum is a part of the embryo and is located between the embryonic axis and the

starchy endosperm.

1.1.1 Embryo and Scutellum

The embryo, derived from the fertilized ovum, is a diploid tissue and is situated at

the basal end of the grain (Cass & Jensen, 1970; Briggs, 1978). It comprises the apical

meristem at one end, which is sheathed by the coleoptile; and the primary rootlet at the

other end, which is surrounded by the coleorhiza (Briggs, 1978). The embryo is well

stocked with molecules such as proteins and sugars to support its initial metabolic

activities and growth (Briggs, 1978, 1992), but relies on the translocation of the
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Chapter One

nutrients from the starchy endosperm for growth over the longer term.

The scutellum is another major component of the embryo (Briggs, 1978). It is

composed of thin-walled parenchyma cells, but at the interface of the scutellum and the

starchy endosperm a single layer of cells known as the scutellar epithelium is present

(Briggs, 1973). Scutellar epithelial cells in quiescent grains contain a central nucleus,

mitochondria, ribosomes and some endoplasmic reticulum (Nieuwdorp, 1963;

Nieuwdorp & Buys, 1964; Swift & O'Brien,1972a), and are packed with numerous

protein bodies, which are surrounded by lipid bodies and contain phytin inclusions

(Smart & O'Brien, L979a; Vance & Huang, 1988). These inclusion bodies of phytin

serve as a source of phosphate during germination (Nieuwdorp, 1963; Swift &

O'Brien, I972a; Tanaka et al., 1976; Aisien et al., 1986; Vance & Huang, 1988).

Walls of the scutellar epithelial cells feature two distinct layers that are distinguishable

morphologically, particularly in the early stages of germination (Swift and O'Brien,

1972b). Histochemical studies showed that the cell walls of the scutellum consist of

heteroxylans, protein and ferulic acid (Smart & O'Brien, 1979b, 1979c). No lignin and

pectin are detected in the cell walls (Smart & O'Brien,I9l9b), but (1+3,1-+4)-Þ-

glucans are almost certainly present (Fincher, 1992).

I.1.2 Endosperm

The aleurone and the starchy endosperm arise from the differentiation of primary

endosperm cells during grain development, but only the cells of the aleurone layer

are living after endosperm maturation (Cass & Jensen, 1970; Briggs, 1978). The

aleurone tissue is typically three to four cells in thickness, except at the interface

between the scutellum and the starchy endosperm, where it narrows to a single layer of

thick-walled, somewhat flattened cells, designated "germ aleurone" (Briggs, 1978,

1987; Knudsen & Müller, 1991). Mature aleurone cells accommodate nuclei,

mitochondria and endoplasmic reticulum, and are packed with specialized protein

bodies, known as aleurone grains. The aleurone grain is surrounded by lipid droplets,

or spherosomes (Jones, 1969; Buttrose, l97l; Morrison et aL.,1975). Protein deposits
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Chapter One

in aleurone cells are relatively rich in basic amino acids (Bacic & Stone, 1981a). Two

types of inclusion can be observed in the protein matrix of aleurone grains: phytin

globoids (Type I inclusions) and niacytin particles (Type II inclusions) (Morrison et aI.,

1975; Bechtel & Pomeranz, l98l; Peterson et al., 1985). Phytin globoids represent

the major storage form of phosphate in aleurone cells and are composed of the

potassium and magnesium salts of myo-inositol hexaphosphate (Stewart et al., 1988).

Niacytin is a protein-carbohydrate complex containing bound niacin, o-aminophenol,

protein and carbohydrate (Van der Eb & Nieuwdorp, 1967; Jones, 1969; Jacobsen ¿/

al., l97l). Thus, the aleurone with its stored amino acids, lipids, phosphate,

carbohydrates and vitamins serves as the source of nutrients necessary for the initiation

of germination and the subsequent rapid synthesis and secretion of hydrolytic enzymes

into the starchy endosperm (Fincher, 1989).

The aleurone cell walls are primary walls that consist of a relatively thin inner

layer (0.4 pm) and a thicker outer layer (2-2.5 pm) (Taiz & Jones, 1970: Bacic &

Stone, 1981b). The major polysaccharide components of the aleurone cell walls

include arabinoxylan (67%), (1-+3,1-+4)-B-glucan (26%), and small amounts of

cellulose and glucomannan (2%) (Bacic & Stone, 1981b). Other minor components

include protein and ferulic acid (Bacic & Stone, 1981b). Small deposits of (1-+3)-B-

glucan that are scattered throughout the endosperm are concentrated in the subaleurone

endosperm region and are associated with the inner walls of the endosperm cells

(Fulcher et a\.,1977; Bacic & Stone, 1981b; MacGregor et al., 1989).

The starchy endosperm, the major reserve tissue of whole barley grain (about75%

by volume), is formed following the fusion of the male nucleus with two polar nuclei

in the embryo sac and is therefore triploid in nature (Briggs, 1978). The starchy

endosperm cells are non-living, although remnants of nuclei, ribosomes and

endoplasmic reticulum are present (Bechtel & Pomeranz, 1981; McFadden et al.,

1988). The cells of the starchy endosperm are packed with st¿rch granules, which are

embedded in a storage protein matrix (Briggs, 1978). Starch is the chief component of
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Chapter One 5

Tabte 1.1 Composition of Polysaccharide Components of Barley Celt lValls

Tissue Major polysaccharide components

Mature Aleuronel 70% arabinoxylan

25 % (l-->3, 1 -+4)-B-glucan

2% cellulose

2% glucomannan

l% (l-+3)-B-glucan

Mature Starchy

Endosperm2

7 5 % (l-+3, 1-+4)-B-glucan

20% wabinoxylan

2% cellulose

2% glucomannan

Values t¿ken from: 1. Bacic & Stone, 1981a, b.

2. Fincher, 1975, t976; Ballance & Manners, 1978.

I

I
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Chapter One

the grain (58-65% by weight). St¿rch granules are composed predominantly of

amylopectin, the branched (l-+4,1-+6)-ct-glucan (75 %) and of amylose, the linear

(1-+4)-cr-glucan (25%) (MacGregor & Fincher, 1992). Small amounts of lipids occur

within the granules and appear to contribute to their structural characteristics

(Morrison, 1978; MacGregor & Finchet,1992).

The prolamines are the alcohol-soluble proteins that are the most abundant storage

proteins in cereal grains such as wheat, rye, barley and maize (Shewry & Miflin, 1985)

and are known as hordeins in barley grain. They are rich in Asn, Gln and Pro, and

contain repeated amino acid sequences ranging from 7 to 20 residues (Pernolet &

Mosse, 1983; Brandt et al., 1985; Heidecker & Messing, 1986; Kreis et al., 1985).

Water-soluble proteins and salt-soluble proteins are also present (Giese & Hejgaard,

1984), and comprise 20-40% of total endosperm nitrogen in barley grain.

The cell walls of the starchy endosperm are approximately 2 Wm in thickness and

are composed of mixed-linkage (1-+3,1+4)-B-glucan, arabinoxylan, cellulose and

glucomannan (Table 1.1; Macleod & Napier, 1959; Fincher, 1975; Thompson &'La

Berge, 1977). The cell walls show no secondary thickening, and are unlignified

(Fincher, 1975). Small amounts of protein and phenolic acids, especially ferulic acid,

are also present (Fincher, 1975, 1976; Ballance & Manners, 1976; Thompson &, La

Berge, 1917).

1.2 GERMINATION

The germination of grain plays a central role in the life cycle of the barley plant.

It involves the synthesis of hydrotytic enzymes in the aleurone and scutellum, the

cat¿bolism of nutrient reserves in the starchy endosperm, and is accompanied by major

morphological and biochemical changes within the grain (Fincher, 1989). The reserves

used to support the process are drawn initially from the embryo, and later from the

aleurone and the starchy endosperm. Components of the starchy endosperm are

degraded to yield soluble products including oligosaccharides, sugars, peptides and

6



Chapter One

amino acids, which diffuse to the embryo and are taken up by the scutellum. The

aleurone appears to be the principal source of hydrolytic enzymes in germinating

barley. The scutellum is also involved in enzyme secretion during the early stages of

germination (McFadden et al., t988) and some hydrolytic enzymes pre-exist in the

starchy endosperm, either in an active or zymogen form. Germination starts with

endosperm dissolution in the region next to the scutellum and the degradation

progresses towards the dist¿l end of the grain in a front that is approximately

parallel to the face of the scutellum (Gibbons, 1981; MacGregor & Matsuo, 1982).

This pattern results from the spatially and temporally coordinated secretion of

hydrolases from the scutellum and the aleurone, which is effected by gibberellic

acid (GA) and calcium ions (Deikman & Jones, 1986; Jacobsen & Chandler, 7987;

Fincher, 1989; 1992).

1.2.1 Horrnone Action

In the early stages of germination, a diffusible factor identified as gibberellic acid

(GAr) is released from the embryo, resulting in the synthesis of hydrolytic enzymes

by the aleurone and their secretion into the starchy endosperm (Paleg, 1960; Yomo,

1960; Jacobsen, 1983). The role of GA, in the process is supported by the observation

that the hormone enhances in vitro secretion of a-amylase, B-glucanase and other

hydrolases from isolated barley aleurone cells (Paleg, 1960; Yomo, 1960; Chrispeels &

Varner, 1967; Stuart et a1.,1986). It remains uncertain whether the diffusing factors

from the embryo are exclusively GA, (Fincher, 1989). The embryonic axis (Paleg,

1960; Yomo, 1960; Macleod & Palmer, 1966, 1967) and the scutellum (Radley, 196l;

Briggs, 1972) have been proposed as sites for GA, synthesis. It has been shown that

the aleurone responds to other forms of GA (Radley, 1967; Atzorn & 'Weiler, 1983;

Gilmour & MacMillan, 1984), but it is not clear that these variants originate from

different tissues or are responsible for separate functions. Recent studies of regulation

ofgene expression using barley aleurone layers have revealed an interesting variation of

responses of different genes to GAr. The induction of mRNA for ct-amylase (Chandler

7



Chapter One

et al., 1984; Rogers, 1985), (1-+3,1-+a)-B-glucanase (Mundy & Fincher, 1986) and a

putative thiol protease (Rogers et al., 1985) indicated that gibberellic acid exerts its

control at the level of transcription.

It is suggested that receptors of GA might be located in the plasma membrane,

where they mediate hormone action in a mechanism similar to that observed in

mammalian cells (Hooley et a\.,1991). Alternatively, the putative receptor protein of

gibberellic acid may be cytosolic and the GA-receptor complex may also be

translocated to the nucleus where it might bind to DNA sequences flanking hormone

responsive genes, causing their transcription (Fincher, 1989; Jones and Jacobsen 1991).

Abscisic acid (ABA), another important phytohormone that may control the

maturation of the embryo and inhibit germination in immature grain, accumulates in

the embryo and the endosperm of developing grain and decreases as the grain

dries out (King, 1976; Goldbach & Michael , 1.917). The hormone prevents elongation

of apical meristems, maintains dormancy in buds and in grains, promotes stomatal

closure, root growth, fruit ripening and senescence (Addicott & Carns, 1983). When

isolated aleurone layers from barley grain are treated with ABA, the hormone

suppresses the expression of genes specifically involved in germination which

are expressed in the presence of GA, and may enhance the expression of several

"ABA-specific" genes (Williamson & Quatrano, 1988). It has been suggested that

ABA regulation is also at the transcription level (Jacobsen & Beach, 1985; Nolan

& Ho, 1983). In barley aleurone, ABA reverses all GA-promoted changes, whether

increases or decreases in protein synthesis or mRNA transcription. In addition, ABA

prevents the suppression of total transcripts and ribosomal RNA synthesis by GA,

(Jacobsen & Beach, 1985).

I.2.2 Enzyme Synthesis and Secretion

Two groups of hydrolytic enzymes are believed to be associated with barley grain

germination: enzymes involved in internal aleurone and scutellar reserye mobilization,

and those secreted for the mobilization of starchy endosperm reseryes (Fincher, 1989).

8



Chapter One

In the early stages of germination, enzymes responsible for the mobilization of aleurone

and scutellar reserves are synthesized or released. It is now clear that both the

scutellum and the aleurone participate in starchy endosperm mobilization in barley, but

as germination proceeds, the aleurone layer becomes the principal source of hydrolytic

enzymes (Gibbons, 1981; McFadden et a\.,1988; Fincher, 1989).

Scutellum Function

In the scutellar epithelium of germinating grain, protein bodies and associated

phytin inclusions are rapidly mobilized and their remnants coalesce into large vacuoles

(Smart & O'Brien, 1979a). Lipid bodies slowly disappear (Fernandez et al., 1988),

mitochondria become metabolically active, and a marked development of endoplasmic

reticulum and Golgi is observed (Swift & O'Brien, 1972a, 1972b: Nieuwdorp & Buys,

1964; Okamoto et al., 1980; Gram, 1982; Aisien et al., 1986). Unlike aleurone cells,

both the parenchyma and epithelial cells of the scutellum accumulate starch granules

early in the germination process (Nieuwdorp & Buys, 1964; Swift & O'Brien, 1972b;

Aisien et aL.,1986).

The scutellar epithelium performs a dual role. In the early stages of germination,

it synthesizes and secretes hydrolytic enzymes (Gibbons, 1979;1981; Ranki et al.,

1983; Ranki & Sopanen , 1984; MacGregor et al., 1984; Stuart et al., 1986; McFadden

et a1.,1988). Its second function is the absorption of endosperm degradation products

and their translocation to the developing seedling (Macleod & Palmer, 1966; Briggs,

1973; Gram, 1982). Hydrolysis products of reserve proteins in the starchy endosperm

are taken up by the scutellum either as amino acids or as di- and tri- peptides (Sopanen

et a|.,1978). The peptides are hydrolysed into amino acids by aminopeptidases inside

the scutellum before their transport via the vascular strand to the embryonic axis

(Mikola & Kolehmainen, 1972; Sopanen et al., t978; Walker-Smith & Payne, 1983).

There is good evidence that a-amylase is synthesized in the scutellar epithelium

and secreted into the starchy endosperm (Briggs, 1973; Stuart et aI., 1986; Ranki,

1990). Similarly, evidence obtained from hybridization histochemistry in germinating

9



Chapter One 10

barley grain has demonstrated that expression of (1-+3,1-+a)-p-glucanase genes is first

observed in the scutellar epithelium (MacFadden et aI., 1988) one day after the

initiation of germination. This tissue is likely to be the major source of (1-+3,l_)a)-B-

glucanase isoenzyme EI in the grain. Expression of (1-+3,1+a)-B-glucanase genes in

the aleurone is not detected until two days after the initiation of germination, and at this

stage the level of expression is decreasing in the scutellum. Induction of (1-+3,1-+4)-

B-glucanase in the aleurone layer progresses from the proximal to the dist¿l end of the

grain as a front moving away from and parallel to the face of the scutellum (McFadden

et al., 1988). This pattern is consistent with the suggestion that a hormonal signal

inducing expression of hydrolases originates from the embryo and diffuses through the

germinating grain (McFadden et a\.,1988).

Aleurone Function

During germination, aleurone cells undergo remarkable ultrastructural changes and

are transformed from dormancy into a metabolically active tissue. The protein matrix

of the aleurone grains and their phytin and niacin inclusions disappear rapidly on

germination and protein bodies coalesce into vacuoles (Van der Eb & Nieuwdorp,

1967). Lipid bodies decrease in number and mitochondria become highly active (Van

der Eb &. Nieuwdorp, 1967; Gram, 1982). A dramatic proliferation of rough

endoplasmic reticulum (ER) occurs during the mobilization of aleurone cell reserves;

they develop into well-defined, fenestrated stacks. Golgi complexes also appear (Jones,

1969). In the early stage of germination, hydrolytic enzymes for the mobilization of

aleurone reserves are released. These include a battery of endo- and exopeptidases

(Adams & Novellie, 1975; Jelsema et aI., 1977), acid phosphatases (Ashford &

Jacobsen, 1974; Gabard & Jones, 1986; Ching et al., 1987; Jones, 1987; Polya &

Haritou, 1988) and lipases (Fernandez & Staehelin, 1985; Jones, 1985).

The aleurone is the major source of hydrolytic enzymes for dissolution of the

starchy endosperm. cr,-Amylases (Paleg, 1960; Filner & Varner, 1967; Chrispeels &

Varner, 1967), proteases (Jacobsen &. Varner, 1967), (1+3,1+a)-p-glucanases
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(Stuart et a\.,1986), xylanases (Taiz & Honigman, 1976; Dashek & Chrispeels, 1977;

Slade et a|.,1989), limit dextrinase, a-glucosidase (Hardie, 1975), peroxidases (Gubler

& Ashford, 1983), (1+3)-0-glucanases (Taiz &, Jones, 1970), ribonuclease (Chrispeels

& Varner, 1967) and a multifunctional nuclease (Brown & Ho, 1986) are produced as

germination progresses.

I.2.3 Cell Wall Degradation

During germination, hydrolytic enzymes are synthesized and secreted across the

plasma membrane of scutellar or aleurone cells, where they need to overcome two

physical barriers; the walls of the secretory aleurone or scutellar cells themselves, and

those of the starchy endosperm cells. These cell walls are not sufficiently permeable to

allow the passage of secreted enzymes, which are therefore isolated from their starch

and protein substrates that are packaged within starchy endosperm cells. Removal of

these cell wall barriers is therefore critically important in the early stages of

germination (Fincher, 1989).

Cell walls of the starchy endosperm are broken down before the arrival of

cr-amylases (Gibbons, 1980). During endosperm mobilization, walls of the starchy

endosperm are completely degraded. Some remnants of walls are left after the initial

front of wall-degrading enzymes passes, but these subsequently disappear (Fincher &

Stone, 1974; Selvig et aL.,1986).

During germination, the outer wall layers of scutellar epithelial cells are partially

degraded and individual epithelial cells become disconnected along their lateral

interface to form cylindrical papillae (Nieuwdorp & Buys, 1964). This process results

in an increase in surface area of epithelial cells, which presumably enhances their

ability to absorb the degradation products from the mobilization of endosperm reseryes.

In the case of aleurone cells, the thick outer layer disappears but the thin, inner

layer appears to resist degradation. Gubler et al. (1987) observed that cr-amylase and

other hydrolases are released from the aleurone through channels digested in the outer

wall layer; eventually this outer layer is degraded completely. Secreted elzymes
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appear to pass through the intact, thin inner wall of the aleurone (Taiz &' Jones, 1973;

Gubler et al., Ig87). It is possible that erzymes may move freely through the inner

wall if a specific component, such as the (1-+3,1+4)-B-glucan that is suggested to be

located in this layer, is removed early in germination. This would result in a resistant

polymeric framework through which the enzyme could move freely (Fincher, 1989).

The thin, inner layer which remains intact during eîzyme secretion would presumably

provide continuing structural support for the aleurone protoplasts. It is still uncertain

which enzymes are responsible for the degradation of the outer wall layer

(Benjavongkulchai & Spencer, 1989; Fincher, 1989), how the secreted hydrolytic

enzymes cross the inner wall layer, and how this inner layer remains intact in the

presence of high concentrations of xylanase, B-glucanase and a battery of exo- and

endo-peptidases (Fincher, 1989).

(1-+3,1-+4)-B-Glucans and arabinoxylans represent major polysaccharides (95%)

of cell walls of the aleurone and the starchy endosperm (Table 1.1). The mono-

saccharides released from wall polysaccharides make a contribution to the total energy

generated by metabolism of the endosperm for seedling development (Morall & Briggs,

197S). The (1-+3,1-+4)-B-glucans are linear chains of B-D-glucosyl residues poly-

merized through both (1-+3)-B-linkages (30%) and (1-+4)-B-linkages (70%) (Parrish &

et a\.,1960; Woodward et aI.,19S3b). They are members of a polysaccharide family,

which vary in size, solubility and molecular structure (Bacic & Stone, 1981b;

V/oodward & Fincher, 1983; \iloodward et al., 1983a, 1988; Edney et al., 1991).

Enzymes capable of degrading (1-+3,1-+4)-B-glucans in germinated barley have been

studied in detail. (1-+3,1+4)-0-Glucan endohydrolases are primarily responsible for

the degradation of cell wall (1-+3,1-+4)-B-glucan during starchy endosperm

mobilization. In addition, exo-B-glucanases and B-glucosidase are also capable of

degrading (1-+3,1+4)-F-glucan or its breakdown products (Preece & Hoggan 1957;

Manners & Marshall, 1969; Anderson et al., 1976). The enzymes responsible for

degradation of arabinoxylan include cr-arabinofuranosidase, endoxylanase, exoxylanase
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and xylobiase (Preece & MacDougall, 1958; Taiz & Honigman, 1976; Dashek &

Chrispeels,1977; Benjavongkulchai & Spencer, 1986, 1989; Slade et a|.,1989).

1.2.4 Mobilization of Starchy Endosperm Reserves

Endosperm dissolution in the germinating barley grain starts in the region adjacent

to the scutellar epithelium and progresses as a wave which moves approximately

parallel to the scutellum towards the distal end of the grain (Gibbons, 1981; MacGregor

& Matsuo, 1982; Briggs & MacDonald, 1983). This pattern reflects the secretion of

hydrolytic enzymes from the scutellum initially and subsequently from the aleurone

(Fincher, 1939). It is clear that both the scutellum and aleurone participate in

endosperm metabolism in barley. The relative contributions of the scutellum and the

aleurone to total hydrolytic activity secreted into the starchy endosperm vary according

to the particular eîzyme and to the time after the initiation of germination (Fincher,

1939). Starch granules, protein bodies and residual nucleic acids in the starchy endo-

sperm are depolymerized by the concerted action of many enzymes (Briggs, 1978;

Enari & Sopanen, 1986).

Starch granules can be converted to glucose by the combined action of cr-amylase,

B-amylase, limit dextrinase and ø-glucosidase during germination. It has been shown

that holes form over the surface of large st¿rch granules and once their interiors

are degraded and hollow, the granules collapse (Kiribuchi &. Nakamura, 1973;

Maeda et al., 1978; MacGregor and Ballance, 1980). Although the starch-degrading

enzymes are known, the physical mechanism of attack on the granules and the role of

each enzyme in the process are not fully understood. ø-Amylases (EC 3.2.1.1) are

Cú+-dependent endohydrolases that cleave internal (1-+4)-cr-glucosyl linkages of

amylose or amylopectin in an essentially random fashion (Thoma et al., 1971';

MacGregor & Fincher, 1992). Immunocytochemical studies using labelled antibodies

have shown that early in germination cr-amylase is located near the scutellum (Dure,

1960; Gibbons, 1979, 1981; Briggs & MacDonald, 1983). B-Amylases (EC 3.2.L.2)

are exohydrolases that cleave the penultimate (1-+4)-cr-linkage from the non-reducing
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termini of (1-+4)-cr-glucans to release the disaccharide maltose (Maeda et al., 1978).

Both amylases need limit dextrinase (EC 3.2.1.4I) to degrade the branched starch

component amylopectin, because limit dextrinase specifically hydrolyses (1-+6)-cr-

linkages and thereby increases levels of linear (1-+4)-a-glucans. a-Glucosidase (EC

3.2.1.20) releases glucose from a variety of cr-glucosides and presumably functions in

the final conversion of maltose and other small dextrins to glucose (Jorgensen, 1965;

MacGregor & Lenoir, 1987).

The reserve proteins of the starchy endosperm in barley grain are mobilized by the

action of endo- and exo-peptidases (Rastogi & Oaks, 1986), which are secreted into or

pre-exist in the starchy endosperm (Mikola, 1937). The major endopeptidases secreted

from the aleurone are thiol endopeptidases. Several forms have been identified

(Koehler & Ho, 1988). Endopeptidases may be important in the initial solubilization of

storage proteins (Jones & Poulle, 19SS). Serine carboxypeptidases are the major

exo-peptidases involved in protein degradation (Mikolz, 1987). In germinated barley, a

group of five carboxypeptidases (EC 3.4.16.1) with different but complementary

substrate specificities has been identified (Mikola & Kolehmainen, 1972; Mikola,

19S3). Carboxypeptidases rapidly hydrolyse large peptides but depolymerize di- and

tri-peptides more slowly (Mikola & Mikola, 1930). The products of hydrolysis include

amino acids and di- and tri- peptides. Along with the degradation of reserve proteins in

the starchy endosperm, peptidases may participate in the activation or release of P-

amylase (Lundgard & Svensson, 1987), carboxypeptidase and endopeptidases that may

pre-exist in a zymogen form (Doan & Fincher, 1988).

Residual RNA and DNA are found in the non-living cells of the starchy endosperm

in barley grain (McFadden et al., 1988). These nucleic acids are hydrolysed during

germination by a multifunctional nuclease I, which produces oligonucleotides and

finally 5'-mononucleotides (Brown & Ho, 1986; 1987). Levels of secreted nucleases

are enhanced by GA, in isolated aleurone layers and in barley malt (Chrispeels &

Varner, 1967; Taiz & Súarks, 1977; Lee & Pyler, 1985). Other enzymes, such as
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phosphodiesterases, 3'- and 5'-nucleotidases, phosphomonoesterases, and nucleosidases

are also detected in germinated barley (l-ee & Pyler, 1985, 1986).

1.3 (1-+3,1-+4)-9-GLUCANASES

(1+3,1-+4)-ß-Glucanases (EC 3.2.1.73) are probably the most important

hydrolases in the degradation of cell wall (1-+3,1-+a)-B-glucans of the starchy

endosperm of germinated barley grain (Woodward & Fincher, 1983; Fincher & Stone,

1993). The enzyme activity has also been correlated with the efficiency of the malting

and brewing process (Woodward & Fincher, 1983; Bamforth, 1985, 1993). Two

(1+3,1-+4)-B-glucanases, isoenzymes EI and EII, have been purified from extracts of

germinated barley grain and characteúzed (Woodward & Fincher, l982a,b). The

enzymes show classical endohydrolase action patterns and catalyse the hydrolysis of

(1-+4)-Þ-linkages in (1-+3,1-+4)-g-D-glucans when the glucosyl residue is substituted

at C(O)3 (Woodward & Fincher, 1982b), as follows:

J, .I, J
. G3G4G4G3GI4G]'ÍG!ÍG3G4GI4G3G' ' ' ' ' ' (RED)

where G represents B-glucosyl residues, the numbers 3 and 4 indicate the linkage

positions and nno denotes the reducing terminus of the polysaccharide chain (Fincher &

Stone, 1993). They are usually assayed by their ability to decrease the viscosity of

barley (1-+3,1-+a)-ß-glucan solutions (Woodward & Fincher, 1982a). The major

oligomeric products of hydrolysis released by enzyme action arc 3-O-þ-cellobiosyl-D-

glucose and 3-O-þ-cellotriosyl-D-glucose. Neither isoenzyme can hydrolyse (1+3)-ß-

glucans or (1-+4)-B-glucans (Fincher, 1989).

Southern analysis of barley genomic DNA has confirmed that these two

isoenzymes are encoded by two separate genes (Loi et al., 1988; Slakeski et al., 1990).

Near full length cDNAs and genomic clones for isoenzymes EI and EII have been

isolated and sequenced (Fincher et al., 1986; Slakeski et a1.,1990; Litts et a1.,1990;

Wolf, 1991). The isoenzyme EI gene is characterized by the presence of an intron of
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2514 bp, which is inserted in the region encoding the signal peptide, close to the

cleavage position at the NH2-terminus of the mature enzyme. In addition, the coding

regions for the mature enzymes of both (1-+3,1-+4)-B-glucanase genes have an high

overall G+C content of 67%, which may be attributed to the use of G or C in the third

base position of more than 92% of codons (Fincher et al., 1986; Slakeski et al., 1990).

1.3. 1 Properties of the (l-->3 rI-+4) -Ê-Glucanases

Properties of the two barley (1-+3,1+a)-B-glucanase isoenzymes are shown

in Table 1.2. Both isoenzymes are basic, monomeric proteins (Woodward & Fincher,

1982a, b). Analysis of corresponding cDNAs indicated that the enzymes both

consist of 306 amino acids and that the positional identity of their amino acid

sequences is 92%. They show different mobility on SDS-PAGE (Woodward &

Fincher, 1982a, b), which probably results from differences in their degree of

glycosylation: isoenzyme EI contains only a trace of carbohydrate, while isoenzyme EII

carries 4% by weight carbohydrate, of which at least two residues are thought

to be N-acetylglucosamine (V/oodward & Fincher, 1982a). This has been confirmed

by the analysis of the two cDNA sequences, which indicates that isoenzyme EII

has a single, potential N-glycosylation site. The site is not present in isoenzyme EI

because of a nucleotide substitution in the gene at that position (Fincher et a1.,1986;

Slakeski et al., 1990). Their different carbohydrate content is considered to be

one import¿nt reason for the different thermostability displayed by each isoenzyme

(Doan & Fincher, 1992): isoenzyme EII is significantly more stable at elevated

temperatures than isoenzyme EI, both in unpurified extracts of germinated barley

(l-oi et at., 1987) or as purified enzyme preparations (Woodward & Fincher, 1982b).

This suggestion was supported by the observation that the thermostability of

isoenzyme EII decreases when the carbohydrate of the enzyme is removed by

PNGase treatment (Doan & Fincher, 1992). Moreover, removal of the single

N-glycosylation site in isoenzyme EII by site-directed mutagenesis of the

corresponding cDNA led to a reduction in thermostability, while the introduction of
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Table 1.2 Properties of Barley (l-+3rl-+4)-p-Glucanasesl

Property koenzyme EI Isoenzyme EII

Apparent molecular weight2

Isoelectric point

pH optimum

Amino acids

Carbohydrate

N-glycosylation sites

Thermal stability3

Polyclonal antibodies

Monoclonal antibodies

Expression sites

30,000

8.5

4.7

306

Trace

0

-37"C

Cross react

Specific

Aleurone, scutellum, young

leaves, young roots

32,000

10.6

4.7

306

4%

1

-45"C

Cross react

Specific

Aleurone

1. Woodward & Fincher (1982a, b); Høj et al. (1990); Slakeski et al. (1990);

Slakeski & Fincher (1992a).

2. Sodium dodecyl sulfate-polyacrylamide gel electrophoresis.

3. Temperature at which 50% of initial activity is retained after 15 minutes of

incubation (Woodward & Fincher, 1982b).
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this site into isoenzyme EI enhanced its stability (Doan & Fincher, 1992).

1.3.2 Regulation of (1 +3, 1+4) -þ -Glucanase Expression

Previous experiments have shown that little or no expression of (1-+3,1-+a)-ß-

glucanases is detected in ungerminated barley grain, but enzyme activity rises to

a maximum 4-6 days after the initiation of germination and then declines (Ballance

et al., 1976; Stuart & Fincher, 1983; Bamforth & Martin, 1983). Western blotting

with monoclonal or polyclonal antibody probes has identified and quantitated levels of

the individual isoenzymes in unpurified extracts of germinated grain (Stuart & Fincher,

1983; Stuart et al., 1987; Høj et al., 1990), indicating that isoenzyme EI develops in

approximately equimolar proportions with isoenzyme EII, but appears slightly earlier

than isoenzyme EII in the variety Clipper (Stuart & Fincher, 1983). Variations in

absolute levels and in the ratio of individual isoenzymes are observed in other varieties

(Henry, 1990).

Stuart et al. (1936) investigated the expression of the two (1-+3,1-+a)-0-

glucanases in excised aleurone layers and scutella with Western blots, and these

experiments showed that isoenzyme EI is predominantly secreted by isolated scutella,

and is secreted at a much lower level in isolated aleurone layers, while isoenzyme EII is

only secreted by the aleurone (Stuart et al., 1986). The activity level of (1-+3,

1-+4)-B-glucanase secreted per isolated scutellum is up to 40% of that secreted by

a single aleurone layer (Stuart et aI., 1986), suggesting that the scutellum might be

a major contributor of (1-+3,1-+a)-F-glucanase during endosperm dissolution.

Later, a cDNA encoding (1-+3,1+4)-B-glucanase isoenzyme EII (Fincher et al.,

1936) was used to locate the corresponding mRNA transcripts in intact, germinated

barley by hybridization histochemistry of grain cryosections (McFadden et al., 1988).

Expression of (1-+3,1-+4)-0-glucanase was first detected in the scutellum after one

day, when expression is not apparent in the aleurone. Two days after the initiation of

germination, levels of (1+3,1+a)-F-glucanase mRNA decrease in the scutellar

epithelium, but increase in the aleurone (McFadden et al., 1988), and thereafter (1-+3,
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1-+4)-ß-glucanase gene expression is confined to the aleurone (McFadden et aL.,1988).

Although the oDNA probe did not differentiate between mRNAs for isoenzyme EI and

EII, it confirmed that both the scutellum and the aleurone participate in (1+3,

1-+a)-ß-glucanase synthesis in vivo (McFadden et al., 1988). The hybridization also

revealed a temporal and spatial co-ordination of (1-+3,1-+4)-B-glucanase gene regula-

tion in intact grain that was not observed with isolated tissues.

Specific probes for the two isoenzymes, prepared from the 3' untranslated regions

of their corresponding oDNA clones, are now available (Slakeski et aL, 1990) and have

confirmed that isoenzyme EI transcripts predominate in the scutellum in germinated

barley grain, whereas both isoenzyme EI and EII mRNAs are present in the aleurone

(Table 1.2; Slakeski & Fincher, 1992a). In addition, isoenzyme EI mRNA was

detected in developing leaves and roots. Isoenzyme EII was detected principally in the

aleurone cells and appeared to be a germination-specific enzyme (Slakeski et aL.,1990;

Slakeski & Fincher , I992a; Fincher & Stone, 1993).

Stuart et at. (1986) also noted that the secretion of both isoenzymes from isolated

aleurone was enhanced by treatment with gibberellic acid (GAt and Cû+.

Enhancement of transcript levels for both enzymes in aleurone layers was observed, but

abscisic acid (ABA) dramatically suppressed the relative abundance of the transcripts

(Mundy & Fincher, 1986). Northern analyses with specific probes for each isoenzyme

have been used to examine (1-+3,1-+4)-0-glucanase mRNA levels in different tissues

of germinated grain and seedlings of barley upon phytohormone treatment (Slakeski &

Fincher, 1992b). The two isoenzymes have different responses in different tissues and

at different stages of development: GA3 and IAA (indole acetic acid) increased levels of

isoenzyme EII mRNA in isolated aleurone layers or isoenzyme EI in young leaves.

Simultaneous treatment of leaves, roots and aleurone layers with GAg and ABA

enhanced mRNA levels of isoenzyme EI. IAA inhibited expression of isoenzyme EI in

young roots but GA3 had no effect (Slakeski & Fincher, 1992b).
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1.4 (1-+3)-F-GLUCANASES

(1+3)-g-Glucanases t(1-+3)-Þ-D-glucan glucanohydrolases; EC 3.2.1.391 of

barley can be detected in a variety of tissues at many stages of development (Manners

& Marshall, 1969; Ballance et aI., 1976; Xu et aI., 1992; \il/ang et al., 1992; Hrmova

& Fincher, 1993). The activity of (1-+3)-0-glucanases is initially detected in the

embryo of ungerminated barley grain, and increases markedly in the aleurone during

germination (Manners & Marshall, 1969; Manners & Wilson, 1974; Ballance et al.,

1976). (1-+3)-0-Glucanases hydrolyse (1+3)-ß-glucosyl linkages in (1-+3)-B-glucans

in an essentially random fashion, and finally release laminaritriose (G3G3G*¡) and

laminaribiose (G3G*o) as major hydrolysis products, as follows:

.IJJ
. G3G3G3G3G3G3G3G3G3G3G3G . . . . . . (RED)

where G represents a glucosyl residue, 3 represents a (1-+3)-B-linkage, and nnn

indicates the reducing end of the polysaccharide chain (Fincher & Stone, 1993). The

enzymes usually require a segment of unbranched, adjacent (1-+3)-B-glucosyl residues

for hydrolysis. Enzyme activity is generally measured using soluble (1-+3)-0-glucans

such as laminarin as substrates. Barley (1-+3)-9-glucanases can not hydrolyse (1-+3,

1-+4)-B-glucans that contain no contiguous (1+3)-B-linkages (Woodward et al., 1983;

Høj et a\.,1988, 1989), suggesting that (1-+3)-B-glucanases play no major role in the

degradation of cell walls during germination. However, they are able to hydrolyse

branched and substituted (1-+3,1-+6)-B-glucans that are cell wall components of plant

fungal pathogens. The rate of hydrolysis decreases as the degree of substitution or

branching increases (Hrmova & Fincher, 1993).

In other plants, the expression of (1-+3)-Ê-glucanases is regulated by gibberellic

acid (Taiz & Jones, 1973), ethylene (Abeles et al., l97l), kinetin, abscisic acid (Moore

& Stone, 1972) and auxin (Wong & Maclachlan, 1980). Despite the high levels of the

erzymes produced in germinated barley, endogenous (1-+3)-ß-glucans make up only a

small proportion of mature grain.
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L.4.1 (1-+3)-Ê-Glucans

(1-+3)-9-Glucans are present as deposits (callose) in specialized cell walls at

various stages during normal growth and development of plant tissues, and are

deposited in response to wounding, infection or physiological stress (Stone & Clarke,

1993). (1-+3)-Ê-Glucans also appear to be important in pollen grain development and

germination (Waterkeyn, 1967). During the mechanical wounding of plant tissue,

(1-+3)-ß-glucans accumulate at the interface of the cell wall and the plasma membrane

(Eschrich & Currier, 1964). A similar response is observed when cells are subjected to

chemical treatment or ultrasonic radiation (Currier & Webster, 1.964; Hughes &

Gunning, 1980). Physiological stress caused by plasmolysis and high or low

temperatures, also result in callose deposition in the plasma membrane/cell wall region

(rWebster & Currier, 1968; Smith & McCully, 1977; Currier, 1957; Eschrich, 1957).

Because callose often appears only transiently, it has been suggested that (1-+3)-0-

glucanases may be involved in the removal of the wound or stress callose (Currier &

Webster, 1964).

(1-+3)-ß-Glucans can be measured as fluorescent complexes formed with the

fluorochrome in the dye aniline blue (Mangin, 1890; Kessler, 1958). In barley,

(1-+3)-ß-glucans are found as small bead-like deposits on the inner wall of starchy

endosperm cells, and larger deposits are often seen in subaleurone regions of the

endosperm (Fulcher et al., 1977; Bacic & Stone, 1981a; Wood & Fulcher, 1984;

MacGregor et al., 1989). (1-+3)-F-Glucans represent approximately I% of the grain

(Tiuova et aL.,1988; MacGregor et al., 1989).

L.4.2 Enzyme Properties and Gene Structure

Three (1-+3)-0-glucanases, designated isoenzymes GI (Høj et al., 1988), GII

(Ballance & Svendsen, 1988; Høj et a1.,1989;l-eah et al., l99l) and GIII (Wang e/

al., 1992; Hrmova & Fincher, 1993) have been purified from extracts of germinated

barley grain or young seedlings. Southern analysis of barley genomic DNA with a

probe prepared from the cDNA for (1-+3)-B-glucanase isoenzyme GII (Høj et al.,
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1989), suggested that barley (1-+3)-B-glucanase isoenzymes are encoded by a family of

approximately six genes (Xu et al., 1992). Genomic and cDNA clones encoding each

isoenzyme have now been isolated and chatacterized (Høj et al., 1989; Xu et al.,

1992). Another gene encoding an acidic isoenzyme, have designated isoenzyme GVII,

has recently been isolated and characterized, (Malehorn et a1.,1993). Complete amino

sequences of barley (1-+3)-ß-glucanases have been deduced from either genomic clones

(for isoenzymes GIII, GIV, GVI and GVII) or cDNA clones (for isoenzymes GI, GII

and GIV) (Xu et al., 1992; Malehorn et al., 1993). The positional identities of their

amino acid sequences range from 44% to 8l%, which are lower than those of (1-+3,

1-+4)-B-glucanases (92%) and indicate a much higher degree of divergence during

evolution.

Properties of genes and proteins for barley (1-+3)-0-glucanase isoenzymes are

tisted in Table 1.3. The isoenzymes are similar in length and almost identical in size

to the barley (1-+3,1-+a)-B-glucanases, except that the sequence of isoenzyme GIV

has an extra 19 amino acids at the CooH-terminal extension. A single small intron

splits a codon in a putative signal peptide in genes encoding isoenzymes GII, GIII

and GVII; the intron is found in an almost identical position in the (1+3,1-+a)-ß-

glucanase genes (Slakeski et aI., 1990; Wolf, 1991). The intron separates exons with

distinctly different patterns of codon usage in the (1+3)-9-glucanase genes: in the

5' exon a balanced codon usage is observed, while in the coding region of the larger

3' exon there is a strong bias towards the use of G and C in the wobble base

position (Xt et al.,1992). The similarities in amino acid sequences, enzyme length,

intron position and patterns of codon usage in the genes suggest that the barley

(1-+3)-B-glucanase genes share a common evolutionary origin with the (1+3,l-+a)-B-

glucanase genes (Slakeski et aL.,1990; Xu et al.,1992).

Northern analyses with specific oligonucleotide and DNA probes have shown

that the barley (1-+3)-0-glucanase genes are subject to tissue-specific regulation

(Xt et al.,1992; Malehorn et al., 1993; Table 1.3). (1+3)-0-Glucanase isoenzymes
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Table 1.3 Properties of Barley (1-+3)-Ê-Glucanase Isoenzymes and Genesa

Property GI Gtrb GItr GV GVI GVtrd

Amino acids

Molecular lVeightc

Isoelectric point

N-Glycosylation sites

(Amino acid number)

Codon bias in gene, %"

Transcription sites

310

33,000

8.6

1

(67)

99.4

Young roots,

young leaves

306

32,3W

9.5

0

98.1

Aleurone

327

35,000

r0.7

1

(3t7)

90.4

Aleurone

312

34,000

7.5

1

(1 1e)

91..2

Young roots,

young leaves

315

32,900

4.6

1

(26)

94.5

Not known

308

32,600

4.9

I

(2e0)

92

Young roots

a. From Xt et al. (1992).

b. From Høj et al. (1989).

c. Excluding carbohydrate.

d. From Malehorn et aI. (1993).

e. percentage of codons in the coding region of the mature enzyme that have G or C in the wobble base position.
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GII and GIV are detected in the aleurone layer of germinating barley grain, while

isoenzymes GI (Høj et al.,19SB) and GIII (Wang et al., 1992) originate in vegetative

tissues of the developing seedling. Further, the isoenzyme GVII transcript is observed

in young roots (Malehorn et a|.,1993).

The physiological function of the individual (1+3)-0-glucanase isoenzymes

in germinated barley grain or in other tissues is not yet defined. Endogenous (1+3)-B-

glucan levels are low in the starchy endosperm of barley grain (Fulcher et al., 1977;

MacGregor et aI., 1989). The enzymes may function in normal developmental

processes, such as pollen formation, the removal of dormancy or wound callose,

and senescence (Fincher & Stone, 1981). The enzymes have also been implicated

in a general, non-specific protection of the germinating grain against pathogen

invasion (Fincher, 1989; Høj et al., 1989; Xu et al., 1992), through their ability

to hydrolyse the (1+3,1-+6)-Ê-glucans that are major cell wall constituents of many

fungi (Wessels & Sietsma, 1931). This suggestion is supported by the observation that

in many other plants, (1-+3)-F-glucanases are important members of the pathogenesis-

related proteins (Boller, 1987; Dixon & Lamb, 1990; Linthorst, 1991) that are

expressed in response to pathogen attack.

The presence of multiple isoforms of (1+3)-B-glucanases in barley would

meet requirements for independent control of individual gene expression in different

tissues, it would permit individual isoenzymes to be targeted to different subcellular

or extracelluar sites during normal growth and development, and it would allow

expression of specific genes at times of pathogen attack or stress (Xt et al., 1992;

Hrmova & Fincher, 1993). The evolution of several (1+3)-Ê-glucanases, particularly

if they demonstrated slightly different or refined substrate specificities, may

enable them to hydrolyse a range of fungal cell wall (1+3)-Þ-glucans with differing

degrees of main chain substitution or branching (Hrmova & Fincher, 1993).
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1.5 AIMS OF THIS STTJDY

The primary aim of this work was to isolate genomic clones encoding (1-+3,1-+4)-

B-glucanase isoenzyme EIL As described previously in this chapter, (1-+3,1-+4)-p-

glucanases are encoded by two separate genes (l-oi et al., 1988; Slakeski et al., 1990).

The genomic clone for isoenzyme EI had been isolated and characterized (Slakeski er

a1.,1990). At the start of this project, complete information about the gene structure

of isoenzyme EII was still lacking, although a near full length cDNA clone for

the isoenzyme had been isolated (Fincher et al., 1986; Slakeski et al., 1990).

Analyses of oDNA clones for the two isoenzymes revealed sequence divergence

in the 3' untranslated region of their genes. This information enabled specific

oligonucleotides to be designed for use with the cDNA clone to screen the barley

genomic library (Chapter II).

However, shortly after the isoenzyme EII gene was isolated in the present work, its

complete sequence was published elsewhere (Wolf, 1991). The emphasis of the project

was therefore shifted towards the isolation and characterization of the gene for

(1+3)-B-glucanase isoenzyme GI, because this isoenzyme had been purified (Høj

et a1.,1988) and acDNA was available (Xu et al., 1992), but the gene itself had not

been cloned. Given the potential importance of (1-+3)-0-glucanase gene expression

during pathogen attack, the availability of the corresponding promoters would allow

detailed examination of cis- and trans-acting factors that might participate in the

regulation of transcription rates during pathogen invasion of barley tissues. Using an

isoenzyme GII cDNA clone as a probe, together with specifically designed

oligonucleotides corresponding to each gene, a barley genomic library was screened to

recover genomic clones encoding (1-+3)-0-glucanase isoenzyme GI (Chapter II).

Thus, in the present work, genomic clones coding for (1-+3,1-+a)-Þ-glucanase

isoenzyme EII (Chapter III) and (1-+3)-ß-glucanase isoenzyme GI (Chapter IV) have

been isolated and characterized.
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ISOLATION OF GEI\ES ENCODING P-GLUCANASES

FROM A BARLEY GENOMIC LIBRARY
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2.1 INTRODUCTION

Recently, a barley gene family of (1+3)-Ê-glucanases encoding seven members

has been described (Xt et al., 1992; Malehorn et aI., 1993), together with another

class of genes encoding (1-+3,1-+4)-B-glucanases (Litts et al., 1990; Slakeski et aI.,

1990; Slakeski & Fincher , 1992a, b). Because of the similarity of the primary struc-

tures of these two classes of genes, it has been suggested that they both belong to a

"super" gene family, in which genes encode enzymes with related but quite distinct

substrate specificities (Xu et al., 1992). The availability of genomic clones for some of

the enzymes has enabled further investigations into the corresponding promoter regions

with a view to understanding the regulation of the genes at a molecular level. As

described in Chapter I, the objective of the present work was to isolate genes for

(1-+3,1-+4)-B-glucanase isoenzyme EII and for (1-+3)-B-glucanase isoenzymes which

have not been isolated in the work described by Xu et al. (1992).

DNA cloning techniques have developed rapidly in recent years, in particular in

the field of plant molecular biology. A number of strategies might be applied for the

isolation of B-glucanase genomic clones from the barley genome. The genes of interest

could be isolated from a small genomic library (gene bank) constructed from genomic

DNA fragments excised from gels after the identification by Southern analysis of

specific bands carrying the desired gene. Alternatively, a represent¿tive genomic

library, in which all fragments and genes of the barley genome are present, could be

generated and screened.

The approach used in this work was to screen a barley genomic library obtained

from Clontech Laboratories Inc., and constructed from partially-digested barley

genomic DNA from 7-day old seedlings of Hordeum vulgare L. (var NK 1558) into the

SaU site in the cloning vector lambda EMBL3 (Frischauf et aI., 1983). The library

contains 1.1x106 independent recombinant clones with an average insert size of 15 kb.

A genomic clone for (1+3,1+a)-9-glucanase isoenzyme EI (Slakeski et al., 1990) and

three genomic clones encoding (1-+3)-0-glucanase isoenzymes GIII, GIV and GVI have
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previously been isolated from this library and characterized (Xt et al., 1992; Xu,

1994). Using the same genomic library and different screening conditions, it should be

possible to isolate genomic fragments that carry genes encoding other (1-+3)-0-

glucanase isoenzymes and the gene encoding (1-+3,1-+4)-B-glucanase isoenzyme EII.

The cDNA clones encoding (1-+3,1-+4)-B-glucanase isoenzyme EII (Fincher

et al., 1986) and (1-+3)-B-glucanase isoenzyme GII (Høj et al., 1989) were used to

screen the barley genomic library as general probes for (1+3,1-+a)-0-glucanase or

(1-+3)-Þ-glucanase genes, respectively. DNA probes prepared with a random primer

labelling system generally result in strong hybridization signals and this method was

therefore chosen to label the probes. In conjunction with the cDNA probes, specific

probes prepared from oligonucleotides designed according to variable regions in the

corresponding cDNAs, were used to identify genes encoding specific isoenzymes. The

identities of putative clones were confirmed by nucleotide sequence analysis.

In summary, two experimental procedures are described in this chapter:

1) the screening of the barley genomic library and identification of genomic clones that

carry genes encoding (1-+3,1+4)-B-glucanase isoenzyme EII and (1-+3)-9-glucanase

isoenzyme GI; and

2) fhe subcloning of DNA fragments carrying the genes into the plasmid vectors pUC19

or pBluescript SK* for restriction analysis and nucleotide sequencing.

The characterizations of the genes are described in Chapters III and IV.
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2.2 MATERIALS AND METIIODS

2.2.1 Materials

The barley genomic library and bacteriophage host strain NM538 were obtained

from Clontech Laboratories Inc. (Palo Alto, CA, USA). Tryptone, yeast extract and

bactoagar \/ere from Difco (Detroit, MI, USA). Agarose, ethidium bromide,

ampicillin, maltose, glucose, DTT, BSA, PEG (8000), RNase and DNase were

obtained from Sigma Chemical Co. (St. Louis, MO, USA). Utez, SDS, IPTG, and

Xgal were obtained from IBI (New Haven, CT, USA). Plasmid pBluescript SK+/-

and, E. coli bacterial strain DH5o¿ were obtained from Stratagene (La Jolla, CA, USA).

Dextran sulphate and Ficoll 400 were obtained from Pharmacia-LKB (Uppsala,

Sweden). Proteinase K, herring sperm DNA, and calf intestinal phosphatase were

purchased from Boehringer Mannheim GmbH (Germany). GeneClean-Il kits were

from BIO 101 Inc. (La Jolla, CA, USA). Plasmid vector pUC19 was from Bresatec

Lrd. (Adelaide, Ausrralia). [a-32P]dcTP (3,000 ci/mmol) and [y-32P]ATP

(>4,000 Ci/mmol) were obtained from either Amersham (UK) or Bresatec.

Restriction enzymes were purchased from Bethesda Research Laboratories (BRL,

Gaithersburg, USA), Promega (Madison, Vfl, USA), or New England Biolabs

(Beverly, MA, USA). Nitrocellulose filters (BA 85, 0.45 pm) were from Schleicher &

Schuell (Dassel, Germany). The Magic Multiprime DNA labelling kit, Klenow

fragment DNA polymerase and autoradiographic film were purchased from Amersham

International (UK). The DNA sequencing kit was purchased from United States

Biochemical Corporation (USBC; Cleveland, Ohio, USA). Solutions were prepared

using "Milli-Q" water (Bedford, MA, USA) and sterilized by autoclaving al lzloC for

20 minutes or filtering through Millex-Gs 0.22 pm filter units from Millipore and

0.45 ¡rm cellulose nitrate filters from Sartorius GmbH (Gottingen, Germany).

2.2.2 Maintenance and Growth of Bacterial Strains

As a host bacterium for plating out the barley genomic DNA library, E.coli strain

NM538 (Sambrook et aI., 1989) was streaked out on a LB agar plate from a glycerol
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stock. A singte bacterial colony was picked to inoculate 50 ml LB medium containing

0.2% maltose and 10 mM MgSO +, ãîd grown overnight at 37"C. Cells were harvested

by centrifugation at 4,000 rpm for 10 minutes. The cells were resuspended in 20 ml 10

mM MgSOa solution and stored at 4"C.

To prepare fresh competent cells for transformation of recombinant plasmids,

E.coti strain DH5o¿ (Sambrook et a1.,1989) was inoculated into 5 ml LB medium in a

10 ml sterile capped tube and grown overnight at 37"C. The overnight culture (1 ml)

was transferred to 50 ml LB medium and incubated for 3-4 hours to the middle

logarithm phase of growth at 37"C with vigorous shaking. Cells were recovered by

centrifugation for 10 minutes at 4'C. The cells were resuspended in 15 ml ice-cold

50 mM CaCl2 and stored on ice for at least one hour. After centrifugation, competent

cells were resuspende d in 2 ml of the same solution at 4"C prior to use.

2.2.3 Preparation of [32P]-radiolabelled Probes

DNA fragment probes for screening the genomic library or for Southern blot

analyses were prepared from cDNAs for (1-+3,1-+4)-B-glucanase isoenzyme EII

(Fincher et al., 1986; Slakeski et al., 1990) and (1-+3)-B-glucanase isoenzyme GII

(Høj et at.,1989). The oDNA insert of the plasmid was excised with an appropriate

restriction errzymeand labelled using [ø-32P]dCTP and the Amersham multiprime DNA

labelling system as described in the standard protocol provided by Amersham (Feinberg

and Vogelstein, 1983).

End-labelled oligonucleotide probes were prepared according to Sambrook et al.

(1939) under the following reaction conditions: 10 pmol oligonucleotide, 2 ¡tl l0xT4

polynucleotide kinase buffer (700 mM Tris-HCl buffer, pH7.6, 100 mM MgClr,

50 mM DTT), 10 pCi [y-32P]ATP, and 1 U T4 polynucleotide kinase. The volume of

the labelling reaction was adjusted to 20 pl with sterile HrO and incubated at 37"C for

10 minutes. The efficiency of radioactive incorporation was measured by polyac-

rylamide gel electrophoresis (Sambrook et a|.,1989).
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2.2.4 Screening the Barley Genomic Library

The barley genomic library was diluted with SM buffer (10 mM NaCl, 8 mM

MgSOa, 50 mM Tris-HCl buffer, pH 7 .5 and 0.01 % gelatin) and mixed at 3'7"C for 20

minutes with an overnight culture of E.coli NM538 cells for phage infection, prior to

plating out in LB top agarose (0.7 % agarose in LB medium). A total of ten plates was

incubated at 37"C for no more than 16 hours. Plaques transferred onto nitrocellulose

filter were denatured with 0.5M NaOH/1.5M NaCl for 4 minutes, neutralized with

0.5M Tris-HCl buffer, pH 8.0/1.5M NaCl for 8 minutes, and dried at room

temperature before baking in a vacuum oven at 80oC for two hours. The conditions of

prehybridizztion, hybridization and washing were modified from the procedure

described by Xu et al. (1992). The filter replicas were washed in 2xSSC (20xSSC:

3 M NaCl, 0.3 M sodium citrate), 0.1% SDS at 65'C for 30 minutes or longer to

remove bacterial debris, and prehybridized in 6xSSPE (2OxSSPE: 3 M NaCl,

0.2 M NaHrPOo, 20 mM EDTA pli.7.4), 5xDenhardt's solution (50xDenhardt's

solution: l% Ficoll, l% polyvinylpyrrolidone, 1% BSA), 0.1mg/ml herring sperm

DNA, 0.1% SDS at 65'C for at least two hours. The hybridization reaction was

performed in fresh prehybridization solution containing the appropriate radiolabelled

DNA probe at 65"C for 16 hours, or at 42"C when formamide was incorporated at

a final concentration of 48% (vlv). The filter replicas were washed twice at 65'C

in 2xSSC/1% SDS for 30 minutes, and twice in O.2xSSCl0.l% SDS for 15 minutes.

The hybridizations with oligonucleotide probes were carried out at 42"C.

The filter replicas were dried in air and autoradiographed with an intensifier screen

at -80'C for 2 or 3 days. Positive plaques were selected on the basis of the alignment

of autoradiographic signals from two replicas of plaque lifts and were purified by one

or two further rounds of plating, plaque lifting and hybridization.

2.2.5 Quick Purification of Lambda DNA

Single positive plaques were picked as small agar plugs from LB plates using

sterile disposable plastic tips with cut ends and were placed in Eppendorf tubes
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containing 500 pl SM buffer and 20 pl chloroform. The tubes were mixed vigorously

for 1 minute and held at room temperature for at least two hours to allow the diffusion

of phage particles from the agar. After bacterial debris and agar were removed by

centrifugation, the phage suspension was stored at 4"C for further analysis. For long

term storage, phage stock was stored at -80'C in 7% (v/v) dimethyl sulfoxide

(DMSO).

Recombinant EMBL3 DNA was purified following the procedure for preparation

of bacteriophage lambda DNA from liquid culture as described by Sambrook et al.

(1989) with minor modifications. Purified plaques (200-400 pl phage stock) were

added to2ml overnight E. coti NM538 cell culture to allow infection at37"C for 20

minutes. The mixture was added to 100 ml LB medium containing 10 mM MgSOa in a

250 ml flask prewarmed to 3J"C, and incubated for 7-8 hours at 37"C until bacterial

debris appeared. The culture was mixed with 2 ml chloroform and the flask was

shaken for a further 10 minutes. Bacterial cell debris was removed from the phage

solution by centrifugation at 10,000 rpm for 10 minutes at 4"C. DNase and RNase

were added to the supernatant at a final concentration of 2 pglnl each. The mixture

was incubated for one hour at 37"C. To precipitate phage particles, an equal volume

of 20% (w/v) PEG 8000/2 M NaCl in SM buffer was added. The solution was mixed

well, incubated on ice for 1-2 hours and centrifuged at 10,000 rpm for 20 minutes at

4'C. The pellet was drained, resuspended in 2 ml SM and the suspension was

extracted with an equal volume of chloroform to remove traces of PEG.

Lambda DNA was released from the bacteriophage particles by incubation with

Proteinase K, EDTA and SDS at final concentrations of 50 pglml, 25 mM and 0.5%,

respectively, at 56'C for one hour. The DNA was extracted once each with equal

volumes of phenol and 1:1 phenol/chloroform, twice with chloroform, and precipitated

with two volumes of ethanol. The threadlike DNA was recovered, washed with 70%

ethanol and dried. The DNA was dissolved in 50 pl TE buffer and was then ready for

analysis by restriction enzyme digestion.



Chapter Two 33

2.2.6 Digestion of DNA by Restriction Enzymes

DNA digestion with restriction enzymes was generally performed in a total

reaction volume of 20 ¡t"l in appropriate buffers and at appropriate temperatures,

according to the manufacturers' instructions. RNase, free of DNase, was used by

adding 1 pl stock solution (1 pglpl) to DNA samples. Large-scale DNA digestions for

recovery of fragments were performed by increasing the total volume, but maintaining

the DNA concentration at 0.2 ¡tgl¡tl. Restriction enzyme was added in a ratio of L unit

enzyme per 1 pg DNA. Excess enzyme (or double-enzyme digestions) and longer

incubation times (4 hours to overnight) were applied to ensure complete digestion as

necessary.

2.2.7 Agarose Gel Electrophoresis

DNA fragments were separated by agarose gel electrophoresis as described by

Sambrook et al. (1989). The agarose gel, routinely at concentrations of 0.7% (fot

lambda DNA) or l% (for plasmid DNA), was prepared in TAE buffer (40 mM Tris-

acetate buffer, pH 8.0 and 1 mM EDTA), into which ethidium bromide was

incorporated at a final concentration of 1 ¡lg/ml. All DNA samples were mixed with

5 volumes electrophoresis loading buffer (0.25% w/v bromophenol blue, 0.25 % wlv

xylene cyanol, 40% wlv sucrose). Molecular weight markers were included on all

gels. The DNA molecular markers were prepared by combining equal volumes of

Hindlll and Hindllll&coRl digested, unmethylated lambda DNAs. For DNA

radiolabelling and subcloning, DNA fragments were excised from the agarose gel and

purified using the GeneClean II kit according to the directions of the manufacturer.

The DNA fragments were recovered from glass milk with HrO and were then ready for

ligation or labelling.

2.2.8 Southern Blot Analysis

Southern blot analysis was used to identify DNA fragments carrying genes of

interest. EMBL3 DNA was isolated and subjected to restriction digestion using a

variety of restriction enzymes. Resulting DNA fragments were fractionated on agarose
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gel and transferred onto nitrocellulose filters overnight according to Sambrook et al.

(1989), using the procedure developed by Southern (1975). Hybridization of the filters

was carried out for 2-3 hours with the appropriate [32P]-radiolabelled probes, as

described in Section 2.2.4. The sizes of DNA fragments were calculated by comparing

migration rates with those of the DNA molecular markers.

For the quick identification of putative positive clones, dot blot analysis was also

employed. Purified phage stocks or plasmids were spotted onto nitrocellulose filters.

The filters were denatured and probed as described in Section2.2.4.

2.2.9 Subcloning into Plasmid pUC19

Recombinant EMBL3 DNA purified from positive clones (Section 2.2.5) was

digested with appropriate restriction enzymes and fractionated on agarose gels. DNA

fragments identified by Southern blot analysis were purified and ligated into the

plasmid vector pUC19, which was cleaved with a compatible enzyme and

dephosphorylated. The recombinant plasmid was transformed into fresh competent

cells of E. coti DH5cr following the procedure developed by Hanahan (1983), as

described by Sambrook et at. (1989). To transform recombinant plasmids with large

inserts, the electroporation method (Chassy et al., 1988) \ryas employed. The

transformed bacterial cells were plated onto LB plates containing ampicillin

(100 pglml), X-gal (50 pglml) and IPTG (0.5 M). After incubation at 37"C for

approximately 16 hours, white colonies were picked with sterile toothpicks and DNA

was isolated as described in Section 2.2.10. Recombinant plasmids was identified by

Southern analysis.

2.2.10 Small-scale Preparation of Plasmid DNA

A mini-prep method for plasmid DNA isolation was modified from the alkaline-

lysis procedure (Birnboim & Doly, 1979). Bacteria harbouring plasmids were grown in

5 ml LB medium for l2-t6 hours in the presence of 100 pglml ampicillin. The

bacterial culture (1.5-4.5 ml) was gradually transferred into a sterile Eppendorf tube
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and centrifuged for 30 seconds twice to remove culture medium thoroughly. The cells

were resuspended in 100 pl ice-cold lysis buffer (50 mM glucose, 10 mM EDTA,

25 mM Tris-HCl buffer, pH S.0) and mixed with 200 pl freshly prepared 0'2 M

NaOH/1% SDS. The tube was inverted gently three times and chilled on ice for

exactly 5 minutes. The contents were neutralized and chromosomal DNA precipitated

by mixing with 150 pl 3 M potassium acetate solution pH4.6. After two minutes, the

tube was carefully inverted three times and incubated on ice for a further 5 minutes and

chromosomal DNA removed by centrifugation for 10 minutes at 12,000 rpm. The

supernatant (a00 U,l) was transferred to a fresh tube and extracted with an equal volume

of chloroform. The aqueous phase was recovered by centrifugation. Plasmid DNA

was precipitated with 2 volumes absolute ethanol for 5 minutes at room temperature,

centrifuged for 5 minutes and washed with 70% ethanol solution. The pellet was air

dried and resuspended in 20 pl TE buffer, pH 8.0. The preparations usually contained

about 90% supercoiled DNA and were competent for digestion with restriction

enzymes.



Chapter Two 36

2.3 REST]LTS AND DISCUSSION

2.3.1 Screening of the Barley Genomic Library

The barley genomic library was plated out at high plaque density and a total of

approximately 106 plaques were screened. This accounted for approximately one

complete genome equivalent of DNA fragments. The screening of the genomic library

was performed with DNA probes prepared from near full-length cDNA clones either

for (1-+3)-0-glucanase isoenzyme GII (Høj et al., 1989) or for (1-+3,1-+4)-ß-

glucanase isoenzyme EII (Fincher et al., 1986; Slakeski et aL.,1990).

( 1 -+3, 1 -+4) -þ-Glucanas e iso en4tme EI I cDNA probe

The barley genomic library was initially screened 'with a full length cDNA

for (1-+3,1-+4)-B-glucanase isoenzyme EII (Slakeski et al., 1990). Eight putative

clones, designated ¡,EII-1 to ¡,EII-8, showed relatively weak intensities on

autoradiographic films (datz not shown) when the screening was performed at

high stringency; the hybridization solution contained 48% (v/v) formamide and

the final washing was done in O.2xSSC lÙJ% SDS solution at 65"C for 30 minutes.

The putative positive clones which could be aligned on two replica plaque lifts

were recovered from plates and purified by secondary screening in smaller plates

(90 mm petri dish) with relatively low plaque densities (30-50 plaques per plate).

Six of the original clones (},EII-1 to I,EII-5 and ÀEII-7) gave positive hybridization

signals and were essentially monoclonal after the second screening. They all

showed much stronger signals than in the first screening. Clones ¡,EII-5 and

?,,ElI-7 exhibited the strongest signals under the conditions used (Figure 2.1).

Attention was concentrated on these two clones; the clones showing weaker

signals were not examined further.

(1-+3)-þ-Glucanase isoen4tme GII cDNA probe

The cDNA clone for (1-+3)-B-glucanase isoenzyme GII was used as a general

DNA probe to re-screen the barley genomic library in an attempt to isolate genomic
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ßig.Z.L Rescreening of positive clones selected from the first screening. The

gDNA clone encoding (1-+3,1+4)-B-glucanase isoenzyme EII was used as a probe.

The two clones, î,EII-5 (A) and LEll-7 (B) showed the most intense signals.
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clones coding for one or more of the (1-+3)-Þ-glucanase isoenzymes which had not

been isolated previously by Xu et al. (1992)

Filter replicas were hybridized with the radiolabelled DNA probe in hybridization

solution, without formamide, at 65"C for 20 hours. These hybridization conditions

were slightly less stringent than those applied to the screening for genomic clones

encoding (1-+3,1+a)-B-glucanase isoenzyme EII, because the barley (1-+3)-þ-

glucanases showed much lower positional identities (Xu et al., 1992). Each plate

produced an average of 10 positive clones, and fifty clones that gave relatively strong

signals were picked and stored at 4"C. A small EMBL3 recombinant library was

constructed by combining an equal volume (10 pl eluted phage) of each positive clone.

This sublibrary, which was expected to contain genes for (1+3)-ß-glucanase

isoenzymes, was plated out on two large plates at high plaque densities. In this

secondary screening, attempts were made to isolate the gene for (1+3)-B-glucanase

isoenzyme GII, as follows:

A. The first of the replica lifts was probed with an oligonucleotide specific for

(1-+3)-ß-glucanase isoenzyme GII, which is complementary to the 3' untranslated

region of the cDNA (}/røj et al., 1989). The sequence of the oligonucleotide was,

5' -GGATGTAGGTATGTGAGCTAGGTAGCTACA-3' .

The hybridization conditions were as described in Section 2.2.4. As a result of this

screening, 4-5 positive clones were detected on each plate.

B. The second of the replica lifts was hybridized with the cDNA clone for

(1-+3)-0-glucanase isoenzyme GII, but at higher stringency: the hybridization solution

(Section 2.2.4) with 50% (v/v) formamide was used and filters were washed with

0.1% SSC/ 0.5 SDS at 68'C for 30 minutes twice.

No clone gave strong signals with both the oligonucleotide and cDNA probes. One

clone showed a very strong signal with the oligonucleotide, but a weaker signal when

hybridized with the cDNA. The clone was purified and subcloned for further analysis.
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Fig.2.2 Southern analysis of putative genomic clones for (1-+3)-0-glucanase

isoenzymes. Recombinant EMBL3 DNAs purified from putative clones were digested

with BamHI (lanes l, 3, 5, 7, 9, 11) and Hindlll (lanes 2, 4, 6,8, 10, 12) and probed

with the cDNA clone for (1-+3)-B-glucanase isoenzyme GII. Parts A and B represent:

lanes 1-2, 1,G-1; lanes 3-4, ?uG-2; lanes 5-6, l,G-3; lanes 7-8, ?uG-4; lanes 9-10, 1,G-5;

lanes ll-12, IG-6. Lane M is the DNA markers, combined Híndlll and

HindllIl&coRl digests of lambda DNA. Part C illustrates the dot blot analysis of

EMBL3 DNAs of the same amount from the six positive clones probed with the oDNA

for (1-+3)-B-glucanase isoenzyme GII .
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In addition, six putative clones, designated l,G-l to ì,G-6, which showed stronger

positive signals with the cDNA probe, were purified and analyzed by DNA restriction

digestion (Figure2.2). 1.G-5 and IG-6 probably include the same genomic DNA

fragment, because both generate a 9.6 kb positive fragment after HindIII digestion.

þ¡ BamHI restriction site splits a putative gene carried by these two clones and the

cDNA for (1-+3)-B-glucanase isoenzyme GV also has a BamHl site in its coding region

(Xu et at., 1994). A,Hindlll fragment of 9.5 kb was also observed in the restriction

digest of l,G-1 DNA. l,G-3 gave the most intense signal among these positive clones

(Figure 2.2) and its restriction pattern is different from that of the cDNA for (1-+3)-ß-

glucanase isoenzyme GII, for which a HíndllI fragment of 6.5 kb was detected in

the Southern analysis of the barley genomic DNA (Xu, 1994).

2.3.2 Identifïcation of a (1+3,1-+4)-9-Gtucanase koenzyme EII Gene

Sequence analysis of the (1-+3,1-+4)-B-glucanase cDNAs indicates divergence in

their 3' untranslated regions (Slakeski et al., 1990), suggesting that specific oligonu-

cleotides for the isoenzyme EII gene may be used in identification of the putative clones

(Section 2.3.1). The six purified clones were characterized by dot blot analysis with

specific probes corresponding to the 3' untranslated region of the isoenzyme EII cDNA.

The specific probes were prepared by end labelling oligonucleotides Oli 4 and Oli 5,

kindly provided by Dr. Slakeski. The oligonucleotides, Oli 4 and Oli 5, are

complementary to the 3' untranslated region of the cDNA encoding (1-+3,1-+a)-ß-

glucanase isoenzyme EII (Figure2.3). Their nucleotide sequences are as follows:

Oli 4, 20 mer; 5'-CGAGTAGCTCGTCAAGTTCG-3'

Oli 5, 19 mer; 5'-ACGTTCTCATCCCTCATGTG-3'

The use of two oligonucleotides allowed relatively stronger signals to be obtained

during in situ hybridization. The specificity of the probe was measured by using the

cDNA for isoenzyme EII as a positive control, along with the cDNA for isoenzyme EI

as negative control (data not shown).

Phage stocks for each clone were prepared, spotted onto a nitrocellulose filter and



Fígure 2.3

Fig. 2.3 Dot blot analysis of putative genomic clones for (1-+3,1-+a)-p-glucanase

isoenzyme EII. Two specific oligonucleotides, Oli 4 and Oli 5, corresponding to the

3'untranslated region of the oDNA for (1+3,1-+a)-B-glucanase isoenzyme EII

(Part B) were used in the analysis. Phage plaque elutions from six putative clones

(ÀEII-I to ÀEII-5 and î.EII-7) were spotted on a nitrocellulose filter and hybridized

with probes prepared from Oli 4 and Oli 5. The positive signal given by IEII-S

(Part A) suggested it is a genomic clone for (1+3,1-+a)-Ê-glucanase isoenzyme EII.
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Figure 2.4

Fig.2.4 Southern analysis of putative genomic clones (¡,EII-5 and I,EII-7) for

(1-+3,1-+4)-B-glucanase isoenzyme EII. Recombinat DNAs from the two clones were

digested with BamHI (lanes l, 2); EcoRI (lanes 3, 4); Hindlll (lanes 5, 6); and SaIl

(lanes 7, 8) and the fragments were fractionated together with DNA size markers,

equally combined Hindlll and HindllllF;coRl digests of lambda DNA (Lane M). Part

A represents î,EII-S and t"EIl-7,loaded in lanes I,3,5,7 and lanes 2,4,6,8,

respectively. Part B represents a Southern blot probed with probes prepared from Oli 4

and Oli 5 together. Positive signals were obtained only with I,EII-5.
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hybridized with the oligonucleotide probes. Only IEII-5 showed a strong positive

signal (Figure 2.3). This led to the conclusion that î,EII-5 was a genomic clone

carrying the (1-+3,1-+4)-B-glucanase isoenzyme EII gene. This was supported by

Southern analysis of DNAs purified from I,EII-5 and ?,"ElI-7 (Figure 2.4) using the

same specific oligonucleotide mixture as a probe. It remained to be confirmed by

nucleotide sequencing that this genomic clone (designated EMBL-EII) encoded the

(1+3,1+4)-B-glucanase isoenzyme EII. This is described in Chapter III.

Primary structure analysis indicated that oDNA or genomic clones encoding barley

(1-+3)-B-glucanases have 49%-51% positional identity with the cDNA for (1-+3,

1+a)-B-glucanase isoenzyme EII (Xu et aI.,1992). The clones that hybridized weakly

with the (1-+3,1-+4)-B-glucanase oDNA probe might therefore encode (1+3)-B-gluca-

nases. To check this possibility, a gene-specific oligonucleotide, corresponding to a

portion of the coding region of (1-+3)-B-glucanase isoenzyme GII, was obtained from

Ms Peilin Xu for Southern blot analysis. î,EII-4 exhibited a rather weak positive signal

with this probe (data not shown). A Hindlll fragment of 6.5 kb from this clone was

subcloned into the plasmid vector pUC19 and was analysed by restriction digestion

(data not shown). Comparison of restriction maps available for (1-+3)-B-glucanase

isoenzymes (Xu et a1.,1992), finally revealed that ÀEII-4 was another copy of a gene

for the (1-+3)-ß-glucanase isoenzyme GIV (Xu et al., 1992), but was different in

length.

2.3.3 Identifïcation of Clones for (1+3)-Ê-Glucanase Genes

The genomic fragments carried by two clones (¡,G-1 and ÀG-3) were analysed in

more detail using the cDNA for (1-+3)-9-glucanase isoenzyme GII as a probe.

Southern analysis of restriction fragments from f,G-3 (Figure 2.5) revealed a SalI

fragment of 1.4 kb that hybridized with the probe, together with a 1.4 kb Accl

fragment and a Psd fragment of 2.6 kb. The 1 .4 kb Sall fragment was subcloned, but

the nucleotide sequences obtained from each end of the fragment had no homology with

those of any genomic or cDNA clones for (1-+3)-B-glucanase. This may have resulted

tr
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Fig. 2.5 Southern analysis of a putative genomic clone (ÀG-3) using a (1-+3)-

B-glucanase probe. Part A represents recombinant EMBL3 DNA digested with

(lane numbers precedes restriction enzymes) l, AccI; 2, BamHl; 3, BamHIlEcoRI;

4, EcoRl; 5, EcoRIlPstI; 6, Pstl; 7, HindlII; 8, Sall: 9, XbaI; 10, XballXhoI;

ll,Xho| Lane M is the DNA markers (sizes shown in kb), combined digests of

HindlIIlEcoRI and HindlII lambda DNA. Part B represents Southern blot analysis

probed with (1+3)-B-glucanase isoenzyme GII oDNA.
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Figure 2.6

Fig.2.6 Southern analysis of the genornic clone (¡,G-1) using a (1-+3)-B-glucanase

probe. Recombinant EMBL3 DNA (Part A) is digested with (lane numbers precede

restriction enzymes) l, SaIIlHindlII; 2, Sall; 3, EcoF.IlHindIlI; 4, EcoP.I|' 5, ^Ssfll/

HindIIl;6,,Ss/II; '1, SstIlHindIII; 8, SsrI; 9, BamHIlHindIlI; I0,HindIII; 11, BamHl.

Southern blot analysis (Part B) is probed with (1+3)-F-glucanase isoenzyme GII. Lane

M is the DNA size markers (sizes shown in kb).
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from the nucleotide sequences not reaching an area that could be recognised as the

mature protein coding region. The SalI fragment was subsequently cut into three

smaller fragments: a 400 bp SacII fragment, and 500 bp and 550 bp SalllSaclI

fragments. These were subcloned into compatible sites of the pBluescript SK(+)

vector. The nucleotide sequence from the one end of the 500bp SalllSacll

fragment was identical to that of the 5'region of a cDNA for (1-+3)-ß-glucanase

isoenzyme GI (Xu 1994). Furthermore, the amino acid sequence deduced from

the nucleotide sequence exactly matched with the first 35 amino acids of the

NHr-terminal sequence determined directly from purified (1-_>3)-þ-glucanase

isoenzyme GI (Høj et al., 1988). Therefore, ¡,G-3 (EMBL-GI) is a genomic clone

carrying the gene encoding (1-+3)-þ-glucanase isoenzyme GL

The insert of l,G-l was also analysed with restriction enzymes (Figure 2.6).

Southern blot analysis showed that only one band (lane 5 was incompletely digested)

gave a hybridization signal in the SsdI (JacII) restriction digests. One or more

restriction sites for this enzyme are commonly detected in the coding region of genomic

or cDNA clones for (1-+3)-B-glucanase isoenzymes (Xu et al., 1992). The l.G-l

restriction patterns of EcoRI (>20 kb fragment) and Hindlll (9.4 kb fragment) did not

match those of the genomic clones for (1+3)-B-glucanase isoenzymes GIII (5.8 kb

EcoRl genomic fragment), GIV (10.2 kb HindIII genomic fragment) or GVI (7.3 kb

EcoRl genomic fragment) which have been isolated previously (Xt et al., 1992).

Thus, IG-l appeared to represent a previously unidentified (1+3)-B-glucanase gene.

Further investigations into l,G-l could be concentrated on subcloning, sequencing and

expressing this clone to confirm its identity as a gene fragment encoding a (1-+3)-B-

glucanase gene. This was not undertaken in the present study.

2.3.4 Subcloning into Plasmid pUC19

For the manipulation of the identified genomic clones, plasmids pUC19 and

pBluescript SK(+) were employed as vectors because of their high copy number for

DNA preparation and their ease of use for double-stranded sequencing.
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(1 ->3, 1 -+4) -þ-Glucanas e isoenryme EII gene

The insert of recombinant clone EMBL-EII was analysed by digestion with several

restriction enzymes and Southern blotting (Figure 2.8), and this resulted in the identi-

fication of fragments that carry the entire gene or smaller fragments suitable for

subcloning into plasmid pUC19 for DNA sequencing. The restriction analysis indicated

that the gene for (1-+3,1-+a)-Þ-glucanase isoenzyme EII was carried on a 9.2 kb

BamHI fragment, or on two EcoRI fragments of 5.0 kb and 2.0 kb. This restriction

pattern differed from that of the genomic clone encoding (1-+3,1+a)-B-glucanase

isoenzyme EI (Litts et al., 1990; Slakeski, 1992), where the gene was on a 14 kb

BamHl fragment or a 12 kb EcoRI fragment.

The 9.2kb BamHl fragment from the recombinant clone EMBL-EII could not be

subcloned into pUC19 vector, probably because the fragment was too large. The two

EcoRl fragments of 5.0 kb (pEII5O) and 2.0 kb (pEII2O) were successfully subcloned.

Primary structure analysis of the gene coding for (1+3,1-+a)-B-glucanase isoenzyme

EI indicated a. large intron of approximately 2.5 kb and a coding region of

approximately 1 kb (Slakeski et al., 1990). Another Southern analysis (Figure 3.4) of

clone EMBL-EII probed with a DNA fragment designated FPl800, the promoter region

of the (1-+3,1-+a)-B-glucanase isoenzyme EI gene, reveals that the 5.0kb EcoRI

fragment is likely to carry the promoter region of the (1-+3,1+4)-B-glucanase

isoenzyme EII gene. Therefore, it could be concluded that the two EcoRl fragments

were large enough to include a promoter region, a large intron and the coding region of

the (1-+3,1-+4)-B-glucanase isoenzyme EII gene. It could be also concluded that the

2.0 kb EcoF.I fragment contained the mature enzyme-coding region of the (1+3,1-+4)-

B-glucanase isoenzyme EII gene. There were no visible EcoF.l fragments smaller than

300 bp on the Southern analysis (Figure 2.8). If there were any gaps of small

fragments between the two EcoRI fragments, a overlapping fragment, like the

3.6 kb Hindlll fragment (Figure 3.4) could be subcloned, or an oligonucleotide

could be designed as a sequencing primer for nucleotide sequence linkage of the two

t
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fig.2.7 Restriction analysis of the genomic clone EMBL-EII encoding (1+3,

1-+4)-B-glucanase isoenzyme EII. EMBL-EII DNA (Part A) was digested with (lane

numbers precede restriction enzymes) l, BgIII;2, BamW| 3, BamHIlEcoRI; 4, EcoRI;

5, HindIlI; 6, Pstl 7, Sall; 8, SmaI; 9, XbaI. Southern analysis (Part B) was

performed using a probe labelled with the cDNA for (1+3,1+4)-B-glucanase

isoenzyme EII. Lane M is the DNA size markers.
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Fig. 2.8 Restriction analysis of EMBL-GI DNA and a ,SølI genomic fragment of

1.4 Kb. Plasmid DNA (Part A) was digested with (lane numbers precedes restriction

enzymes) l, Accl;2, SaIl;3, PstI;4, Sacll;5, Smal; 6, Sphl and probed with (1+3)-

B-glucanase isoenzyme GII oDNA. EMBL-GI DNA (Part B) was digested with SølI

(lane 7) and probed with the 2.8 Kb Psfl fragment. Part C represents digestion with

PslI of the 3.9 Kb SølI fragment subcloned into pUC19, indicating recombinant

plasmids with inserts in different orientations, which were designated as pGIS39(-)

(lane 8) and pGIS39(+) (lane 9), respectively. Lane M is the DNA size markers (sizes

shown in kb).
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EcoRl fragments.

(1 ->3)-þ-Glucanase isoenryme GI gene

A 1.4 kb SalI fragment (pGIS14) of the genomic clone for (1-+3)-B-glucanase

isoenzyme GI was subcloned for DNA sequence analysis (Section 2.3.3). This fragment

appeared to be too small to carry all of the coding region, the promoter region and,

possibly, a large intron, by comparison with the partial cDNA clone of 1054 bp for

(1+3)-þ-glucanase isoenzyme GI (Xu et a\.,1992). Therefore, a 2.8 kb PslI fragment

þGIP28), identified by Southern analysis among several similarly-sized fragments in

the Psfl digestion of the EMBL-GI DNA, was also subcloned into pUC19. This

fragment could be used as a probe for detecting overlapping fragments. The restriction

analysis of the subcloned PslI fragment subsequently showed that it included the 1.4 kb

SalI fragment (Figure 3.1). Southern analysis of the recombinant EMBL-GI DNA,

digested with JølI and probed with the 2.8 kb Pstlftagment (Figure2.8), indicated a

SalI ftagment of 3.9 kb that probably carries the promoter region of the gene and

possibly a large intron of the type detected in other genes for (1-+3)-ß-glucanase

isoenzymes. This SølI fragment was successfully subcloned, and plasmids with inserts

in different orientations, pGIS39(-) and pGIS39(+) were selected for sequencing

analysis (Figure 2.8).

2.4 CONCLUSIONS

In this work, two barley genomic clones have been isolated from a genomic

library. The clone for (1-+3)-B-glucanase isoenzyme GI is now confirmed by its

nucleotide sequence and is described in detail in Chapter IV. The clone for (1+3,

1-+4)-B-glucanase isoenzyme EII, which hybridized with the gene-specific

oligonucleotide designed from the corresponding cDNA clone is to be confirmed by

nucleotide sequencing as described in Chapter III. No positive clone was identified

for (1-+3)-B-glucanase isoenzyme GII, although hybridization conditions had been

designed to isolate this gene and clones representing more than 8 times the total barley
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genome were screened in the course of this work. In other work, an acidic (1+3)-F-

glucanase isoenzyme has been recently isolated from the same commercial barley

genomic library using the isoenzyme GII cDNA probe (Malehorn et a1.,1993). These

results suggest that the library may not carry the gene for isoenzyme GII.
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IDENTIFICATION OF A GENE FOR (L+3,1+4)-þ-

GLUCANASE ISOENZYME EII
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3.1 INTRODUCTION

The primary structure of barley (1-+3,1+4)-B-glucanase isoenzyme EII has been

defined from a partial cDNA clone prepared from gibberellic acid (GA3) treated

aleurone layers, and amino acid sequences of several tryptic peptides obtained from the

purified protein (Fincher et a1.,1986). The sequence was confirmed later by a near full

length cDNA clone (Slakeski et al., 1990). Subsequently, the isolation of the cDNA

clone and genomic clone for isoenzyme EI enabled the structure of the isoenzyme EI

gene to be determined (Litts et al., 1990; Slakeski et al., 1990), together with the

examination at a transcriptional level of tissue-specific regulation of the expression of

the genes for the two isoenzymes by various phytohormones (Slakeski e/ al., 1990;

Litts et aL.,1990; Slakeski & Fincher, l992a,b).

Although the two (1-+3,1-+4)-B-glucanase isoenzymes share 92% positional

identityatboth the nucleotide and amino acid sequence levels (Slakeski et aL.,1990), it

has been observed that the two genes exhibit different developmental and hormonal

regulation in various barley tissues; the gene for isoenzyme EI is transcribed at

relatively high levels in young leaves and in the scutellum of germinated grain, while

the transcription of the isoenzyme EII gene is restricted to the aleurone layer of germi-

nated grain (Stuart et a1.,1986; Slakeski et al., 1990; Slakeski & Fincher,l992a,b).

Thus, isoenzyme EII appears to be germination-specific. In view of the different

expression patterns of the two isoenzymes, further studies were focussed on the

investigation of the promoter regions and introns of the two genes, to identify cis-acting

sequence elements which might function in gene regulation (Messing et al., 1983;

Kozak, 1984; Dean et aI., 1986; Joshi, 1987a, b; Lütcke et al., 1987; Nussinov,

1ee0).

When this work was initiated, the gene for barley (1-+3,1-+4)-ß-glucanase

isoenzyme EI had been isolated and characterized (Slakeski et al., 1990), but the

isolation of the gene for isoenzyme EII had not been reported. A barley genomic

library was therefore screened for the latter gene and a genomic clone that probably
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encoded this gene was identified (Chapter II). It was expected that sequence analysis of

the promoter region of the gene and its intron might allow the identification of

regulatory elements important in hormone responsiveness and tissue specificity (Ou-Lee

et a1.,1988; An et al., 1990; Conner et a\.,1990; Guiltinan et aI., 1990; Huang et aI.,

1990; Skriver et aL.,1991).

In this chapter, the identification and structure of the gene encoding (1-+3,1+4)-ß-

glucanase isoenzyme EII is described. The sequence is confirmed with the corres-

ponding cDNA clone (Slakeski et a|.,1990).
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3.2 MATERIALS AND METHODS

3.2.L Materials

The SequenaserM dideoxynucleotide sequencing kit was from USBC (Cleveland,

Ohio, USA). Polyacrylamide and bisacrylamide were from Merck (Darmstadt,

Germany). Ammonium persulphate and analytical grade mixed bed resin [AG 501-

X8(D)l were obtained from Bio-Rad (Richmond, CA, USA). [oc-35S]ATP (1,000

Ci/mmol) was from Bresatec (Adelaide, Australia). The GeneClean-Il kit was from

BIO 101 Inc. (La Jolla, CA, USA). X-ray film and autoradiography cassettes were

purchased from Amersham (England, UK). Restriction enzymes, T4 ligase and

TEMED were purchased from Promega (Madison, WI, USA).

3.2.2 Restriction Mapping

The restriction analysis of the fragments carrying the gene encoding (1-+3,1-+4)-

B-glucanase isoenzyme EII was performed in more det¿il than described in Chapter II,

to facilit¿te subsequent DNA sequencing. The fragments were excised from plasmids

with a variety of commonly-used restriction enzymes. Where multiple enzyme

digestion was necessary, the digest was performed either in one step with different

restriction enzymes together in an optimal buffer, or in multiple steps. The resulting

restriction fragments were separated on l% agarose gels with molecular markers

consisting of Hindlll and Hindl[llEcoRl digests of Lambda DNA. The fragments from

all digestions were aligned and a unambiguous and internally consistent restriction map

for the gene was constructed.

3.2.3 DNA Sequencing

Double stranded DNA sequencing protocols were based on the dideoxynucleotide

chain termination method (Sanger et al., 1917) and were modified as described by

Chen & Seeburg (1935). Inserts from recombinant plasmids were subjected to

restriction enzymes digestion and fragments were subcloned into pUC19 or pBluescript

SK(+) vectors. DNA sequencing templates were prepared according to the large-scale
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alkaline extraction procedure (Birnboim & Doly, 1919) and further purified by CsCl

density gradient ultracentrifugation (Sambrook et a\.,1989). M13 forward and reverse

primers (Promega) or specific oligonucleotides were used as sequencing primers. DNA

templates (5 pg per reaction) were denatured with 0.2 M NaOH/1 mM EDTA for

15 minutes and annealed with sequencing primers at 65'C for 2 minutes, followed by

a period during which temperature slowly decreased to 30"C over 20 minutes.

Radioactive labelling of the DNA with ¡ø-rs5lATP and the termination reactions were

performed with the T7 polymerase supplied in the SequenaserM Version 2.0 Kit (USB),

according to the manufacturer's instructions. Sequencing reactions were separated on

6% polyacrylamide gels on a DNA sequencer (IBI, Pustell). Nucleotide sequence was

analysed with the aid of a computer analysis program (IBI, Pustell).
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3.3 REST]LTS AND DISCUSSION

3.3.1 Detailed Restriction Map

Two,EcoRI subclones, pEII5O and pEII2O (Section 2.3.4) of the genomic clone for

(1-+3,1-+4)-B-glucanase isoenzyme EII were analysed by single and double restriction

digestions (Figure 3.1). The alignment of the two fragments was determined using a

BamHl site and a HíndlIl fragment of 3.6 kb from the restriction analysis of EMBL-EII

(Section 2.3.4), andby the restriction sites on the corresponding cDNA (Doan, 1992).

A restriction map of the gene for (1-+3,1-+4)-B-glucanase isoenzyme EII was

constructed (Figure 3.2) and, compared with that of its corresponding cDNA clone.

This showed that pEII2O contained the entire coding region of the mature enzyme,

the 3'untranslated region, and part of an intron near its 5'end. As the nucleotide

sequence of the (1-+3,1-+4)-B-glucanase isoenzyme EI gene indicated the presence of a

large intron of 2514 bp (Litts et aI., 1990; Slakeski et aI., 1990), pEII5O is likely to

contain most of the intron, the signal peptide-coding region and the 5' untranslated

region. This has subsequently been confirmed by R Kalla, JV Jacobsen & GB Fincher

(unpublished data). The restriction map was also compared with that of isoenzyme EI,

and it was clear that the restriction maps are quite different (Slakeski, 1992).

3.3.2 Nucleotide Sequence

The subclone pEII2O was sequenced from both ends with forward and reverse ML3

primers. The nucleotide sequence of 300 bp obtained with the forward primer was

identical to the 3'end of the cDNA clone for (1+3,1-+a)-B-glucanase isoenzyme EII

(Figure 3.3). As sequence comparisons of the cDNA clones for (1+3,1-+a)-0-

glucanase isoenzymes EI and EII revealed a marked divergence in their 3' untranslated

region (Slakeski et aL.,1990), this allowed the conclusion that the subclones pEII2O and

pEII5O carry the gene for (1-+3,1-+a)-B-glucanase isoenzyme EII. Furthermore, the

amino acid sequence deduced from pEII2O nucleotide sequence matched the COOH-

terminal sequence of (1-+3,1-+4)-B-glucanase isoenzyme EII (Figure 3.3). Further

sequencing of pEII2O and pEII5O inserts was abandonned when a 5159 bp nucleotide



Figure 3.1

Fig.3.1 Restriction analyses of pEII5g and pEII2g subclones for (1-+3,1-+4)-B-

glucanase isoenzyme EII gene, Part A represents pEIISO digested with (lane number

precedes restriction enzyme) 2, EcoRI; 3, EcofuIlPstl; 4, PstI; 5, BamHI; 6, BamHI

lKpnl; 7, Kpnl; S,Hindlll; g,Hindl\llxba\; l},xbaI; ll, sphI. Part B represents

pEII2Q digesred with 2, HindIlI; 3, sphl; 4, Ecoful; 5, EcoRllPstl; 6, Pstl; 7, KpnI;

8, SmaI; 9, AccI;10, ,SøcI. Lane 1 was loaded with the DNA markers (sizes shown in

kb), an equal combination of HindllllF;coful and HindlII lambda DNA digests'
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Figure 3.2

Fig. 3.2 Restriction maps of a 7.0 Kb fragment containing the gene encoding

(1-+3,1-+a)-B-glucanse isoenzyme EII, compared with those of the cDNA clone for

(1-+3,1-+a)-0-glucanse isoenzyme EII (Doan, 1992) and the gene for (1-+3,1->4)-

B-glucanse isoenzyme EI (Slakeski et al., 1990). Restriction enzymes are

designated as follows: A, AccI; B, BamHl; E, EcoRI; H, Hindlll; K, Kpnl;

M,Smnl; N,.Þ/¿I; P,PstI; S,,SalI; T,Sacll;lJ,SacI. The large shaded region

indicates the location of the mature enzyme coding region (exon2) and the short

shaded region indicates the signal peptide coding region, which is located on exonL.

The signal peptide coding region (exonl) and the intron location are determined

from the 5159 bp nucleotide sequence for the entire gene (Wolf, 1991).
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Figure 3.3

CCCCACGCCA CCCGGGCGCC ATCGAGACCT ACATCTTCGC CATGTTCAAC GAGAACCAGA AGGACAGCGG CGTGGAGCAG

PRH PGA IET YIFA MFN ENO KDSG VEA
VSN

AACTGGGGAC TCTTCTACCC CAACATGCAG CACGTCTACC CCATCAACTT CTGACGGAGC TCGTGCTCGT TAAGTCCCTA

NWGLFYPNMAHVYP]NF
S

CTTGTTCTTG TTAACGAGTA AAAAGTCATG TTACGCGAAC TTGACGAGCT ACTCGTTTGG AGAGCCTGTT AATTACCTCC

TCTTTCCACA TGAGGGATGA GAACGTATGA GTTA.A,TAÀCC AGACCCCATT ACTGTGAATTI

Fig. 3.3 Partial nucleotide sequence of the gene encoding (1-+3,1-+4)-p-glucanase isoenzyme EII. The nucleotide and amino acid

sequence of the genome fragment corresponded exactly to the sequences obtained from the cDNA clone for isoenzyme EII (Fincher e/

aI., 1986; Slakeski et aI., 1990). The deduced amino acid sequence is aligned with the (1-+3,1-+4)-B-glucanase isoenzyme EI

sequence, showing differences only. The underlined sequence is the putative polyadenylation signal (AATAAC). The arrow shows the

putative polyadenylation addition point, determined from the polyadenylated oDNA clone.
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Fig. 3.4 Southem analysis of EMBL-EII DNA carrying the gene encoding (1+3,

1-+a)-B-glucanase isoenzyme EII. Part A presents EMBL-EII DNA digested with

l, BgtII;2, BamHI; 3, BamHIlEcoRI; 4, EcoRI; 5, HindfII 6, PstI', 1, Sall; 8, SmaI;

9, XbaI. Lane M was loaded with the DNA size markers (sizes shown in kb). Part B

represents Southern blot analysis probed with FP1800, the promoter region of (1-+3,

1-+a)-0-glucanase isoenzyme EI, indicating that the EcoRI fragment of 5.0 Kb contains

the promoter region of the isoenzyme EII gene, and revealing that the EII promoter

region has relatively high hornology with that of isoenzyme EI.
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sequence of a genomic clone for (1-+3,1+4)-B-glucanase isoenzyme EII was reported

in the literature (Wolf, 1991).

3.3.3 Anatysis of the Promoter Region

During the subcloning of the genomic clone of the gene for isoenzyme EII, the

similarity between the promoter regions of the two (1-+3,1-+a)-9-glucanase genes was

also investigated. The similarity was first demonstrated by Southern analysis of the

genomic clone for (L-+3,1-+a)-B-glucanase isoenzyme EII (Figure3.4). EMBL-EII

(Section 2.3.2) was digested with restriction enzymes and hybridized with a probe

prepared using the random primer method (Amersham) from a clone designated

FP1800. This clone contained the promoter region of the isoenzyme EI gene, starting

from the transcription start point and including 1800 bp of the upstream region of the

promoter (Baulcombe, DC & Fincher, GB, unpublished data). Strong hybridization

signals were observed, even when filters were washed at high stringency. This

suggested a high degree of positional similarity between the promoter regions of the

two (1-+3,1-+a)-9-glucanase genes (Figure 3.4). Later on, alignment of the nucleotide

sequences of the promoter regions of the two isoenzyme genes indicated two highly

conserved regions of 380 bp and 160 bp, upstream from the TATA boxes (Wolf,

1992). These were separated by a 150 bp region only observed in the isoenzyme EI

gene, and no similarity was observed in regions further upstream. Relative high

positional identity was also observed in the region between the TATA boxes and the

translation start points of the two genes flMolf, 1992).

3.4 CONCLUSTONS

The gene encoding the barley (1-+3,1-+4)-B-glucanase isoenzyme EII has been

isolated and its identity confirmed by comparison with the full length cDNA (Slakeski

et a|.,1990) and the COOH-terminal sequence of (1-+3,1-+a)-0-glucanase isoenzyme

EII. Because the complete sequence for the gene was published by Wolf (1991), the

emphasis of this work was moved to the charucterization of the gene for (1-+3)-þ-

glucanase isoenzyme GI (described in the next chapter).



WAITE OÂMPI.IS IJEHAHY

TI{E IJNVER$ITV OF ADËIAIDË

CHnprER FouR

CHARACTERTZATION OF A GENE ENCODING

(I+3)-þ-GLUCANASE ISOENZYME GI



Chapter Four 52

4.1 INTRODUCTION

(1-+3)-0-Glucanase isoenzyme GI has been purified from germinated barley grain

and characterized (Høj et at.,1988). Amino acid sequence of the first 35 amino acids

from the NHr-terminus corresponded exactly with that deduced from a cDNA clone

which had been isolated from a cDNA library constructed from poly(A)*-RNR of both

young roots (5 days old) and young leaves (10 days old) (Xu et a1.,1992). The cDNA

clone is not full length and lacks information on both the 5' untranslated region and the

sequence of the first few amino acid residues (Xu et al., 1992). The (1+3)-Þ-

glucanase isoenzymes GI and GII exhibil 78% positional identity at the amino acid

level, and 86% at the nucleotide level (Xu et al., 1992). The enzymes have similar

kinetic properties and share the same action pattern (Hrmova & Fincher , 1993),

indicating their extremely close relationship in the evolution of the barley (1-+3)-ß-

glucanase gene family (Xu et al.,1992).

The functional significance of (1-+3)-B-glucanase isoenzyme GI is not yet clear.

It has been demonstrated that (1+3)-B-glucanases of acidic (intracellular) or basic

(vacuolar) isoforms are detected amongst pathogenesis-related (PR) proteins in higher

plants, and that their activities can also be measured in healthy tissues (Kauffmann er

aI., 1987; Jutidamrongphan et al., l99l; Xu et al., 1992; Beerhues & Kombrink,

1994). (1-+3)-0-Glucanases have been implicated in the signalling process that leads to

the hypersensitive response in plants, and probably participate by releasing elicitors

from fungal cell walls (Mauch & St¿ehelin, 1989; Lamb et al., 1989; Takeuchi et aI.,

1990). Sequence analysis of cDNA and genomic clones has confirmed the close simi-

larities between the acidic and basic isoforms of (1-+3)-B-glucanase in plants (Meins e/

at.,1992). In barley, both (1-+3)-B-glucanase isoenzyme GII and the acidic isoenzyme

Abg2, which has been designated isoenzyme GVII in this thesis, are expressed in

response to fungal infection, induction of stress, and developmental signals (Xu et al.,

1992; Malehorn et al., 1993). No evidence is available to indicate whether or not the

(1-+3)-B-glucanase isoenzyme GI responds to fungal infection (Xu et aI., 1992), to
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developmental signals or to other stresses. In tobacco, only certain classes of (1-+3)-B-

glucanases have been identified as pathogenesis-related proteins (Sela-Buurlage et al.,

lgg3), suggesting that the (1-+3)-Ê-glucanase gene family in barley may encode

isoenzymes with functions other than those required to protect the plant against

pathogen attack.

In the present work, the primary structure of the gene encoding (1-+3)-B-glucanase

isoenzyme GI is described, and comparisons with its corresponding cDNA and other

members of the (1-+3)-Þ-glucanase gene family have been undertaken. The potential

physiological function of the enzyme during grain germination and development of

barley seedlings is discussed.
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4.2 I/I.ATERIALS AND METHODS

4.2.1 Materials

Barley grain (Hordeum vulgare, cv. Clipper) was obt¿ined from the Victorian

Institute of Dryland Agriculture, Horsham, Victoria, Australia. "Erase-a-base" system

(Klenow DNA polymerase, 51 nuclease, exonucleaselll, T4ligase), restriction enzy-

mes, terminal deoxynucleotidyl-transferase, AMV reverse transcriptase, Taq poly-

merase and dNTPs, and sequencing primers were from Promega (Madison, WI, USA).

The PRISMTM Ready Reaction DyeDeoxyrM Terminators sequencing Kit, a model 3731^

DNA Sequencer and the DNA sequence analysis program SeqEd@ were from Applied

Biosystems, Inc. (USA). DNA Thermal cycler and mineral oil were from Perkin

Elmer Pty Ltd (PEC, USA). DEPC, PEG (8000) and CTAB were from Sigma

Chemical Co. (St. Louis, MO, USA). Oligonucleotides were synthesized on a model

3814 DNA synthesiser from Applied Biosystems, Inc. (USA). [32P]-a-dCTP (3,000

Ci/mmol) was obtained from Bresatec (Adelaide, Australia). Speed Vac@ concentrator

SCII was from Savant Instruments Inc. (Farmingdale, NY, USA).

4.2.2 DNA Truncation

For nucleotide sequence analysis, unidirectional deletions of the DNA insert of the

desired gene were prepared according to the procedures recommended by the

manufacturer (Promega), using the "Erase-a-Base" system. Supercoiled plasmid DNA

(10-20 ¡rg) was double-digested with restriction enzymes to generate two terminal

protrusions: one restriction site for protecting the primer binding site and the other

susceptible to exonuclease III. Alternatively, to produce 3' terminal resistance to

exonuclease activity, plasmid DNA was cleaved with restriction enzymes and treated

with a-phosphorothioates and the Klenow DNA polymerase fragment. The digested

plasmid DNA (l-2 Vg) was incubated with an appropriate amount of exonuclease III

(200-400 units) at37"C and samples were removed at 40 second intervals. The single-

stranded t¿ils of the plasmid DNA samples were removed with S1 nuclease and flushed

terminals were created with the Klenow DNA polymerase fragment. The DNA was

-.t[(
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subjected to blunt-end ligation and transformation into .8. coli DH5a competent cells.

The recombinant plasmids were selected by screening the resulting subclones from each

time point. The inserts of the plasmids were 250-300 bp difference in size and

therefore convenient for overlapping sequences.

4.2.3 Preparation of DNA Template for Nucleotide Sequencing

DNA template for sequencing reactions was prepared from 10 ml overnight

cultures of Terrific Broth (17 mM KH2PO4, 72 mM K2HPO4, 12% bacto-tryptone,

24% bacto-yeast extract, 4.0% glycerol by volume) according to the procedure

described as section 2.2.10, incorporating an PEG 8000 precipitation at the final step.

Plasmid DNA (a0 frl) prepared by the alkaline-lysis method was mixed with 10 pl 4 M

NaCl and 50 pl 13% PEG 8000 and kept on ice for 20 minutes. The DNA pellet was

recovered by centrifugation, and the aqueous phase was discarded. High-qualþ DNA,

of which approximately 90% was in the supercoiled form, was washed twice with

500 pl cold70% ethanol, dried in air and dissolved in sterile H2O at a concentration of

250 nglp,l.

4.2.4 DNA Sequencing

The Cycle Sequencing procedure was used for double-stranded DNA sequencing as

described by the manufacturer (Applied Biosystems). Plasmid DNA (1pg) was mixed

with a primer, a pre-mixed cocktail of dye-labelled dideoxynucleotide terminators, Taq

polymerase, and reaction buffer in a small Eppendorf tube. The mixture was overlaid

with one drop of mineral oil and placed in a DNA thermal cycler pre-warmed to 96"C.

The sequencing reaction was started immediately and performed under the following

conditions: denaturation at 96'C for 30 seconds, annealing at 50"C for 15 seconds and

extension at 60'C for 4 minutes for a total of 25 cycles. To remove excess terminators

and reduce the volume for gel loading, the reaction mixture was transferred to a fresh

tube and precipiøted with 5% CTAB/O.5.M NaCl. The supernatant was removed and

the pellet was resuspended in 1.2 M NaCl. The DNA was precipitzted with two

^.+
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volumes of absolute ethanol and washed twice with 70% ethanol. The DNA pellet was

dried and redissolved in loading buffer. The sample was loaded onto an Applied

Biosystems 373A DNA sequencer and run for 8 hours. Nucleotide sequence data

generated by the automatic sequencer were modified manually and aligned using the

SeqEdrM V 1.03 software package (Applied Biosystems, USA).

4.2.5 Preparation of Total RNA

Barley grains were surface-sterilized with 2.5% sodium hypochlorite for 20

minutes, washed with 70% ethanol for 5 minutes, and soaked with sterile water

containing 100 ¡rg/ml neomycin, 100 ¡rglml chloramphenicol and 100 units/ml nystatin

for 16 hours at room temperature. The grains were germinated on Whatman 3MM

papers moistened with sterile water in the dark at 22"C for 5 days to 10 days. Tissues

for RNA preparation were removed and immediately frozen in liquid nitrogen.

Total RNA was isolated, with minor modifications, by the procedure of Verwoerd

et al. (L989). Tissues were ground to a fine powder in liquid nitrogen and transferred

to pre-cooled Eppendorf tubes. To the tube was added 500 ¡ll phenol homogenization

buffer (phenol equilibrated with an equal volume of 0.1 M LiCl, 100mM Tris-HCl

buffer, pH 8.0, 10mM EDTA, 1% SDS); the phenol buffer was pre-heated to 80'C.

The suspension was thoroughly mixed and 250 pl chloroform/isoamylalcohol Qa:\

was added with additional mixing. After centrifugation for 5 minutes, the aqueous

phase was transferred to a fresh tube and precipitated with an equal volume of

4 M LiCl at -20"C for 16 hours. The RNA pellet was recovered by centrifugation at

4'C for 20 minutes and dissolved in 250 ¡rl HrO. The RNA solutions were mixed with

0.1 volume cold 3 M sodium acetate (pH 5.2) and precipit¿ted with 2 volumes ice cold

ethanol. After centrifugation the RNA pellet was washed with 70% ethanol, dried

under a stream of \ and redissolved in HrO.

4.2.6 Amplification of the 5r End of nRNA

In an attempt to identify the transcription start point and to define the
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5'untranslated region of the (1-+3)-Ê-glucanase isoenzyme GI gene, RNA was

amplified using the RACE protocol (Frohman et a1.,1988). Total RNA (200 ng-l pg)

was reverse transcribed with a gene-specific primer (15 ng) in the presence of AMV

reverse transcriptase (15 units) and [32P1-cr-dCTP (10 frci) at 42"C for t hour. Excess

primer was removed from the reaction mixture on a 2 ml column of Sephadex G100

equilibrated with TE buffer (10 mM Tris-HCl buffer, pH 8.0; 1 mM EDTA), and

concentrated into 20 pl on a Speed Vac concentrator (Savant Instruments Inc.,

Farmingdale, NY, USA). The transcript (10 pl aliquot) was tailed with poly(C) by

incubation with 6 pl 1 mM dCTP and 10 units terminal deoxynucleotidyl transferase

(Promega) at37"C for 10 minutes, and at 65'C for 15 minutes. The resulting product

was diluted to 100 ¡rl and 1-10 pl was used for amplification. The first strand cDNA

was amplified by PCR with an isoenzyme GI gene-specific primer (15 pmol) and a

poly(G) primer (25 pmol) under the following conditions: 3 thermal cycles (quick ramp

to 94'C for 40 seconds; quick drop to 55'C for 60 seconds; :ørmp 120 second to 72"C

for 60 seconds) and 25 step cycles (94"C 40 seconds; 55'C 60 seconds;72'C 60

seconds) on a PEC thermal cycler. The PCR products with blunt ends were subcloned

into the T-vector prepared from pBluescript SK(+) and boundaries confirmed by DNA

sequencing.

The T-vector was constructed for direct cloning of blunt-ended PCR products

according to the procedure described by Marchuk et al.(1990). Plasmid pBluescript

SK(+) (20 pÐ was digested with EcoRV restriction enzyme at 37"C, and incubated

with Taq polymerase (20 units) in 20 pl buffer containing 10 mM Tris-HCl buffer,

pH 8.3, 50 mM KCl, 1.5 mM MgrCl, 200 U,g/ml BSA, 2 mM dTTP at 70"C

for 2 hours. The plasmid was purified by extraction with chloroform and precipit¿tion

with ethanol.
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4.3 REST]LTS AND DISCUSSION

4.3.1, Restriction Mapping Genomic Inserts

The plasmids, pGIS39(+) and pGIP28 (Section 2.3.4), containing fragments from

the genomic clone for (1-+3)-B-glucanase isoenzyme GI, were analysed by multiple

digestions with restriction enzymes (Figure 4.1). A restriction map of a 5.3 kb

fragment containing the gene encoding (1-+3)-þ-glucanase isoenzyme GI was

constructed (Figure 4.2), indicating that the genomic DNA fragment is long enough to

include the structural gene and regulatory elements of the promoter. Comparison of the

restriction map with that of the (1-+3)-B-glucanase isoenzyme GI cDNA clone (Xu et

aI., 1992) reveals that the entire coding region of the mature (1-+3)-ß-glucanase

isoenzyme is located on the 1.4 kb SaIl fragment, which is included in subclone

pGIP28. The restriction map enabled a sequencing strategy to be devised (Figure 4.3)

and could be useful for confirmation of nucleotide sequence data.

4.3.2 Generation of Subclones for DNA Sequencing

The fragments of the gene encoding (1-+3)-0-glucanase isoenzyme GI for DNA

sequencing were prepared by restriction enzyme digestions or exonuclease DNA

deletions. The pGIS14 (I.4kb Sall fragment) had previously been cut into three parts

(Section 2.3.3); a 400 bp SacII fragment, a 500 bp SalllSacll fragment and a 550 bp

Saclllsall fragment. To generate subclones representing the 5' region of the gene,

a SalllPstl fragment of 2.6 kb (pGISP26) and a PstllSaII fragment of 1.4 kb (pGIPS14)

were excised from pGIS39(-) and pGIS39(+) (Section2.3.4), respectively (Table 4.1).

The restriction map indicated that these two fragments were linked by an EcoRl-ended

2.9 kb SalIlEcoRI fragment derived from pGIS39(+). A total of ten subclones from

pGISP26 and five subclones from pGIPSl4 were selected from exonuclease III deletion

products (Table 4.1).

4.3.3 Nucleotide Sequence

A 5.3 kb genomic DNA fragment for (1-+3)-B-glucanase isoenzyme GI was
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Fig. 4.1 Restriction analyses of pGIS39(+) and pGIP28 subclones of the gene

encoding (1-+3)-ß-glucanase isoenzyme GI. Part A represents pGIS39 digested with

2, EcoRl; 3, HindIII; 4, KpnI; 5, KpnllBamHI; 6, PstI; 7, SmallPstli 8, SmaI;

9, Sphl; 10, SphllBamHl; ll,BamHl; 12, SacI; 13, SacllPstl; 14,AccI: 15,Accll

BamHI. Part B represents pGIP28 digested with 2, BamHI; 3, SaclI; 4, SacIllEcoR.I;

5, EcoRI; 6, EcoRIlPstI; 7, AccIlPstI; 8, AccI; 9, SaIl; 10, SphIlSalI; lt, Sphl;

12, Sacl. Lane 1 is DNA size markers (sizes shown in kb), combined HindlIIlEcoRI

and Hindlll digests of lambda DNA.
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fitg 4.2 Restriction map of a 5.3 Kb genomic fragment representing the gene for (1-+3)-B-glucanase isoenzyme GI. Recombinant

plasmids pGIS39 and pGIP28 were digested with restriction enzymes designated as follows: A, Accl; B, BamHI;

E,EcoRI; H,HindIII; K,KpnI; M,SmnI; N, ^þåI; P,Pstl; S, Søl[; T,SacII; U,Sacl. The shadow region indicates the

location of the mature enzyme encoding region.
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Table 4.1 Deletions of Fragments for DNA Sequencing

pGISP26 pGIPSl4

Size (kb)

Direction

Primer protection site

Insert deletion site

Subclones

2.6

5'-+3'

EcoR.I

Xbal

10

r.4

3'-)5'

Kpnl

SaÃ

5



Figure 4.3

Fig. 4.3 Nucleotide sequencing strategies for the gene encoding (1-+3)-B-glucanase isoenzyme GI. The direction and extent of

individual sequencing reactions are marked by arrows. Restriction enzymes are designated as follows: E, EcoRI;P,PstI; S,,Sal[;

T, SacII. The unfilled horizontal arrows indicate the deletion directions of inserts of pGISP26 and pGIPS14.
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Figure 4.4

Fig. 4.4 Nucleotide sequence of a 3327 bp fragment of the genomic clone carrying

the gene for the (1-+3)-ß-glucanase isoenzyme GI. The deduced amino acid sequence

is shown in single letter code. The underlined sequences in the diagram are the

putative CAAT box (CGTCCAATAA, -74bp), TATA box (TGTATAAGTAA,

-19 bp), transcription start point (CCTATCT, * 1 bp), translation start site

(CAGCCATGAC), the potential N-glycosylation site (NAS), and the polyadenylation

signal (AATAAA). The putative catalytic amino acids Glu23a and Glu2el and the

poly(A) addition site are indicated by vertical arrows. The predicted clb-acting

elements including a TAC box, direct repeat sequences and possible GA3-responsive

sites are also indicated by underlined.
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TAC BOX
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TSP
ÀÀI€CTÀTCTAGCTAATGACGTTCCTTATCGc:AGCÀGCA.AATAGAGAGCGTCAACCAGAÀATTTGAGCGAGCAGAGÀCCGAGCTA.AATCCTTGATCCTAÀ

95 AGCCAGCCATGACGÀTCGGCGTCTGCTACGGCGTGGTCGCCåÀCAACCTCCCGCCGGCGAACGAGGTGGTGCAGCTCTACAGGTCCAATGGCCTCÀCCGG

Figure 4.4
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AAcAc''cATcrr"ooon=o*o"*t t"t"""no""t"t"='ccrcccccrcÀcot"änot o"*==cAcATGAAcÀTÀcn"o"o*n"ootoo"oå

REPEAT
CGIGCGÀACÀTTTTOCÀTC,ÀTÀÀOOCOC,ATOÀATÀAGGGG TTATÀGTGGCATGCCÀTCTC'CAGCTCTATGGGÀCTCCAAÀAGTTTT

TCÀÀCCCGGACÀAGTCGCCGGCGTACCCCATCCGGT'TCCAGTAGCGTCGTCCGTGCATGCGTACGTACGTCÃÂCCTÀATACAGTÀÀTÀÀÀTÀAGCTGCG'I'

FNPDKSPÀYPIRFA

1 TI GVCYGVVANNLP PÀNEVVQLYRSNGLTG

MR I Y FADAKAL S ÀL R G S G I G L I LD VG G ND VI'ÀS

LAANÀ g NAÀNWVRDNVR ÞYYPAVNI KY IAÀGNE

VL G G D T Q N I V Þ ÀM R N L G À.4'], N G AG L G A I KV S T S T

R F D.A,V T N T F P P S N G V F A9ÀY M T D VÀR L L ÀS T G A

PLLTNVYP YFÀYKDNPRD IQLNYATFR P GTTTV

RD Þ NTG LTYTCL FDÀM VDÀVVÀÀLERAGÀPG VRV

(M)

195
31

64

395
97

495
131

595
164

695
197

'7 95
231

895
264

995
291

V V S E S C' W P S ÃS G FÀATAD NAR ÀYN Q G I' I D H V G G

I

GGCACCCCCAÃGAGGCCCGGCGCGTTGGAGACGTÀCATCTTCGCCATC'T'TCAÀCGAGAACTTCAAGACCGGGGAGCTCACCGÀGAAGCÀCTTCGGGCTGT
GTPKRPGALETYI FAMFNENF KTGELTE KHFGL.1

1095 ÀTÀÀTGCAGGAGTGAÀGGGTAACGTIIGATACTATATÀCGTÀCACGTCGÀTATATCGGCCTAÀÀTAAGATGCÀTGGACGTÀ,TTGCÀGCÀGTGAAGTGT\3TA
I

1195 ACCAGATCCGTTGACCTKiCÀGGTCGAC
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sequenced according to the sequencing strategy shown in Figure 4.3, and the nucleotide

sequence of a 3327 bp portion is shown in Figure 4.4. The amino acid sequence of

310 residues was deduced from an open reading frame; the NHr-terminal sequence

exactly matched the sequence determined directly from the purified enzyme (Høj et al.,

1983). A comparison of the enzyme coding region of the gene with its corresponding

cDNA clone (Xu et at., 1992) revealed several differences, which resulted in

substitutions of eight amino acid residues (Table 4.2). A further comparison with

amino acid sequences for other (1-+3)-F-glucanase isoenzymes (Xu et aI., 1992)

revealed that the sequence deduced from the genomic clone was more closely related to

the other isoenzymes than was that deduced from the cDNA. This may be due to the

fact that the gene and the cDNA were isolated from libraries that were constructed

from different barley varieties.

The cDNA clone for (1+3)-B-glucanase isoenzyme GI (Xu et al., 1992) provided

no nucleotide sequence information for the determination of the translation start point

or putative signal peptide. Nucleotide sequence analyses of the genomic clone indicate

that a Met residue precedes the NHr-terminal Thr determined by amino acid sequencing

of the enzyme itself (Høj et al., 19SS). It is possible that this Met codon may represent

the translation start point and that there is no signal peptide for the enzyme. The

presence of a Thr residue next to the Met would be expected to result in the

removal of the Met residue during post-translational processing (Flinta et al., 1986).

This prediction is strongly supported by the detection of nucleotide sequences

resembling a putative CAAT box, a TATA box, and a transcription start point

at appropriate positions. These were detected by a computer analysis performed on the

5' untranslated region of the gene, using eukaryotic promoter consensus sequences

(Bucher, 1990). In addition, no sequence encoding a signal peptide can be detected

(Watson, 1984); a Met-Ala-Arg-Lys or similar sequence has been demonstrated in the

genes for (1-+3)-B-glucanase isoenzymes GII, GIII and GVII (Høj et al., 1989; Wang

et a1.,1992; Malehorn et a1.,1993). Furthermore, no peptide extension is observed at
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Table 4.2 Sequence comparison of the genomic and cDNA clones

Amino Acid Genomic Clone cDNA Clone Consensus

98

tt7
118

119

t23

205

206

213

crc (L)

AAE (N)

GGC (G)

GCC (A)

GCC (A)

TAE (Y)

ACG (r)

GCC (A)

TGG (vv)

AAG (K)

GeG (A)

ccc (P)

ACC (r)

TEA (S)

eac (Q)

rcc (s)

A

Y

T

A
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the COOH-terminal of the mature erzyme, a feature which is believed to represent a

vacuolar targeting signal (Shinshi et a1.,1988; Van der Bulcke et a1.,1989; Bednarek

et a1.,1990; Chrispeels & Raikhel, l99t; Neuhaus et al.,l99l; Melchers et al.,1993)

and is associated with barley (1-+3)-ß-glucanase isoenzyme GIV (Xu et al., 1992).

In other plant (1-+3)-þ-glucanase and (1+3,1-+4)-B-glucanase genes' single

introns have been identified in the signal peptide-encoding regions (Litts et al., 1990;

Slakeski et al., 1990; Wolf, l99l; Simmons et al., 1992; V/ang et al., 1992; Lai et

a1.,1993). These introns range from 200 bp up to 3.1 kb in size, and often split the

Val codon in Val-His-Ser sequences adjacent to the signal peptide cleavage point. In

the absence of a clear signat peptide for (1-+3)-B-glucanase isoenzyme GI, an intron

might be located in the 5'untranslated region, as observed in other plant genes

(Christensen et al., lgg2) and in animal genes (Maichele et al., 1993). A putative

3' intron splice point (AGCCAGJ) was detected just two nucleotides before the

translation start Met codon, but no nucleotide sequence similar to the 5' splice point of

intron could be detected. The presence of promoter elements (Figure 4.4) in the gene

about 100 bp upstream from the putative translation start point also suggests there is no

intron

4.3.4 Identifîcation of the 5' Terminal of the mRNA

To determine the 5' terminal of the cDNA for (1-+3)-B-glucanase isoenzyme GI,

an oligonucleotide (P 1), 5' -TGGCCAGCACGTCGTTGCCGCCGA-3', complementary

to a specific region (amino acids 55 to 62) of the mature eîzyme coding region, was

designed as a PCR primer. A fragment of around 300 bp should be amplified by PCR

using the RACE protocol. Initially, four fragments were isolated, but nucleotide

sequence analyses showed that none of them represented the 5' end of the cDNA. To

overcome non-specific amplification encountered in the PCR experiment, an oligonu-

cleotide 5'-GTCGAGGATGAGGCCGATGC-3' (P2) immediately next to the P1

in the same direction was required, or another oligonucleotide located downstream,

near the putative transcription start point. These experiments were not completed in the
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present study but could be undertaken in the future.

4.3.5 Codon Usage

Sequence analyses of the gene encoding (1-+3)-B-glucanase isoenzyme GI revealed

an overall G+C content of 68.9% in the coding region of the mature protein, which

was mainly contributed by a strong bias towards the use of G and C in the wobble-base

(third) position of codons, of which 308 of 310 codons had G or C in the third base

position. This codon bias (99.4%) is also observed in the mature peptide-coding region

of the genes or cDNAs encoding barley (1-+3,1-+4)-B-glucanases (Slakeski et al.,

1990; Litts et al., 1990; Wolf, 1991) and other (1-+3)-Ê-glucanase isoenzymes (Høi et

at., L989; Xu et al., 1992; Wang et al., 1993). The use of high G+C content in the

third position of the codon is widely observed in genes from monocotyledons (Murray

et al., 1989). The biased codon usage may contribute to mRNA stability or to

translational efficiency (Fincher, 1989).

4.3.6 Protein Structure

Nucleotide sequence reveals that the gene for (1-+3)-ß-glucanase isoenzyme GI

encodes a mature protein of 310 amino acids, as previously described (Xu et al.,

1992). The molecular weight calculated from the deduced amino acids is 32,785

Dalton, which is almost the same as the apparent value of 32 kDa determined from

SDS-PAGE (Høj et al., 1988). Holever, the calculated pI of 8.2 is somewhat lower

than the value of 8.6 previous reported (Høj et al., 1988). A single potential N-

glycosylation site, Asn67-Ala-Ser, is detected (Hughes, 1983). The enzyme has an

extra Thr at the NHr-terminal of the mature enzyme, when the sequence is compared

with the other (1-+3,1-+4)-B-glucanase and (1-+3)-B-glucanase isoenzymes. The

positional identity of the amino acid sequence with isoenzyme GII is 89%. Based on

the work of Chen et al. (1993), it is highly likely 1þ¿1 Çl¡z:+ and Glu2el represent the

catalytic amino acids. The thermostability of the eîzyme is similar to that of

isoenzyme GII, but less than that of isoenzyme GIII, where several N-glycosylation
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sites have been identified (Xu et al., 1992; Hrmova & Fincher, 1993) and may

contribute to thermostability.

4.3.7 Analysis of the Promoter Region

In the promoter region of the gene for (1-+3)-þ-glucanase isoenzyme GI (Figure

4.4), sequence motifs of cl's-acting elements that normally interact with RNA

polymerases (Dynan & Tjian, 1985; Nussinov, 1990) are detected. The putative

TATA box (TGTATAAGTA) is located at a position 19 bp upstream from the putative

transcription start point (CCTATCT) and l2l bp upstream from the putative translation

srart point. A CAAT box (CGTCCAATAA) is located 55 bp upstream from the TATA

motif. These motifs are relatively similar to plant consensus sequences reported

previously, both in sequence and position (Messing et al., 1983; Nussinov et al.,

1990). No sequence similar to a GC box (Wingender, 1988) could be found in the

region immediately 5' to the putative TATA box.

The nucleotide sequence of over 2 kb in the 5' flanking region of the gene

(Figure 4.4) allowed the identification of other gene regulation elements, which might

be involved in hormonal and stress induction. A consensus sequence of TAACAAA

and its cooperative element TATCCAC have been identified as gibberellic acid

responsive elements (Ou-Lee et aI., 1988; Gubler & Jacobsen, 1992; Wolf, 1992).

Similar sequences are found at position -505 bp and -437 bp from the transcription

start point in the (1-+3)-ß-glucanase isoenzyme GI gene (Figure 4.4). However, they

appear to be too far from the transcription start point. In the distal region from -1596

bp to -1487 bp, two direct repeat sequences of 22 bp, with only two different

nucleotides, are present. A hexameric sequence of TACTAT at position -359 bp

perfectly matches the TAC box (TAPyAT) that was observed in a Petunia chalcone

synthase promoter, which has been shown to control both organ and developmental

regulation (van der Meer et a\.,1992).

The functional importance of these putative cls-acting elements would be

confirmed by transient expression in protoplasts of the gene promoter region, and
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deletion mutants, fused onto reporter genes such as GUS or CAT (Dron et al., 1988;

Marcotte et al., 1988; Wingernder et aI., 1990; Wolf, 1992). The barley aleurone

protoplast system has been used to investigate the promoter region of a-amylase and

(l-+3,1-->4)-B-glucanase isoenzyme EII (Gubler & Jacobsen, 1992; Rogers & Rogers,

1992; Wolf, 1992), suggesting that this system could be employed in the study of the

promoter of the (1-+3)-9-glucanase isoenzyme GI gene.

4.3.8 Analysis of the 3r Untranslated Region

The 3'untranslated regions of the barley (1+3)-ß-glucanase genes reveal

large differences (Xt et al., 1992), which may reflect different regulatory roles.

The 3' untranslated region of the gene for (1+3)-Ê-glucanase isoenzyme GI (Figure

4.4) is relatively short compared with the 3' untranslated regions of other (1-+3)- and

(1-+3,1-+4)-B-glucanase genes. A putative polyadenylation signal sequence AATAAA

(Joshi, 1987b), at1079 bp (Figure 4.4), is located a considerable distance (58 bp) from

the poly(A) addition site determined from the corresponding cDNA clone (Xu, 1994).

Consensus sequences for other motifs such as GT-clusters, Z-DNA and CAYTG boxes

could not be detected in the 3' untranslated region (Joshi, 1987b).

4.3.9 Physiological Function

The function of the (1-+3)-B-glucanase isoenzyme GI is not known. The enzyme

has been purified from germinated barley grain (Høj et al., 1988) and young barley

leaves (Wang et a\.,1993; Hrmova & Fincher, 1993) grown under aseptic conditions;

the transcript has also been detected in young roots (Xu et ø1., 1992). If the enzyme is

a member of the "pathogenesis-related" proteins, pathogen invasion is clearly not

required for its expression. However, this does not preclude a role for the enzyme in

protective strategies against microbial attack, because the gene might be expressed

pre-emptively at stages in the lif.e cycle where the plant is particularly vulnerable to

pathogen invasion (Fincher, 1989).

Constitutive expression of the enzyme was confirmed recently in investigations on
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the expression and subcellular localization of the barley (1-+3)-ß-glucanase isoenzyme

GI in young barley leaves, where activity was examined at different times after

infection with the scald fungus (Rhyncosporium secalis). The results showed that

(1+3)-ß-glucanase isoenzyme GI is expressed constitutively and not in response to

fungal infection (S Roulin & GB Fincher, unpublished data). The experiment also

showed that the enzyme was detected in extracts from whole cells, but not in extracts of

extracellular fluid, which is in accordance with the suggestion that the enzyme has no

targeting peptide (Figure 4.4). This, therefore, leads to the conclusion that the barley

(1+3)-B-glucanase isoenzyme GI is cytosolic in origin. This has also been suggested

for isoenzyme GV, another member of the (1-+3)-9-glucanase gene family in barley

(Xt et at., 1994). A cytosolic location for the enzyme would be quite different from

other (1+3)-B-glucanases from higher plants, which are t¿rgeted into vacuoles or to the

extracellular space. A cytoplasmic location and pre-emptive expression of the barley

(1-+3)-F-glucanase isoenzyme GI suggests that the enzyme may participate in a second

line of defence, which would come into play after cells are broken during microbial

penetration of the tissue (Mauch & St¿ehelin, 1989).

4.4 CONCLUSION

The gene encoding the barley (1-+3)-ß-glucanase isoenzyme GI has been isolated

from a genomic library and characteúzed. Structural analyses suggest that the enzyme

is cytosolic in location and the deduced amino acid sequence confirms that the mature

eÍrzyme consists of 310 residues, without a signal peptide in its precursor form.

Further investigations into the gene promoter region are required to demonstrate that

the enzyme plays a role in defence against pathogen attzck, and to identify regulatory

sequences involved in gene regulation in a tissue-specific manner, by developmental

signals and by hormonal action.
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In the present work, the isolation and characterization of genes encoding (1+3)-0-

glucanase isoenzyme GI and (1+3,1-+4)-B-glucanase isoenzyme EII in barley have

been described. With these two genomic clones, future experiments could be

undertaken to identify c¿'s- and trans-acting regulatory elements that mediate responses

to stress, phytohormones, tissue-specific expression and developmental signals. Precise

information on mechanisms of gene regulation will be important for understanding

physiological functions of the enzymes. It may also allow genetic manipulations of the

genes which could be applied in the malting and brewing industries or may offer new

opportunities for protecting the plants against pathogen attack'

Structural analysis of the (1-+3)-ß-glucanase isoenzyme GI gene suggested that the

enzyme is probably located in the cytosol. However, direct evidence for this is lacking.

Given that almost all (1-+3)-B-glucanases so far described are secreted from plant cells

or are targeted to vacuoles, it is important to confirm the putative cytosolic location of

the barley isoenzyme GI. Leaf (1-+3)-B-glucanases could be fractionated on the basis

of extracellular and intracellular location and isoforms present in each could be

identified. A more precise method would be to raise specific monoclonal antibodies

against the isoenzyme and use gold-labelling histochemical methods to define its

subcellular location.

(1+3)-Þ-Glucanases of other higher plants are believed to play a direct or indirect

role, often in combination with chitinases and other proteins, in plant defense systems.

The role of barley (1-+3)-B-glucanase isoenzyme GI as a "pathogenesis-related" protein

could be examined by testing any antifungal activity in vitro. Furthermore, this

potential role could be studied in transgenic barley transformed with multiple gene

copies or antisense constructs of the gene. Transgenic plants could then be compared

with wild type plants for susceptibility to common fungal pathogens.

Since the genomic clones for (1-+3)-B-glucanase isoenzymes GII and GV have not

yet been isolated by standard screening procedures, PCR techniques could be employed

to clone these genes. Barley genomic DNA fragments could be amplified by PCR with

J
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primers based on sequences specific to these two genes'

Future experiments with the (1-+3,1+a)-9-glucanase isoenzyme EII gene could

be directed towards the generation of a more thermostable isoform. Production of

a thermostable (1+3,1+4)-B-gtucanase isoenzyme EII has been proposed as

an important application of the eîzyme in the malting and brewing industries.

(1+3,1-+4)-B-Gtucanase isoenzyme levels directly influence the efficiency of malting

and brewing processes through the degradation of cell walls for quick mobilization of

stored nutrients, and to remove residual (1-+3,1+4)-B-glucans from the final products.

The thermostability of (1-+3,1+4)-p-glucanases could be enhanced by site-directed

mutagenesis of the protein-coding region through the introduction of more glycosylation

sites, or by the substitution of specific amino acids to increase covalent or non-covalent

cross-linking of the C* backbone of the enzyme (Varghese et al., 1994). Additionally,

the levels of (1+3,1+4)-B-glucanases could be increased by the introduction into their

promoter region of regulatory elements that direct high level expression of other

hydrolases during the germination of barley grain. Thus, oc-amylase promoter

sequences could be spliced onto the (1-+3,1-+4)-9-glucanase-coding region.

For most of these possible future applications of the work described here, a

routine barley transformation system will be required. Recent advances in this

technology (Wan & Iæmaux , 1994) indicate that these experiments will become feasible

in the immediate future.

69

)
Ìrf
.rl
'ìj

i

þ



¿l

REFERENCES

'I
Ì,f
lli

i

r



Reference 7l

Abeles FB, Bosshart RP, Forrence LE & Habig V/H (1971) Preparation and

purification of glucanase and chitinase from bean leaves. Plant Physiol 47: 129-134.

Adams CA & Novellie L (1975) Acid hydrolases and autolytic properties of protein

bodies and spherosomes isolated from ungerminated seeds of Sorghum bicolor (Linn)

Moench. Plant Physiol 55: 7-11.

Addicott FT & Carns HR (1983) History and introduction. In: Abscisic acid, Addicott

FT ed, Praeger, New York. pp l-22.

Aisien AO & Palmer GH (1983) The sorghum embryo in relation to the hydrolysis of

the endosperm during germination and seedling growth. J Sci Food Agric 34: ll3-
t2r.

Aisien AO, Palmer GH & Stark JR (1936) The ultrastructure of germinating sorghum

and millet grains. J Inst Brew 92: 162-167.

An G, Costa MA & Ha S-B (1990) Nopaline synthase promoter is wound inducible

and auxin inducible. Plant Cell 2:225-233.

Anderson MA & Stone BA (1975) A new substrate for investigating the specificity of

B-glucan hydrolases. FEBS l-ett 52:202-207.

Anderson RL, Anderson MA & Stone BA (1976) Some structural and enzymological

aspects of non-starchy polysaccharides in cereal grains. In: Proc XIV Inst Brew

ANZ Melb April 1976. pp 153-160.

Ashford AE & Jacobsen JV (1974) Cytochemical localisation of phosphatase in barley

aleurone cells: The pathway of gibberellic-acid-induced enzyme release. Planta 120:

81-105.

Atzorn R & Weiler EW (19S3) The role of endogenous gibberellins in the formation of

cr-amylase by aleurone layers of germinating barley caryopses. Planta 159: 289-299.

Bacic A & Stone BA (1981a) Isolation and ultrastructure of aleurone cell walls from

wheat and barley. Aust J Plant Physiol 8: 453-474.

Bacic A & Stone BA (1981b) Chemistry and organisation of aleurone cell wall compo-

nents from wheat and barley. Aust J Plant Physiol 8: 475-495.

'l

l1

l

I



Reference 72

Ballance GM, Meredith WOS & Laberge DE (1976) Distribution and development of

endo-B-glucanase activities in barley tissues during germination. Can J Plant Sci

56:459-466.

Ballance GM & Manners DJ (1976) Structural analysis and enzymic solubilization of

barley endosperm cell walls. Carbohydrate Res 61: 107-118.

Ballance GM & Manners DJ (1978) Partial purification and properties of an endo-l,3-

B-D-glucanase from germinated rye. Phytochem 17:l-5-

Ballance GM & Svendsen I (1988) Purification and amino acid sequence determination

of an endo-1,3-B-glucanase from barley. Carlsberg Res Commun 53: 4ll-419.

Bamforth CW (1935) Biochemical approaches to beer quality. J Inst Brew 9l: 154-

160.

Bamforth CW (1993) Malting technology and the uses of malt. In: Barley: Chemistry

and Technology. MacGregor AW & Bhatty RS, eds. Am Assoc Cereal Chem, St

Paul, MN. pp 297-354.

Bamforth CW Martin HL (1983) The degradation of B-glucan during malting and

mashing: The role of B-glucanase. J Inst Brew 89: 303-307.

Bechtel DB & Pomeranz Y (1931) Ultrastructure and cytochemistry of mature oat

(Avena sativaZ.) endosperm. The aleurone layer and starchy endosperm. Cer Chem

58: 61-69.

Bednarek SY, Wilkins TA, Dombrowski JE, Raikhel NV (1990) A carboxyl-terminal

propeptide is necessary for proper sorting of barley lectin to vacuoles of tobacco.

Plant Cell 2: 1145-1,155.

Beerhues L & Kombrink E (1994) Primary structure and expression of mRNA

encoding basic chitinase and 1,3-B-glucanase in plants. Plant Mol Biol24: 353-367.

Benjavongkulchai E & Spencer MS (1986) Purification and characterization of barley-

aleurone xylanase. Planta 169 415-519.

Benjavongkulchai E & Spencer MS (1939) Barley aleurone xylanase, its biosynthesis

and possible role. Can J Botany 67:297-302.



Reference 13

Birnboim HC & Doly J (lg7g) A rapid alkaline extraction procedure for screening

recombinant plasmid DNA. Nucl Acids Res 7:1513-1515

Boller T (1987) Hydrolytic enzymes in plant disease resistance. In: Plant-Microbe

Interactions: Molecular and genetic Perspectives. Koyuga T and Nester EW, eds.

Macmillan, New York. Yol2, pp 385-413.

Brandt A, Montembault A, Cameron-Mills V & Rasmussen RK (1985) Primary

structure of a BI Hordein gene from barley. Carlsberg Res Commun 50: 333-345.

Brederode FT, Linthorst HJM & Bol JF (1991) Differential induction of acquired

resist¿nce and PR gene expression in tobacco by virus infection, ethephon treatment,

UV light and wounding. Plant Mol Biol l7:lll7-1125-

Briggs DE (1972) Enzyme formation, cellular breakdown and the distribution of

gibberellins in the endosperm of barley. Planta 108: 351-358.

Briggs DE (1973) In: Biosynthesis and its control in plants, Milborrow BV ed,

Academic Press, London.

Briggs DE (1973) In: Barley, Chapman & Hall, eds, London.

Briggs DE (1983) The permeability of the surface layers of cereal grains and implica-

tions for tests of abrasion in barley. J Inst Brew 89: 324-332.

Briggs DE (1992) Barley germination: Biochemical changes and hormonal control. In

Barley: Genetics, Biochemistry, Molecular Biology and Biotechnology, Shrewry PR

ed, CAB International, UK. pp369-401.

Briggs DE & MacDonald J (1983) Patterns of modification in malting barley. J Inst

Brew 89:260-273.

Brown PH & Ho T-HD (1986) Barley aleurone layers secrete a nuclease in response to

gibberellic acid. Plant Physiol 82: 801-806.

Brown PH & Ho T-HD (1987) Biochemical properties and hormonal regulation of

barley nuclease. Eur J Biochem 168:357-364.

Bucher P (1990) Weight matrix descriptions of four eukaryotic RNA polymerase II



Reference 74

promoter elements derived from 502 unrelated promoter sequences. J Mol Biol2lZ:

563-578.

Buttrose MS (1971) Ultrastructure of barley aleurone cells as shown by freeze-etching

Planta 96: 13-26.

Cass DD & Jensen WA (1970) Fertilisation in barley. Amer J Bot 57: 62-79.

Chandler Plll, Zwar JA, Jacobsen JV, Higgins TJV & Inglis AS (1984) The effects of

gibberellic acid and abscisic acid on cr-amylase mRNA levels in barley aleurone

layers studies using an cr-amylase cDNA cone. Plant Mol Biol 3: 407-418.

Chassy BM, Mercenier A & Flickinger J (1988) Transformation of bacteria by

electroporation. Trends Biotech 6:303.

Chen EY & Seebury PH (1935) Supercoil sequencing: A fast and simple method for

sequencing plasmid DNA. DNA 4:165

Chen L, Fincher GB & Høj PB (1993) Evolution of polysaccharide hydrolase substrate

specificity. J Biol Chem 268: 13318-13326.

Ching TM, Lin T-P & Metzger RJ (1987) Purification and properties of acid

phosphatase from plump and shriveled seeds of triticale. Plant Physiol 84:789-795.

Chrispeels MJ & Varner JE (1967) Gibberellic acid enhanced synthesis and release of

a-amylase and ribonuclease by isolated barley aleurone layers. Plant Physiol 42:

398-406.

Chrispeels MJ & Raikhel NV (1991) Short peptide domains target proteins to plant

vacuoles. Cell 68: 613-616.

Christensen AH, Sharrock RA &. Quail PH (1992) Maize polyubiquitin genes:

Structure, thermal perturbation of expression and transcript splicing, and promoter

activity following transfer to protoplasts by electroporation. Plant Mol Biol 18: 675-

689.

Clarke L & Carbon J (1976) A colony bank cont¿ining synthetic Col E1 hybrid

plasmids representative of the entire E. coli genome. Cell 9:91-93.



Reference 75

Conner TW, Goekjian VH, LaFayett PR & Key JL (1990) Structure and expression of

two auxin-inducible genes from Arabidopsß. Plant Mol Biol 15: 623-632.

Currier HB (1957) Callose substance in plant cells. Am J Bot 44: 478-488

Currier HB & Webster DH (1964) Callose formation and subsequent disappearance

studies in ultrasound stimulation. Plant Physiol 39: 843-847.

Dashek WV & Chrispeels MJ (1977) Gibberellic-acid-induced synthesis and release of

cell-wall degrading endoxylanase by isolated aleurone layers of barley. Plant¿ 134:

25t-256.

Dean C, Tamaki S, Dunsmuir P, Favreau M, Katayama C, Dooner H & Bedbrook J

(1936) mRNA transcripts of several plant genes are polyadenylated at multiple sites

invivo. Nucl Acid Res 14: 2229-2240.

Deikman J & Jones RL (1936) Regulation of the accumulation of mRNA for cr-

amylase isoenzymes in barley aleurone. Plant Physiol 80: 672-675-

Denhardt DT (1966) A membrane-filter technique for the detection of complementary

DNA. Biochem Biophys Res Commun 23:64I-646.

Dixon RA & Lamb CJ (1990) Molecular communication in interactions between plants

and microbial pathogens. Annu Rev Plant Physiol Plant Mol Biol 41: 339-367.

Doan DNP & Fincher GB (1988) The A- and B-chains of carboxypeptidase I from

germinated barley originate from a single precursor polypeptide. J Biol Chem

263:11106-11110.

Doan DNP & Fincher GB (1992) Effect of N-glycosylation on the thermostability of

barley (1-+3, 1-+a)-Þ-glucanases. FEBS lætt 309: 265-27 l.

Doan DNP (1992) Studies on hydrolytic enzymes in germinated barley. PhD Thesis

La Trobe University.

Dron M Clouse SD, Dixon RA, Lawton MA & Lamb CJ (1988) Glut¿thione and

fungal elicitor regulation of a plant defense gene promoter in eletroporated

protoplasts. Proc Natl Acad Sci USA 85:6738-6742.



Reference 76

Dure LS (1960) Site of origin and extent of activity of amylases in maize germination.

Plant Physiol 35: 925-934.

Dynan WS & Tjian R (1985) Control of eukaryotic messenger RNA synthesis by

sequence-specific DNA-binding proteins. Nature 3t6: 774-778-

Edney MJ, Marchylo BA & MacGregor AW (1991) Structure of total barley beta-

glucan. J Inst Brew 97:39-44.

Enari TM & Sopanen T (1986) Mobilization of endospermal reserves during

germination of barley. J Inst Brew 92:- 25-31.

Eschrich W (1957) Kallosebildung in Plasmolysierten Allium cepa- Epiderment. (II

Mitteilung uber Kallose). Plant¿ 48: 578-586.

Feinberg AP & Vogelstein B (19S3) A technique for radiolabelling DNA restriction

endonuclease fragments to high specific activity. Anal Biochem 132: 6-13.

Fernandez DE, Qu R, Huang AHC & Staehelin LA (1988) Immunogold localisation of

the L3 protein of maize lipid bodies during germination and seedling growth.

Plant Physiol 86: 270-274.

Fernandez DE & Staehelin LA (1985) Structural organization of ultrarapidly frozen

barley aleurone cells actively involved in protein secretion. Planta 165:. 455-468.

Filner P & Varner JE (1967) A test for the de novo synthesis of enzymes: density

labelling with Hrgtr of barley oc-amylase induced by GA. Proc Natl Acad Sci USA

58:1520-1526.

Fincher GB, Lock PA, Morgan MM, Lingelbach K, Wettenhall REH, Mercer JFB,

Brandt A & Thomsen KK (1936) Primary structure of the (1-+3,1+4)-p-glucan 4-

glucanohydrolase from barley aleurone. Proc Natl Acad Sci (USA) 83: 2081-2085.

Fincher GB & Stone BA (1974) Some chemical and morphological changes induced by

gibberellic acid in embryo-free wheat grain. Aust J Plant Physiol I: 297-311.

Fincher GB & Stone BA (1981) Metabolism of noncellulosic polysaccharides. In: Plant

carbohydrates II. Encyclopedia of plant physiology, New series, Tanner W &
Loewus FA, eds, Springer-Verlag, Berlin. Vol. 13B, pp 68-132.



Reference 77

Fincher GB & Stone BA (1993) Physiology and biochemistry of germination in barley.

In: Barley: Chemistry and Technology, MacGregor AW & Bhatty RS, eds, Am

Assoc Cereal Chem. St Paul, MN. pp 247-295.

Fincher GB (1975) Morphology and chemical composition of barley endosperm cell

walls. J Inst Brew 8l: 116-122.

Fincher GB (1976) Ferulic acid in barley cell walls: a fluorescence study. J Inst Brew

82:347-349.

Fincher GB (1989) Molecular and cellular biology associated with endosperm

mobilization in germinating cereal grains. Annu Rev Plant Physiol Plant Mol Biol

40:305-346.

Fincher GB (1992) Cell wall metabolism in barley. In: Barley: Genetics, Bio-

chemistry, Molecular Biology and Biotechnology, Shrewry PR, ed, CAB UK. pp

4t3-437.

Flinta C, Persson B, Jornvall H & von Heijne G (1986) Sequence determinants of

cytosolic N-terminal protein processing. Eur J Biochem 154: 193-196.

Forrest IS & \ilainwright T (1977) The mode of binding of B-glucans and pentosans in

barley endosperm cell walls. J Inst Brew 83:279-286.

Frischauf AM, Iæhrach H, Poustke A & Murray N (1983) Lambda replacement

vectors carrying polylinker sequences. J Mol Biol 170: 827-842.

Frohman MA, Dush MK & Martin RM (1983) Rapid production of full-length cDNAs

from rare transcripts: Amplification using a single gene-specific oligonucleotide

primer. Proc Natl Acad Sci USA 85: 8989-9002.

Fulcher RG, Setterfield G, McCully ME & Wood PJ (1977) Observations on the

aleurone layer. II Fluorescence microscopy of the aleurone-sub-aleurone junction

with emphasis on possible B-1,3-glucan deposits in barley. Aust J Plant Physiol 4:

9t7-928.

Gabard KA & Jones RL (1986) Localization of phytase and acid phosphatase

isoenzymes in aleurone layers of barley. Plant Physiol.6T: 182-192.



Reference 18

Gibbons GC (1979) On the localisation and transport of ct-amylase during germination

and early seeding growth of Hordeumvulgare. Carlsberg Res Commun 44: 353-366.

Gibbons GC (1980) On the sequential determination of ct-amylase transport and cell

wall breakdown in germinating seeds of Hordeum vulgare. Carlsberg Res Commun

45: 177-184.

Gibbons GC (1981) On the relative role of the scutellum and aleurone in the

production of hydrolases during germination of barley. Carlsberg Res Commun 46:

215-22s.

Giese H & Hejgaard J (1934) Synthesis of salt-soluble proteins in barley. Pulse-

labeling study of grain filling in liquid cultured detached spikes. Planta 16l: I72-

177.

Gilmour SJ & MacMillan J (1934) Effect of inhibitors of gibberellin biosynthesis on

the induction of oc-amylase in embryoless caryopses of Hordeum vulgare cv.

Himalaya. Planta 162: 89-90.

Goldbach LS & Michael G (1977) Abscisic acid content of barley grains during

ripening as affected by temperature and variety. Crop Sci 16,797-799.

Gram NH (1982) The ultrastructure of germinating barley seeds. I. Changes in the

scutellum and the aleurone layer in Nordal barley. Carlsberg Res Commun

4t: 143-162.

Grierson D & Covey S (198a) Plant Molecular Biology. Blackie, Chapman and f{all ,

New York.

Gubler F, Ashford AE & Jacobsen J (1987) The release of o-amylase through

gibberellin-treated barley aleurone cell walls. Planta 172: t55-161.

Gubler F & Ashford AE (1933) Changes in peroxidase in isolated aleurone layers in

response to gibberellic acid. Aust J Plant Physiol 10: 87-97.

Gubler F & Jacobsen J (1992) Gibberellin-responsive elements in the promoter of a

barley high-pl o-amylase gene. Plant Cell 4: 1435-1441.

Guiltinan MJ, Marcotte Jr WR & Quatrano RS (1990) A plant leucine zipper protein



Reference 79

that recognises an abscisic acid response element. Science 250:267-271

Hanahan D (1983) Studies on transformation of Escherichia coli with plasmids. J Mol

Biol 166: 557-580.

Hardie DG (1975) Control of carbohydrase formation by gibberellic acid in barley

endosperm. Phytochem 14: lll9-1722.

Heidecker G & Messing J (1986) Structural analysis of plant genes. Annu Rev Plant

Physiol 37:439-466.

Høj PB, Hartman DJ, Morrice NA, Doan DNP & Fincher GB (1989) Purification of

(1-+3)-g-glucan endohydrolase isoenzyme II from germinated barley and

determination of its primary structure from a cDNA clone. Plant Mol Biol

13:31-42.

Høj PB, Hoogenraad NJ, Hartman DJ, Yannakena H & Fincher GB (1990) Identifi-

cation of individual (1+3,1-+a)-B-D-glucanase isoenzymes in extracts of germinated

barley using specific monoclonal antibodies. J Cereal Sci ll:261-268.

Høj PB, Slade AM, Wettenhall REH & Fincher GB (1988) Isolation and charac-

terization of a (1-+3)-B-glucan endohydrolase from germinating barley (Hordeum

vulgare): amino-acid sequence similarity with barley (1-+3,1-+4)-B-glucanases.

FEBS l-ett 230:67-71.

Hooley R, Beale MH & Smith SJ (1991) Gibberellin perception at the plasma

membrane of Avenafatua aletxone protoplasts. Planta 183:274-280.

Hrmova M & Fincher GB (1993) Purification and properties of three (1-+3)-ß-

glucanase isoenzymes from young leaves of barley (Hordeum vulgare). Biochem J

289:453-461.

Huang N, Koizumi N, Reinl S & Rodriguez RL (1990) Structural organisation and

differential expression of rice oc-amylase genes. Nucl Acid Res 18: 7007-1014.

Hughes JE & Gunning BES (1980) Glutaraldehyde-induced deposition of callose

Can J Bot 58: 250-258.

Hughes RC (1933) In: Glycoproteins, Chapman and Hall eds, London. p 41.



Reference 80

Jacobsen JV, Knox RB & Pyliotis NA (1971) The structure and composition of

aleurone grains in the barley aleurone layer. Planta 101: 189-209.

Jacobsen JV & Beach LR (1935) Control of transcription of cr-amylase and rRNA

genes in barley aleurone protoplasts by gibberellin and abscisic acid. Nature 316:

275-277.

Jacobsen JV & Chandler PM (1987) Gibberellin and abscisic acid in germinating

cereals. In: Plant Hormones and Their Role in Plant Growth and Development.

Davis PJ ed, Martinus Nijhoff, Dordrecht. pp 164-93.

Jacobsen JV & Varner JE (1967) Gibberellic acid-induced synthesis of protease by

isolated aleurone layers. Plant Physiol42: 1520-1526"

Jacobsen JV (1983) Regulation of protein synthesis in aleurone cells by gibberellin and

abscisic acid. In: The biochemistry and physiology of gibberellins, Crozier A, ed,

Praeger, New York. Vol 2, pp 159-187.

Jelsema CL, Morre DJ, Ruddat M & Turner C (1977) Isolation and characterization of

the lipid reserve bodies, spherosomes, from aleurone layers of wheat. Bot Gaz

138: 138-149.

Jones BL & Poulle M (1938) Synthesis and degradation during malting and brewing of

a major endo-proteinase involved in determining malting quality. USDA Agri-

cultural Research service, Cereal Crops Research Unit, 501N, Walnut Street,

Madison, \VI 53705 & Department of Agronomy, University of Wisconsin,

Madison, WI, 53707. pp 1-6.

Jones RL (1969) Gibberellic acid and the fine structure of barley aleurone cells. II

Changes during synthesis and secretion of ct-amylase. Planta 88: 73-86.

Jones RL (1935) Protein synthesis and secretion by the barley aleurone: A perspective.

Isr J Bot 34:377-395.

Jones RL (1987) Localization of ATPase in the endospermic retuculum and Golgi

apparatus of barley aleurone. Protoplasma 138: 73-88.

Jones RL & Jacobsen JV (1991) Regulation of synthesis and transport of secreted



Reference 81

proteins in cereal aleurone. Internatl Rev Cytol L26: 49-88.

Jorgensen OB (1965) Barley malt cr-glucosidase. VI. Localization and development

during barley germination. Acta Chem Scand 19: 1014-1015.

Joshi CP (1987a) An inspection of the domain between putative TATA box and

translation start site in 79 plant genes. Nucl Acids Res 15: 6643-6653.

Joshi CP (1987b) Putative polyadenylation signals in nuclear genes of higher plants: a

compilation and analysis. Nucl Acids Res 15: 9627-9640.

Jutidamrongphan W, Anderson JB Mackinnon G, Manners JM, Simpson RS & Scott

KJ (1991) Induction of B-1,3-glucanase in barley in response to infection by fungal

pathogens. Mol Plant Micr Int 4:234-238.

Kauffmann S, Legrand M, Geoffroy P & Fritig B (1987) Biological function of

pathogenesis-related proteins: four PR-proteins have ß-(1-3) glucanase activity.

EMBO J 6: 3209-3212.

Kessler G (1958) Zw Charakterisierung der Siebrohrenlallose. Ber Schweiz Bot Ges

68:5-43.

King RW (1976) Abscisic acid in developing wheat grains and its relationship to grain

growth and maturation. Plant¿ 132:43-51.

Kiribuchi S & Nakamura M (1973) Germination of barley seeds. III. Scanning electron

microscopic observations of the st¿rch granules isolated from germinated barley.

Denpun kagaku 20: 193-200.

Knudsen S & Müller M (1988) Transformation of the developing barley endosperm by

particle bombardment. Planta 185: 330-336.

Koehler SM & Ho T-HD (1988) Purification and characterization of gibberellic acid-

induced cysteine endoproteases in barley aleurone grains. Plant Physiol 87: 95-103.

Kozak M (1934) Compilation and analysis of sequences upstream from the

translational start site in eukaryotic mRNA. Nucl Acids Res 12: 857-872.

Kreis M, Forde BG, Rahman S, Mifin BJ & Shewry PR (1985) Molecular evolution of



Reference 82

the seed storage proteins of barley, rye and wheat. J Mol Biol 183:. 499-502-

Lai DML, Høj PB & Fincher GB (1993) Purification and characterization of (1-+3,

1-+4)-B-glucan endohydrolase from germinated wheat (Triticum aestivum)

Plant Mol Biol22: 847-859.

Lamb CJ, Lawton MA, Dron M & Dixon RA (1989) Signals and transduction

mechanism for activation of plant defences against microbial att¿ck. Cell 56: 215-

224.

Leah R, Tommerup H, Svendsen I & Mundy J (1991) Biochemical and molecular

characterization of three barley seed proteins with antifungal properties.

J Biol Chem 266: 1564-1573.

Lee WJ & Pyler RE (1985)

Nucleases and phosphatases

Nucleic acid degrading enzymes of barley malt. I.

J Am Soc Brew Chem 43: l-6.

Lee WJ & Pyler RE (1936) Nucleic acid degrading enzymes of barley malt. III.

Adenosine nucleotidase from malted barley. J Am Soc Brew Chem 44: 86-90.

Linthorst HJM (1991) Pathogenesis-related proteins of plants. Crit Rev Plant Sci

I0:123-150.

Litts JC, Simmons CR, Karrer EE, Huang N & Rodriguez RL (1990) The isolation

and characterization of a barley 1,3-1,4-þ-glucanase gene. Eur J Biochem 194: 831-

838.

Loi L, Barton PA & Fincher GB (1987) Survival of barley (1-+3,1-+a)-B-glucanase

isoenzymes during kilning and mashing. J Cereal Sci 5: 45-50.

Loi L, Ahluwalia B & Fincher GB (1988) Chromosomal location of genes encoding

barley (1+3, l+4)-þ-elucan 4-glucanohydrolases. Plant Physiol 87: 300-302.

Lundgard R & Svensson B (1987) The four major forms of barley B-amylase.

Purification, characterization and structural relationship. Carlsberg Res Commun

52:313-326.

Lütcke HA, Chow KC, Mickel FS, Moss KA, Kern HF & Scheele GA (1987)

Selection of AUG initiation codons differs in plants and animals. EMBO J 6: 43-48.



Reference 83

MacGregor AW & Ballance GM (1930) Hydrolysis of large and small starch granules

from normal and waxy barley cultivars by alpha-amylases from barley malt.

Cer Chem 57:397-402.

MacGregor AW, Ballance GM & Dushnicky L (1989) Fluorescence microscope studies

on (1-+3)-B-D-glucan in barley endosperm. Food Microstructure 8: 235-244.

MacGregor, A.W. and Fincher, G.B. (1993) Carbohydrates of the barley grain. In:

Barley: Chemistry and technology, MacGregor A W & Bhatty RS eds, Amer Assoc

Cereal Chem, St. Paul, Minnesota.

MacGregor AW & Lænoir C (1937) Studies on oc-glucosidase in barley and malt.

J Inst Brew 93: 334-337.

MacGregor AW, MacDonald FH, Mayer C & Daussant J (1984) Changes in levels of

o-amylase components in barley tissues during germination and early seedling

growth. Plant Physiol 75: 203-206.

MacGregor AW & Matsuo RR (1982) St¿rch degradation in endosperms of barley and

wheat kernels during initial stages of germination. Cereal Chem 59: 210-216.

MacGregor AW & Morgan JE (1939) Hydrolysis of barley starch granules by alpha-

amylase from barley malt. Cereal Foods Worlds 31: 688-693.

Macleod AM & Napier JP (1959) Cellulose distribution in barley. J Inst Brew

65: 188-196.

Macleod AM & Palmer GH (1966) The embryo of barley in relation to modification

of the endosperm. J Inst Brew 72: 580-589.

Macleod AM & Palmer GH (1967) Gibberellin from barley embryos. Nature 216:

t342-t343.

Maeda I, Kiribuchi S & Nakamura M (1978) Digestion of barley starch granules by

the combined action of cr,- and B-amylases purified from barley and barley malt.

Agric Biol Chem 42:259-267.

Maichele AJ, Farwell NJ & Chamberlain JS (1993) 
^ 

b2 repeat insertion generates

alternate structures of the mouse muscle gamma-phosphorylase kinase gene.



Reference 84

Genomics 16: 139-149.

Malehorn DE, Scott KL & Shah DM (1993) Structure and expression of a barley

acidic B-glucanase gene. Plant Mol Biol22:347-360.

Mangin L (1390) Chimie végétale-Sur la callose, nouvelle substance fondamentale

existant dans la membrane. CR Acad Sci 1'10: 644-647.

Manners DJ & Marshall JJ (1969) Studies on carbohydrate metabolizing enzymes. Part

XXII. The B-glucanase system of malted barley. J Inst Brew 75: 550-561.

Manners DJ & Wilson G (1974) Purification and properties of an endo-B-D-glucanase

from malted barley. Carbohydr Fies 37: 9-22.

Marchuk D, Drumm M, Saulino A & Collins FS (1990) Construction of T-vectors, a

rapid and general system for direct cloning of unmodified PCR products. Nucl Acids

Res 19: 1154

Marcotte WR, Bayley CC & Quatrano RS (1988) Regulation of a wheat promoter by

abscisic acid in rice protoplasts. Nature 335, 454-457 .

Mauch F & Staehelin LA (1939) Functional implications of the subcellular localization

of ethylene-induced chitinase and B-1,3-glucanase in bean leaves. Plant Cell I: 447-

457.

McFadden GI, Ahluwalia B, Clarke, AE & Fincher GB (1988) Expression sites and

developmental regulation of genes encoding (1-+3,1-+a)-B-glucanases in germinating

barley. Planta 173: 500-508.

Meins Jr F, Neuhaus J-M, Sperisen C & Ryals J (1992) The primary structure of plant

pathogenesis-related glucanohydrolases and their genes. In: Boller T & Meins F,

eds. Genes involved in plant defense. Springer-Verlag, Wien. pp 245-282.

Melchers LS, Sela-Buurlage MB, Vloemans SA, Woloshuk CP, Van Roekel JSC, pen

J, Van den Elzen PJM, Cornelissen BJC (1993) Extracellular targeting of the

vacuolar tobacco proteins AP24, chitinase and B-1,3-glucanase in transgenic plants.

Plant Mol Biol 21: 583-593.

Messing J, Geraghty D, Heidecker G, Hu N-T, Kridl J & Rubenstein I (1983) Plant

gene structure. In: Genetic engineering of plants. Kosuge T Meredith CP &

Hollaender A eds, Plenum Press, New York. pp 2ll-227



Reference 85

Mikola J (1937) Proteinases and peptidases in germinating cereal grains. In: 4th Int

Sym on Pre-Harvest Sprouting in Cereals. Mares DJ ed. Colo: V/estview. pp 463-

473.

Mikola L & Mikola J (1980) Mobilization of proline in the starchy endosperm of

germinating barley. Planta 149: 149-154.

Mikola J & Kolehmainen L (1972) Lacalization and activity of various peptidases in

germinating barley. Planta 104: 167-177.

Moore AE & Stone BA (19722) A B-1,3-glucan hydrolase from Nicotiana glutinosa.I.

Extraction, purification and physical proterties. Biochim Biophys Acta 258: 238-

247.

Moore AE & Stone B^ (1972b) Effect of senescence and hormone treatment on the

activity of a B-l,3-glucan hydrolase in Nicotiana glutinosa leaves. Planta I04: 93-

109.

Morrall P & Briggs DE (1973) Changes in cell wall polysaccharides of germinating

barley grains. Phytochem l7: 1495-1502.

Morrison IN, Kuo J & O'Brien TP (1975) Histochemistry and fine structure of

developing wheat aleurone cells. Planta 123: 105-116.

Morrison WR (1977) Cereal lipids. Adv Cer Chem 2:221-348.

Morrison WR (1978) Lipids in cereal starches; a review. J Cer Sci 8: 1-15.

Mundy J & Fincher GB (1986) Effects of gibberellic acid and abscisic acid on levels of

translatable mRNA (1-+3,1+a)-B-glucanase in barley aleurone. FEBS Lett 198:

349-3s2.

Murray EM, l¡tzer J & Eberle M (1989) Codon usage in plant genes. Nucl Acids

Res 17: 477-497

Neuhaus J-M, Sticher L, Meins Jr F & Boller T (1991) A short C-terminal sequence is

necessary and sufficient for the targeting of chitinase to the plant vacuole. Proc Natl

Acad Sci USA 88: 10362-10366.

Nieuwdorp PJ (1963) Electron microscopic structure of epithelial cells of the scutellum



Reference 86

of barley. I. The structure of the epithelial cells before germination. Acta Bot Neerl

12:295-301.

Nieuwdorp PJ & Buys MC (1964) Electron microscopic structure of the epithelial cells

of the scutellum of barley during germination. II. Cytology of the cells during

germination. Act¿ Bot Neerl 13: 559-565.

Nolan RC & Ho T-HD (1938) Hormonal regulation of gene expression in barley

aleurone layers. Planta 174: 551-560.

Nussinov R (1990) Sequence signals in eukaryotic upstream regions. Crit Rev

Biochem Mol Biol 25: 185-224.

Okamoto K, Kitano H, 8L Akazawa T (1980) Biosynthesis and excretion of hydrolases

in germinating cereal seeds. Plant Cell Physiol 2l:201-204.

Ou-Lee T-M, Turgeon R & Wu R (1938) Interaction of a gibberellin-induced factor

with the upstream region of an cr-amylase gene in rice aleurone tissue. Proc Natl

Acad Sci USA 85: 6366-6369.

Paleg L (1960) Physiological effects of gibberellic acid. II. On starch hydrolyzing

enzymes of barley endosperm. Plant Physiol 35: 902-906.

Parrish FW, Perlin AS & Reese ET (1960) Selective enzymolysis of poly-B-D-glucans,

and the structure of the polymers. Can J Chem 38:. 2094-2104.

Pernolet JC & Mosse J (1983) Structure and localization of legume and cereal seed

storage proteins. In: Daussant J, Mosse J &. Vaughan J, ed. Seed Proteins Academic

Press, New York. pp 155-192.

Peterson DM, Saigo RH & Holy J (1985) Development of oat aleurone cells and their

protein bodies. Cereal Chem 62:366-311.

Polya GM & Haritou M (19SS) Purification and characterization of two wheat-embryo

protein phosphatases. Biochem J 251: 357-363.

Preece IA & Hoggan J (1957) Carbohydrate modification during malting. Eur Brew

Conv Proc Congr 6th, Copenhagen. pp 72-83.

Preece IA & MacDougall M (1958) Enzymic degradation of cereal hemicelluloses. II.

Pattern of pentosan degradation. J Inst Brew 64: 489-500.



Reference 87

Radley M (1967) Site of production of gibberellin-like substances in germinating

barley embryos. Planta 75: 164-171.

Ranki H, Sopanen T & Mikola J (1933) Secretion of carboxypeptidase I by the

scutellum of germinating barley grain. Plant Physiol72: 5-101.

Ranki H & Sopanen T (1984) Secretion of cr-amylase by the aleurone layer and

scutellum of germinating barley grain. Plant Physiol 75: 710-715.

Ranki H (1990) Secretion of oc-amylase by the epithelium of barley scutellum. J Inst

Brew 96:307-309.

Rastogi V & Oaks A (1986) Hydrolysis of storage proteins in barley endosperm

Plant Physiol 81: 901-906.

Rogers JC (1935) Two barley oc-amylase gene families are regulated differently in

aleurone cells. J Biol Chem 260:3731-3738.

Rogers JC, Dean D & Heck GR (19S5) Aleurain: A barley thiol protease closely

related to mammalian cathepsin H. Proc Natl Acad Sci USA 82: 6512-6516.

Rogers JC & Rogers SW (1992) Definition and functional implications of gibberellin

and abscisic acid cl's-acting hormone response complexes. Plant Cell 4: 1443-1451.

Sambrook J, Firtsch EF & Maniatis T (1989) Molecular cloning: A laboratory

manual, 2nd edition. Cold Spring Harbour Laboratory Press, New York.

Sanger F, Nicklen S & Coulson AR (1977) DNA sequencing with chain-terminating

inhibitors. Proc Natl Acad Sci USA 74: 5463-5478.

Sela-Buurlage MB, Ponstein, AS, Bres-Vloemans SA, Melchers LS, van den Elzen PJ

& Cornelissen JC (1993) Only specific Tobacco (Nicotiana tabacum) chitinase and

B-1,3-glucanases exhibit antifungal activity. Plant Physiol 101: 857-863.

Selvig A, Aarnes H & Lie S (1986) Cell wall degradation in endosperm of barley

during germination. J Inst Brew 92: 185-187.

Shinshi H, Wenzler H, Neuhaus J-M, Felix G, Hofsteenge J & Meins Jr F (1988)

Evidence for N- and C-terminal processing of a plant defense-related enzyme:

Primary structure of tobacco prepro-B-glucanase. Proc Natl Acad Sci USA 85:

5541-5545.



Reference 88

Simmons CR, Litts JC, Huang N & Rodriguez RL (1992) Structure of a rice

B-glucanase gene regulated by ethylene, cytokinin, wounding, salicylic acid and

fungal elicitors. Plant Mol Biol 18: 33-45.

Skriver K, Olsen FL, Rogers J & Mundy J (1991) Cís-acting DNA elements responsive

to gibberellin and its antagonist abscisic acid. Proc Natl Acad Sci USA 88: 7266-

7270.

Slade AM, Høj PB, Morrice NA & Fincher GB (1989) Purification and characteri-

zation of three (1-+4)-g-D-xylan endohydrolases from germinated barley. Eur J

Biochem 185: 533-539.

Slakeski N, Baulcombe DC, Devos KM, Ahluwalia B, Doan DNP & Fincher GB

(1990) Structure and tissue-specific regulation of genes encoding barley (1+3,

1-+a)-B-glucan endohydrolases. Mol Gen Genet 224:437-449.

Slakeski N & Fincher GB (1992a) Developmental regulation of (1+3,1-+a)-9-

glucanase gene expression in barley. I. Tissue-specific expression of individual

isoenzymes. Plant Physiol 99: 1226-1231.

Slakeski N & Fincher GB (I992b) Barley (1-+3,1-+4)-B-glucanase isoenzyme EI gene

expression is mediated by auxin and gibberellic acid. FEBS Lett 306: 98-102.

Slakeski N (1992) Structure and differential expression of barley (1-+3,1+4)-0-

glucanase genes. PhD Thesis. La Trobe University.

Smart MG & O'Brien TP (1979a) Observations on the scutellum: I. Overall develop-

ment during germination in four grasses. Aust J Bot 27:391-401.

Smart MG & O'Brien TP (1979b) Observations on the scutellum. II. Histochemistry

and autofluorescence of the cell wall in mature grain and during germination in four

grasses. Aust J Bot 27: 403-411.

Smart MG & O'Brien TP (1979c) Observations on the scutellum. III Ferulic acid as a

component of the cell wall in wheat and barley. Aust J plant Physiol 6: 485-491.

Smith MM & McGully ME (1977) Mild temperature 'stress' and callose synthesis.

Planta 136:65-70.



¿l

Reference 89

Sopanen T, Burston D, Tayler E & Matthews DM (1978) Uptake of glycylglycine by

the scutellum of germinating barley grain. Plant Physiol 61: 630-633.

Southern EM (1975) Detection of specific sequences among DNA fragment separated

by gel electrophoresis. J Mol Biol 98: 503-517.

Stewart A, Nield H & Lott JNA (1988) An investigation of the mineral content of

barley grains and seedlings. Plant Physiol 86: 93-97.

Stone BA & Clarke AE (1993) Chemistry and biology of (1-+3)-B-glucans, La Trobe

University Press, Australia.

Stuart IM, Loi L & Fincher GB (1936) Development of (1+3,1+4)-B-glucan endo-

hydrolase isoenzymes in isolated scutella and aleurone layers of barley (Hordeum

vulgare). Plant Physiol 80: 310-314.

Stuart IM, Loi L & Fincher GB (1937) Immunological comparison of (1-+3,1-->4)-Ê-

glucan endohydrolases in germinating cereals. J Cer Sci 6: 45-52.

Stuart IM & Fincher GB (1983) Immunological determination of (1-+3),(1+a)-B-D-

glucan endohydrolase development in germinating barley (Hordeum vulgare) FEBS

Lett 155: 201-204.

Swift JG & O'Brien TP (1972a) The fine structure of the wheat scutellum during

germination. Aust J Biol Sci 25: 9-22.

Swift JG & O'Brien TP (1972b) The fine structure of the wheat scutellum during

germination. Aust J Biol Sci 25: 469-486.

Taiz L & Honigman WA (1916) Production of cell wall hydrolyzing enzymes by

barley aleurone layers in response to gibberellic acid. Plant Physiol 58: 380-386.

TaizL & Jones RL (1970) Gibberellic acid, B-1,3-glucanae and the cell walls of barley

aleurone layers. Planta 92:73-84.

Taiz L & Jones RL (1973) Plasmodesmata and an associated cell wall component in

barley aleurone tissue. Amer J Bot 60: 67-75.

.}

If
l r'i

'r

Ir

!

Taiz L & Starks JE (1977) Gibberellic acid enhancement of DNA turnover in barley



Reference 90

I

aleurone cells. Plant Physiol 60: 182-189.

Takeuchi Y, Yoshikawa M, Takeba K, Shibata D & Horino O (1990) Molecular

cloning and ethylene induction of mRNA encoding a phytoalexin elicitor-releasing

factor, B-1,3-endoglucanase, in soybean. Plant Physiol 93: 673-682.

Tanaka K, YoshidaT & Kasai Z (1976) Phosphorylation of myo-inositol by isolated

aleurone particles of rice. Agric Biol Chem 40: 1319-1325.

Thoma JA, Spradlin JE & Dygert S (1971) Plant and animal amylases. In: The

enzymes. Boyer PD ed, Academic Press, New York, London. Vol 5, pp 115-190.

Thompson RG & La Berge DE (1971) Barley endosperm cell walls. A review of cell

wall polysaccharides and cell wall degrading enzymes. Mast Brew Ass Am

Technical quarterly. l4l4: 238-243.

Tiuova NA, Sorovaeva AV, Mazur NS, Zaikina IV, Kobzeva NY & Ustinnikov BA

(1988) 1,3-B-Glucan - a nonstarch barley polysaccharide. Appl Biochem Microbiol

24:175-180.

Van der Bulcke M, Bauw G, Castresana C, Van Montagu M & Vandekerchkove J

(1989) Characterization of vacuolar and extracellular B-(1,3)-glucanases of tobacco:

evidence for a strictly compartmentalised plant defence system. Proc Natl Acad Sci

USA 86: 2673-2677.

Van der Eb AA & Nieuwdorp PJ (1967) Electron microscopic structure of the aleurone

cells of barley during germination. Acta Bot Neerl 15: 690-699.

Van der Meer IM, Brouwer M, Spelt CE, Mol JNM & Stuitje AR (1992) The

TACPyAT repeats in the chalcone synthase promoter of Pemnía hybrtda act as a

domaint crs-acting module in the control of organ-specific expression. Plant J

2:525-535.

Vance VB & Huang AHC (1988) Expression of lipid body protein gene during maize

seed development: Spatial, temporal and hormonal regulation. J Biol Chem 283:

1476-t48t.

,'i
tll
ìÌ:

i

t

Varghese, JN, Garrett TPJ, Colman PM, Chen L, Høj PB & Fincher GB (1994)



Reference 9l

Three-dimensional structures of two plant B-glucan endohydrolases with distinct

substrate specificities. Proc Natl Acad Sci USA 91: 2785-2789.

Verwoerd TC, Dekker BMM & Hoekema A (1989) A small-scale procedure for the

rapid isolation of plant RNA. Nucl Acids Res L7: 2362.

Walker-Smith DJ & Payne IW (1983) Peptide uptake in germinating barley embryos

involved in dithiol-dependent transport protein. FEBS Lett 160: 25-30.

Wan Y & Lemaux GC (1994)

transformed fertile barley plants

Generation of large numbers of independently

Plant Physiol 104: 37-48.

I
I

I

Wang J, Xu P & Fincher GB (1992) Purification, characterization and gene structure

of (1-+3)-B-glucanase isoenzyme GIII from barley (Hordeum vulgare). Eur J

Biochem 209: 103-109.

Waterkeyn L (1967) Sur l'existence d'un stade callosique', présenté par la paroi

cellulaire, au cours de la cytocinèse. CR Acad Sci Ser D 265: 1792-1794.

'Watson MEE (1934) Compilation of published signal sequences. Nucl Acids Res 12:

5l4s-st64.

'Webster DH & Currier HB (1963) Healinduced callose and lateral movement of

assimilates from phloem. Can J Bot 46: l2l5-I220.

Wessels JGH & Sietsma JH (1981) Fungal cell walls: A survey. In: Encyclopedia of

Plant Physiology, Plant Carbohydrates II, Tanner W & Loewus, eds, Springer-

Verlag. Vol 13B, pp 352-394.

Williamson JD & Quatrano RS (1938) ABA-regulation of two classes of embryo-

specific sequences in mature wheat embryo. Plant Physiol 86: 208-21.5.

Wingender, E (1988) Compilation of transcription regulating proteins. Nucl. Acids

Res. 16: 1819-1902.

Wingender R, Röhrig H, Höricke C & Schell J (1990) cl's-Regulatory elements

involved in ultraviolet light regulation and plant defense. Plant Cell 2: 1019-1026.

I
lÌt
.(
'i

k

Wolf N (1991) Complete nucleotide sequence of a Hordeum vulgare gene encoding



Reference 92

(1-+3,1+4)-B-gtucanase isoenzyme II. Plant Physiol 96: 1382-1384

Wolf N (1992) Structure of the genes encoding Hordeum vulgare (1+3,1-+a)-B-

glucanase isoenzyme I and II and functional analysis of their promoters in barley

aleurone protoplasts. Mol Gen Genet. 234: 33-42-

V/ong Y-S & Maclachlan GA (1930) (1-+3)-Ê-Glucanases from Pisum sativum

seedlings. III. Development and distribution of endogenous substrates. Plant Physiol

65:222-228.

Wood PJ & Fulcher RG (1984) Specific interaction of aniline blue with (1+3)-0-

glucan. Carbohydr Polym 4:49-72.

Woodward JR & Fincher GB (1982a) Purification and chemical properties of two

1,3;1,4-þ-glucan endohydrolases from germinating barley. Eur J Biochem 121:

663-669.

Woodward JR & Fincher GB (1982b) Substrate specificities and kinetic properties of

two 1,3;l,4-B-glucan endohydrolases from germinating barley (Hordeum vulgare).

Carbohydr Res 106: lll-122.

Woodward & Fincher GB (1983) 'Water-soluble barley p-glucans. Brew Dig 58

28-32.

Woodward JR, Fincher GB & Stone BA (1983b) Water-soluble (1-+3,1-+a)-B-glucans

from barley (Hordeum vulgare) endosperm. II. Fine structure. Carbohydr Polym

3:207-225.

Woodward JR, Phillips DR & Fincher GB (1983a) Water-soluble (1-+3,1-+a)-B-

glucans from barley (Hordeum vulgare) endosperm. I. Physicochemical properties.

Carbohydr Polym 3: 143-L56.

Xu P, Wang J & Fincher GB (1992) Evolution and differential expression of the

(1-+3)-Þ-glucan endohydrolase-encoding gene family in barley, Hordeum vulgare.

Gene 120: 157-165.

Xu P, Harvey AJ & Fincher GB (1994) Heterologous expression of cDNAs encoding

barley (Hordeum vulgare) (1-+3)-0-glucanase isoenzyme GV. FEBS l-ett 348:206-

'I

l;r

i

I

i

t
I
I

I

T



Reference 93

2lo.

Xu p, (1994) Characterization of the (1-+3)-9-glucan endohydrolase gene family in

barley. PhD Thesis, La Trobe Universþ.

yomo H (1960) Studies on the amylase-activating substance. IV. Amylase-activating

activþ of gibberellin. Hakko Kyokaishi 18: 600-603.ultraviolet light regulation and

plant defense. Plant Cell 2; 1019-1026.




