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Summary

Hydrolytic enzymes are not only physiologically important for seed germination,

but also commercially important for the malting and brewing industry. The aims of the

present study include (1) mapping the structural genes of hydrolytic enzymes and

determining the contribution of each gene to the activity of the enzyme and (2) identifying

regulatory loci (QTL) controlling the activity of the enzymes.

Using RFLP, STS-PCR and isoenzyme techniques, three doubled haploid

populations and the wheat-barley addition lines, genes encoding most of the important

hydrolytic enzymes for degrading barley endosperm cell walls and starch were mapped.

The seven genes encoding endo 1,3-p-glucanase are all located on the long arm of

chromosome 3H, with the genes encoding isoenzymes GI, GII, GIII, GIV, GV and

GVtr clustered in a region of less than 20 cM. The region is flanked by the RFLP marker

NIWG2099 on the proximal side and the Barley Yellow Mosaic Virus (BYMV) resistance

gene ym4 at the distal end. The gene encoding isoenzyme VI lies approximately 50 cM

outside this cluster, towards the centromere. All of the 1,3-p-glucanase genes, except

GIV, are represented by single copies on the barley genome. A single gene for endo 1,3-

1,4-p-glucanase isoenzyme EI was mapped on the long arm of chromosome lH with

both RFLP and STS-PCR markers. The gene is closely flanked by the RFLP markers

PSR12l and AWBMA34; each only 0.3 cM distant. However, no polymorphism could

be detected for the isoenzyme Etr on chromosome 7H. The p-glucosidase gene was

located on chromosome 2H and its surrounding regions are highly conserved. In

contrast, the genes encoding 1,4-p-xylanase are highly polymorphic. The three xylanase

genes are closely linked on the long arm of chromosome 5H, flanked by the RFLP

markers CDO506 on the proximal side and PSR370 at the distal end.

Several RFLP and major isoenzyme bands of a-amylase were mapped to the long

arm of chromosome 6H. The single genes encoding limit dextrinase and a-glucosidase

were located chromosomes 7H and2H, respectively.



There are three p-amylase genes in the barley genome. One is located on

chromosome 2H, close to the centromere, and two are on chromosome 4}ì, close to the

telomere. The four major isoenzyme bands of p-amylase were mapped on chromosome

4H and a series of minor bands on chromosome 6H. The four major isoenzyme bands

and the two p-amylase genes cosegregated on chromosome 4H.

Particular emphasis was placed on analysing the factors affecting p-amylase

activity since this is the key enzyme in determining diastatic power. Two cDNAs,

encoding the Sdl and Sd2 isoenzymes of p-amylase, were isolated. One amino acid

difference (Met-527 tolle-527) in the C-terminus of p-amylase could result in the partial

loss of binding ability with the enzyme inhibitor (s), and alter the pI and banding-pattern

of p-amylase.

QTL and reverse bulked-segregant analysis showed that the p-amylase locus

(BmyI) on chromosome 4H controlled the total and free activity of this enzyme and the

free/bound enzyme ratio in barley grain. The activity of free enzyme in green malt is also

controlled by a locus in this region. The effect of this locus on the enzyme activity was

consistently detected and accounted for I27o to 2OVo of the total variation for p-amylase

activity in the three mapping populations. This locus also explained nearly lÙl%o of the

variation in the ratio of free/bound enzyme in the "Chebec X Hanington" population.

However, the p-amylase locus (Bmy2) on chromosome 2H had no detectable effect on

enzyme activity.

The structural locus (Amyl) of c-amylase on chromosome 6H contributes 5.3Vo

and l2.9Vo of the va¡iation of the enzyme activity in the "Haruna Nijo X Galleon" and

"Chebec X Hanington" populations, respectively, but no effect in the "Clipper X

Sahara377l" population. No significant effect on enzyme activity was found at the

chromosome 7H locus (Amy2).

One QTL for 1,3-1,4-p-glucanase activity was detected on chromosome 7H

which could be related to the EII structural locus (Glb2), but no significant contribution

to the enzyme activity was found from the EI locus on chromosome lH. Interestingly,

the region of the 1,3-p-glucanase gene cluster contributed to the enzyme activity of 1,3-



1,4-p-glucanase, which suggests that 1,3-p-glucanases may join 1,3-1,4-p-glucanase to-

degrade 1,3-1,4-þ-glucan during seed germination. The limit dextrinase locus (Ld) on

chromosome 7H only controlled the total enzyme activity but not the free enzyme activity

in green malt.

In addition to the structural loci, regulatory loci were also identified as controlling

the activity of 1,3-1,4-p-glucanase, cr-amylase, p-amylase and limit dextrinase. One, two

and five regulatory loci were found for the activity of 1,3-1,4-p-glucanase in the three

mapping populations, respectively, with one QTL on chromosome 2H explaining 2l.5Vo

of the total variation of the enzyme activity. Five to six QTLs were identified controlling

the activity of cr-amylase in the three populations with the QTLs on chromosomes 2H and

5H making the most significant contributions. One QTL linked to the hordein gene family

on chromosome lH was consistently implicated in the control a-amylase activity in all

three mapping populations. The QTLs for the activity of limit dextrinase showed similar

chromosomal distribution as for cr-amylase, but less variation could be explained by the

given QTLs. Three, four and six regulatory QTLs were found for the activity of P-

amylase in the three mapping populations. In addition, QTLs for seed dormancy, kernel

weight and kernel shape were mapped.

Common QTLs were identified as controlling the activity of several hydrolytic

enzymes. The common QTLs on chromosome 5H were consistent with the major QTLs

for seed dormancy. A QTL on chromosome 2H additionally controlled plant height and

photoperiod response. Reverse bulked-segregant analysis demonstrated that the common

QTL on chromosome 2H is related to GA-responsiveness. The two GA-induced genes,

EslA and Es2A, mapped on chromosomes 2H and 5H could be the candidate genes.

Using the RFLP marker ABC468 linked with the common QTL on chromosome 2H as

reference, the activity of o-amylase, p-glucanase and limit dextrinase could be increased

by 27.7Vo,3l.IVo and l5.2%o, respectively, by selecting for the favourable allele at this

locus. The locus was predicted to account for 29.5Vo, 3l.4Vo and 23.4Vo of the total

variation of activity of cx-amylase, p-glucanase and limit dextrinase, respectively.



The major finding of this work has been the demonstration of common loci'

influencing the activity of several key hydrolytic enzymes involved in the mobilisation of

seed reserves. This result will allow a more controlled selection of diastatic power and

extract levels that has previously been possible. It is clear from the results obtained that

major gains can be achieved through the selection of only a few desired alleles.
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Chapter 1: Introduction and Literature Review

l.L Introduction

The use of barley to produce malt and beer dates back to Egyptian times

(Hardwick, l97l). Some of lOVo of the barley crop is devoted to the production of

beer today (Hoseney, 1994). The characteristic properties of many beers (for

example, their colour, foam and some of their flavor notes) are a direct consequence

of the malted barley used in their production (Bamforth and Barclay, 1993).

Consequently, barley breeders and maltsters have been striving to identify and

improve malting quality. Since Bishop (1934) established the importance of low

protein as a malting quality factor, many other parameters have been proposed as

criteria for malting quality (see reviews in MacGregor and Bhatty, 1993; Shewry,

1992). These include diastatic power (DP) (Meredith et al, 1942), malt extract

(Meredith, 1943), milling energy (Allison et al, 1976), extract viscosity (Morgan and

Gothard, 1977), sedimentation (Reeves et al,1979), acid extract composition (Smith

and Briggs, 1980), gelprotein (Van den Berg et al, 1981) and 1,3-1,4-p-glucanase

(Fincher et al, 1986). The major quality parameters in common use now are malt

extract, barley and malt protein, soluble protein, the ratio of soluble protein to malt

protein (Kolbach index), diastase, wort viscosity and apparent attenuation limit

(MacGregor and Bhatty, 1993), but these characteristics have different levels of

importance for the malt industry. According to the European Brewery Convention

(EBC), the respective empirical weightings are: malt extract (0.45), wort viscosity

(0.25), apparentfinal attenuation (0.15), Kolbach index (0.10) and diastatic power

(0.05) (Molina-Cano, 1987). Besides these biochemical criteria, some

morphological traits are also considered to be important quality factors in the
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malting and brewing industry. These include seed dormancy, seed colour, kernel

hectoliter weight and Vo plump grains (as assessed using 2.2 or 2.5 mm screens).

The biochemical process of malting and brewing includes degradation of

cell walls and conversion of starch, protein and other reserves into fermentable

sugars to provide nutrition for the yeast. Thus hydrolytic enzymes play a central

role in malting and brewing. Three kinds of hydrolytic enzymes develop in

sequence during germination. They are the cell wall degrading enzymes, endo-

peptidases and amylases. The activity of hydrolytic enzymes directly affects malting

quality; for example, the activity of 1,3-1,4-p-glucanase is closely related to malt

extract and wort viscosity (Henry, 1989; Stuart et al, 1986). Higher levels of

hydrolytic enzymes mean higher malting quality and shorter mashing periods and

allow for the addition of other sources of starch (adjuncts) to the mashing process

(Kasha et al, 1993).

All malt characters have complicated genetic control influenced through

environmental interactions (Ellis et al, 1989). Consequently, it is very difficult to

dissect and manipulate these characters in a breeding program. Although great

efforts have been made to improve malt quality, the advance to date is not

satisfactory to the malting and brewing industry. Reiner et al. (1984) studied the

improvement of barley malt quality in 16 European countries from 1951 to 1980.

The results showed that malt extract increased at a rate of between 0.01 and 0.02Vo

per annum, Kolbach index between -0.2 and O.OVo and diastatic power between -

0.6 and 4.7Vo per annum. Although selection for low protein content has taken

place, the protein content has still increased in the past sixty years due to the low

heritability and complexity of this character and possibly the advent of more

intensive agriculture with higher nitrogen. At the current rate of progress, 150 to

300 years would be needed to increase the malt extract from the present level of

80Vo to the breeding target of 83Vo. Therefore, there is an urgent need to develop

new methods to improve malt quality.
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Development of micro-malting has accelerated progress in the improvement

of malt quality. However, this is a slow and laborious process and the results vary

with the environmental conditions. Thus the major challenge in breeding is to

identify desirable genetic variability and then to select for it genotypically rather than

phenotypically (Cubitt, 1991). The advent of RFLP (Restriction Fragment længth

Polymorphism) (Botstein et al, 1980), PCR (Polymerase Chain Reaction) (Saiki,

1988) and RAPD (Random Amplified Polymorphic DNA) (Williams et al, 1990)

provides the possibility of a more precise genetic approach to meet this challenge.

Molecula¡ markers would allow breeders to trace specific alleles through the

breeding generations, decrease the size of populations and increase selection

efficiency in breeding programs (Blake et al, 1991).

1.2 Literature review

1.2.1 The factors which influence malt quality

I.z.l.L The cell \ilall and its degradation

The main components of the cell wall in barley grains are a¡abinoxylan and

1,3-1,4-þ-glucan. The cell walls of the aleurone layer consists of 67Vo arabinoxylan

and26Vo glucan, and that of endosperm containsTOVI glucan, 20Vo arabinoxylan

and 6Vo protein @allance and Manners, 1978; Fincher, 1975, 1976; MacGregor,

1990). As the major starch and protein reserves a¡e contained within the endosperm

cell wall, while the hydrolytic enzymes are predominantly synthesised and secreted

from the aleurone or scutellum, the cell wall is a physical barrier between the

hydrolytic enzymes and their substrates (Fincher and Stone, 1993). Incomplete cell

wall degradation in the malting and brewing processes results in lower malt extract,

causes filtration difficulty and contributes to certain hazes or precipitates that form

in stored beer (Bamforth and Barclay, 1993).
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The speed of degradation of the cell walls depends on both the content of p-

glucan and arabinoxylan and the activities of related enzymes. The content of gum

(glucan and arabinoxylan) is controlled by a simple additive genetic system and the

number of genetic factors is between 3 and 5 (Lance et al, 1987; Powell et al, 1985),

but the location of these factors and how they may be manipulated are still

unknown. However, Henry 0989), Loi et aI. (1987,1988) and Aastrup and Munck

(1981) showed that malt extract is not highly conelated with total glucan in

ungerminated barley grain, but highly negatively correlated with the residual glucan

in malted barley. That means the enzymes involved in the degradation of the cell

wall are more important than the gum content for malting quality.

l.2.l.l.l Endo 1,3-1,4-þ-Glucanase

The most important enzymes in the depolymerisation of the cell wall are the

endo-l,3-1,4-p-glucanases (EC 3.2.I.73) (Fincher and Stone, 1993). Two 1,3-

1,4-p-glucanases designated as isoenzymes EI and EII were purified and

characterised from extracts of germinated barley (Woodward and Fincher, 1982).

These isoenzymes showed different isoelectric points, glycosylation patterns and

mobility during SDS gel electrophoresis, although they exhibited essentially

identical substrate specificities, pH optima and action patterns (\ù/oodward and

Fincher, I9S2). Two cDNAs of 1,3-1,4-p-glucanase have been cloned from barley,

which correspond to EI and EII. The deduced amino acid showed 9l%o positional

identity (Fincher et al, 1986; Slakeski et al, 1990; Wolf, 1991), therefore it is

assumed that these two genes probably arose by duplication of a common ancestral

gene (Woodward and Fincher, 1982).

Southern blot analysis demonstrated that there exist two genes of 1,3- 1,4-p-

glucanase in the barley genome. The EI gene locates on the long arm of

chromosome 5 (1H) and EII on the long arm of chromosome 1 (7H) (Loi et al,

1988; Maclæod et al, 1991; Slakeski et al, 1990). The structure of the two genes
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have been well demonstrated (Wolf, 1991) and they are regulated by GA and auxrn

(Slakeski and Fincher, 7992). Examination of 13 barley cultivars using Southern

blot analysis revealed that the EII gene was highly polymorphic, but the EI gene is

conserved (Slakeski et al, 1990). This polymorphism may be used as a molecular

marker to select the EII gene (Beckman and Soller, 1986).

The 1,3-1,4-B-glucanase genes are expressed during seed germination. In

quiescent barley grain, no 1,3-1,4-þ-glucanase mRNA or active protein were

detectable, but one day after the initiation of germination, very high levels of 1,3-

I,4-p-glucanase were found in the scutellar epithelium; at this stage no expression

could be detected in the aleurone (McFadden et al, 1988). Subsequently, the 1,3-

1,4-p-glucanase mRNA in the aleurone increases progressively from the proximal

to the distal end of the grain, whereas the levels in the scutellar epithelium decrease

rapidly. The enzyme activity reaches a maximum five to six days after the initiation

of germination (Balance et al, 1916; Stuart and Fincher 1983). Using the 3'

untranslated region of \,3-1,4-p-glucanase as a gene specific probe, Northern blot

analysis confirmed that EI expresses in the scutella and aleurone of germinated seed

and developing leaves and roots, whereas EII expression predominates in the

aleurone (Slakeski et al, 1990; Slakeski and Fincher,1992). Thus EII appears to be

aleurone-specific. Considering that most hydrolytic enzymes are synthesised and

secretedfromthe aleurone (Fincher and Stone, 1993), the EII gene could be more

important than EI for malting.

Quantitative Western transfer analysis indicated that isoenzyme EI and EII

develop in approximately equimolar amounts with EI accumulation slightly

preceding that of isoenzyme Etr in the malting barley variety Clipper (Stuart and

Fincher, 1983). However, considerable variation of the ratio was observed in other

varieties and in the grains produced under different environmental conditions

(Henry, 1990). These results suggested that the activity of 1,3-1,4-p-glucanase is

controlled by multiple loci. Recently, attempts have been made to map the QTLs
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controlling the activity of the enzyme (Han et al, 1995). The details of these studies

will be discussed in the following chapter.

1.2.1.1.2 Endo 1,3-p-Glucanases

In addition to I,3-t,4-p-glucanases, high levels of 1,3-p-glucanase activity

were found in the endosperm of germinated barley (Høj et al, 1988, 1989). 1,3-p-

Glucanases (EC 3.2.1.39) can depolymerise 1,3-p-glucans to laminaribiose and

glucose in an endohydrolase action pattern. Thus it has been suggested that they

may participate in cell wall degradation through an ability to hydrolyse regions of

contiguous 1,3-p-linked glucosyl residues in the cell wall (MacGregor and Bhatty,

1993). However, the long sequences of 1,3-p-links do not occur in the polymers of

barley endosperm cell walls and purified 1,3-p-glucanases are unable to hydrolyse

water-soluble barley 1,3-1,4-þ-glucans at 40oC ('Woodward and Fincher, 1983;

Høj and Fincher, 1995). Therefore, 1,3-p-glucanases are not likely to be involved

in the degradation of the endosperm cell walls, but they may function to degrade the

small deposits of l,3-p-glucan that are scattered through the starchy endosperm

(MacGregor et al, 1989) and also to open the aleurone cell walls (Bamforth and

Barclay, 1993). However, it seems that the activity of 1,3-p-glucanases is much

higher than that required to depolymerise the cell wall deposits. The apparent

paucity of endogenous substrate, together with their ability to hydrolyse the 1,3-

and 1,3-1,6-glucan that are major cell wall constituents in some classes of fungal

pathogens of plant, has led to speculation that these enzymes may participate in a

general, non-specific strategy to protect grain against pathogen invasion (Fincher,

1989). Indeed, barley leaves infected by powdery mildew increase expression of

1,3-p-glucanase (Xu et al, 1992i Malehorn et al, 1993).

Three 1,3-p-glucanases have been purified from germinated barley (Høj et

al, 1988, 1989;Wang et al, 1992), which were designated as isoenzymes GI, GII



Table 1.1 The properties of 1,3-p-glucanases

Isoenzyme Number of

amino acids

NrfW pI Transcription site

GI

GII

GIII

GTV

GVI

ABG2

310

306

305

327

312

315

336

GV

33 KD

32.3KD

32.4KD

35KD

34KD

32.9r(J

32.6KD

8.6

9.5

9.8

r0.7

7.5

4.6

4.9

Young roots and leaves

Aleurone

Young roots and

leaves, shoots

Aleurone

Young roots and leaves

Not known

Roots

Note: The data from Xu et al.(1992) and Malehom et al. (1993)
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and GIII respectively. They are all basic proteins with a molecular mass of 32 k'Da,

but showed differences in their isoelectric points. Comparison of the 40 NH2-

terminal amino acids of 1,3-p-glucanase isoenzyme GI and GII with that of 1,3-

1,4-p-glucanase isoenzyme EI and Etr indicated that the two kinds of p-glucanases

share 587o amino acidpositional identity (Høj et al, 1989). Using a134 bp Hinf I

fragment of the barley 1,3-1,4-þ-glucanase cDNA as a probe (Fincher et al, 1986),

a cDNA encoding 1,3-p-glucanase isoenzyme GII was isolated (Høj et al, 1989).

Subsequently, six members of the 1,3-p-glucanase gene family have been cloned

using GII as a probe, which were designated as GI, GIII, GIV, GV, GVI and

ABG2 (Xu et al,1992; Wang et al,1992; Malehorn et al, 1993). The properties of

1,3-p-glucanases are listed in Table I .1.

The amino acid sequences of the mature barley 1,3-p-glucanases show 457o

to 8l7o positional identity among the seven members of this gene family and they

share 4JVo to 5IVo similarity with 1,3-1,4-p-glucanase isoenzyme EI and EII (Xu et

al,1992; Malehorn et al, 1993). Consequently, it was suggested that all the 1,3-P-

glucanase and 1,3-1,4-p-glucanase genes originate from a common ancestral gene

(Høj et al, 1989; Høj and Fincher, 1995; Xu et al,1992).

The activity of 1,3-p-glucanases is located to the embryo in ungerminated

grain but increase significantly in the endosperm during germination and is

enhancedby gibberellic acid @allance et al, 1976). Isolated barley aleurone layers

are also capable of secreting 1,3-p-glucanases (Taiz and Jones, 1970). However,

little is known about the genetics of the enzyme activity and their importance for

seed germination and malting quality is not well demonstrated.

1.2.1.1.3 Other hydrolytic enzymes degrading cell walls

There also exist other enzymes involving in depolymerisation of p-glucans

during barley germination. These include cellulases, exo-p-glucanases and P-

glucosidases. Cellulases degrade adjacent l,4-linkages in the cell wall, but their
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activity is low and variable, with much of the activity attributable to micro-

organisms that reside on the surface of the grain (Hoy et al, 1981). Exo-p-

glucanases and p-glucosidases can hydolyse 1,3-p-glucans, 1,3-1,4-B-glucans and

oligo-1,3-1,4-p-glucans (Fincher, 1992). Recently, two exo-p-glucanases and two

p-glucosidases have been purified from the geminated barley (Hrmova et al, 1995).

The exo-p-glucanases hydrolyse polymeric I,3-1, -þ-glucans at a significant rate.

Thus they may play a role in degradation of cell walls.

In addition to the 1,3-p-glucans, one-fifth of the cell walls of barley starchy

endosperm is arabinoxylan (Fincher, I915). Endo- and exoxylanases, G-

arabinofuranosidases and p-xyllosidases jointly depolymerize the arabinoxylan

during barley germination (Preece and MacDougall, 1958 Tuz and Honigman,

1916). However, only recently have detailed studies commenced on the enzymes

responsible for arabinoxylan degradation. Three endo-1,4-p-xylanases (EC

3.2.I.8) have been purified from 5-day-germinated barley (Slade et al, 1989). Their

molecular weights are about 41,000 daltons and they have identical NH2-terminal

amino acid sequences. Recently, two cDNAs encoding 1,4-p-xylanases have been

isolated from barley (Banik et al, 1996,1997). These enzymes increase in activity

during germination and their accumulation was regulated by gibberellic acid (Slade

et al, 1989;Banik et al, 1996). However, they appear several days after I,3-I,4-þ-

glucanases (Banik et al, 1996). Therefore, it is still unclear whether arabinoxylan

degradation is a necessary precursor to proteolysis and amylolysis. Nevertheless,

1,4-p-xylanases may function in the release of hydrolytic enzymes from the

aleurone by acting synergistically with endo-B-glucanases (Bamforth and Barclay,

1993). Again, little is known about the mechanisms underlying the activity of these

enzymes and their importance for malting quality.

1..2.1.2 Degradation of starch granules
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Starch is the main component of the barley grain, composing about 58Vo to

657o (Briggs, 1992). It is the energy source for seed germination and growth or

maintenance in humans and animals or for conversion to fermentable sugars for

yeast fermentation such as in the brewing and distilling industries. The starch in

barley grain generally contains about 75Vo amylopectin and 25Vo amylose (Foster

and Prentice, 1987). However, this proportion depends on genetic and

environmental factors; l00Vo amylopectin (Goering and Eslick, 1976) or high levels

of amylose (Menitt, 1967) have been reported in barley grains. The different ratio

of amylose/amylopectin determines the industrial quality of starch (Kasha et al,

1e93).

Starch is stored as starch granules in the endosperm cells. The starch

granules are associated with protein and lipids, which appear to contribute to their

structural characteristics (Monison, 1978, 1988). Two kinds of starch granules

exist in the endosperm differing in size and shape. The large granules account for

gOVo of granules by weight (Briggs, 1978). Their relative size and shape are

conelated with malt quality (Schildbach et al, 1990; 'Wallwork and Macleod, l99l).

However, the genetic basis for this is still unknown.

The starch is degraded to simple sugars during germination or the malting

and brewing process. Enzymes involved in this process are a-amylase, p-amylase,

limit dextrinase (R-enzyme or debranching enzyme) and o-glucosidase (Briggs,

1992). The combined activity of these enzymes determines the diastatic power in

malting and brewing industry and directly affects malt yield and quality.

1.2.1.2.1 Alpha-amylases

Alpha-amylases (EC 3.2.I.1) attack a-1,4-linkages within chains of

amylose and amylopectin in a random fashion. They initiate the degradation of

starch granules. However, a-amylases are unable to hydrolyse the 1,6-o-linkages

at the branch points in amylopectin and may v¿ìry in their ability to hydrolyse 1,4-a-
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linkages close to the branch points (Fincher and Stone, 1993). The activity of cr-

amylase is positively correlated with malt extract and DP, thus high levels of a-

amylase have been suggested as a criterion for good malting quality (Ingversen et

al, 1989).

In ungerminated barley, there is no detectable activity of cr-amylase and the

enzymes are synthesised de novo on the rough endoplasmic reticulum of the

aleurone during germination (Briggs and Clutterbuck, 1973). It has been shown

that the enzymes are transferred from the rough endoplasmic reticulum to the Golgi

and directly transported to the plasmalemma of the secreting cell (Fernandez and

Staehelin, 1985; Gubler et al, 1986). Gibberellic acid and calcium ions are

important regulators for enzyme formation and secretion (Briggs, 1992).

Alpha-amylases show extensive electrophoretic diversity (Hill and

MacGregor, 1988; MacGregor, 1983, 1987; MacGregor and Marchylo, 1986).

Based on their isoelectric points, four groups of isoenzymes of a-amylase have

been detected, which are designated as c¡-amylase I (low pI, Group A), a-amylase

II (high pI, Group B), cr-amylase III and a-amylase X (Bertoft et al, 1984; Briggs

and Raynes, 1985; Hill et al,1987; Hill and MacGregor, 1988; MacGrego¡, 1983,

1987; Muthukrisshnan and Chandra, 1988). Their properties are shown in Table

1.2. Group X is very small component and is not always detectable, which may be

due to limited proteolysis of the enzymes (Hayes et al, 1988). Group III is actually

comprised of Group II isoenzymes complexed with the a-amylase inhibitors

(BASÐ (MacGregor, 1987). Therefore, only Groups I and II are directly encoded

by the cr-amylase genes. Distinct isoforms were also detected within each a-

amylase group using isoelectric focusing gels, a total of up to 12 cr-amylase

isoforms in cr-amylase II and 4 isoforms in a-amylase I have been found.

Nevertheless, some forms were resulted from post-translational modification of

others and can not be considered as true genetic isoenzymes (Aoyagi et al, 1990).

Alpha-amylase I has a low pI and is a minor component of total a-amylases

in germinating barley, but its efficiency in degrading starch granules is higher than
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û,-amylase II (MacGregor, 1987). Immunologically c-amylase I is distinct from a-

amylase II although they have the same apparent substrate specificities and action

patterns (Bog-Hansen and Daussant, 1914). The two group isoenzymes rise and

fall independently during the germination (Callis and Ho, 1983; Chandler and

Jacobsen, 1991). It was suggested that c-amylase I predominates in the barley

embryo (MacGregor and Marchylo, 1986), whereas a-amylase II is principally in

the aleurone layers (MacGregor et al, 1984). Therefore, o-amylase II is the

"classical" malt enzyme.

Table 1.2 Properties of different isoenzymes of u-amylase

Enzyme

group
pI Ca2+binding pH optimum Electro-

phoretic

mobiliW

Proportion in
germinated

barley

cr-amylasel 4.1 - 5.3

a-amylase II 5.3 - 6.6

a-amylaseIII ? -6.7

a-amylase x 3.0

Very strong

Strong

3.0-5.5

5.0-5.4

Rapid

Slower

Slow

Minor

Major

Major

Small

Several cDNAs or genes of a-amylase have been isolated from barley

(Chandler et al, 1984; Huang et al, 1984; Khursheed and Rogers, 1988; Rogers

and Milliman, 1983; Rogers, 1985). Nucleotide sequence analysis of the cDNAs

encoding the barley c-amylases show that a-amylase I is 11 amino acid longer than

a-amylase II and that amino acid sequence identities between the two groups ate

approximately SOVo (Rogers and Milliman, 1983; Rogers, 1985). Southern blot

analysis revealed that the two group a-amylase isoenzymes are encoded by two

small gene families located on chromosomes 7H and 6H, designated as Amy2 and

Amyl, respectively. The genes in each group are closely linked (Brown and

Jacobsen, 1982; Khursheed and Rogers, 1988) and rare recombinations have been

detected in the gene family of AmyI (Takano and Takeda, 1987; Takano et al,

1988). RFLP analysis revealed at least 3 types of a-amylase II gene families in
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barley. However, the isoenzyme banding patterns detected by the IEF method were

not directly determined by these three types of structural genes, but affected by a

regulatory gene. This regulatory gene is linked with the structural gene and new

recombinations could be produced by genetic recombination (Kiribuchi and

Ohfuchi, l9S9). The structural gene for cr-amylase (Amyl) has a promoter which is

activated by GA but suppressed by ABA. The promoter has two highly conserved

sequences: ATACCATGCAGTG and CCTTTT, which are very important for the

regulation of gene expression (Lanahan et al,1992). The GA responsive promoter

also exists in the genes of many other hydrolytic enzymes, for example 1,3-1,4-þ-

glucanase, endopeptidase and carboxypeptidase.

Extensive resea¡ch has been conducted on the genetic control of cx-

amylases. Substantial genetic variability exist for both isoenzyme type and activity

(Briggs, 1992). The activity of the enzyme was controlled by multiple gene loci

(Henry and Johnston, 1991; Lu and Ding, l99I; Zhu et al, 1990) and is

significantly affected by environmental factors (Henry and Johnston , 1991). The

genetics of the enzyme activity fits an additive-dominance model but dominance is

more important (Lu and Ding, I99l;,Zhu et al, 1990). These results indicate the

difficulty in selecting the barley with high levels of cr-amylase.

Gibberellic acids are important factors for controlling the activity of the

enzyme. Since the first observation that GA induces a-amylase secretion from

barley aleurone cells (Paleg, 1960; Yomo, 1960), much research has been

undertaken on the mechanism of GA action. It is now clear that at least two sets of

genes are involved in controlling GA-induced gene expression of a-amylase:

synthesis of GA and responsiveness to GA (Favret et al, 1978; Kusaba et al,

1991). However, it is still not clea¡ where these genes are located in the barley

genome and how these genes may be manipulated in breeding programs.

Another factor affecting the activity of a-amylase is the inhibitors

synthesised during seed development. One kind of the inhibitor is the bifunctional

a-amylase subtilisin inhibitor (BASI). The inhibitor is a single polypeptide with a
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molecular weight of approximately 20 kD (Weselake et al, 1983, 1985). It

combines with c-amylase II during seed germination. This results in a reduction of

the a-amylase II activity (Hill and MacGregor, 1988; MacGregor, 1983, 1981:

Mundy et al, 1983). In brewing, BASI may influence the rate of starch degradation

in the early stages, but loses its activity at 60oC to 70oC in the mashing process

(Muncket al, 1985). The gene encoding BASI has been cloned and designated as

Isa (IÆah and Mundy, 1989). Large genetic variation has been detected for the

activity of BASI in barley. It seems that malting barley has higher concentrations of

BASI than feed barley (Jarrett et al, 1995) with variation mainly due to genetic

factors (Mundy et al, 1983). However, it is still not clear that how many genes are

involved in controlling activity of the inhibitor or how it regulates the activity of a-

amylase.

Another kind of inhibitor are the trypsin/cr-amylase inhibitors with apparent

molecula¡ weight between 12 and 16 KD and encoded by a gene family (Garcia-

Olmedo et al, 1992). As some members of this family can be selectively extracted

with chloroform/methanol mixtures, they have been classed as CM-proteins and

exist as monomeric, dimeric or tetrameric inhibitors in barley (Garcia-Olmedo et al,

1992). Two genes of the trypsin inhibitor have been cloned and designated as ItrI

and ltr2. These two genes are located on chromosomes 3H and 7H and encode

protein CMe and CMc (Halford et al, 1988; Hejgaard et al, 1984; Rodriguez-

Palnezuela et al, 1988; Salcedo et al, 1984). The tetrameric inhibitor includes one

copy of CMa , CMb and two copies of CMd, which are encoded by the genes latl,

Iat2 and lat3 mapped to chromosomes 7}I,4H and 4H, respectively (Salcedo et al,

1984). The monomeric and dimeric inhibitors are encoded by the laml and IadI

loci, respectively. Although their chromosomal locations have not been determined

in barley, the genes may be,on the chromosomes 6H and 3H, respectively, based

on results in wheat (Fra-Mon et al, 1984; Sanchez-Mongle et al, 1986, 1989).

However, all these u-amylase inhibitors disappear rapidly during germination and

their importance for malting and brewing industries have yet to be determined.
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1.2.1.2.2 Beta-amylases

Beta-amylases (EC 3.2.1.2) hydrolyse the penultimate 1,4-cr-linkage from

the nonreducing end of I,4-a-glucans to release the disaccharide maltose (Harris,

1962;Briggs and Clutterbuck, 1973), but they are unable to attack intact starch

granules (Maeda et al, 1978). This property is presumably important to prevent

premature damage of the starch in ungerminated grain. However, p-amylases act

synergistically with o-amylases to degrade the starch granules (Maeda et al, 1978).

Extensive studies have indicated that þamylases are the most important hydrolytic

enzymes to determine the diastatic power in malting and brewing industries (Arends

et al, 1995; Delcour and Verschaeve, 1987; Erdal et al, t993; Evans et al, 1995;

Gibson et al, 1995).

Shewry et al. (1988) extensively researched the molecular forms of p-

amylases present in developing, mature, germinating and malted grains, and

vegetative tissues using SDS-PAGE and Western blot analyses. Five isoforms with

different molecular masses have been identified. The major isoform present in

mature grain (form B) had a molecular mass of about 60 kD, and was converted to

two lower molecular mass isoforms (C and D) during malting and germination. A

minor low molecular mass form E, present in whole developing caryopses at 8 to

12 days after anthesis, and a diffuse high molecular mass isoform A, present in

small amounts in all seed and vegetative tissues, may correspond to a constitutively

expressed "housekeeping" form. However, extensive research on þamylase has

concentrated on the isoforms in mature grain and malt, since they are important for

the malting quality.

Beta-amylases are highly heterogeneous in barley grain and malt. At least

eight different isoenzyme bands were detected by chromatofocussing (LaBerge and

Marchylo, 1983), most formed by post-translational modification, due to formation

of intermolecular disulfide bonds (Visuri and Nummi, 1972) or thiol/disulfide
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interchange (LaBerg and Marchylo, 1983), association with protein Z (Hejgarrd,

1978), proteolysis (Kruger, 1979; Lundgard and Svensson, 1986) and expression

of different genes (Ainsworth et al, 1983). However, only two distinct isoenzyme

types exist in cultivated barley grain (Evans et al, I991a; Forster et al, 1991;

Nielsen and Johansen, 1986) and malt (Allison, 1973; Allison and Swanston,

1914) in spite of the multi-isoforms. They were called Sd1 and Sd2 types. The Sd1

type varieties seem to be rare (Allison and Swanston, 1974; Eglinton et al, 1995).

These two isoenzyme types showed different immunological property and affinity

with the inhibitor protein Z (Allison and Swanston,1974; Evans et al, 1995; Evans

et al, 1997a). The attempt to relate the different isoenzyme type to the enzyme

activity was not conclusive (Allison, 1973; Swanston, 1980). Using wheat-barley

addition lines, the main isoenzyme polymorphisms were mapped to the long arm of

chromosome 4H (Powling et al, 1981).

Two þamylase genes have been cloned. One was from a variety Hiproly

with high protein, high lysine and high levels of þamylase (Kreis et al, 1987) and

another from the malting barley Haruna Nijo with high levels of þamylase

(Yoshigi et al, 1994). However both of these clones encode the Sd2 type

isoenzyme (Eglinton et al, 1995). The complete primary structure of þamylase

deduced from the nucleotide sequence of a full length cDNA showed that the

enzyme is synthesised in a mature form without an NH2-terminal signal peptide

(Kreis et al, 1987). The calculated molecular mass of the enzyme is about 60 kDa,

which matches with the largest isoform purified from the mature grains (Lundgard

and Svensson, 1986; Shewry et al, 1938). The protein of p-amylase is

characterised by four glycine-rich repeats, each of 1l amino acid residues, at the C-

terminus. The repeat regions might be involved in cross-linking p-amylase with

other proteins on the surface of starch granules (Kreis et al, 1987). Using the

cloned cDNA as a probe, two gene loci were mapped in the barley genome: one on

chromosome 2H and two on chromosome 4H (Kleinhofs et al, 1993; Kreis et al,

1988). The relative importance of these loci to the activity of the enzyme has not yet
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been demonstrated. The relationship between the isoenzyme and the RFLP locus on

chromosome 4H is also unclear, as the isoenzyme and RFLP locus of cx-amylase on

chromosome 6H appeared different (Takano et al, 1988).

Beta-amylases exist as both free and bound forms in barley grain. The

bound form is a hetero dimer between þamylase and protein Z (Brandt et al, 1990;

Evans et al, 1995; LaBerge and Marchylo, 1983; Lundgard and Svensson, 1986).

Early research suggested that the combination between p-amylase and protein Z

reduced the activity of the enzyme (Bendelow, 1964). Therefore, protein Z is

classified as an inhibitor of p-amylase. Bendelow (1964) also classified the ratio of

free to bound enzyme as low and high, and suggested that the ratio is controlled by

one codominant gene. However, this model seems too simple for the genetics of

protein Z. In fact, the variation of free to bound ratio of þamylase varied

quantitatively from l)Vo to78Vo in different barley varieties (Allison, 1973; Allison

et al, 1979; Swanston, 1983; Lin et al, 1991). Indeed, one locus on chromosome

4H linked with the different isoenzyme type has been observed to control the free to

bound ratio (Allison and Swanston, 1974); at least two loci encoding protein Z

were located on chromosomes 4H and 5H (Nielsen et al, 1983; Hejgarrd, 1984);

and two trans-acting loci on chromosome 5H also control the content of protein Z

(Brandt et al, 1990).

In addition to the inhibitors, a locus on chromosome 4H linked with p-

amylase isoenzyme type is significantly correlated with the activity of the enzyme

(Allison, 1973; Swanston, 1980), and the polymorphism of the isoenzymes has

been suggested as a marker to select þamylase activity. However, this relationship

is significantly affected by nitrogen content (Swanston, 1980). Another locus on

the chroínosome 2H linked with the gene specifying 2/6 row also affects the

enzyme activity (Swanston, 1983). Most importantly, two high lysine mutant genes

Iys3a and lysl (Allison, 1978) on chromosome 5H regulate the activity of p-

amylase in trans (Kreis et al, 1987): Iys3a increases the enzyme activity several

times while /ys1 inhibits þamylase expression in the barley grain. These results
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show that the activity of þamylase is under control of a complex regulatory

mechanisms (Kreis et al, 1987).

1.2.I.2.3 Limit dextrinase

Limit dextrinase (LD) (EC 3.2.1.41), also known as R-enzyme,

pullulanase, pullulan 6-glucanohydrolase or debranching enzyme, catalyses the

hydrolysis of a-1,6-glycosidic bonds in pullulan, amylopectin and dextrins formed

during seed germination (Manners and Yellowlees, l97l). It is the only

endogenous barley enzyme that debranches amylopectin and related compounds

produced during malting (Kristensen et al, 1993; Sissons et al, 1992a). However,

LD has no action on intact starch granules (Maeda et al, 1978) and it hydrolyses u-

l,6Jinkages in the branched limit dextrin faster than these in the large amylopectin

molecules (MacGregor, 1987). These results suggest that LD must act in concert

with o-amylase and p-amylase to hydrolyse o-1,6-linkage in vivo. In ungerminated

grain, small amounts of LD can be extracted in the presence of reducing agents or

papain (Lenoir et al, 1984; Manners and Yellowlees, 1973; McCleary, 19921.

Yamada, 1981). The activity of LD increases during germination, but it is the last of

the hydrolytic enzymes to be synthesised (Lee and Pyler, 1984). Early research

showed that LD is synthesised in the aleurone and induced by GA (Hardie, 1975).

This result is confirmed in recently research (Zhang eL al, 1997).

LD exists in both free and bound forms (Longstaff and Bryce, l99l;

MacGregor et al,1994). In malted barley, most of the enzyme appears to present in

theboundform (Serre and Lauriere, 1989). This may explain why most of the a-

1,6-linkages in the starch survive the brewing process (Enevoldsen and Schmidt,

1973,1914; Enevoldsen, 1975). It seems that adequate LD is synthesised for seed

germination, but most is stored in a latent form to be fully activated later in

germination (after 10 days of germination) (Longstaff and Bryce, 1993; MacGregor

et al, 1995; Sissons et al,l992b). The bound form is a complex between LD and its
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inhibitors (MacGregor et al, 1995) and can be released by proteolytic modification

during germination (Longstaff and Bryce, 1993). Two inhibitor proteins have been

purified and characterised in barley. They are synthesised during seed development

(MacGregor, personal communication) but it is still not clear how many genes are

involved into control inhibitor content.

Barley starch usually contains 75Vo by weight of highly branched

amylopectin. However, the majority (80Vo) of the a-1,6-linkages in amylopectin

survive the brewing process (Enevoldsen and Schmidt, 1974). V/ith the expansion

of the light beer market and the increasing use of starch adjuncts in the brewing

industry (Hoseney, 1994), high levels of limit dextrinase is desirable. The high

levels of the enzyme activity may improve wort fermentability, increase alcohol

production and alter the dextrin profile of the fermented wort (Bryce et al, 1995;

Longstaff and Bryce 1991). Therefore, it appears that the most effective method for

the manipulation of the dextrin profile in malt and beer is to breed varieties with

high levels of enzyme activity (Kasha et al, 1993) or low levels of inhibitor activity

(MacGregor et al, 1995).

Isoelectric focusing and gel electrophoresis indicated that 6 isoforms of LD

with pI values 4.2-5.0 and molecular mass 80-104 kDa are present in the

germinated grain (Lenoir et al, 1984; Sissons, 1992), but the isoenzyme patterns

are conssrved in cultivated barley (Sissons, 1992). In contrast, significant genetic

variation in the activity for both the enzyme and its inhibitors have been observed in

barley cultivars and the wild relatives of barley (Lee and Pyler, 1984; Longstaff and

Bryce, 1993; Macri et al, 1993; MacGregor et al,1995; Sissons et al, 1992b). This

suggests the possibility of genetic manipulation of the activity of the enzyme.

However, little is known about how many gene loci are involved in controlling the

activity of the enzyme and what strategy could be implemented to select these genes

in breeding programs.

1.2.1.2.4 Alpha-glucosidase
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Alpha-glucosidase (EC 3.2.1.20) liberates glucose from glucan polymers

and disaccharides exolytically, which has the least well-characterised activity in the

amylolytic complex (Bamforth and Barclay, 1993). Activity of the enzyme is

present during early seed development and decreases during late maturation

(MacGregor, 1987; Stark and Yin, 1987). In ungerminated barley, low amounts of

enzyme are detectable in the aleurone, pericarp, and embryo (Jorgensen, 1965;

MacGregor,l9ST; Stark and Yin, 1987). The activity of the enzyme increases

rapidly after germination (Jorgensen and Jorgensen, 1963). This new activity is

found in the scutellum, aleurone, endosperm and embryo (Clutterbuck and Briggs,

1973;Hardie,l975: Jorgensen, 1965;MacGregor, 1987; Stark and Yin, 1987) and

is enhanced by GA (Clutterbuck and Briggs, 1913; Hardie, 1975). These suggest

that a-glucosidase is synthesised de novo during germination.

Two a-glucosidase isoforms have been purified from germinated barley

with molecular mass of 65 and 32 Y,Da. They have different pI, time courses of

accumulation in germinating grain and different affinities towards various starch

substrates (Stark and Yin, 1987; Sun and Henson, 1990). Sun and Henson (1990)

showed that both isoforms are capable of initiating attack on native barley starch

granules in the absence of o-amylase. a-Glucosidases also exolytically hydrolyse

a-L,2-, o-L,3- and a-1,6-linkages at variable rate in addition to o-1,4-linkage. By

combining high pI u-glucosidase with either high or low pI c-amylase, a dramatic

synergism, as much as 1O.7-fold in native starch granule hydrolysis, occurred (Sun

and Henson, 1990). Synergism was also found when low pI o-glucosidase was

combined with a-amylases. The mechanism by which c-glucosidases enhance c-

amylolysis of starch granules to such a great extent is probably partially due to the

removal of inhibiting concentrations of maltose by a-glucosidases, as maltose has

been reported to interfere with a noncatalytic, raw starch binding site of c-amylase

(Schwimmer, 1950). Another reason may be the ability of cr-glucosidase to remove

non-cr-1,4-glucosidic bonds from the granule surface which were acting as barriers
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to a-amylolysis (Sun and Henson, 1990). Sissons and MacGregor (1994) further

demonstrated that the two isoforms of a-glucosidase join with a-amylase to

hydrolyse intact starch granules, but at a slower rate than c-amylases alone.

Synergism was also found between cr-amylases and high pI a-glucosidase, but not

as great as reported by Sun and Henson (1990). Sun's results may be partially due

to the contamination from o-amylases.

Recently, a putative clone of a-glucosidase was isolated from a cDNA

library constructed from mRNA of the barley aleurone treated with GA (Tibbot and

Skadsen, 1996). The distribution and expression of the mRNA for this gene

showed a similar pattern as the a-glucosidase proteins (MacGregor, 1987:, Sun and

Henson, 1990). However, Southern blot analysis indicated that only a single copy

of this gene exists in the barley genome, and the deduced polypeptide had 877

amino acids with a molecula¡ mass of 110 kD. Therefore, additional studies are

needed to characterise the gene's possible product with respect to the 65 and 32lÐ

isoforms previously characterised (MacGregor, 1987; Stark and Yin, 1987; Sun

and Henson, 1990).

Although o-amylase from barley has been shown to hydrolyse starch

granules, a malt extract containing an equal amount of cr-amylase activity

hydrolysed the starch granules more rapidly (Maeda et al, 1978). In fact as early as

the late 1930s, it was postulated that additional "raw starch factors" are required for

efficient breakdown of the native starch granules (Blish et al, 1937). Now it is

believed that a-glucosidases may be the long sought "raw Starch factor" (Briggs,

1992). Therefore, a-glucosidases are another important factor in malting quality. A

recent study showed that cr-glucosidase was partially extracted in water but was

readily extracted when L-cysteine was included in the extraction buffer (Agu and

Palmer, 1991). This suggest that there exist inhibitors in vivo to control the activity

of cr-glucosidase as reported for a-amylase, p-amylase and limit dextrinase.

However, little is known the genetic factors controlling the activity of the enzyme.
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1.2.L.3 Degradation of the protein

Most proteins of barley grain are present within the endosperm cells and

form the maffix in which starch granules are embedded (Pomeranz, 1972). There

are four main groups of protein: albumins, globulins, hordeins and glutelins

(Baxter and Wainwright, 1979). The albumins and globulins mainly include

protein Z, þ-amylase and inhibitor protein. Hordein is the main barley grain protein

and accountsfor 3OVo to 507o of the total protein. The three hordein genes: Hor2,

Horl, and Hor5 which encode hordein B, hordein C and hordein Y were located on

the short arm of chromosome lH. The genes of hordein have some coÍìmon

sequence, especially the -300 element (ATGTAAAGTAAGGTT) (Brandt et al,

1985; Cameron-Mills and Brandt, 1988; Chernyshev et al, 1989; Shewry, l99l;

Entwistle, 1988).

The relationship of barley protein and malt quality was first studied early

this century (Bishop, 1930). Low protein content is used as a criterion for good

malting quality. The effect of protein on malt quality is not simply to decrease the

extract by diluting starch. A large amount of protein results in greater malting losses

by increasing the rate of root growth and respiration. Further studies by Bishop

(1934) showed that the proteins in the barley endosperm interact with some

carbohydrates to prevent these carbohydrates being released as extract after malting.

These proteins include glycine-rich proteins, threonine-rich glycoprotein,

hydroxyproline-rich glycoprotein and some hordein. Consequently, it is very

important for the malting industry to have high activity of endopeptidase, so as to

release the starch granules.

There are two major groups of proteases in germinating barley: thiol-

dependent and metal-activated enzymes. Three metal activated enzymes account for

l}Vo of proteolytic activity and the thiol-dependent enzymes account for 90Vo (Enari

and Sopanen, 1986); these include five acid carboxypeptidases, four neutral

aminopeptidases, two alkaline peptidases and one dipeptidase. Most of these



22
enzymes have been cloned and the genes mapped, but how they affect malt quality

and their genetics is yet to be investigated.

Hordein is the most important protein component. Baxter and 'Wainwright

(1919) confirmed that the characteristics of endosperm storage proteins were

consistent within a variety and could be utilised to assist in varietal identification,

and also suggested that the concentration of hordein B was correlated with the malt

quality within a variety. The reason for the apparent importance of the Fraction B

protein was not understood, but it was thought probable that this was due to its

chemical composition or spatial affangement. The protein profoundly influenced the

accessibility of cr-amylase and p-glucanase to their respective substrates (Baxter and

W'ainwright, 19'79 Miflin and Shewry, 1978). There is an inverse relationship

between nitrogen content and extract. However, Smith (1990) found that increasing

nitrogen mainly results in an increase of hordein C (Smith, 1990). V/hich one of the

hordein B and hordein C proteins is more important for the malt quality or what is it

the relationship between hordein B and hordein C in relation to the malt quality?

Gel protein content of barley has been demonstrated to have a significant

negative correlation with hot-water extract (Van den Berg et al, 1981; Smith and

Simpson, 1983; Smith and Lister, 1983). This suggested that selection for barley

with a low gel protein content would not only avoid subsequent wort filtration

problems, but also contribute to greater malt extract. Hordein D was found to be

highly concentrated in the gelprotein (Barter and Wainwright,l9T9), and Smith and

Lister 0983) proposed that hordein D forms the backbone of complex three

dimensional aggregates with hordein B. Therefore, all hordeins have some effects

on malting quality. Although all hordein genes have been cloned and mapped, the

genetic basis for the effect of hordeins on malt quality is still not clear.

1.2.L.4 GA induced hydrolytic enzyme expression

germinated barley

tn
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Gibberellins (GAs) are a class of plant hormones which regulate cell growth

in vegetative tissues, flower and fruit development and seed reserve mobilisation

(Hooley, 1994). The observation that GA3 induces a-amylase secretion from barley

aleurone cells (Paleg, 1960; Yomo 1960), coupled with the development of a

simple procedure for the isolation of viable aleurone layers that retain hormone

sensitivity andthe ability to secrete active enzymes (Chrispeels and Varner, 1967),

has resulted in the widespread adoption of barley aleurone layers as a model

experimental system for in vitro investigations of plant hormone action, synthesis

and secretion of the hydrolytic enzymes, and regulation of plant gene expression

(Fincher, 1989; Jones and Jacobsen, 1991). Alpha-amylase, 1,3-1,4-p-glucanase

(Stuart et al, 1986), 1,3-p-glucanase (Taiz and Jones, 1970), 1,4-p-xylanase

(Hammerton and Ho, 1986), endopeptidase (Hammerton and Ho, 1986), limit

dextrinase (Hardie, 1975;'Zhang et al, 1997), a-glucosidase (Tibbot and Skadsen,

1996; Clutterbuck and Briggs , 1973; Sun and Henson, 1990) and nuclease (Brown

and Ho, 1986) are all regulated by GA in germinating barley. The ability of barley

grain to rapidly synthesise enzymes that hydrolyse the endosperm cell walls and

starchy endosperm determines malt extract (Fincher and Stone, 1993) and the

length of time needed to convert a specific quantity of starch to sugar. Higher levels

of enzymes mean shorter mashing periods and allows for the addition of other

sources of starch (adjunct) to the mashing process (Kasha et al, 1993). Therefore,

GA3 is used to augment the kernel's own supply of GA and stimulate the

production of the enzymes in the brewing industry (Bamforth and Barclay, 1993).

The mechanism of GA induced gene expression is complex. It may include

GA production, perception, transduction and response (Hooley, 1994). Evidence

from experiments using GA¿ covalently bound to Sepharose beads and anti-

idiotype antibodies suggest that GA is perceived on the plasma membrane in oat

aleurone protoplasts (Hooley et al, 7991, 1993; Smith et al, 1993). This is

supported by more recent work showing that microinjection of GA3 in barley

aleurone protoÞlasts fails to induce c-amylase synthesis and secretion. On the other
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hand, the protoplasts respond to external application of GA3. These results indicate

that the site of perception of GA is on the external face of the plasma membrane

(Gilroy and Jones, 1994). Progress has also been achieved in identifying GA-

responsive elements associated with gene promoters. Functional analysis of the

barley high-pl a-amylase promoter identified a GA responsive complex consisting

of TAACAA and TATCCAC boxes, which are necessary for GA response

(Skriver and Mundy, 1990; Skriver et al, 1991; Gubler and Jacobsen, 1992:

Rogers et al, 1994). In addition, there are two other sequences that also

significantly affect the expression of o-amylase in response to GA (Lanahan et al,

1992). The cAMP and cGMP responsive elements are also involved in the GA

responsive complex (Gubler and Jacobsen, 1992; Penson et al, 1996). Similar GA

responsive elements are also found in low pI c-amylase (Lanahan et al, 1992), 1,3-

1,4-p-glucanase gene (Wolf, 1992), 1,4-p-xylanase (Banik et al, 1997), cr-

glucosidase (Tibbot and Skadsen, 1996) and limit dextrinase (Zhang et al, 1997)

genes. This suggests that there is a cornmon factor that controls the activity of all

the hydrolytic enzymes in germinating barley. Recently, a cDNA, GAmyb, has

been cloned, which can specihcally bind with the GA responsive complex in the

gene of high pI cr-amylase (Gubler et al, 1995). The expression of this gene does

not depend on other protein synthesis. Thus, it is believed that GAmyb is the sole

GA-regulated transcription factor required for transcriptional activation of high pI

c-amylase promoter (Gubler et al, 1995). However, little is known about GA

production and transduction in vivo.

Analysis of dwarf mutants provides an alternative approach to

understanding the mechanism of GA-induced gene expression. There are two

kinds of dwarf mutants which respond to GA in barley. One group a¡e GA-

deficient mutants which have a low level endogenous GA and is very sensitive to

exogenous GA3 application (Boother et al, l99I; Falk and Kasha, 1982; Hentrich

et al, 1985; Speulman and Salamini, 1995; Zwar and Chandler, 1995;). Another

group are GA-insensitive mutants which showed the normal endogenous GA levels



25
but do not respond to exogenous GA3 (Favret et al, 1978). From these results, it

was concluded that there are two sets of genes to control GA-induced gene

expression: synthesis of GA and responsiveness to GA (Favret et al, 1978; Kusaba

et al, 1991). Further analysis of general barley varieties showed that malting grade

barleys produced more GA than do feed grade barley (Proudlove and Muller,

1989). The aleurones from different varieties also showed different susceptibilities

to GA3 (Palmer, 1988). This demonstrated the possibility of improving GA

production and responsiveness through breeding.

Further analysis showed that dwarf mutants expressed pleiotropic effects.

The mutants have shortened internodes, leaf blades and lower activity of the

hydrolytic enzymes in germinating barley (Zwar and Chandler, 1995) and all these

traits can be recovered through applied GA3 (Chandler and Musleth, 1990). Thus it

has been suggested that GA might'exert its effect non-specifically, stimulating the

expression of all active genes in a cell rather than specific genes (Baulcombe et al,

1984). This further supports the suggestion that there is a coÍrmon locus

controlling all traits regulated by GA in the barley genome (Henry et al, 1996).

1.2.2 Mapping Genes and Quantitative Trait Loci (QTL)
Using Genetic Markers

1.2.2.I Development of genetic markers

1.2.2.1.1 From morphological markers to RFLP markers

A marker can be defined as "a gene with a known location on a

chromosome and a clear-cut phenotype used as a point of reference" (King and

Stansfield, 1985). The idea of using markers in genetics and breeding appeared

early this century. A typical example is the selection of double flowers using a

monogenetically inherited chlorophyll mutant gene as a marker in Matthioln incatn
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(Saunders, 1915 cited from Weber and 'Wricke, 1994). Until recently, genetic

markers used in plant breeding were those affecting morphological characters.

However, these mutants have several limitations including (l) low levels of

polymorphism; (2) often negative effects on plant growth and viability, such as

albinism, sterility and dwarfism.

In the 1960s, biochemical markers (enzyme and other protein markers) were

introduced into plant genetics, as a result the observation that plant enzymes can

occur in multiple forms. The polymorphisms of plant enzymes are conditioned by

genes that may affect subtle secondary characteristics of the enzymes with little or

no effect on enzymatic properties, and thus do not impair the viability of mutant

organism. Importantly, the inheritance of isoenzyme markers show codominance.

During the following years the advantages of using isoenzyme markers were

recognised and the techniques were considerably refined. This resulted in the

extensive utilisation of isoenzyme markers for multiple purposes in crop

improvement (Tanksley, 1983). For example, in barley a-amylase isoenzyme was

used to select high kemel weight (Powell et al, 1990). However, the number of

isoenzyme markers is quite limited and insufficient to construct a genetic linkage

map to cover the whole plant genome.

In 1970s, scientists found that DNA restriction enzymes recognise specific

sequences in DNA and catalyse endonucleolytic cleavages, yielding fragments of

defined length (see review, Kessler and Manta, 1990). Restriction fragments are

displayed by electrophoresis in agarose gels according to their molecular size. The

fragments of specific sequences from within a large and complex population of

DNA fragments can be detected by hybridisation using the method of Southern

(Southern, 1975). Differences among individuals in the length of a particular

restriction fragment were defined as Restriction Fragment Length Polymorphisms

(RFLP), which may result from loss or formation of a restriction endonuclease

cleavage site due to the mutation of one or more bases or from insertion/deletion of

blocks of DNA within a fragment.
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Botstein et al. (1980) developed the basic principle and method to construct

a molecular linkage maps with RFLPs. Using random single-copy DNAs as

probes, DNA sequence polymorphism can be detected when hybridised to

restriction digest of an individual DNA. Each of these probes will define one or

more loci. Suitable polymorphic loci can be tested for linkage relationships by

established methods and loci can be arrayed into linkage groups to form a true

genetic map of DNA marker loci. Pedigrees in which inherited traits are known to

be segregating can then be analysed, making possible mapping of the gene(s)

responsible for the trait with respect to the DNA marker loci without requiring direct

access to a specified gene. Subsequently, a computer package, Mapmaker, was

designed for the construction of primary genetic linkage map from molecula¡

marker data (Lander et al, 1987). Subsequently, great efforts have been made to

construct RFLP linkage maps for humans and other animals, plant and

microrganisms. The relative advantages of RFLP markers over morphological

markers for most genetic and breeding application are sunìmarised as follows (see

Tanksley et al, 1989; Stuber, 1992):

(1) Abundance: the number of DNA probes used to construct linkage is

almost unlimited, and several naturally occurring alleles are available at most RFLP

marker loci. Thus, natural variation in existing populations can be used without

need to construct special genetic stocks.

(2) Neutral phenotype: RFLP markers have no negative effect on plant

phenotype whereas morphological markers frequently cause major alternations in

the phenotypes which may be undesirable.

(3) Codominance: Alleles at most RFLP loci behave in a codominant

manner whereas dominant-recessive interactions frequently hinder identification of

all genotypes associated with morphological traits.

(4) Epistasis: no unfavourable epistatic interactions.

(5) Stable: RFLP markers a¡e not influenced by environment and the

specificity of tissues.
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1.2.2.1.2 Development of PCR markers

Construction of RFLP linkage map by Southern blot analysis is laborious,

costly and may be unsafe due to using the radio-active isotopes (Beckmann and

Soller, 1983; Beckmann, 1988). Speed, efficiency and safety considerations have

led genome mapping projects to evaluate the polymerase chain reaction (PCR)

(Saiki et al, 1985; Mullis and Faloona, 1987) as an altemative to Southern blot

analysis. PCR amplifies DNA fragments using a pair of primers flanking a defined

sequence, thus PCR markers were also called sequence tagged site (STS) markers

(Tragoonrung et al, 1992). PCR can directly distinguish between insertion/deletion

and point mutation events. Insertion/deletion polymorphisms can be analysed by

sizing of PCR products via electrophoresis (Higuchi et al, 1988; Shin et al, 1990).

Point mutation polymorphisms can be detected by hybridising PCR products with

allele-specific oligonucleotides (Higuchi et al, 1988; Li et al, 1988; Kurt et al,

l99l), DNA sequencing of PCR products (V/ong et al, 1987), cleavage of PCR

products with a restriction endonuclease (Saiki et al, 1985), and denaturing

gradient-gel electrophoresis (Myers et al, 1987; Riedel et al, 1990). A major

limitation for PCR analysis is the need for extensive sequence information to

synthesise the appropriate primers (Williams et al, 1991). However, this has been

simplified enormously by the deposition of more than 300 cereal specific PCR

primer sequences in the GrainGenes database (http://wheat.pw.usda.gov). These

primers were derived from sequencing the corresponding genetically mapped RFLP

probes, and can theoretically be used to develop allele-specific PCR markers at

many loci across the barley genome (Powell et al, 1996). However, STS markers

remain far from ideal because of the low level of polymoqphism frequently detected

in the PCR-derived amplicons and the frequent need for a post-amplification

processing step to detect polymorphisms.
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Different strategies have been developed for using PCR markers, which

include reverse PCR (Ochmann et al, 1988), semi-random-PCR (Weining and

Langridge, 1991), supported PCR (Rudenko et al, 1993), RAPD (randomly

amplified polymorphic DNA) (Williams et al, 1990) or A-PCR (arbitrarily primed

PCR) (Welsh and McClelland, 1990) or DAF (DNA amplification fingerprinting)

(Caetano-Anolles et al, 1991), simple sequence repeats (SSR) or microsatellite

DNA (V/eber, 1990) and AFLP (amplified fragment length polymorphism) (Zabeau

and Vos, 1993). Of these techniques, RAPD, SSR and AFLP have been

extensively used in plant genetics and breeding and may replace RFLP as "second

generation of molecular markers" (Henry et al, 1996; Powell et al, 1996).

1.2.2.1.2.1 RAPD markers

The molecular basis of RAPD polymorphism is remarkably simple. Instead

of using a pair of carefully designed and fairly long oligonucleotide primers to

amplify a specific target sequence, a single, short oligonucleotide primers, which

binds to many loci, is used to amplify random sequences from a complex DNA

template (Williams et al, 1990; Welsh and McClelland, 1990). Theoretically, the

number of amplified fragments generated by PCR depends on length of the primer

and size of the target genome. For most plants, primers that are 9-10 nucleotides

long are predicted to generate, on average,2-I0 amplif,rcation products (Waugh and

Powell, 1992). The primers are generally of random sequence, biased to contain at

least 50Vo G + C, and to lack internal inverted repeats. The products a¡e separated

by electrophoresis and visualised by UV illumination of ethidium-bromide stained

gels. Polymorphisms of RAPD markers result from changes in either the sequence

of primer binding site, which prevent stable association with primer, or from

changes which alter of the size or prevent successful amplification of a target DNA.

However, the size variants are only rarely detected and individual amplif,rcation
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products represent one allele per locus. Therefore, inheritance of RAPD is

expressed as a dominant marker (Rafalski et al, 1991; Waugh and Powell , 1992).

The advantages of RAPD include simplicity, non-radioactive detection, easy

access to primers and relative low cost (Powell et al, 1996). The RAPD markers

have been used as fingerprinting for identification of varieties and somatic hybrids,

evaluation and conservation of genetic resources, targeting agricultural important

traits and constructing simple molecular linkage maps (Henry et al, 1996; Powell et

al, 1996; Rafalski et al, 1991; Tingey and Del Tufo, 1993; Waugh and Powell,

1992). However, the most useful aspect of RAPD markers is locating and

manipulating genes of interest through combination with near-isogenic lines and

various DNA and./or genetic pooling strategies (Barua etal,1993; Giovannoni et al,

l99l; Mattin et al, 1991). However, RAPD markers suffer from several

disadvantages: relative low level of polymorphism, dominance and lack of

identification "altemative" allele, sensitivity to DNA concentration and amplification

conditions (Powell et al, 7996). The latter two issues have hindered the wide

applicability of RAPD to plant genetics and breeding.

1.2.2.L.2.2 Microsatellite DNA markers

Simple sequence repeats (SSR) or microsatellite DNA markers were

developed from the observation that there exists abundant tandem repeated

nucleotide motifs which can be as short as 4, 3, 2, and even one nucleotide in

eukaryote genomes (Braaten et al, 1988; Hamada et al, 1982; Schafer et al, 1986;

Tautz and Renz, 1984; Vergnaud, 1989). Using a pair of flanking unique

oligonucleotides as primers, the products amplified by PCR almost invariably show

extensive polymorphism due to site-specific length variation, as a consequence of

the occunence of different numbers of repeats (Lonn et al, 1992). Therefore,

microsatellite DNA markers share the advantages of the sequence tagged site

markers (Olson et al, 1989). Moreover, their hypervariability allows many



Table 1.3

Principle of assay

Type of polymorphism

detected

Dominance

Amount of DNA required

DNA sequence required

Radioactivè detection

Endonuclease digestion and

hybridization

Single base insertions or

deletions

Co-dominant

2-10¡tg

No

Yes/l.lo

Amplification with

random primers

Single base insertions

or deletions

Dominant

l0-25ng

No

SSR

Amplification

of SSRs

Repeat length

Co-dominant

25-5Ong

Yes

of different molecular markers from Powell et al, 1996)

RFLP RAPD AFLP

Amplification of DNA fragrnents

limited by random nucleotides

Single base insertions

or deletions

Dominant

2-50pg

No

No No Yes
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segregating populations to be used as a reference population for linkage analysis.

This makes SSR almost ideal markers. High density maps of microsatellite DNA

markers have been constructed in human and mouse genomes as the second

generation of molecular markers (Edwards et al, 1991; Garchon and Bach, 1992).

The search of the EMBL and GenBank databases showed that microsatellite

DNAs distribute with a frequency of one every 50 kb in plant genome (Morgante

and Olivieri, 1993), where AT repeats are the most frequently class of dinucleotide

microsatellite. This contrasts to mammalian genomes where the AC repeats are the

most abundant (Hamadaetal,1982). However, development of microsatellite DNA

markers in plants has been slow. In barley, only 37 primer pairs that amplify

polymorphic microsatellite DNA have been mapped (Liu et al, 1996). The main

problem of using microsatellite markers is the paucity of the sequences for

designing PCR primers. Recently, different enriched microsatellite DNA genomic

libraries have been constructed (Rafalski, 1996; Powell et al, 1996) and it is

expected that more microsatellite markers will become available. As an altemative

approach, random generation of microsatellite DNA polymorphisms have been

suggested by Gupta et al.(1994), Wu et aI.(1994), Zietkiewicz et al.(1994), and

Becker and Heun (1995). The proposed procedures include the random

amplification of microsatellite DNAs using a radioactivity labeled microsatellite

primer alone or in combination with RAPD (RAMP) or combining RAMP and

restriction enzy me digestion.

1.2.2.1.3 Development of AFLP markers

Amplified fragment length polymorphisms (AFLP) are the most recently

developed molecular markers (Zabeau and Vos, 1993), which are based on the

detection of restriction site variation in conjunction with sequence polymorphism in

adjacent sites. The main advantage of AFLP markers is their high multiplex

polymorphisms, which means that a large number of amplification products can be
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assayed in a single reaction (Powell et al, 1996). This technique has wide

applicability in cultivar fingerprinting, linkage mapping, saturation mapping regions

of the genome, map-based cloning and backcross conversions. However, most

AFLP markers are dominant, which may limit their use in plant breeding.

As mentioned above, different molecular marker techniques have been

developed in the past ten years. This provides new opportunities to use molecular

markers in plant genetics and breeding, but also places greater emphasis on

choosing the appropriate methods for different purposes. The major features of

different molecular markers are summarised in Table 1.3.

1.2.2.2 Gene mapping in barley

Barley is among the oldest cultivated crops. It has seven distinct pairs of

chromosomes designated by Arabic numbers 1-7 (Nilan,1964; Ramage, 1985).

Due to its diploid nature, relative lower number and large size of chromosomes, self

fertility, ease of hybridisation, wide adaptability, high degree of natural and easily

induced variation, and relatively limited space requirements, barley has been a

model genetic experimental organism since the rediscovery of Mendel's laws of

heredity (Kleinhofs and Kilian, 1994). Well over a thousand genes are known and

an extensive set of translocation stocks have been developed in barley (von

Wettstein-Knowles, 1992). Over the past sixty years, great effort has been made to

construct a barley genetic linkage maps. Several authors have reviewed the

mapping of the genes in barley (Briggs, 1978; Nilan, 1964; Smith, 1951; Søgaard

and von Wettstein-Knowles, 1987; von 'Wettstein-Knowles, 1992). More recently,

a linkage map with 246 morphological genes has been published (Franckowiak,

1996), which makes barley one of the few plant species with a detailed linkage map

of morphological loci (Stuber, 1992).

The application of molecular techniques to barley genetic mapping started

slowly, perhaps due to its large genome size, lC=5.3x109 bp (Bennett and Smith,
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1976). However, several advantages make barley a model organism among the

large genome types for molecular mapping (Kleinhofs and Kilian, 1994). First,

doubled haploid lines can be easily developed by two techniques: Hordeum

bulbosum (Kasha, 1914) and anther culture. Therefore, mapping populations can

be conserved. Second, the development of wheat-barley disomic (Islam et al, 1981)

and ditelosomic (Shepherd and Islam, 1987) addition lines further facilitates barley

genetic studies. These lines contain a normal complement of Chinese Spring wheat

chromosomes, and a cv. Belzes barley chromosome or chromosome arm. All

individual barley chromosome lines, except chromosome lH (5), are fertile and

reasonably stable. Since very high restriction fragment length difference (RFLD)

exist between barley and wheat (Shepherd and Islam, 1992), the wheat-barley

addition lines have been extensively used to assign markers to linkage groups,

organise linkage groups into chromosomes and localise the centromere in barley

(Graner et al, 1991; Heun et al, 1991; Kleinhofs et al, 1993, 1994).

The first barley RFLP map published was for the chromosome 6H (6)

(Kleinhofs et al, 1988), followed by a partial map of the whole genome

incorporating RFLP, mo¡phological, isoenzyme and PCR markers (Shin et al,

1990). Subsequently, significant efforts have been undertaken to construct

complete barley molecular linkage map (Graner et al, 1991; Graner, 1994; Heun et

al, l99l; Kleinhofs et al, 1993; Kleinhofs and Kilian, 1994; Kasha and Kleinhofs,

1994; Langridge et al, 1995). The population size, number of the markers and

length of the map for different mapping projects are summarised in Table 1.4. In

addition to these molecula¡ maps covering the entire barley genome, many other

populations have also been used to construct partial maps and to determine the

location of interesting genes. For example, a Shannon x Proctor population was

used to generate a map of chromosome 3H (3) for locating barley yellow dwarf

resistance gene Yd2 (Collins et al, 1996); 120 Fz plants were obtained from a

Betzes x Golden Promise cross and l20Fz plants from a Captain x H. spontaneum

were used to map 55 rDNA genes on the chromosome 2H (2) (Leitch and Heslop-



Tablel.4 V/orld-wide populations used to construct barley molecular linkage maps

Population Population

slze

Number of
markers

Length of
map (cM

Reference

Clipper X
Sahara

Haruna Nijo X
Galleon

Chebec X
Hanington

Vada X /L
spontaneum

Harrington x
TR306

Ign X Franka 73

Proctor X
Nudinka

ll3

150

tt4

t20

164

27r

237

251

369

154

190

423

r299 Langridge et al,

1995

1494 Langridge et al,

1995

T4T3 Langridge et al,

I 995

t453 Graner et al, l99l

1387 Graner et al, 1994

tt92 Heun et al, l99l

t278 Kasha et al, 1994

t277 Kleinhofs et al,

135

150

150Steptoe X
Morex l 993 t994
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Harrison, 1993);113 DH lines from cross Magnum x Goldmaker were used to

locate the denso dwarfing gene on the long arm of chromosome 3H (3) (Laurie et

al, 1993); 94D}l lines from Igri x Triumph cross were used to map a photoperiod

response gene Ppd-H1 (Laurie et al, 1994) and a Amamir x 11. spontaneum

population was used to generate a map of the chromosome 4H (Hinze et al, 1991).

More recently, comprehensive AFLP maps covering the whole barley genome have

been constructed in different populations, including 118 AFLP markers in a Proctor

x Nudinka DH population (Becker and Heun, 1995); 249 AFLP markers in a

Dicktoo x Morex cross (Hayes et al, 1996); 202 AFLP markers in cross Igri x

Franka (Graner, 1996); 329 AFLP markers in the Blenheim x E22413 DH

population (Powell et al, 1996) and 580 AFLP markers in Lina x H. spontaneum

population (Tuvesson et al, 1996 see Powell et al, 1996). Today, over a thousand

the genetic markers which include hundreds of known function genes, have been

located on the barley genome by using different populations, and more markers will

be developed and mapped in the near future (Franckowiak, 1996; Powell et al,

1996; Qi et al, 1996). These maps provide powerful tools to map genes and

quantitative traits loci (QTL), and for map-based cloning of the important genes in

barley.

Although exhaustive efforts have been made to construct complete linkage

maps in barley, large gaps still exist in individual maps. In order to make f,rne

linkage maps, it then became necessary to utilise as many markers as possible in the

region of interest from different mapping populations. The availability of the

mapping software program Joinmap (Stam, 1993) made the construction of an

integratedbarley map possible. Langridge et aI. (1995) constructed the first barley

consensus map with 587 markers by combining the mapping data from seven

different mapping populations. More recently, another consensus map was

published covering 1060 cM of the barley genome with 898 markers (Qi et al,

1996). Comparison of the consensus map with the individual maps revealed that the

overall linear order of markers is in good agreement and that the integrated map is



Table 1.5 Homoeologous chromosomes between rice, wheat and barley

Rice Wheat Barley

1

2

3

4

5

6

7

8

9

l0

ll
t2

3 (4, 5,7)

6 (1,3,7)

4 (s)

2 (6)

I (3, 6)

7

2 (5,6)

u,2,3, 4, 6,71

5

I

[5,2,7]

3 (5,2, 4, 7, l)
6 (2,3)

4,7 (2, 6)

2 (4,1)

5 (7)

I (s)

2 (3, t)

u,2, 5l

7 (3, 5)

[5, l]
Í2, 4, 7, lf

4 7
m
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consistent with the component maps. The density of markers on the consensus

maps is much higher and the number of the gaps is much lower than that of the

individual maps (Langridge et al,1995; Qi et al, 1996).

The order of genes is highly conserved not only between different barley

maps but also between the chromosomes of different cereal crops. lslam et aI.

(1981) provided evidence that barley chromosomes t, 2, 3, 4, 5, 6 and 7 are

homologous to the wheat chromosomes7,2, 3, 4, l, 6 and 5, respectively (Islam

et al, 1981; Islam and Shepherd 1990). The syntenous relationships between the

chromosomes of barle), wheat, rice, maize and sorghum have also been detected

using cofirmon markers (Ahn and Tanksley, 1993; Kurata et al, 1994; Saghai

Maroof et al, t996; Whitkus et al, 1992). The syntenous chromosomes of rice,

wheat, and barley are summarized in Table 1.5. The conservation in genome

structure of related plant species may provide a basis for interpreting genetic

information among species, and molecular markers produced in one species may

also be exploited by related species with less characterised genetic maps (Saghai

Maroof et al, 1996).

I.2.2.3 Mapping quantitative trait loci (QTL) using molecular
markers

Many traits in nature and of importance in agriculture exhibit continuous va¡iation

in a population of phenotypes which is postulated to be due to independent segregation of

several genes, each with a small effect and regulated by environmental variation

(Johanssen, 1909; Nilsson-Ehle, 1909; East, 1915). The "polygenes" are usually

refereed as quantitative trait loci (QTL). Historically important quantitative genetic

parameters, e.g. heritability, additive and dominant genetic variance and epistasis, have

been developed to describe the cha¡acteristics of a continuous phenotypic distribution

(Knapp and Briggs, 1990; Knapp etal,1992; Knapp, 1994). From these studies several

factors could be estimated, including the approximate number of loci affecting the



36
character in a particular mating, the average gene action, and the degree to which the

various polygenes interact with each other and the environment in determining the

phenotype (Falconer, 1960; Mather and Jinks, 1911). What was not easy to decipher

with this approach was the magnitude of effect, inheritance, and gene action of any

specific locus thatwas affecting the character (Tanksley, 1993). The pioneering work of

Sax (1923) provided an approach to deal with these problems. He reported the

association of seed size in beans (a quantitatively inherited character) with seed coat

pigmentation ( a discrete monogenic trait) and interpreted this finding as the linkage of the

single gene controlling seed colour with one or more of the polygenes controlling seed

size. Subsequent reports also showed linkage of genes controlling quantitative traits with

single markers (Breese and Mather, 1957; Thompson, 1975; Thompson and Thoday,

1979). Thoday (1961) put forward the idea of using single markers to systematically

characterise and map individual polygenes controlling quantitative traits. The idea was

simple. If the segregation of a single marker could be used to detect and estimate the

effect of the linked polygene and if single gene markers were scattered throughout the

genome of an organism, it should be possible to map and characterise all the polygenes

affecting a character. However, putting Thoday's ideas into practice was difficult and

fraught with problems due to paucity of suitable markers (Tanksley, 1993).

By the early 1980s isoenzyme markers were employed as a general tool for

mapping polygenes and these studies met with considerably more success than

previously (Edwards et al, 1987; Tanksley et al, 1982; Vallejos and Tanksley, 1983;

V/eller et al, 1988). The number of the isoenzyme markers were then and still are not

sufficient to cover the entire genome for most crop species. The most successful progress

for mapping polygenes followed the development of molecular markers (Botstein et al,

1980). Comprehensive molecular linkage maps have been constructed to cover the entire

genome in different species, which provided the possibility to systematically dissect and

characterise all the important polygenes (see above review). The next challenge was

development of suitable analysis procedures for routinely mapping the polygenes.
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Single point regression analyses were employed in the first molecular

marker/quantitative genetic studies (Edwards et al, 1987; Tanksley et al, 7982; Weller et

al, 1988; Winkelman and Hodgetts, 1992). However, this method normally

underestimates the magnitude of the effects of any detected QTL, and can put a QTL in a

wrong position due to recombination between the marker locus and the QTL. To take full

advantage of linkage maps for QTL mapping, Lander & Botstein proposed the interval

analysis method (Lander and Botstein, 1986, 1989). Instead of analysing the population

one marker at a time, sets of linked markers are analysed simultaneously with regard to

their effects on quantitative traits. By using linked markers for analysis, it is possible to

compensate for recombination between markers and the QTL, increasing the probability

of statistically detecting the QTL and also providing an unbiased estimate of QTL effect

on the character. Today, interval mapping has been used extensively for quantitative trait

linkage studies (Tanksley, 1993; Knapp, 1994). However, single point and interval

analyses give nearly identical results if the marker density is higher (marker <15 cM

apart) (Stuber, 1992).

Recently, much work has been carried out on the theoretical aspects of mapping

QTL. In particular, attention has focused on the problems that occur when multiple QTL

are mapped one by one using standard interval mapping techniques (Haley and Knott

1992; Mafünez and Curno 1992). Jansen (1994) and 7,eng (1994) have developed

methods where the estimates of a QTL's location and effect are improved by including a

number of markers as cofactors to absorb the effects of QTL other than the one under

study.

Another consideration of QTL mapping is genotype x environment interaction.

Theoretically, QTL x environment interaction would be expressed as:

(l) significant effects detected only in a subset of the total number of

environments;

(2) changes in the magnitude of significant effects of QTL across environments;

(3) opposite favorable alleles at a QTL in distinct environments (Hayes et al ,

1ee3).
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The significance of QTL x environment interaction can be studied by analysis of

variance (Guffy et al, 1989; Paterson et al, 1988;Zehr, 1990; Zehr et al, 1992) or by

comparing the frequency of identification of significant marker-QTl associations in

different environments (Stuber et al, 1992; Bubeck et al, 1993; Paterson et al, 1991).

Tinker and Mather (1995) described a simplified method of composite interval mapping

and extended both simple interval mapping and composite interval mapping for analysis

of the QTL in multi-environments. Little indication of QTL x environment interaction has

been found by Guffy et al. (1989) and Stuber (1992). However, Zehr (1990) found more

QTL x environment interaction. In contrast, Bubeck et al. (1993) and Paterson et aI.

(1991) found little agreement between environments in the markers identifying as having

significant QTL. These different results may be a function of traits studied or the method

of identifying QTL x environment interaction.

Today, several methods and associated computer software a¡e available for QTL

analysis. They are summarised in Table 1.6. Although each method has its advantages,

the different methods including single marker analysis provide nearly the same

information about the location and effect of the major QTLs (Darvasi et al, 1993; Ronin et

al, 1995; V/hittaker et al, 1996).

In addition to the analytical methods, several other factors also affect the power to

detecr QTLs. The first is the heritability of the traits. The higher the heritability, the

greater the possibility of detecting all the QTLs controlling the trait (Hyne and Kearsey,

1995). On the other hand, lowering the error could increase the resolution power for

mapping the QTL (Soller and Beckmann, 1990). Marker density is another consideration

for detecting QTL. Although fine mapping procedures can locate a QTL in a interval as

small as 3 cM (Paterson et al, 1990), the result of a simulation study showed that even

for QTL with large effect, in experiments with large population, and using an infinite

number of markers, confidence interval for the map location of a QTL remains in the

order of 10 cM (Darvasi et al, 1993). Therefore, a marker spacing of 20 cM or even 50

cM is suitable for QTL analysis. Finally, the probability level used in QTL mapping

determines the numbers of the QTL. In an ideal case all genetic variance of the trait is
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explained by detected QTL. However, in practice, a number of QTL may be missed (a

type II error) and at a same time a number of false positives may occur, indicating a QtfL

at a map position where actually no QTL is present (a type I enor). Lander and Botstein

(1989) suggested using a significance level equivalent to 0.001 in order to reduce the

number of false positives. However, reducing the probability of type I error increases the

probability of type II error. Edwards et aI. (1992) and Bubeck et al. (1993) used a 0.05

probability level. The appropriate probability level for plant breeding application may

depend on the heritability of the traits and the size of the population (Zehr et al, 1992;

Jansen, 1994).

However, conventional QTL mapping is time consuming. Different strategies

have been developed for more effective QTL mapping. These include the use of near

isogeneticlines (Bentolila et al, l99l), recombinant congenic strains (Demant and Hart,

1986), substitution mapping (Paterson et al, 1990) or backcross inbred lines (Beckman

and Soller, 1989), all of which a¡e based on definition of the chromosomal segment

carrying a given QTL that is common to a number of individuals or lines. Combining the

use of RAPD markers and near-isogenic lines provided a route for quickly identifying

markers linked to an interesting QTL (Young et al, 1988). However, near-isogenic lines

can not be obtained for all traits of interest and developing the near-isogenic lines may be

time consuming. Michelmore et al. (1991) and Giovanoni et aI. (1991) established a rapid

method for detecting markers linked with a QTL in the specific regions in segregating

populations by combining RFLP and RAPD. This provides a effective method to map

interesting traits based on a partial molecular linkage map. Selective genotyping (Darvasi

and Soller, 1992;Lander and Botstein, 1989; Lebowitz et al, 1987) was also suggested

as a design that can reduced the number of individuals genotyped for a given power of

detecting QTL, by genotyping only the most informative individuals in the experimental

population. However, the influence of selective genotyping on QTL mapping accuracy

remains to be investigated (Darvasi et al, 1993).

1.2.2.4 QTt Mapping in barley



Table 1.6 Software packages for QTL analysis

Name Algorithms Progeny Multiple
environments

Mapmaker/QTl

Mapmanager QT

qGene

QTL Cartographer

MapQTL

Plab QTL

MQTL

ML, Reg

Reg

Reg

ML, Reg

ML, Reg

Reg

Reg

F2, BC, DH

F2,BC, DH, zu

F2, BC. DH

F2, BC, DH, RI

F2, BC, DH, RI

F2, BC, DH, RI

F2, BC, DH, RI

No

No

No

YesÂ.{o

Yes/l.lo

Yes

Yes

Note: This table is summarised from An alphabetic list of genetics analysis software
(htþ://linkage.rockefeller.edr¡/soff/list.html) and Quantitative trait locus mapping
software (http:,lls27w007.pswfs.gov/qtl/sofivare.html). Reg: Regression analysis;
ML: Maximium Likelihood;BC: Backcross population; DH: Double haploid
population; RI: recombinant Inbred lines.



40

Many important traits for barley improvement, such as yield, quality and some

types of resistance to biotic and abiotic stresses, are controlled by quantitative trait loci

(Hayes et al, 1996). Mapping QTLs using the molecular linkage map started relatively

slowly in barley. Nevertheless, barley does have advantages for QTL analysis, which

include:

(1) Intraspecific polymorphisms in agronomically meaningful cross combinations

(Kleinhofs et al, 1993);

(2) Immortal genetic reference populations of doubled haploids that simplify

map construction and QTL estimation in barley.

The first systematic QTL mapping in barley was reported by Hayes et aI. (1993),

in which 62 QTLs underlying 8 traits were mapped. Subsequently, a large number of

QTLs have been reported to be mapped in different mapping populations. The main

results are summarised in Table 1.7. The QTLs for the same traits may be mapped to

different chromosomes or regions by different laboratories. These could be due to

environmental factors as well as different mapping populations used for QTL analysis.

Another reason could be the difference in the methods of quality assessment adoptctl

(Henry et al, 1996). Furthermore, some traits have no detectable QTL (e.g. kerncl

thickness) or only few QTL that explain only a small part of the phenotypic variance (e.g.

one QTL for seed shape explained 5Vo of the variance) (Backes et al, 1995). These results

demonstrated some of the difficulties and complexity faced by molecular biologists ancl

breeders in QTL mapping.

On the other hand, there are some QTLs which exist for a given trait in different

mapping populations. For example, several important malting quality QTLs were always

detectable in the similar region of the chromosome 5H in several experiments (Han et al,

1995; Hayes et al, 1993; Oziel et al, 1996; Tinker et al, 1996). Furthermore, some

functional loci were found to make a large contribution to an associated QTL (Hayes et al,

1993; Backes et al, 1995; Oziel et al, 1996 Tinker et al, 1996). With the incorporation of

more cloned genes into maps, this should assist QTL analysis.



Table 1.7 QTLs for malting quality and agronomic traits in barley

Traits Populations Number of QTL Chromosomes

Malt extract

Diastatic power

Grain protein

Wort protein

Alpha-amylase

Milling energy

Wort p-glucan

Malt p-glucan

Grain p-glucan

Malt glucanase

Malt glucanase

Plump grains

Test weight
Specific weight
Grain> 2.8 mm
Kernel shape

Kernel length

Kernel weight

BXE, 59DH
DXM, 1OODH

SXM, I5ODH

SXM, 15ODH

DXM, 1OODH

BXE, 59DH
BXE, 59DH
DXM, IOODH

SXM, 15ODH

SXM, 150

HXT, 146DH

SXM, 15ODH

DXM,, IOODH

BXE, 59DH
DXM, IOODH

SXM, I5ODH

SXM, I5ODH

SXM, I5ODH

SXM, I5ODH

HXT, I46DH
SXM, I5ODH

HXT, 146DH

BXE, 59DH
BXE, 59DH
IXD,25ODH
IXD,25ODH
HXT, I46DH
BXE, 59DH
IXD, 25ODH

lH, 3H, 5H, 7H

2H,5H
lH, 2H,4H, 5H, 6H,7H
lH, 2H,4H, 5H, 6H,7H
4H, 5H,7H
lH, 2H, 3H,4H,5H, 6H, 7H

IH,2H,3H,5H, 6H
IH,4H, 5H, 6H
2H,3H,4H,5H
lH, 2H, 3H,4H,5H, 6H, 7H
lH, 2H, 5H, 7H
lH, 2H, 5H, 6H,7H
5H, 7H
2H,3H,5H,7H
5H
IH, 3H, 4H,7H
IH,2H
IH,4H, 5H
IH, 5H, 7H
lH, 2H,4H, 5H, 6H

1H, 2H, 3H,4H, 5H

IH, 5H, 6H
2H, 3H,4H, 5H,6H
IH, 2H, 3H, 5H, 6H, 7H

4H,5H
5H
4H,5H,7H
3H, 6H,7H
4H,5H

3-7

r-2
1

9

2-3

5

l-5
2-3
6

7

5

9

2

3-5

I

6

3

3

5

5

5

4

r-6
2-4

2

I

5

t-4
)

to be continued
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Traits
v

Heading date

Flowering time
Ear emergence
Maturity
Plant height

Straw length
Top intemode
Basic internode
Ear length
Straw diameter
Lodging

Stem breaking
Ear breaking
Powder Mildew

Net blotch
Stripe rust
Brown rust
Yellow rust

BXE, 59DH
IXD,25ODH
SXM, 15ODH
SXT,79DH
HXT, 146DH
BXE,59DH
IXD,25ODH
WXS, 1OODH
SXM, I5ODH
D(T, 94DH
BXK,99DH
HXT, I46DH
BXK,99DH
HXT, I46DH
BXE,59DH
IXD,25ODH
SXM, 15ODH
SXT,79DH
SXT, 79DH
SXT,79DH
SXT,79DH
SXT,79 DH
HXT, 146DH
IXD,25ODH
SXM, 15ODH
IXD, 25ODH
IXD,25ODH
BXE, 59DH
IXD, 25ODH
SXM, 15ODH
SXM, l5ODH
SXM, I5ODH
BXE, 59DH
BXE,59DH

Chromosomes

2H,
2H,
2H,
2H
3H,4H,5H,7H
lH, 3H,4H, 5H, 6H,7H
2H,5H
lH, 2H, 3H,
2H,3H,4H,
IH,2H,3H,

Number of

2-4
J
6
2
5
2-7
J
6
9
13
8
4
3
3
3-5
3
l0
2
3
2
2
2
4-J
6
4
J
2-4
I
7
J
2
2
3-5

3H,5H,7H
5H,6H
3H,6H,7H

5H,7H
6}l,7H
4H, 5H, 6H

lH, 2H, 3H,4H, 5H, 7H
3H,4H,5H,6H
3H,5H,7H
5H,7H
3H,5H,6H,7H
4H,5H,6H
lH, 2H, 3H,4H, 5H, 7H
2H
2H,6H
2H
2H
2H
4H,5H,7H
IH,4H, 6H
2H,3H,4H,6H,7H
I}J,2H,4H,6H
2H,4H,6H
IH, 2H, 3H, 5H, 6H, 7H
7H
2H,3H,4H, 5H,6H,7H
2H,6H
2H,7H
3H,5H
IH, 5H, 6H,7H

X x x x o; x nter x x
Harrington x TR306; S x M: Stepeo x Morex; D x Dcktoo x Morex; I x T: Igri x umph; S x
T: Six rowed x Two rowed.
This table is summarised from Backes et al, 1995, 1996;Bezant et a[, 1996,199]; Han et al,
1995; Hayes et al, 1993; Kjaeer et al, 1995; Lauries et al, 1993, 1994; Oziel et al, 1996; Pan et al,
1994; Peðchioni et al, 1996; Thomas et al, 1995, 1996; Tinker et al, 1996'
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Surprisingly, Hayes et al. (1993) showed that QTL x environment interaction

only results in differences in the magnitude of QTL effects in barley. Highly significant

QTL effects were found for all traits analysed at multiple environments. These results

werefurthersupportedby Oziel et aI. (1996) and Tinker et al. (1996). Therefore, QTL

mapping in barley is an effective tool for improvement of agronomically and

economically important traits.

Hayes et aI. (1996) further suggested that the clifferent QTLs in different

populations for a same trait are due to genotype-specificity of the QTLs. This limits

straightforward application of the results from one population to another. On the other

hand, it implies that not all favourable QTLs are fixed in elite germplasm. An altemative

to attempting to extend the QTL results from one population to another is to integrate

information from a range of germplasm with the aim of identifying regions of the genome

that may affect trait expression. This information can be used to classify germplasm and

design matings that will maximise the probability of accumulating favourable alleles

(Hayes et al, 1996). Therefore, more populations should be developed for QTL mapping

in the future.

1.3 Aims of the present project

Hydrolytic enzymes play a central role during the malting and brewing process.

Although the genes for most of the important hydrolytic enzymes have been cloned, it is

not known how many loci control the activity of the hydrolytic enzymes. It has become

increasingly apparent that the genes controlling activity per se are more important in most

case than the actual gene itself. This is one reason why improvement of malting quality

has been very slow over the past century. Development of molecular markers and QTL-

molecular linkage analysis provides a useful approach to systematically dissect the QTLs

controlling the activity of hydrolytic enzymes, and ultimately to utilise this information in

a breeding program. Therefore, the aims of the present study include:
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(1) Mapping the structural loci of hydrolytic enzymes arìd determining the

contribution of each structural locus to the activity of the enzyme,

(2) Identifying regulatory loci (QTL) controlling the activity of the enzymes,

(3) Identifying common loci controlling the activity of several hydrolytic

enzymes,

(4) Molecular characterisition of the two isoenzymes of beta-amylase, the most

important hydrolytic enzyme for malting and brewing.
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Chapter 2: Materials and Methods

2.1 Materials

Three double haploid (DH) populations including their six parents were

used in the present study. One population consisted of 150 DH lines was generated

using the Hordeum bulbosurz method (Hayes and Chen, 1989) from the cross

Clipper x Sahara3T'll and provided by Dr. AKRM Islam, The University of

Adelaide. Two other populations; consisted of 114 DH lines from a Haruna Nijo x

Galleon cross and 120 DH lines from a Chebec x Hanington cross, were generated

with anther culture and provided by Dr. Sue Logue, The University of Adelaide.

The parents for these populations have different genetic background with respect to

malting quality. Harrington and Haruna Nijo were the varieties with high malting

quality and originated from Canada and Japan respectively; Chebec and Clipper are

Australian varieties with fair malting quality; Galleon is an Australian variety with

feed quality and Sahara is a landrace from Algeria. Relatively comprehensive

molecula¡ linkage maps have been constructed for these populations and shown in

Fig.2.1. The Clipper x Sahara population has 164 markers and a total length of

1299 cM with an average marker density 1.9 cl|u4.; the Haruna Nijo x Galleon

population has 211 markers, a length of 1494 cM and an average marker density

5.5 cM and the Chebec x Harrington population has 237 markers over a length of

l4l4 cM with an average marker density 5.9 cM.

All the plant materials were planted in a greenhouse and the seedlings

harvested for DNA extraction. The seeds from Clipper x Sahara population were

also harvested for analysis of enzymes associated with malting quality. The DH

populations from thc crosscs Haruna Nijo x Galleon and Chebec x Harrington

together with their parents were planted at the University of Adelaide's Charlick

Experimental Station, Strathalbyn, South Australia in the 1993-1994 growing

season. The seeds harvested from this experiment were used to analyse the malting
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quality and map the quantitative trait loci (QTL) for malting quality. This material

was also planted in the 1994-1995 and 1995-1996 growing seasons and the

harvested seeds used for bulked analysis or marker-assisted selection.

V/heat-barley addition lines described by Islam et al. (1981) were provided

by Drs. KW Shepherd and AKRM Islam; the chromosome lH addition line, which

is a double monosomic addition containing one copy each of chromosomes lH and

6H (Islam and Shepherd, 1990), was provided by Dr. AKRM Islam. The wheat

(Triticum aestivum cv. Chinese Spring) and barley (Hordeum vulgare cv. Betzes)

parents of the addition lines were provided by Dr. KW Shepherd. Throughout this

study the numbers of the equivalent wheat homologous group of chromosomes are

used.

2.2 Methods

2.2.1DNA isolation and Southern blot analysis

2.2.1.1 Small scale DNA isolation

Approximately 10 cm of leaf tissues was placed in a 1.5 rnl Eppendorf

centrifuge tube and frozen in liquid nitrogen. The material was crushed with a

knitting needle to a fine powder and homogenised in 600 pl of DNA extraction

buffer (l7o sarkosyl, 100 mM Tris-HCl, 100 mM NaCl and 10 mM EDTA, pH

8.5). The resulting slurry was extracted with 600 ¡tl of phenoVchloroform/isoamyl-

alcohol (25:24:1) for 5 minutes by hand shaking the tube heavily for 20 to 30

seconds. The two phases were separated by centrifugation at 12,000 rpm for 10

minutes. The aqueous phase was transferred to a new tube and the

phenoVchloroform/isoamyl-alcohol extraction repeated. The DNA was precipitated

by addition of 60 pl of 3 M sodium acetate pH 4.8 and 600 pl isopropanol and

centrifuged at 12,000 rpm for 5 minutes. The DNA pellet was washed with TOVo
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ethanol for 15 minutes in an orbital rotor. Finally, the clean DNA was resuspended

in 50 pl of TE buffer (10 mM Tris-HCl pH 7.5, 1 mM Na2EDTA ) containing 40

pg/ml of RNase A.

2.2.1..2 Large scale DNA isolation

Approximately 50 fresh leaves were collected and cut into 10 cm long

pieces. The material was frozen in liquid nitrogen and ground to a fine powder

using a pre-chilled mortar and pestle. The powder was suspended in 100 ml of

DNA extraction buffer and homogenised by gentle grinding. The resulting slurry

was transferred to a 250 ml polypropylene centrifuge tube and 100 ml of

phenol/chloroform/isoamyl-alcohol was added. The solution was mixed for t hour

on an orbital mixer at4"C and then centrifuged at 3000 rpm at 4 oC for 5 minutes

(rotor GSA in a Sorvall centrifuge). The supernatant was poured through 3 layers

of cheese cloth and 10 rnl of 3 M sodium acetate (pH a.8) mixed with the solution.

The DNA was precipitated by adding 250 ml of 99Vo ethanol (pre-chilled to -20 'C)

and then spooled out with a glass rod. The clump of DNA was washed twice with

l0 rnl of chilled J)Vo ethanol and resuspended in 7 rnl TE buffer after partial

drying. The DNA was further purified via CsCl gradient centrifugation (Sambrook

et al, 1989)

2.2.1.3 Digestion of genomic DNA with restriction
enzymes

Approximately 5 pg of genomic DNA was digested in a reaction containing

1.1 pl of the appropriate 10x restriction buffer (supplied by the manufacturer), I pl

of 40 mM spermidine, I pl of 1 mg/ml acetylated bovine serum albumin (BSA) and

2 ¡tl (20 units) restriction enzyme and water to I I pl. The reactions were incubated

at37 "C for 6 hours. The most commonly used enzymes were; EcoRI, EcoRV,
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Dral, HindIII and BamHI. The other restriction enzymes used were; SalI, SacI,

Xbal, HaeIII, Ddel, AluI, TaqI, PstI, Sphl, MspI, Xmall, XhoI, AccI, NarI,

Sau3A, RsaI, Asp7I8, Asp700, Ndel, NotI, PvuI, HinJI and Bglll.

2.2.I.4 Agarose gel electrophoresis

Digested DNA was mixed with 2 pl of 6x Ficoll dye (157o Ficoll type 4000,

0.25Vo brophenol blue and O.25Vo xylene cyanol FF) and fractionated on a l%o

agarose gel in TAE buffer (40 mM Tris-HCl, lmM Na2EDTA) at 20 mA for 16

hours. After electrophoresis, gels were stained in l0 pglrnl ethidium bromide for 20

minutes, visualised under UV light and photographed using Polaroid 667 fllm.

2.2.1.5 Transfer of DNA onto nylon membranes

The DNA was transferred onto a nylon membrane and fixed with alkali

(Sambrook et al, 1989). In brief, the gel was soaked in denaturing solution (1.5 M

NaCl and 0.5 M NaOH) for 30 minutes and the DNA was transferred to the nylon

membrane (Hybond-N+, Amersham, UK) using 10x SSC (1.5M NaCl and 0.15 M

trisodium citrate) for 6 hours. Upon completion of the transfer, the membrane was

rinsed briefly in 2x SSC and blotted dry using paper towels. DNA was fixed by

placing the membrane on 3 MM Whatmann paper soaked with 0.4 M NaOH for 30

minutes. Finally, the membrane was rinsed sequentially in neutralising solution

(1.5 M NaCl, 500 mM Tris-HCl, 100 mM Na2EDTA, pH 7.2) and 5x SSC and

blotted dry using paper towel.

2.2.1.6 Probe preparation and labeling

DNA fragments cloned into plasmid vector containing the universal M13

forward and reverse sequences were amplihed using the polymerase chain reaction
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(PCR) and used as probe for hybridisation. Each reaction consisted of I pl (50 ng)

plasmid vector, I pl (0.3 pglpl) each of forward and reverse primers, 5 pl of 10x

Taq reaction buffer, 1.5 pl of 25 mM MgCl2, 4 ¡tl 1.25 mM each of dATP, dCTP,

dGTP and dTTP, 1 unit of Taq polymerase (Promega or Boehringer) and water to

50 pl. The PCR reaction consisted of an initial denaturing step of 94"C for 4

minutes followed by 35 cycles of 94oC for I minute, 55oC for 2 minutes, 72"C for

2 minutes and finally atJZ"C for 5 minutes. The products were separated on l%o

TAE agarose gel. The insert band was excised under longwave UV light (302 nm)

and purified using Geneclean according to the manufacturer's instructions (Bio

101).

Probes were radioactively labeled using the random oligo-priming method,

but a gene-specific priming method was used for the short probes (less than 300

bp). The reaction consisted of 3pl (50 ng) of denatured insert (insert denatured by

boiling for 5 minutes and rapid cooling in an ice-water slurry), I2.5 ¡tl of 2x

random oligolabeling buffer (40 mM each of dATP, dGTP, dTTP), 100 mM Tris-

HCI pH 7.6, l0O mM NaCl, 20 mM MgCl2, 200 pglrnt of acetylated DNase free

bovine serum albumin), 3 ¡tl (0.3 pglpl) of random 9-mer labeling primer, 4 ¡rl [cr-

32pl-¿Ctp (30pci) (Amersham), lpl of DNA polymerase I (Klenow I) (2 units/pl)

(Boehringer) and 2.5 ¡tl water. The reaction was incubated for I hour at 37"C and

labeled DNA was separated from un-incorporated nucleotides on a G-100 Sephadex

column.

2.2.1.7 Hybridisation and autoradiography

Prehybridisation of membranes was performed in hybridisation solution

containing 3 ml .5x HSB (3 M NaCl, 100 mM PIPES, 25 mM Na2EDTA pH 6.8),

3 rnl Denhardts III (2Vo gelaTin,ZVo Ficoll, 2Vo PYP, lÙVo SDS, 57o tetrasodium

pyrophosphate, filtered through I MM Whatmann paper), 3 rnl of 25Vo dextran

sulphate,0.5 rnl salmon sperm DNA (5 mgntl) and 0.5 ml water. The membrane
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was first soaked in 5x SSC for I minute and placed in a hybridisation bottle

(Hybraid) and then the hybridisation solution (pre-warmed to 65'C) added. The

membrane was prehybridisation for 6 hours at 65"C. The radiolabeled probe was

denatured in boiling water for 5 minutes and rapidly cooled in a tube containing 500

pl salmon sperrn DNA (5 mg/ml). It was added directly to the hybridisation bottle

containing the membrane and solution. Hybridisation was done at 65'C overnight.

The membranes were then washed in 2x SSC,0.17o SDS for 20 minutes to

remove unbound probe. Washes were repeated in lx SSC, 0.1% SDS and 0.5x

SSC, 0.17o SDS and 0.2x SSC, 0.17o SDS and 0.1x SSC, 0.17o SDS. The

membranes were sealed in plastic bag and exposed to X-ray film at -80oC for 5 to 8

days, depending on signal density.

2.2.I.8 Removal of radioactive probe from membranes

Membranes were stripped by pouring 100 "C hot stripping solution (0.27o

SDS, 2mM Na2EDTA, pH 8.0) onto them and then incubating for 30 minutes

while shaking. The membranes were re-exposed to X-ray film for two days to be

certain of the effectiveness of radioactive probe removal.

2.2.2 PCR amplification of specifïc genes from the barley
genome

For those genes whose clones were not available but the sequences were

published, gene specific primers were designed using the computer program Oligo

4.0 to amplify the fragment of the gene from barley genomic DNA. The PCR

procedure used is described in 2.1.6, but the annealing temperature was between

45 to 60 'C depending on the primers. The products were separated on a 2 to 3Vo

agarose gel in TAE buffer or on a 6to IOVo polyacrylamide gel in TBE buffer (0.89

mM Tris-borate, 2 mM NazEDTA) (depending on length of the fragment). If no
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polymorphism between the parents of the mapping populations was detected for the

PCR products, the DNA band was excised under longwave UV light and purified

using Geneclean according to the manufacturer's instructions (Bio 101). The

purified DNA fragment was either used as probe as showed in 2.2.1.6 or further

digested using different restriction enzymes to check the polymorphism between the

parents of the mapping populations.

2.2.3 Gene cloning

2.2.3.1 RNA isolation from developing seeds

Developing barley seeds, (50 seeds) 20 to 23 days post-anthesis were

harvested and frozen in liquid nitrogen. The seeds were ground to a fine powder

and homogenised in 3 to 4 rnl of REB buffer (100 mM Tris-HCl pH8.0, 4Vo

sarcosyl, 10 mM Na2EDTA). The resulting slurry was transferred to pre-chilled

Corex tubes and immediately centrifuged at 5,000 rpm (JA20, Beckman J2-21) at 4

oC for 5 minutes. The supernatant was transferred to a fresh tube and Caesium

chloride (1 g CsCl per ml supernatant) was added. The solution was pipetted onto 3

ml of aCsCl cushion (9.65 g CsCl dissolved in TE to a final volume of l0 rnl) in

ultracentrifuge tubes. The samples were centrifuged at 38,000 rpm (Ty65 rotor,

Beckman L8-70) for 16 hours at 4"C. The supernatant was removed and the RNA

pellet dissolved in 400 pl REB-buffer. The solution was extracted with

phenoVchloroform/isoamyl-alcohol and then the RNA was precipitated with ethanol

at -20 oC overnight. The pellet of RNA was washed with TOVo ethanol and

resuspended in TE buffer.
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2.2.3.2 Reverse transcriptase PCR (RT-PCR)

The first strand cDNA was synthesised in a reaction of 20 pl containing 3

pg total RNA (pre-heated to 70oC for 10 minutes and quick chilled on ice), I pl of

oligo-(dT)18, 4 pl of 5 times first strand buffer (250 mM Tris-HCl pH 8.3, 375

mMKCI and 15 mMMgCl2),2þl of 0.1 MDTT, 8 pl of 1.25 mMdNTP mix

(1.25 mM each dATP, dCTP, dGTP, dTTP) and 5 pl water. The mixture was

incubated at42"C for 2 minutes and then I pl (200 units) of SUPERSCRIPTTM II

(GIBCOBRL) was added. The reaction was incubated at 42"C for 50 minutes and

stopped by heating to 70"C for 15 minutes.

Using the first strand cDNA as template, the target gene was amplified in a

PCR reaction of 100 pl containing 4 pl cDNA, l0 ¡tl of 10 times buffer (200 mM

Tris-HCl pH8.4, 500 mM KCI), 3 pl of 50 mM MgCl2, 16 pl of 1.25 mM NTP

mix (1.25 mM each dATP, dCTP, dGTP, dTTP), lpl of each gene specific primer

(10 pM), I pl Taq polymerase (5 units/pl) (Boehringer) and 65 pl water. The

thermal cycling consisted of an initial 3 minutes denaturing step at 94'C followed

by 30 cycles of 94'C for 1 minute, 53oC for 2 minutes,72oC for 2 minutes. Final

chain extension was allowed to proceed at J2oC for l0 minutes. The PCR product

was separated on a lVo TAE agarose gel and the DNA band was excised under

longwave UV light and purified using Geneclean according to the manufacturer's

instructions.

2.2.3.3 Ligation of DNA-sequences into plasmid T-vector

The ligation was performed in a reaction containing I pl of T4 DNA ligase

10 times buffer (300 mM Tris-HCl pH 7.5, 100 mM MgCl2, 100 mM DTT, 10

mM ATP), I pl of pGEM-T vector (50 ng) (Promega), 3 pl of the PCR product,

lpl of T4 DNA ligase (l Weiss units /pl) (Promega) and water to 10 ¡tl. The
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reaction was incubated at 13 to 15"C overnight and then kept at 4oC before

transformation.

2.2.3.4 Transformation of ligated PCR:pGEM-T vector

Transformation was performed using JMl09 high efficiency competent cells

(Promega). Five pl of the ligated PCR product:pGEM-T vector reaction was

transferred to a sterile 1.5 rnl microcentrifuge tube on ice and 50 pl of competent

cells added. After gently flicking the tube, the reaction was kept on ice for 30

minutes and then heat shocked at 42"C for 45 to 50 seconds and put back on ice for

2 minutes. The transformed cells were added to 450 pl of LB medium w\th O.35Vo

glucose and incubatedat3T"C for I hour with shaking.The cells were plated out

onto LB plates containing 50 pglrnl ampicillin, O.OO4Vo X-gal and 0.1 mM IPTG

and incubated at 37'C overnight. Recombinant bacteria were identified as white

colonies.

2.2.3.5 Isolation of recombinant plasmids

The alkaline lysis method of Sambrook et aI. (1989) was used for minr-

scale plasmid preparation. Briefly, a sterile culture tube containing2 ml LB medium

with 50 pglml ampicillin was inoculated with a single colony and incubating at

37oC overnight with shaking. Cells were pelleted by centrifugation at 5,000 rpm

for 5 minutes and the supernatant discarded. The cell pellet was resuspended in 100

pl Plamid I solution (50 mM glucose, 25 mM Tris-HCl pH 8, 10 mM EDTA) and

put on ice for l0 minutes. Cells were lysed by the addition of 200 pl of Plasmid II

solution (0.2 M NaOH, 17o SDS), mixed gently and incubated on ice for l0

minutes. The resulting solution was mixed with 150 pl of Plasmid III (3 M sodium

Acetate pH a.8) and put at-20 oC for 10 minutes. After centrifuged at 12,000 rpm
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for 15 minutes, the supernatant was transferred to a fresh centrifuge tube. The

plasmid DNA was precipitated with l00Vo cold ethanol and washed twice with 7O7o

ethanol. After drying under vacuum, the plasmid DNA was resuspended in 30 pl

TE buffer.

2.2.3.6 DNA sequencing

Sequencing of inserts cloned into the pGEM-T vector was performed with

an ABI automated DNA sequencer (Applied Biosystems). Template preparations

and the sequencing reactions were as described by the manufacturer.

2.2.4 Preparation of "green malt"

One hundred seeds per sample were gerrninated on filter paper in a 9 cm

petri dish with 4 ml water at 15'C for 5 days. The germinated seeds were frozen in

liquid nitrogen and dried under vacuum a¡. -45"C (green malt). The samples were

milled to pass a 0.5 mm mesh screen, stored at 4"C and used for analysis of

isoenzymes and activity of the enzymes.

2.2.5 Isoelectric focusing electrophoresis and Western

blotting analysis

Enzymes were extracted with glycerol buffer (75 pl of glycerol, 395 pl

water and 30 pl ampholyte (pH 3.5-9.5) (Pharmacia). Ultra thin polyacrylamide gel

(0.4 mm) (5.5Vo) containing ampholytes was cast on GEL Bond PAG support film

(FMC BioProducts). The pH range was achieved by mixing two ampholytes in the

ratio l:1 (ampholytes for alpha-amylase were pH 3.5-9.5 and pH 5.0-7.0; for beta-

amylase were pH 4.5-5.4 and pH 5.0-7.0). Isoelectric focusing was performed at

lQoC on aMultiphorll horizontal flatbed electrophoresis unit (LKB). The gel was
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pre-focused for t hour at 5 W constant power and then run at 22OOV with an upper

power limit of 10 W for 2 hours.

A piece of nitrocellulose blotting membrane (Sartorins) was then laid on the

gel and proteins were allowed to absorb to the membrane by passive transfer (15

minutes). The immunoblot was developed as described by Harlow and Lane (1988)

and detected with HRP labeled goat anti-rabbit antibodies (BioR) with 4-chloro-l-

naphthol as the substrate (BioR). All the antibodies were provided by Dr. Evan

Evans, The University of Adelaide. After removal of the membrane, the gel was

stained for alpha- and beta-amylase activity with starch/iodine stain (Guerin et al,

1992a).

2.2.6 Assay for activity of the enzymes

2.2.6.1 Assay for alpha-amylase activity

Alpha-amylase activity was measured using the CERALPHA method

(Megazyme) according to McCleary and Sheehan (1987) and Sheehan and

McCleary (1988). The enzyme was extracted from 100 mg of green malt flour with

1 ml extraction buffer (50 mM sodium malate, 50 mM sodium chloride, 2 mM

calcium chloride and}.l%o of sodium azide, pH 5.2) for 30 minutes at 40oC. The

resulting slurry was centrifuged at 5,000 rpm for 5 minutes and the supernatant was

diluted to 1/500 using extraction buffer. Diluted solution (50 pl) was mixed with 50

pl substrate and incubated at 40"C for exactly l0 minutes. The reaction was

stopped by adding 750 pl of l7o Trizma base (Sigma). The enzyme activity was

measured with a spectrophotometer at 410 nm.

2.2.6.2 Assay for beta-amylase activity
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Beta-amylase activity was measured using the Betamyl assay (Megazyme)

according to McCleary and Codd (1989). The enzyme was extracted from 100 mg

green malt flour with 1 ml extraction buffer (100 mM maleic acid, 1 mM EDTA,

0.17o BSA,0.02Vo sodium azide pH 6.2; for extraction of the total enzyme, 743

mM mercaptoethanol was added) for 2 hours at 40'C. The extract was centrifuged

at 12,000 rpm for 5 minutes at 4"C. The supernatant was diluted to 1/2000. The

diluted solution (50 pl) was mixed with 50 pl substrate and incubated at 40oC for

exactly 10 minutes and the reaction was stopped by adding 750 pl stopping solution

(l%o Tnzma base). The enzyme activity was measured with spectrophotometer at

410 nm.

2.2.6.3 Assay for beta-glucanase activity

Beta-glucanase activity was measured with AZO-barley glucan method

(Megazyme). The enzyme was extracted from green malt flour (50 mg) with 800 pl

extraction buffer (40 mM sodium acetate, 40 mM sodium phosphate and 0.O2Vo

sodium azide, pH 4.6) at 30 oC for 30 minutes. The resulting slurry was

centrifuged at 12,000 rpm for 5 minutes at 4oC. The supernatant (100 pl) was

mixed with 100 ¡rl substrate and incubated at 30'C for exactly 10 minutes. The

reaction was inactivated by adding 800 pl precipitant solution (\OVo

methoxyethanol,4Vo sodium acetate, O.45Vo zinc acetate). The reaction was placed

at room temperature for 5 minutes and then centrifuged at 12,000 rpm for 5

minutes. The supematant was used to measure the enzyme activity with a

spectrophotometer at 590 nm.

2.2.6.4 Assay for the activity of limit dextrinase

The activity of limit dextrinase was measured with LIMIT-DEXTRZYME

method (Megazyme) according to McCleary 0992). The enzyme was extracted
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from 100 mg green malt flour with 2 ml extraction buffer (100 mM sodium malate

andO.O2Vo sodium azide, pH 5.5; 25 mM DTT was added for extraction of total

enzyme) for 6 hours at 40 oC. The extraction was centrifuged at 5,000 rpm for 5

minutes. The supernatant (500 pl) was incubated with the substrate at 40 oC for

exactly 10 minutes and reaction was stopped with 1.5 rnl of IVo Tnzma base. The

enzyme activity was measured with a spectrophotometer at 590 nm.

2.2.7 Gene mapping and QTL analysis

A specific gene was incorporated into a molecular linkage map using

Mapmaker software (Lander et al, 1987) and further combined into a consensus

linkage map using JoinMap software (Stam, 1993). Genetic distance (cM) was

calculated by Haldane function (Haldane, 1919). QTL were mapped using QI
Manager software with linkage evaluation derived from Silver (1985) and Neumann

(1990). The threshold to identify a QTL linked with markers was P<0.05. The total

variation explained by a given QTL was calculated using stepwise regression with

JMP software (SAS).

2.2.8 Reverse bulked segregant-analysis

Bulked-analysis method was developed by Giovannoni ¿/ aI. (199I) and

Michelmore et al. (1991). The principle is the grouping together of informative

individuals so that a particular region of interest can be studied in a random genetic

background. Using this method, several molecular markers have been identified

linked to a disease resistant gene (Michelmore et al, 1991) or other traits

(Giovannoni et al, 1991). In the present study, a known function locus or

postulated function locus was used as reference, l0 DH lines were randomly

selected with the genotype of one parent to make one bulk and other l0 DH lines

with the genotype of the other parent to make the second bulk. Theoretically, the
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two bulks have similar random genetic background with different in the marker

locus. Any difference in a trait between the two bulks was postulated to be

controlled by the marker locus. The principle is the same with bulked analysis, but

the process is reversed. Therefore, it is refereed to here as reverse bulked-

segregant analysis.

2.2.9 Seed dormancy

Newly harvested seeds (100 seeds) were germinated immediately with 4 rnl

water at 15oC in a 9 cm petri dish with two Whatman No. I filter papers. The

number of ungerminated seeds after 48 hours was used as a measure of dormancy .
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Chapter 3: Sequence Variation, Isoenzyme Type
and Activity QTL of Þ-A*ylase in Barley
(Hordeum vulgare L.)

3.L Introduction

During barley germination, a-amylase, p-amylase, limit dextrinase and ct-

glucosidase jointly degrade the stored starch to simple maltose, glucose and other simple

oligosaccharides (MacGregor, 1987,1990). The ability to mobilise the starch is refereed

as diastatic power (DP) in the brewing industry, and the levels of DP affect both malting

yield and brewing quality. However, only þamylase activity is significantly related to

DP in most studies (Arends et al, 1995;Delcour and Verschaeve 1987; Evans et al, 1995;

Erdal etal,1993; Gibson et al, 1995), which suggest that in most situations, þamylase

is the limiting factor.

Beta-amylase is synthesised during seed development and stored in mature seeds,

thus it has also a storage protein function (Giese and Hejgaard, 1984). This contrasts to

c-amylase, limit dextrinase and c-glucosidase which are synthesised de novo during

germination. In quiescent grain, the enzyme exists in both a free and a bound form in

combination with protein Z (Brandt et al, 1990; Evans et al, 1995; LaBerge and

Marchylo, 1983; Lundgard et al, 1987). Most of the p-amylase is released during seed

germination (Evans et al, 1997b). It is not clear how many genes are involved in this

process and how many genes are responsible for the p-amylase activity within mature

seed and./or germinated grains.

Beta-amylase is highly heterogeneous. At least 8 different isoenzyme bands have

been detected by chromatofocussing (LaBerge and Marchylo, 1983), but most result

from post-translational modification. Only two distinct isoenzyme types are evident in

cultivatedbarley (Evans etal, I99'7a; Forster et al, 1991;Nielsen and Johansen, 1986)

and malt (Allison, 1973; Allison and Swanston, 1974). These isoenzymes are referred as

Sdl and Sd2 type, but Sdl type varieties are rare (Allison and Swanston, 1974; Eglinton
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et al, 1995). These two isoenzyme types show different inìmunological properties and

affinity with the inhibitor protein Z ( Evans et al, 1995, l99la). Using wheat-barley

addition lines, the main bands of isoenzyme polymorphism were mapped on the long arm

of chromosome 4H (Powling et al, 1981). However, the attempt to relate different

isoenzyme type to enzyme activity has been inconclusive (Allison, 1973; Swanston,

1980, 1983).

Two cDNAs encoding p-arnylase have been cloned. One was from the high

protein, high lysine and high p-amylase activity mutant Hiproly (Kreis et al, 1987) and

another from a high p-amylase activity malting barley, Haruna Nijo (Yoshigi et al, 1994).

However, both of these clones encode the Sd2 type isoenzyme (Eglinton et al, 1995).

Using the cloned cDNA as probe, two loci and three genes were mapped in the barley

genome: one gene on chromosome 2H and two genes on chromosome 4H (Kleinhofs

et al, 1993; Kreis et al, 1988). The importance of these loci to enzyme activity is yet to be

demonstrated. The relationship between the isoenzyme type and the structural genes on

chromosome 4H is also not clear.

In the present study, the structural genes and the quantitative trait loci controlling

enzyme activity were mapped in the three mapping populations. In addition, two cDNAs,

encoding Sdl and Sd2 types of þamylase, were cloned using RT-PCR.

3.2 Results

3.2.L Isolating beta-amylase cDNA

The Sdl isoenzyme type variety Harrington (with high enzyme activity) and Sd2

isoenzyme type variety Galleon (with low enzyme activity) were chosen for isolating

beta-amylase cDNA. Total RNA was extracted from developing seeds at 20 to 23 days

post-anthesis and the first strand cDNA was synthesised using SUPERSCRIPfl'II Gife

technologies). PCR primers were designed to amplify the whole encoding sequence of p-
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amylase gene based on the published sequence (Kreis et al, 1987). The primers and their

target region in the beta-amylase gene are showed in Figure 3.1.

One major band was amplified from the cDNA of barley developing seeds with

RT-PCR (Fig 3.2). There appears to be no difference in size between the two types of p-

amylase isoenzyme. The size of the band was about 1.7 kb, which is similar with the

cloned p-amylase cDNA (Kreis et al, 1987). This DNA fragment was cloned into a

pGEM-T vector. DNA sequence analysis showed that the fragment contained a single

open reading frame of 1605 bp and share a high degree of homology with the published

þamylase sequences (Kreis et al, 1987; Yoshigi et al, 1994). Three nucleotides were

substituted comparing the low enzyme activity Sd2 type (from Galleon) with the high

enzyme activity Sd2 type (from Hiproly) þamylase gene (data not shown), but only one

deduced amino acid has changed (Fig. 3.3). In contrast, the difference between the Sdl

(from Harrington) and Sd2 (from Hiproly) type sequences showed more divergence, 6

nucleotides and 3 deduced amino acids changed (Fig. 3.3 ). Two asparagines (Asp-266

and Asp-431) and one isoleucine (Ile-527) in the Sd2 type isoenzyme were replaced by

serine, threonine and methionine in the Sdl type isoenzyme, respectively (Fig. 3.3 ).

Three independent clones were sequenced and no difference was found between thc

clones. It is, therefore, concluded that all differences observed above reflect genetic

differences between the varieties and were not due to PCR artifacts. However, in a

parallel study (Eglinton, personal communication), protein sequencing of Sdl type p-

amylase (fromvariety Franklin) has shown that Ser-266 and Thr-431 are not conserved

in the Sdl type p-amylase. Therefore, these two mutations are not related to the

isoenzyme type.

The C-terminal sequence of þamylase protein purified from germinated seed is

not available due to proteolysis. For comparing the C-terminal sequences of different

isoenzyme types, four Sdl type varieties (Franklin, Alexis, Carina and Tallon) and two

Sd2 type varieties (Chebec and Universe) were further chosen to clone and sequence the

gene fragments encoding the C-terminus of þamylase based on the varietal screening

results of Eglinton et aI. (1995). The Met-527 is conserved in all the Sdl type
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Fig. 3.3 Alignment of the deduced amino acid sequences of beta-amylase with different isoenzyme- types (H: Hanington; G: Galleon; Hi: Hiproly)'
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isoenzymes but replaced by Ile-527 in all the Sd2 type isoenzymes (data not shown).

Therefore, this difference may be related to the isoenzyme types.

3.2.2 Mapping of B-amylase genes with RFLP

DNAs from the six parents used to construct the mapping populations were

digested with five different restriction endonucleases EcoRI, EcoRV, DraI, HindIII and

BamHI and probed with the cloned þamylase cDNA (section 3.2.1). At least one

polymorphism could be detected between the parents of each mapping population with

each restriction enzyme (data not shown). When the parental DNAs were digested with

DraI, all three p-amylase genes showed polymorphism in two of the mapping

populations (Fig. 3.a). Using Mapmaker software (Lander et al, 1987), one þamylase

gene mapped to chromosome 2H closed to the centromere, and the other two genes

mapped to chromosome 4H closed to the telomere. No recombinations were detected

between the two genes on chromosome 4H from amongst the 265 DH lines examined

(Fig. 3.5). By employing JoinMap software (Stam, 1993), the three p-amylase genes

were incorporated into high density consensus linkage maps (Fig. 3.6 and Langridge et

aI,1995).

3.2.3 Mapping of isoenzyme polymorphisms

Following IEF and starch/iodine staining (Guerin et al, 1992a), a complicated

enzyme banding pattern was shown based on starch degradation in germinated barley

(Fig. 3.7a). After transferring the proteins to nitrocellulose and hybridisation with p-

amylase polyclonal antibodies, the banding pattem became relatively simple. There were

four main p-amylase bands (Fig 3.7b), which showed a very similar pI pattern to the four

major p-amylase forms generated with tryptic digestion (Lundgard and Svenson, 1986).

Two distinct banding pattems were identified in the 6 parental varieties as described

previously (Allison, 1973; Eglinton et al, 1995). The variety Harrington showed the Sdl
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isoenzyme type while the five other varieties were of the Sd2 type. In the "Chebec X

Harrington" DH population, the segregation ratio of Sdl and Sd2 was 1:1 with no

heterozygote types detected as expected. Using linkage analysis (Lander et al, 1987) and

the consensus RFLP map (Langridge et al, 1995), the four major bands were mapped on

chromosome 4H, and no recombination was detected between the four bands in 120 DH

lines (Fig. 3.8). Furtherrnore, they cosegregated with the p-amylase genes mapped based

on RFLPs to chromosome 4H (Fig. 3.6).

A few minor bands were detected after hybridisation with the p-amylase

antibodies (Fig. 3.7B). One polymorphism rwas mapped on chromosome 6H (Fig. 3.6).

Their origin and function are yet to be explained.

3.2.4 Mapping of QTLs controlling the enzyme activity in
germinated barley

Most þamylase in barley grain is converted into the free form during germination

(Evans ef al, 1997b) and only the free form of the enzyme is useful for the brewing

industry. Consequently, only the QTLs controlling free enzyme activity were mapped.

The enzyme activity of the parental varieties Clipper, Sahara, Galleon, Haruna

Nijo, Chebec and Harrington were 9lût92, 1457+118, 835+126, 1380+96, 1428+37

and 1161+157 U/kg, respectively. Continuous variation of the enzyme activity was

observed in all the DH populations and transgressive segregation was found in thc

"Clipper X Sahara" and "Chebec X Harrington" populations but not in the "Haruna Nijo

X Galleon" population (Fig. 3.9). Using QT Manager software and a stringency of

P<0.05, four, five and seven QTLs controlling the free enzyme activity were identified in

the "Chebec X Hanington", the "Clipper X Sahara" and the "Haruna Nijo x Galleon"

populations, respectively. The chromosomal location, the closest linked molecular

markers, enzyme activity difference and explained total variance for the activity QTLs are

listed in Table 3.1. Beta-amylase locus (Bmy1) on chromosome 4H was significant

related to the enzyme activity in all the three mapping populations, but the locus (Bmy2)
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Table 3.1 The chromosomal location, closest linked markers(CM), genetic difference (GD)

with the positive effect variety indicated (G: Galleon); HN: Haruna Nijo; C: Chebec;

H:Hanington; Cl: Clipper), explained toøl variation (EV) of the QTLs for p-amylase activity

in three doubled haploid populations

Populations Chromosome Clvf GD% EV%

Haruna Nijo
x Galleon

cD0400
BCD339A
BCD512

cDol406
BCDl130
ABC254

wG789

IH
2H
3H
4H
4H
5H
7H

12.2G

17.6HN
l9.2HN
20.5HN
l8.7HN
r8.4HN
20.8HN

5.4
15.4

r 1.8

t4.6
20.4

t3.2
l 1.5

Chebec x
Harrington

BCD339F

pTAG683A

Bmyl
cDo506

2H
3H
4H
5H

10.2H

9.1H
16.1H

12.6C

2.9
4.8
l 1.8

6.5

Clipper x
Sahara

wG789A
BGI23
GVTI

Bmyl
pTAMl0

IH
2H
3H
4H
6H

19.2CL
t4.6CL
t7.3CL
16.7CL

17.9CL

10.6

10. I

7.3

t3.2
t6.4
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on chromosome 2H had no detectable effect on the enzyme activity. Although one QTL

was identified on chromosome 2H, it is well away from the Bmy2locus (c.f Table 1 and

Langridge et al, 1995). Interestingly, one major QTL detected on chromosome 6H in the

Clipper X Sahara population was closely linked with the minor bands of p-amylase

isoenzyme. Most other QTLs for the enzyme activity were mapped to similar

chromosomal regions in at least two mapping populations (Fig. 3.10). The molecular

markers linked with these common QTLs may be useful for marker-assisted selection for

high p-amylase activity in a breeding program.

3.2.5 Reverse bulked segregant-analysis of the contribution of
the B-amylase locus to the enzyme activity in barley grain

The principle of bulked-segregant analysis is the grouping together of informative

individuals so that a particular genomic region of interest can be studied in a random

genetic background of unlinked loci (Giovannoni et al, l99l; Michelmore et al, 1991).

Using this method, several molecular markers have been identified linked with disease

resistant genes (Michelmore et al, l99l) and some morphological traits (Giovannoni et al,

l99l). In the present study, the same principle was followed to construct the analysis

pool. However, the purpose is not to try to find the markers linked to some traits but to

understand the contribution of a given locus to a trait of interest. Thus, this method was

called as reverse bulked-segregant analysis.

Two pools with each parental genome type at the Bmy I locus were constructed

from the "Chebec x Harrington" DH population using the p-amylase locus on

chromosome 4H as a molecular marker. These two pools were intended to reflect a

random genetic background except for region surrounding the p-amylase locus. The

difference of the enzyme activity between the two pools is expected to be associated with

the þamylase gene. There are significant difference of free enzyme activity and the ratio

of free to bound enzyme between the two parental varieties, and this difference was also

detected between the two pools (Table 3). The total enzyme activity showed a significant



Table 3.2 The free, total p-amylase enzyme activity and the free/bound ratio of the
parental varieties and their respective bulks

Samples Free activity
fUlke)

Total activity
lUlke)

FreeÆotal ratio
(%\

Chebec

Harrington

Chebec bulk

Harrington bulk

rt36.7!89.7

782.7!51.7

992.2!35.8

855.7+99.5

1620.9+110.9

1635.2+2.7

1301.r+82.2

r566.5+t29.1

70.1+9.4

47.9!2.9

76.6!7.6

54.6+4.4

Note: The parental varieties Chebec and Harrington- were harvested from three
locations. Chebec bulk: Ten DH lines random selecied from the Chebec X Harrington
population with genotype of Chebec at _Byll. locus; Harrington. bulk: Ten DH
iinèsrandom seleõted frðm the Chebec X Hârrington population with genotype of
Harrington at Bmyl locus. Three independent bulks were constructed.
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difference between the two pools but not between the parental varieties, which may be

due to that both parents contained negative QTLs for enzyme activity (Table 3.2). These

results demonstrated that the p-amylase locus on chromosome 4H plays an important role

for controlling free and total enzyme activity and free/bound ratio of the enzyme (Table

3.2).

3.3 Discussion

3.3.1 Chromosomal location of þamylase genes

Using the cloned cDNA and wheat-barley addition lines, it has been shown that

there are three þamylase genes in barley genome, one gene on chromosome 2H and two

genes on chromosome 4H (Kreis et al, 1987, 1988). Two loci were further mapped on

the long arm of chromosome 2H closed to the centromere and the long arm of

chromosome 4H closed to the telomere with RFLP linkage analysis (Kleinhofs et al,

1993).In tbe present study , the chromosomal locations of the two loci mapped were

confirmed and incorporated into a high density consensus linkage map (Fig. 3.6). The

two p-amylase genes on chromosome 4H were closely linked with no recombination in

264DH lines. This contrasts to the c-amylase genes on chromosome 6H (Khursheed and

Rogers, 1988; Takano et al, 1988), the 1,3-p-glucanase genes on chromosome 3H (Li et

al,1996) and the hordein genes on chromosome lH (Shewry et al, 1990), in which rare

recombinations within the gene clusters have been observed. The copy number of the

genes in the p-amylase family were also lower than for the above mentioned gene

families. Thus, the p-amylase gene family may represent an early stage in the gene

evolutionary process, where the duplicated gene number is still small and tightly linked.

This also appears to be the case with the 1,4-p-xylanase gene family (Banik et al, 1997)
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Using isoenzyme polymorphisms, one locus of p-amylase has been located on

chromosome 4H ( Powling et al, 1981). The present study showed that the isoenzyme

locus co-segregated with the þamylase gene. This again contrasts to the c-amylase

(Amyl) locus on chromosome 6H, in which the recombination between the RFLP and

the isoenzyme locus has been observed (Takano and Takeda, 1987; Takano et al, 1988).

Interestingly, the minor bands of the p-amylase isoenzyme was mapped to chromosome

6H. The function and nature of these loci are yet to determined.

3.3.2 Genes controlling B-amylase enzyme activity

Extensive research has shown that p-amylase activity is the primary determining

factor for high diastatic power in the brewing industry (Arends et al, 1 995 ; Delcour and

Verschaeve,ISST;Erdal et al,1993; Evans et al, 1995; Gibson et al, 1995). However, it

was not know how many genes are involved in controlling the enzyme activity or how to

effectively manipulate these genes in a breeding program. The isoenzyme polymorphism

of þamylase has been associated with enzyme activity and it has been suggested that it

could be used as a marker in breeding programs (Allison, l9l3; Swanston, 1980, 1983 ).

The present study shows that the isoenzyme locus previously mapped represents the þ
amylase gene on chromosome 4H and it was further confirmed that this locus contributcs

to rhe p-amylase enzyme activity (Fig. 3.6;Table 3.1 and 3.2). However, the isoenzymc

Sdl is rarely seen amongst cultivated barley va¡ieties (Allison and Swantson, 1974

Eglinton et al, 1995). Thus, the real utility of the isoenzyme marker may be low in a

breeding program. The high polymorphism of the p-amylase gene itself observed in this

study demonstrated that the RFLP may be a more useful marker. However, this locus

only accounts for 10 to 2OVo the total variation in the enzyme activity depending on the

population. The þamylase locus on chromosome 2H showed no detectable effect on

enzyme activity. This suggested that this gene may not be expressed in the seed, which is

consistent with previous observation (Kreis et al, 1988; Shewry et al, 1988). The fact
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that all major isoenzyme polymorphisms mapped to the chromosome 4H locus also

supports this point.

In addition to the structural gene, three to six other QTLs were identified that

control the þamylase activity in the different mapping populations. Several common loci

were detectedin at least two mapping populations (Fig. 3.10). Although the function of

these loci and how they interact with the þamylase genes is still unknown, the markers

closely linked to these loci are considered to be useful for marker-assisted selection for

improvementof the enzyme activity (Paterson et al, 1988). They may also be used as a

reference point to undertake map-based cloning of the genes controlling p-amylase

activity (Paterson and Wing, 1993). On the other hand, population specific QTLs were

found in each population. This indicated the possibility of increasing the enzyme activity

by combining loci from different germplasm sources.

One QTL mapped on chromosome 6H was very close to the cr-amylase gene.

Similarly, one QTL controlling the limit dextrinase enzyme activity was mapped to

chromosome 4H close to the þamylase locus (see Chapter 5). This suggested that

various sta¡ch degrading enzymes may interact with each other during seed germination.

Indeed, the synergistic effect between a-amylase and p-amylase and between o-amylase

and a-glucosidase on starch degradation is well accepted (MacGregor and Fincher, 1993:,

Sun and Henson, l99l).If this is the case, a more complicated strategy may be required

for improvement of the diastatic power in a breeding program.

3.3.3 Sequence variation and isoenzyme type

The protein of beta-amylase is highly heterogeneous. Various explanations have

been suggested for the occurrence of the multiple isoenzyme forms such as formation of

intermolecular disulfide bonds (Visuri and Nummi, l9l2) or thiol/disulfide interchange

(LaBerge and Marchylo, 1983), association with protein Z (Hejgand, 1978), proteolysis

(Lundgard and Svensson, 1986) and expression of different genes (Ainsworth et al,

1933). There are three þamylase genes in the barley genome (Kreis et al, 1987). One
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gene on chromosome 2H is not expressed in the endosperm (Kreis et al, 1988; Shewry et

al, 1988). In the present study, only one mRNA sequence for B-amylase was detected

with RT-PCR in each of eight barley varieties (data not shown). This demonstrates that

only one þamylase gene is expressed in the endosperm or that the two genes on

chromosome 4H were of identical sequence. Therefore, the multiple forms of þamylase

must originated from the modification of the product of one gene. Association with

protein Z andlimited proteolysis may be the main factors determining the multiple forms

(Lundgard and Svensson, 1986; Yoshigi et al, 1995).

In spite of the multiple forms, there are only two distinct isoenzyme types in

cultivatedbarley (Allison, 1973; Eglinton et al, 1995; Evans etal, 1997a) and these are

controlled by a single locus with incomplete dominance (Allison and Swanston, 1974).

The present study further shows that this locus cosegregates with the p-amylase genes on

chromosome 4H (Fig. 3.6). This suggested that the different isoenzyme type originated

from the p-amylase gene through mutation. By comparing the nucleic acid sequences of

p-amylase with different isoenzyme types, six nucleotide substitutions were evident.

However, only three deduced amino acids changed (Fig. 3.3). Two asparagines (Asp-

226 andAsp-431) and one isoleucine (lle-527) in the Sd2 type p-amylase were replaced

with a serine, threonine and methionine, respectively, in the Sdl type. However, the

calculated pI (5.58) and molecular mass (59611 Dalton) using ExPASy tool (Bjellquist et

al, 1994) showed no difference between the different isoenzyme types. This suggested

that some post-translational modification determines the isoenzyme type.

The asparagine to serine or threonine differences made suggest that

phosphorylation may be involved in determining the isoenzyme types. Alkaline

phosphatase was used to treat the purified Sdl and Sd2 type p-amylase proteins (from

Dr. E Evans, University of Adelaide), but this treatment had no affect on the isoenzyme

types (data not shown). This suggests that phosphorylation is not involved. Furthermore,

protein sequence shows that the changes to Asp-226 and Asp-431 are not conserved

between different isoenzyme types (Eglinton, personal communication). On the other

hand, the methionine (Mer527) is present in all the Sdl isoenzyme but is replaced by
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isoleucine in all Sd2 isoenzymes (Kreis et al, 798'7; the present study) except for the gene

from Haruna Nrjo (Yoshigi et al, 1994). In Haruna Nijo, methionine is replaced by serine

(Ser-347) at different site (Yoshigi et al, 1994). Presently, the change from Met-52'l to

Ile-521 is the only explanation for the change of isoenzyme type.

Using a dot matrix homology plot, four glycine-rich repeated sequence of I I

amino acids were identified at the C-terminus of þamylase (Kreis et al, 1987). The

consensus sequence is Glu-Gly-Pro-Thr-Gly-Gly-Met-Gly-Gly-Gln-Ala, but its role is

unknown. It has been suggested that the sequence is not necessary for in vivo activity as

Lundgard and Svensson (1986) have shown that limited proteolysis of the C-terminal

region with trypsin to remove most of the repeats, generated another catalytically active

form of the enzyme with a higher pI. Furthermore, a new form of þamylase generated

during barley malting, has a similar pI and activity with the isoenzyme formed from

trypsin treatment (Hejgaard, 1978). This form might be the product of solubilization of

bound p-amylase released by proteolysis (Evans et al, 1997a). Therefore, the repeated

sequences could be involved in the interaction with protein Z (Hejgaard, 1978; Kreis et

al, 1987). In the present study, the free/bound ratio of the enzyme appeared to be affectecl

by the Bmyl locus on chromosome 4H. The freelbound ratio of the Sd2 variety Chebec

(70.lVo) was 22.lVo higher than that of Sd1 variety Harrington (47 .9Vo). This differencc

explained by the Bmyl locus is consistent and of the same magnitude in the reverse

bulked-segregant analysis (22Vo dlfference between the two bulks) (Table 3.2). If this is

the case, what is the cause of the higher ratio of bound þamylase in the Sdl type

isoenzyme (Evans et al, 7997b)? By comparing the repeat sequences between the two

isoenzyme types, the only difference is the methionine in Sdl type being replaced by

isoleucine in the Sd2 type in the last repeat (Fig 3.3). Furthermore, methionine is

conserved in the four repeat sequences in the Sdl type isoenzyme and in the first three

repeat sequences in the Sd2 type isoenzyme. Therefore, it is possible that each repeat

sequence is one binding unit between þamylase and protein Z and methionine is

involved in the binding. The change from methionine to isoleucine in the last repeat

sequence would result in the loss of one binding site with protein Z.This is supported by
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the fact that Sdl type p-amylase had one-third more binding activity than that of the Sd2

type (Evans et al, 1997b; Table 3.2). The different binding ratio with protein Zmay result

in the change of pI of þamylase and the difference of proteolysis of the enzyme during

seed germination, and finally alter the isoenzyme banding patterns.
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Chapter 4z Molecular Mapping of Structural
Loci for Hydrolytic Enzymes of Germinating
Barley

4.t Introduction
In addition to p-amylases (see Chapter 3), the other hydrolytic enzymes for

starch degradation include cr-amylases, limit dextrinase and a-glucosidase (Fincher

and Stone, 1993; MacGregor, 1990; Manners and Yellowlees,1971, 1973). All

these hydrolytic enzymes are synthesised de novo and secreted from the aleurone

layers or scutellum during seed germination. However, the starch granules are

contained within the cells of the endosperm. Thus the cell wall is a physical barrier

between the hydrolytic enzymes and their substrates (Fincher and Stone, 1993).

Complete degradation of the cell walls is a prerequisite for the amylases to

hydrolyse the starch. Enzymes which degrade the cell walls include endo-l,3-1,4-

p-glucanases, 1,3-p-glucanases, exo-p-glucanases, p-glucosidases, cellulases, exo-

and endo-xylanases, a-arabinofuranosidases and p-xylosidases (Bamforth and

Barclay, 1993; Fincher, T992; Fincher and Stone, 1993). Due to their commercial

and physiological importance, most of these hydrolytic enzymes have been

purified and the genes encoding the enzymes have been cloned (Briggs, 1992;

Fincher, 1992; Fincher and Stone, 1993). However, little is known about how

many genes exist in the barley genome to encode these enzymes, where these

genes are located in the genome, how many genes may be involved in the

regulation of their respective activities and how these genes could be manipulated

in breeding programs.

There has been great interest in mapping specific genes of importance in

plant breeding since early this century. However, mapping the genes of the

hydrolytic enzymes became possible only after the development of isoenzyme

markers ( see review in Stuber, 1992). Loci have been mapped for hydrolytic
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enzymes including o- and p-amylases (Powling et al, 1981) and 1,3-1,4-Þ-

glucanase (Macleod et al, 1991). However, the utilisation of isoenzyme markers

is quite limited due to low levels of polymorphism. Recently, the development of

molecular markers has provided the possibility of systematically mapping all genes

(Botstein et al, 1980; Saiki et al, 1985; Saiki, 1988; Williams et al, 1990). In the

present study, the genes encoding 1,3-1,4-þ-glucanases, 1,3-p-glucanases, P-

glucosidase, 1,4-p-xylanases, a-amylases, limit dextrinase and cr-glucosidase

were mapped.

4.2 Results

4.2.1 Mapping structural loci of hydrolytic enzymes

degrading cell walls

4.2.1J RFLP and PCR mapping of endo-1,3-L,4-P-
glucanase genes

1,3-1,4-P-Glucan is the major constituent of endosperm cell walls, and the

most important enzymes in the depolymerisation of the cell walls are endo-l,3-

1,4-p-glucanases (Fincher and Stone, 1993; Powell et al, 1985). The two genes

encoding 1,3-1,4-þ-glucanases, designated EI and EII, have been cloned (Fincher

et al, 1986; Slakeski et al, 1990). RFLP and PCR techniques were used to map

these two genes in the present study.

The DNAs from the six parental varieties for the mapping populations

(Clipper, Sahara377l, Galleon, Haruna Nijo, Chebec and Harrington) were

digested with restriction enzymes EcoRI, EcoRV, DraI, HindIII and BamHI and

hybridised with probe of the EII cDNA. Two distinct bands were detected with

each restriction enzyme digestion (Fig. a.1) representing EI and EII, as the two

genes share 92Vo positional identity (Slakeski et al, 1990). However, only one
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polymorphism was found between "Clipper" and "Sahara" (Fig. 4.1). Thrs

indicated that the 1,3-1,4-p-glucanase genes and their immediate regions are highly

conserved. The polymorphism was mapped on the long arm of chromosome lH,

where it is flanked on the distal side by the RFLP locus AWBMA34 at a distance

of 0.3 cM, and the RFLP locus PSR 121 on the proximal side with a genetic

distance of 0.3 cM (Fig. 4.2).

Due to the low level of polymorphism detected in the Southern analysis,

PCR primers were designed to assist in mapping the 1,3-1,4 p-glucanase genes. A

comparison between the two sequences of EI and EII showed that there is an EI

specif,rc region from position -402 to -552 upstream of the TATA box (Wolf,

1992). One primer is located in the EI specific region and the second in the first

exon of both EI and Etr genes. Polymorphisms were detected in all three mapping

populations when the genomic DNA was amplif,red using this pair of primers (Fig.

4.3). The PCR polymorphism cosegregated with the RFLP locus of EI (Fig. 4.2).

4.2.1.2 Molecular mapping of the 1'3-p'glucanase gene

family

High levels of 1,3-p-glucanase activity have been found in the endosperm

of germinated barley (Høj et al, 1988, l9S9). Their function is largely unknown

but they may function in the catabolism of the cell walls of the aleurone

(Bamsforth and Barclay, 1993) and also to degrade the small deposits of 1,3-p-

glucan that are scattered through the starchy endosperm (MacGregor et al, 1989).

Due to their ability to hydrolyse the 1,3- and 1,3-1,6-1,3-glucan that are major cell

wall constituents in some classes of fungal pathogens of plant, 1,3-p-glucanases

have been speculated to participate in a general, non-specific strategy to protect

grain against pathogen invasion (Fincher, 1989).

Seven genes or cDNAs encoding 1,3-p-glucanases have been cloned from

barley and designated GI, GII, GIII, GIV, GV, GVI and ABG2 (Xu et al' 1992;
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Table 4.1 Gene specific probes used to map 1,3-beta-glucanase genes

Isoenzyme Type of clone Position of probe * Length ofprobe

GI

GII

GIII

GTV

GV

GVI

cDNA

cDNA

Genomic

Genomic

cDNA

Genomic

121 bp

215 bp

1229bp

535 bp

216bp

1948 bp

3'-Untranslated region

3'-Untranslated region

8 to 1236 bp

1684 to 22l8bp

3'-Untranslated region

Entire clone

* The base pair numbering system t-ollows Xu et al. (1992)
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Fig. 4.4 Specificity of probes for mapping the barley 1,3-beta-glucanase

genes encoding isoenzyme GI to GVI. DNA from cDNA or genes

(Xu et alr 1992) was spotted on nitrocellulose papers strips, and

individual strips were probed, with gene-specific probes shown in
Table 4.1
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Malehorn et al, 1993). These seven genes share 44Vo to '787o sequence identity

and also share 477o to 5lVo similarity with the 1,3-1,4-þ-glucanase isoenzymes EI

and EII. To map each of the genes independently, gene specific probes were

designed by comparing the DNA sequences of the genes. To ensure that the DNA

probes (Table 4.1) used to map individual 1,3-p-glucanase genes were specific,

each probe was tested against cDNA or genomic DNA dot blots under the same

stringency conditions used in the Southern blot hybridisations. The probes for the

genes encoding isoenzymes GI, GII, GIV, GV and GVI exhibited no cross-

hybridisation with any of the other genes (Fig. a.a). In the case of the probe used

to detect the gene for isoenzyme GIII, some hybridisation with other barley 1,3-p-

glucanase genes or cDNAs was evident (Fig. 4.4). Nevertheless, the

hybridisation signal with this probe was very much stronger against the isoenzyme

GIII gene than against the other cDNAs or genes (Fig. a.a) and the probe could

therefore be used in Southern blot analyses to locate the isoenzyme GIII gene.

The genes encoding isoenzymes GI and GVI were found to be highly

polymorphic, with at least two of the six parental varieties from the mapping

populations showing polymorphism with each restriction enzyme used (data not

shown). The genes for isoenzymes GII and GIII showed polymorphisms when

DNA from the varieties "Clipper" and "Sahara" were digested with XbaI or SaII,

while the gene for isoenzyme GIV showed polymorphism between "Chebec" and

"Harrington" digested with DraI and the isoenzyme GV gene showed

polymorphism between "Galleon" and "Harana Nijo" digested withXbal (data not

shown).

All genes except the gene encoding isoenzyme GfV were detected as single

DNA bands after hybridisation with the specific DNA probes. This indicated that

the genes for isoenzymes GI, GII, GIII, GV and GVI are present as single copies

on the barley genome. In contrast, Southern blots, probed with the isoenzyme

GIV DNA, revealed a relatively complex banding pattem; the probe hybridised

with 4 genomic DNA fragments, only one of which was polymorphic and could
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be mapped. When the alternative procedure of PCR mapping was used to amplify

the 5'-untranslated region of the isoenzyme GfV gene, several PCR products were

again detected (data not shown).

Linkage analysis of the RFLP banding patterns showed that the genes for

barley 1,3-B-glucanase isoenzymes GI to GVI are all located on the long arm of

chromosome 3H. The positions of the genes in a consensus linkage map ¿ìre

shown in Figure 4.5. The five genes encoding isoenzymes GI to GV lie clustered

in a region of less than 20 cM, between the RFLP marker MWG2099 and the ym4

gene for barley yellow mosaic virus resistance (Fig. 4.5). The distance between

the genes for isoenzymes GII and GIII is only 0.5 cM. Of the genes within this

cluster the gene for isoenzyme GI is closest to the centromere (76cM) and the most

distal gene encodes isoenzyme GV. The isoenzyme GV gene is closely linked

with both the ym4 gene (6.6 cM) and the alcohol dehydrogenase Adhl} gene

(3.0 cM). The RFLP markers most closely linked with the genes encoding barley

1,3-p-glucanase isoenzymes GI to GVI are cM'WG693 (0.1 cM), BCDl3l (0.2

cM), BCD131 (0.7 cM), MWG41 (0.5 cM), MWG838 (0.8 cM) and CDO178

(1.8 cM). The gene encoding isoenzyme GVI is located outside the cluster, in a

position between the centromere and the isoenzyme GI gene (Fig.4.5 ). The

isoenzyme GVI gene is 26 cM from the centromere region and 50 cM from the

isoenzyme GI gene.

As the probe for GVII (ABG2) was not available, a PCR method was

used. The primers were designed to amplify DNA fragments from the intron of the

gene. The isoenzyme GVII gene corresponding to the ABG2 gene was isolated

and characterised by Malehom et al. (1993) and a fragment of 310 bp would be

predicted from their sequence data. Using genomic DNA preparations from wheat,

barley and the wheat-barley addition lines as templates, a PCR product of

approximately 310 bp was amplihed from barley DNA and from DNA of the

wheat-barley addition line 3H; this product was not detected in DNA from wheat

or the other wheat-barley addition lines. These results indicated that the isoenzyme
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GVII gene is located on barley chromosome 3H. However, the PCR-amplified

product from the parent Sahara3771 used in the "Clipper x Sahara3771" DH lines

was approximately 600 bp in length (Fig. a.Q and this polymorphism allowed the

isoenzyme GVII gene to be mapped. Linkage analysis confirmed that the

isoenzyme GVtr gene is located on chromosome 3H. It is found in the region of

the 1,3-p-glucanase gene cluster,T.J cMfrom the isoenzyme GIII gene and 4.2

cM from the isoenzyme GIV gene (Fig.a.5). The RFLP marker nearest the

isoenzyme GVII gene is CDO105 (0.6 cM).

4.2.1.3 Chromosomal location of B-glucosidase

Beta-glucosidase is involved in hydrolysis of the short chain pJinked

oligosaccharides during germination and plays a role in sugar sink-source

movement between endosperm and growing seedling (Essen, 1993; MacGregor

and Fincher,1993; Simos et al, 1994). There is a single p-glucosidase gene in the

barley genome (Leah et al, 1995). PCR primers were designed to amplify the 3'-

sequence of this gene based on the published sequence (Leah et al, 1995). A single

band was amplified from both barley cy. Betzes and wheat cv. Chinese Spring and

the polymorphism was observed between barley and wheat (Fig. a.8). The barley

specific band was only amplified from wheat-barley addition line 2H (Fig. 4.8).

This indicates that the single p-glucosidase gene is located on the barley

chromosome 2P,.. The DNA band was further excised and purified using

GeneClean. RFLP analysis showed no polymorphism between the parental

varieties of the mapping populations (data not shown) using the purified DNA as a

probe. This prevented in the positioning of the p-glucosidase gene into a molecular

linkage map.
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4.2.1.4 RFLP mapping of the L,4-p-xylanase genes

In addition to 1,3-1,4-B-glucan, one-fifth of the cell walls of barley starch

endosperm is arabinoxylan (Fincher, 1975). Endo- and exo-xylanase, ü,-

arabinofuranosidases and p-xylosidases jointly depolymerise the arabinoxylan

during barley germination (Taiz and Honigman, 1916). However, only recently

have detailed studies commenced on the enzymes responsible for the arabinoxylan

degradation. Two cDNAs encoding 1,4-p-xylanases have been isolated from

barley (Banik et al, 1996).

Using the full length cDNA of 1,4-p-xylanases as a probe, Southern blot

analysis detected three bands and all bands were highly polymorphic between the

parental varieties (data not shown). The three bands corresponding to 1,4-þ-

xylanase genes were located on the long arm of chromosome 5H (Fig. 4.9). No

recombination between the three bands was observed in the 234 DH lines of the

two mapping populations. The. bands were also incorporated into a consensus

linkage map using JoinMap software (Stam, 1993). As shown in Fig. 4.9, rhe

1,4-p-xylanase gene(s) cluster approximately 0.7 cM distal to the RFLP marker

CDO506 and 4.2 cM proximal to the PSR370 marker.

4.2.2 Mapping structural loci of hydrolytic enzymes

degrading starch

4.2.2.I RFLP and isoenzyme mapping of u-amylase genes

Alpha-amylases initiate the degradation of starch. Extensive research has

been made on these enzymes. There are two groups of isoenzymes (low pI and

high pI), which are encoded by two small gene families located on chromosomes

7H and 6H, respectively (Khursheed and Rogers, 1988; MacGregor, 1987). The

aims for mapping the o-amylase genes in the present study include (l) studying
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the relationship between RFLP and isoenzyme bands; (2) providing a reference to

study the genetics of the enzyme activity and interaction of different hydrolytic

enzymes during germination.

SixDNAbandsweredetected by Southern blot analysis using Amyl as a

probe. However, only three bands were polymorphic (Fig. 4.10). All the

polymorphic bands cosegïegated and were mapped to chromosome 6H using

Mapmaker software (Lander et al, 1987) (Fig. a.10 and Fig. 4.1 I ). Additionally,

IEF and immunoblot analysis showed that most of the isoenzyme bands

cosegregated with the RFLP bands, but minor recombining bands were detected

Fig.a.Iz). Howevef, no corresponding RFLP recombination was found

(Fig.4.10 and Fig. l2).

4.2.2.2 RFLP mapping of limit dextrinase gene

Limit dextrinase (LD) is the only endogenous barley enzyme that

debranches amylopectin and related compounds produced during germination and

malting (Sissons et al, 1992a). Several isoforms of LD with pI between 4'2 and

5.0 and molecula¡ mass between 80 and 104 kD have been purified from

geminated barley. However, little is known about the gene(s) and their genetics in

barley. Recently, a 67}bp cDNA fragment encoding barley LD has been isolated

from a cDNA library prepared from the mRNA of GA treated aleurone (X.-Q.

Zhang and G.B. Fincher, unpublished data). The cDNA was identified as a LD

cDNA because of the correspondence of its nucleotide sequence with the amino

acid sequences determined directly from tryptic peptides generated from the

purified enzyme (X -Q. Zhang and G.B. Fincher, unpublished data), and

sequence similarity with the rice R-enzyme (Nakamura et al,1996).

Genomic DNAs from the seven wheat-barley addition lines and their

parental varieties were digested with restriction endonucleases EcoRV and

HindIII, and probed with the cDNA fragment of LD. Southern blot analysis
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showed that a single band in the barley genome hybridised with the LD cDNA

fragment while three bands were detected in the wheat genome (Fig.a.l3). These

results suggested that there is a single LD gene in barley and that one copy of this

gene is located on each of the three homoeologous wheat chromosomes. The

barley LD fragment was found only in the wheat-barley addition line 7H (Fig.

4.13); this indicates that the gene is located on barley chromosome 7}l.

Genomic DNA preparations from the four parents (Galleon, Haruna Nijo,

Chebec, Hanington) of the mapping populations were digested with 28 restriction

endonucleases to identify polymorphisms at the LD locus. Only one

polymorphism was found, when the cultivars Chebec and Harrington were

digested with EcoRV (data not shown). Using the Mapmaker software (Lander et

al, 1987), the polymorphism detected between Chebec and Harrington was

mapped on the short arm of chromosome 7H, flanked by the RFLP markers

ABG380 on the distal side and AWBMA26 on the proximal side (Fig. a.la).
'When the mapping data were combined into the consensus linkage map using the

JoinMap software (Stam, 1993), the LD gene was positioned between the RFLP

marker WG789 on the distal side and the gene encoding glucosyl transferase (Brz)

flMise et al, 1990) on the centromeric side (Fig. 4.I4). The genetic distance

between the LD locus and the glucosyl transferase gene is 0.6 cM, and 1.5 cM to

the WG789 marker (Fig. a 14).

4.2.2.3 Chromosomal location of ct-glucosidase gene

Alpha-glucosidase exolytically liberates glucose from glucan polymers and

disaccharides. It is the least characterised enzyme in the amylotic complex in barley

(Bamforth and Barclay,1993). Two isoforms have been purified from germinated

barley with molecular mass of 65 and 32 kD. Recently, a putative cr-glucosidase

clone has been isolated from a cDNA library constructed from mRNA of barley

aleurone treated with GA (Tibbot and Skadsen,1996).
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PCR primers were designed to amplify the 3'-sequence of this gene based

on the published sequence (Tibbot and Skadsen, 1996). A single band was

amplified from the barley varieties but no detectable band was produced from

wheat cv. Chinese Spring DNA as template. The barley specific band was only

amplified from wheat-barley addition line 2H (Fig. a.15). This indicates that the

single a-glucosidase gene is located on the barley chromosome 2H. The DNA

band was excised and purified using GeneClean. RFLP analysis showed no

polymorphism between the parental varieties for the mapping populations using

the purified DNA as probe (data not shown). This prevented incorporating the c-

glucosidase gene into a molecular linkage map.

4.3 Discussion

4.3.1 Gene locations of 1r3-1r4-B-glucanases

The two genes encoding 1,3-1,4-B-glucanases had previously been

mapped on chromosomes lH and 7H using wheat-barley addition lines or

aneuploid and ditelosomic wheat lines (Loi et al, 1988; Slakeski et al, 1990). In

the present study, the EI gene was incorporated into a molecula¡ linkage map using

RFLP and PCR methods. The Etr gene, on the other hand, would appear to be

highly conserved and no polymorphism could be detected using either the RFLP

or PCR method. This result is supported by isoenzyme mapping (Macleod et al,

1991) and RFLP mapping from the North American Barley Genome Mapping

Project (Kleinhofs et al, 1993), but contradicted with the result of Slakeski ¿r ¿/.

(1990). As the EII gene is expressed predominantly in the aleurone and is the

main enzyme in malt (Stuart and Fincher, 1983; Slakeski and Fincher, 1992), it is

more important from the point view of the malting and brewing industries.

Therefore, more effort should be made to map the EII gene.
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4.3.2 Gene locations of 1,3-B-glucanases

Using RFLP and PCR mapping procedures it was possible to incorporate

the genes encoding seven individual 1,3-p-glucanase genes into a high density

consensus linkage map for barley (Fig. a.5). The genes are all located on the long

arm of chromosome 3H and six of the genes are grouped within 18.2 cM of each

other. The gene encoding isoenzyme GVI is found between the major group of

1,3-p-glucanase genes and the centromere (Fig. a.5). Each of the genes is

represented on the barley genome by a single copy, with the possible exception of

the genes encoding isoenzyme GIV, for which multiple DNA fragments were

detected during both RFLP and PCR mapping experiments. It is not clear whether

this result indicates the presence of additional 1,3-p-glucanase genes which share a

high degree of sequence identity with the isoenzyme GfV probe, or whether the

isoenzyme GIV gene is a representative of a subfamily. The absence of any

detectable polymorphisms in all but one of the DNA fragments that hybridised

with the isoenzyme GIV probe precluded the mapping of these other genes and,

until these effects are investigated in more detail, it is not possible to make firm

conclusions about the number of the 1,3-p-glucanase isoenzyme GIV genes in

barley.

In earlier work, Kleinhofs et aI. (1993) used a nea.r fullJength cDNA

encoding isoenzyme GII (Hpj et al, 1989) to map barley 1,3-p-glucanase genes.

Two loci have been mapped to the long arm of barley chromosome 3H and the

genes were designated GIb3 and GIb4 (Kleinhofs et al, 1993), but the lack of

specificity of the probe prevented the assignment of the two loci to individual 1,3-

ß-glucanase genes. However, based on the relative map positions (Fig. 4.5 cf .

Kleinhofs et al, 1993) and the high degree of sequence identity between

isoenzymes GI and GII (Xu et al, 1992), it is likely that Glb3 and Glb4 of

Kleinhofs et aI. (1993) correspond to the genes encoding 1,3-p-glucanase

isoenzymes GII and GI, respectively.
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The use of the designations GIb3 and Glb4 by Kleinhofs et aI. (1993)

raises a general problem with nomenclature for p-glucanase genes. Cereal B-

glucan endohydrolases can be divided into three major classes: the 1,3-p-

glucanases (EC 3.2.1.39), the 1,3-1,4-B-glucanases (EC 3.2.1.13) and the I,4-þ-

glucanases (EC 3.2.1.4) or endo-cellulases (H@j and Fincher, 1995). Two 1,3-

1,4-p-glucanase isoenzymes, designated isoenzymes EI and Etr (Woodward and

Fincher, 1982; Slakeski et al, 1990), and seven 1,3-p-glucanase isoenzymes,

designated isoenzymes GI to GVII (or in the case of isoenzyme GVII, ABG2) (Xu

et al, 1992; Malehom et al, 1993) have so far been characterised. There is every

possibility that barley cellulases will be described in the future. Therefore, any

systematic nomenclature for the genes encoding these related polysaccharide

hydrolases must not only take account of their different specificities, but must also

allow for the identification of multiple isoforms within each enzyme class. It is

therefore proposed that the 1,3-p-glucanase genes be designated GIb3l to GIb3x,

where 3 indicates that the l,3-linkage is cleaved and x is the number of the

individual isoenzyme. In this system the gene for 1,3-p-glucanase isoenzyme GV

wouldthereforebe GIb35, for isoenzyme GVII GIb37, etc. Similarly, the genes

for 1,4-p-glucanases, or cellulases, could be designated GIb4l to GIb4x, where

the 4 indicates that the l,4-linkage is hydrolysed and x represents the individual

isoform. In the case of the 1,3-1,4-p-glucanases, of which there are only two

isoforms in wheat and barley (Slakeski et al, 1990), the simplest designations for

isoenzymes EI and Etr would be Glbl and Glb2, respectively; this nomenclature

has been adopted in earlier work (Søgaard and von Wettstein-Knowles, 1987; von

Wettstein-Knowles, 1992)
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4.3.3 Relationship of L,3-B-glucanase and 1,3'lr4'þ-
glucanase

Comparative studies on barley 1,3-p-glucanases and 1,3-1,4-p-glucanases

suggest that these enzymes are members of a single "super-gene" family and that,

in all likelihood, the 1,3-1,4-B-glucanases diverged from the 1,3-p-glucanases

during the appearance of the graminaceous monocotyledons (HØj and Fincher,

1995). The evidence is based on similarities in their three-dimensional structures

(Varghese et al, 1994), in the topology of their substrate binding domains

(Hrmova et al, 1995), in their catalytic mechanisms (Chen et al, 1993, 1995) and

in the structure of their corresponding genes (Høj et al, 1989; Slakeski et al, 1990;

Xu et al,1992; Wang et al, 1992). In considering possible evolutionary pathways

of the barley p-glucanases, H6j and Fincher (1995) used the algorithms of Hein

(1990) to reconstruct a phylogenetic tree, of which a modified version is shown in

Figure 4.7. The question arises as to whether the position of individual 1,3-p-

glucanase genes on the phylogenetic tree can be reconciled with their positions on

the linkage map shown in Figure 4.5. Comparisons of the tree generated by

sequence similarity and the linkage distances revealed many similarities (Figures

4.7 and 4.5), in particular the close relatedness of isoenzymes GI and GII,

isoenzymes GIII and GVII, and isoenzymes GIV and GV. Furthermore,

isoenzyme GVI is placed furthest from the other isoenzymes in both cases

(Figures 4.5 and 4.7). The major difference is the relative proximity of the

isoenzyme GIVGIII pair in the linkage map analysis (Figure 4.5 cf . Figure 4.7).

The two barley 1,3-1,4-þ-glucanases have been classified with the 1,3-P-

glucanases in a single gene family (Høj and Fincher, 1995) but the genes encoding

the 1,3-1,4-p-glucanase isoenzymes EI and EII are located on the long arms of

chromosome lH and chromosome JH, respectively (Loi et al, 1988; Macl¡od et

al, 1991). If the genes encoding 1,3-1,4-þ-glucanases are indeed derived from

1,3-B-glucanase genes (Høj and Fincher, 1995), all of which are located on
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chromosome 3HL (Fig. 4.5), it is clear that multiple chromosomal translocations

accompanied 1,3- 1,4-F-glucanase evolution.

The distribution of 1,3-B-glucanase genes along a single barley

chromosome arrn implies that duplication of the ancestral gene occurred via a type

of illegitimate recombination rather than by an excision, duplication and reinsertion

mechanism. It is possible that gene duplication occurred initially by tandem

duplication of the ancestral gene. Subsequent dispersal along the chromosome

could have been affected by chromosome rearrangements. It is noteworthy that

the organisation of the barley 1,3-p-glucanase genes is similar to that of the barley

hordein genes on chromosome lH (Shewry and Miflin, 1982; Bunce et al, 1986;

Shewry et al, 1990) and the clustering of c-amylase genes (AmyI) on

chromosome 6H (Khursheed and Rogers, 1988; Takano and Takeda, l98l;
Taknao et al, 1988). The o-amylase genes (AmyI) may represent an early stage in

the evolutionary process, where the duplicated genes are still closely linked.

4.3.4 Gene location and function of L,4-P-xylanase

The three bands observed in this study may represent three genes of barley

1,4-B-xylanase (Banik et al, 1996), but they are so tightly clustered that no

recombination could be observed between them. If each band represents a gene,

then the three genes have most probably arisen by tandem duplication of a single

ancestral gene. Several other gene families in barley a¡e also organised as clusters

in a limited region of a particular chromosome. The barley 1,3-B-glucanase gene

family is distributed along the long arm of chromosome 3H (Section 4.3.3; Li et

al, 1996), while barley hordein genes are organised in a similar manner on

chromosome lH (Shewry et al, 1990). However, 1,4-p-xylanase genes may

represent an early stage in the evolution of gene families, where tandemly

duplicated genes are still closely linked and dispersal by chromosome

rearrangement or translocation to other chromosomes has not yet occurred. Recent
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duplication of 1,4-B-xylanase genes might also explain the relatively high level of

sequence identity (9lVo aT the nucleotide level) between the genes encoding

isoenzyme X-I andX/I(Banik et al, 1996). This level of sequence identity can be

compared with the values as low as 45Vo for the seven members of the 1,3-P-

glucanase gene family (Xu et al, 1992), six of which are located in a region less

than 20 CM on chromosome 3H (Section 4.2.1.2; Li et al, 1996).

In considering the role of 1,4-B-xylanase in cell wall degradation during

endosperm mobilisation, it might be anticipated the synthesis and secretion of

endohydrolases responsible for hydrolysis of the major cell wall polysaccharides,

namely 1,3-1,4-þ-glucanases and 1,4-p-xylanases, could be subject to coordinated

regulation. However, Slade ¿r aI. (1989) showed that xylan endohydrolases

appeared in extracts of intact, germinated barley grain several days later than 1,3-

1,4-B-glucanases. A similar delay is also seen in isolated aleurone layers (Banik et

al, 1997). This raises the question of whether arabinoxylan depolymerisation is

really necessary for the penetration of cell walls by cr-amylases, peptidases, and

other hydrolytic enzymes in relation to their respective substrates in the starch

endosperm cells. The current mapping of 1,4-p-xylanase genes provides a basis to

study the function of 1,4-p-xylanases and their interaction with other hydrolytic

enzymes.

4.3.5 Relationship of the RFLP and IEF bands of a-amylase

Takano et aI. (1988) have suggested that the rare recombination of the

isoenzymes resulted from the recombination between cr-amylase gene and its

regulator gene. In other word, the isoenzyme pattern is controlled by a regulator

gene rather than the ct-amylase genes. If this is the case, recombining band pattern

between RFLP and isoenzyme should be detected. However, in the present study,

the isoenzyme band pattem cosegregated with the RFLP locus and the

recombination only happened between a few bands rather than the whole band
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pattern (Fig 4.12). This suggested that the recombination of the isoenzymes

resulted from the recombination within the cr-amylase gene family. However,

there is no direct evidence to suppoft this suggestion as some of the Southern

bands were not polymorphic.

4.3.6 Gene location of limit dextrinase

Barley genomic DNA digested with 28 restriction enzymes was probed

with 670 bp cDNA of LD. Only one band was produced after digestion with

BamHI, DraI, EcoRV, HindIII, HinfI, NarI, NcoI, PstI, SaII, SacI, Smal and

XhoI (data not shown) and three bands produced for wheat genomic DNA

digested wirh HindIII and EcoRV (Fig. 4.13). Therefore, LD gene in barley and

wheat appears to be present as a single gene per homologous genome. This is

consistent with the rice LD data (Nakamura et al, 1996), but different from maun'

in which three copies of LD gene may be present (Pan and Nelson, 1984).

The structural gene of limit dextrinase was mapped on the barley

chromosome lH using wheat-barley addition lines and linkage analysis. This

result was supported by the isoenzyme results (Sissons, 1992). Barley

chromosome 7H was thought to be homologous with the rice chromosome 6

(Sherman et al, 1995). However, the R-enzyme gene (limit dextrinase) in rice was

mapped on chromosome 4 (Nakamura et al, 199ó). This suggests that

translocation for LD gene has happened during evolution. Indeed, it has been

reported that barley chromosome 7H also shared partial homology with rice

chromosome 4 (Saghai-Maroof et al, 1996).

In contrast to a single copy of the gene, six different isoenzyme bands have

been revealed by isoelectric focusing analysis (Sissons et al,l992a). The origin of

the isoforms of this enzyme may be due to post translational modification of the

main constituent or modification during extraction of the enzyme. The
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relationships between the structural gene, the isoenzyme type and the enzyme

activity require further study.

4.3.7 Summary

In summary, all cloned genes (except Etr and Amy2) for degrading cell

walls and starch during seed germination were mapped in the present study. These

include one gene for 1,3-1,4-p-glucanase, seven genes for 1,3-p-glucanase, three

genes for 1,4-p-xylanase, one gene for p-glucosidase, one loci for cr-amylase,

three genes for p-amylase (see Chapter 3), one gene for limit dextrinase and one

gene for a-glucosidase. Their chromosomal locations are shown in Fig. 4.16.

These results will provide basis for studying the genetics and function of the

hydrolytic enzymes.
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Chapter 5: Molecular Mapping of QTLs for the
Enzyme Activity of B-Glucanase, cr-Amylase and
Limit Dextrinase

5.L Introduction

In the previous chapter, the important genes encoding the hydrolytic enzymes

have been mapped. However, it is still not clear i) how important these structural loci are

in the determination of enzyme activities, ii) how these genes interact with each other

during germination, iii) how many other genes are involved in regulating the enzyme

activity, iv) whether there is a common locus controlling the activities of all the enzymes

and v) how it may be possible to manþlate these loci in a breeding program.

Quantitative trait loci (QTL) analysis may provide an answer to these questions, as it can

quantify discrete effects of, and to less extent interaction among the genes determining the

enzyme activity in malting and brewing (Hayes et al, 1996).

In the present study, QTL controlling the enzyme activities of p-glucanase (1,3-

1,4-p-glucanase), a-amylase and limit dextrinase were mapped and compared for the

three mapping populations. Additionally, the contributions of seed dormancy, kemel

weight and kernel shape were estimated to determine their effects on enzyme activity .

5.2 Results

5.2.1 QTLs controlling the enzyme activity of lr3'lr4'þ'
glucanase

5.2.L.L Mapping QTLs controlling the enzyme activity

Three DH populations were used to map the QTLs controlling the activity of 1,3-

1,4-p-glucanase. The enzyme activity for the parental varieties Clipper, Sahara377l,
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Table 5.1 QTL location, genotype difference (GD %) and explained total variation (EV%) and

significant level (* P<0.05; ** P<0.01) for 1,3-1,4-p-glucanase activity. The letter suffix indicates

the parents contributing the large value allele (G: Galleon; HN: Haruna Nijo; C: Chebec; H:

Harrington; CL: Clipper, S: Sahara).

Populations Chromosome Closest

Marker

GD

(%)

EV

(%)

Haruna

Nijo X

Galleon

2H

2H

4H

5H

6H

7H

ABC468

MWG503B

wG622

wG364

PSRI67

ABC465

20.0 HN

12.7 HN

r 1.7 HN

13.4 HN

10.3 G

17.6 HN

21.5 **

9.0*

20.5**

12.9**

l0.l*
8.3**

Chebec X

Harrington

3H

5H

BCD45l

KSUD4

10.4 H

3.1 H

9.8r r

8.7r r

Clipper X

Sahara

IH

2H

3H

AWBMAS

2R/6R

GVII

17.4 S

t2.2 CL

60.1 s

8.7'r

16.6*

6.1*
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Galleon, Haruna Nijo, Chebec and Harrington were 650*16.6, 510+38.8, 547+30.2,

lL5!25.5,493+21.3 and 674+59.5 U/kg, respectively. The distributions of the enzyme

activity in the three populations are shown in Figure 5.1. The enzyme activity exhibited

continuous variation in each population, which suggested that the activity of 1,3-1,4-p-

glucanase is controlled by multiple loci in the barley genome. Transgressive segregation

was observed in all three populations, but it was distorted towards the lower parent in the

"Clipper X Sahara377l" population, and to the higher parent in the "Chebec X

Harrington" population.

Six QTLs were detected as controlling the activity of 1,3-1,4-p-glucanase in the

"Haruna Nijo X Galleon" population. All but one of the positive loci were from the

Haruna Nijo parent. The chromosomal location, genotypic difference and variation

explained for the QTLs are shown in Table 5.1. Two QTLs were found on chromosome

2H, of which the one linked with the RFLP marker ABC468 had the largest effect on the

enzyme activity. One QTL with the second largest effect was located on chromosome 4H.

The QTL on chromosome 7H, linked with the RFLP marker ABC465, could be the

structural locus of 1,3-1,4-þ-glucanase isoenzyme E,II (GIb2), but no detectable effect

was found around the locus of isoenzymeBl(GIbI) on chromosome lH (Loi et al, 1988;

Maclæod et al, 1991; Slakeski et al, 1990). The QTL on chromosome 6H was closely

linked with the AmyI locus of a-amylase (Fig 2.1a).

Three QTLs were detected for the activity of 1,3-I,4-p-glucanase in the "Chebec

X Hanington" DH population. All the positive QTLs were from the Harrington parent

(Table 5.1). One QTL was located on each of the short and long arms of chromosome

5H. The QTL linked with the RFLP marker BCD451 on chromosome 3H was close to

the structural loci of the 1,3-p-glucanase gene family (Li et al,1996, Fig. 2.1b).

Three QTLs were found in the "Clipper X Sahara377l" DH population as

controlling the activity of 1,3-1,4-p-glucanase. The three QTLs were dispersed on

chromosomes lH, 2H and 3H (Table 5.1). Two positive QTLs were from the

Sahara37Tl parent and one from the Clipper parent. The QTL on chromosome 3H was
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linked with the 1,3-p-glucanase gene family (Li et al, 1996, Fig 2.lc) and that on

chromosome 2H with the two row/six row locus (V/v).

5.2.1.2 Comparison of the QTLs in different mapping

populations

The common markers used in the different mapping populations and in the

construction of the consensus linkage maps (Langridge et al,1995; Qi et al, 1996) made it

possible to compare the QTL mapped in the different populations. By placing the QTL

onto the consensus map, it is evident that the QTL mapped to chromosome 2H are located

in a similar chromosomal region in all three mapping populations. The QTL on

chromosome 5H is found in a similar region in the "Haruna Nijo X Galleon" and the

"Chebec X Hanington" populations. The QTL on chromosome 3H is in a simila¡ region

in the "Chebec X Hanington" and the "Clipper X Sahara3Tll" populations (Fig. 5.2.

Fig. 2.1). A combination of these results indicated that eight different QTLs were

identifiedas controlling the enzyme activity of 1,3-1,4-p-glucanase in the three mapping

populations. The QTLs on chromosomes 5H and 7H in the "Haruna Nijo X Galleon"

population were consistent with those mapped in the North American Barley Genontc

Mapping Project (Han et al, 1995) and the QTL on chromosome 4H coincided with that

for the content of malt p-glucan (Han et al, 1995).

5.2.2 QTLs controlling the enzyme activity of cr-amylase

5.2.2.L Mapping QTLs controlling o-amylase activity

Three DH populations were also used to map the QTLs controlling the activity of

a-amylase in the present study. The enzyme activity for the parental varieties Clipper,

Sahara3Tll, Galleon, Haruna Nijo, Chebec and Harrington were 343*25.7, 340+24,

207+6.2, 350+28.3, 21Q+13 and 478+23 rJlg, respectively. The enzyme activity
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Table 5.2 QTL location, genoqæe difference (GD %) and explained total variation @V%) and

significant level (* P<0.05; ** P<0.01) for o-amylase activity. The letter suffrx indicates the

parents conhibuting the large value allele (G: Galleon; HN: HarunaNijo; C: Chebec; H:

CL: Clipper, S: Sahara).

Populations Ch¡omosome Closest Marker GD EV

(%\)

Haruna Nijo X

Galleon

IH

2H

2H

5H

5H

6H

7H

AWBMA2T

ABC468

MV/G503B

wG364

ABGTO2B

BCD22IA

ABC465

16.5 HN

31.1 HN

24.9 HN

23.6 HN

26.9 HN

ll.9 G

23.0 HN

2.0*

18.4**

10.1*

14.8**

22.3**

5.3 r

2.3*

Chebec X

Harrington

IH

IH

3H

5H

5H

6H

6H

PSRI2IA

cD0400

BCD45I

KSUD4

cDo4l9

ABCI56

AWBA2O

15.8 C

14.8 H

t7.2 H

19.0 H

r2.4 C

l6.l H
14.6 H

13.1 *

18.2*

9.2*

4.9*

13.6*

12.9*

4.8*

Clipper X Sahara IH

IH

2H

3H

5H

Horl

PSRI58

cDo473B

v/G405

wclSl

40.5 S

26.7 S

29.6 S

19.8 CL

22.5 S

I 1.4**

9.5*

15.6**

6.8r

9.1*
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showed continuous variation in all the DH populations, and transgressive segregation

was observed in the "Clipper X Sahara3JJI" and "Haruna N¡o X Galleon" populations

(Fig. s.3)

Seven QTLs were detected for a-amylase activity in the "Haruna Nijo X Galleon"

population. All but one of the positive alleles were from the Haruna Nijo parent (Table

5.2). Two QTLs were found on each of chromosomes 2H and 5H, which explained most

of the variation of the enzyme activity. However, the two structural loci of a-amylases

on chromosome 6H and 7H had no significant effect on the enzyme activity (Table 5.2,

Fig 2.1a).

Seven QTLs for the activity of cr-amylase were identified in the "Chebec X

Harrington" DH population. Five positive QTLs were from the Harrington parent and

two from the Chebec parent. This result partially explained the transgressive segregation

of the enzyme activity (Fig. 5.3). The distribution of the QTLs in the "Chebec X

Hanington" population is different from that of the "Haruna Nijo X Galleon" population.

Two QTLs were identif,red on each of chromosomes lH, 5H and 6H. One QTL on

chromosome 6H, linked with RFLP marker ABC156, may represent the structural locus

of a-amylase (Amyl) (Fig. 2.lb, Fig. 5.4).

Five QTLs for the activity of a-amylase were detected in the "Clipper X

Sahara377l" population. There were two QTLs on chromosome lH, of which one was

closely linked with the hordein structural loci (Fig 2.1c, Shewry et al, 1990; Shewry,

1991). The QTL on chromosome 2H had the largest contribution to variation of the

enzyme activity. Two other QTLs were located on chromosomes 3H and 5H.

5.2.2.2 Comparison of the QTL for ü,-amylase in different

mapping populations

By placing the QTLs in the consensus map, the QTLs mapped on the short arm of

chromosome lH were located in a similar region in all three mapping populations and

closely linked with the hordein gene family (Fig. 2.1, Fig. 5.4, Shewry et al, 1990;
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Shewry, 1991). This may explain the difficulty experienced in selecting for high enzyme

activity and low protein content at the same time (Smith, 1990). It is not clear whether

this is due to pleiotrophic effects of the hordein genes or the genes for the enzyme activity

closely linked with hordein genes. The QTLs mapped on chromosomes 5H and 2H were

also in similar chromosomal regions in the three populations (Fig. 5.a). A combination of

these results indicated that ten QTLs control the activity of c-amylase in the present study.

Two QTLs for the enzyme activity of cr-amylase have been mapped on

chromosomes 5H and 7H in the "Dicktoo X Morex" population (Oziel et al, 1996). The

QTL with the largest effect is consistent with the common QTL detected on chromosome

5H in the present study. The QTL on chromosome 7H coincides with that mapped in the

"Haruna Nijo X Galleon" population (Fig. 5.4, Langridge et al, 1995, Oziel et al, 1996).

In another study, nine QTLs related to the activity of a-amylase have been identified in

the "steptoe X Morex" population (Hayes et al, 1993). Except for two QTLs on

chromosomes 4H and 7H, all the other QTLs were detected in at least one mapping

population in the present study (Fig. 5.4; Hayes et al, 1993).

5.2.3 QTLs controlling the enzyme activity of timit dextrinase

5.2.3.I Mapping QTLs controlling the LD activity

Two DH populations were used for mapping both total and free LD activity. The

parental varieties used to generate the DH populations exhibited different levels of both

"free" and "total" LD activity (Iable 5.3). When the DH populations were assayed for

free and total LD activity, free enzyme levels ranged from 87 to 217 mUlkg in the

"Haruna Nijo X Galleon" DH population and from 84 to 464 mU/kg in the "Chebec X

Harrington" DH population. Mean levels of free LD in the parental cultivars Galleon,

Haruna Nijo, Chebec and Harrington were 112+8.9, 223+9.5, 174+6.4 and 206138'3

mU/kg, respectively (Table 5.3). Transgressive segregation was observed in the

"Chebec X Hanington" DH population, but not in the "Haruna Nijo X Galleon" DH



Table 5.3 The enzyme activitv of the parental varieties for the mapping populations

Cultivars p-Glucanase a-Amylase TotalLD Free LD

Clipper

Sahara

Galleon

Haruna Nijo

Chebec

Hanington

650+16.6

510+38.8

54t+30.2

715.5+25.5

493+2r.3

674+59.5

343+25.7

34e+24

207+6.2

350+28.3

210+13

478_23

547!64.2

1380140.8

612-20.3

1857+t73.9

I t2+8.9

223+9.5

t74+6.4

206!38.3
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Table 5.4 QTL locarion, genor)?e difference (GD %) and explained total variation (E[/o)^a$ siEificant level-(t.P<9-0f; * P<-0-.01).

f--ip u.tiutity. Th. lettériuffríindicates the pàrents óoqtributing the large value allele (G: Galleonl HN: Haruna Nijo; C: Chebec; H:
Harrington). 4A is Haruna Nijo x Galleon poþulation; 4B is Chebec x Harrington population.

5.4a

ABC468

MWG5O3B

BMYI

wG364

PSRI I5

PSRI54

AaWBI

Free

2H

2H

4H

5H

5H

6H

7H

enTwe acttvtty Total enzyme activity

%oYarClosest marker Ch¡omosome % GD %oYar Closest marker Chromosome % GD

13.l HN

18.4 HN

9.5 G

13.5 HN

l2.l HN

10.2 G

7.4 G

12.5 **

14.2 **

5.4 f

I 1.4 **

7.5 *

4.2 *

4.8 'r'

BCD3IO

cDo370

KsuF4l

wGtSl

AWBMAl38

v/G789

8.1 G

14.5 HN

21.3 HN

13.7 HN

16.9 HN

20.1 HN

2.5 {'

9.'7 {':l'

ll.2 *+

8.8 *¡ß

9.1 ¡l't

3.8 *

IH

2H

2H

5H

5H

7H



Free

Closest marker Chromosome % GD

enryme activity

5.4b

cDo400

ABG453

BCD453B

BCD45I

KSI-ID4

24.9 H

4.9 H
6.5 C

23.9 H

8.5 C

10.1 **

5.0 *

2.6 *

12.3 **

9.2 *

ABG373

BCD402A

BCD4538

wcl14
ABG57

14.1 H

t9.7 H

22.5 H

rz.s c

t3.7 C

5.9 *

10.0 *

10.2 *

6.1 *

5.3 *

Total

IH

2H

2\T

4H

5H

enzyme activity

YoYar Closest marker Chromosome GD(%o) EV(%)

IH

2H

2H

3H

5H
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population. Although the free enzyme activities of the two high parents for the two DH

populations were not significantly different, the maximum free enzyme activity in the

"Chebec X Hanington" population was much higher than that of the "Haruna Nijo X

Galleon" population (Fig. 5.5).

Six QTLs for total enzyme activity and seven QTLs for free enzyme activity were

detected in the "Haruna Nijo X Galleon" population. The map locations, genotypic

differences, the most closely linked markers and variations explained by the QTLs are

presented in Table 5.4. Two loci exerting the greatest effect on both total and free

enzyme activities were identified on chromosomes 2H and 5H (Iable 5.4). The locus

linked with the RFLP marker WG789 on chromosome 7H may represent the structural

gene of LD (Fig 2.l,Fig. 4.14,Fig.5.6). However, this locus is only related to the total

enzyme activity and has no detectable effect on free LD activity. The QTLs on

chromosomes 7H, 4H and 6H were specific for the free enzyme activity, but their effects

were mlnor.

Five QTLs for both total and free activities were identified in the "Chebec X

Harrington" DH population (Table 5.4). However, the variation explained by these QTLs

was relatively small compared to the "Haruna Nijo X Galleon" population (Table 5.4).

The QTLs detected on chromosomes 2H and 5H contribute most of the variation of the

enzyme activity (Table 5.4). The QTL on chromosome 3H was only detected in the

"Chebec X Hanington" population, but has a major effect on the free enzyme activity.

5.2.3.2 Comparison of QTL locations for limit dextrinase in
two mapping populations

The common markers mapped in the two populations enabled a comparison of

QTL mapping results from different populations. Such a comparison might be expected

not only to identify the common and important regions controlling LD activity, but also to

identify regions of the genome that affect LD activity differently in various genetic

backgrounds. The QTLs on chromosomes l}J,2H and 5H, which accounted for most of
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the genetic variations for both free and total activity (Table 5.4), were located in similar

positions in the two populations (Fig. 2.1, Fig. 5.6). However, other QTLs on

chromosomes 3H, 4Ii.,, 5H, 6H and 7H were specific for one of the two mapping

populations (Fig. 5.6). A combination of the results suggests that there are eight QTLs

for total LD activity and ten QTLs for free LD activity in the varieties examined here.

However, the small apparent effect of some of these loci suggests they may not be

reliable.

5.2.3.3 Marker-assisted selection for the limit dextrinase

activity

The QTLs associated with LD activity were tested for their efficacy in selecting

enzyme activity. This was seen as particularly important for these QTLs with relatively

minor effect. Using a marker closely linked with a QTL as reference, ten DH lines with

each parental genotype were randomly selected to compose two bulks. Theoretically, the

two bulks should have a similar but random genetic background except that they differ in

the region of the marker locus. All the markers closely linked to the QTLs for the LD

activity (Table 5.4) were used for analysis with the seeds harvested in 1995 from the

"Haruna Nijo X Galleon" population. The results showed that most of the markers

detected previously by conventional QTL analysis can be used to select for elevated

enzyme activiry (Table 5.5). While there were major differences in the magnitude of the

QTL effects between the seed used for the initial QTL mapping and for the bulk-segregant

analysis, their direction were not changes in the favourable allele phase. The QTLs on

chromosome 2H showed the strongest association with enzyme activity (Iable 5.4 and

Table 5.5). These results demonstrated that the markers linked to the QTLs are reliable for

selecting the enzyme activity.



Table 5.5 The activity of LD selected with molecular markers linked with the QTL (Table 5.4)

from ..Haruna Nijo X Galleon" DH population. Each bulk was constructed with l0 random

selected DH lines with one parent allele at the marker locus (G: Galleon; HN: Haruna Nijo). Three

independent bulks were constructed for each locus.

Chromosome Marker Bulk Free activity Difference Toøl activity Difference

(mU/kg) %(mU/ke) %

HN

HN

HN

2H

1H

2H

4H

5H

5H

7H

BCD3lO G

ABC468 G

CDO373 G

Bmyl G

ABCI68 G

HN

PSRI 15 G

Amyl G

wG789 G

HN

BI

205-22
2r9+ll

257t7
298+I

2t8+7
265!14

2t9+3
20115

2t9+7
239!r

I 82+5

I 87+3

272!15
231+l I

21818

241+0

290!4
243!6

6.2

16.3

2t.9

8.9

9.3

2.4

t7.6

10.5

733+33

616+6

644X2

934+20

730!28
880133

638t25
674!33

633rl l
698+25

700!37
763!27

722t24
740!21

6l l16
703+l

8 I 3125

838126

18.9

29.5

20.5

5.6

t0.2

9.0

HN

6H

HN

HN
2.5

l5.l
G7H

3

HN
19.3
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5.2.4 Mapping QTLs controlling seed dormancy, kernel weight

and kernel shape

Seed dormancy was determined immediately following harvest. Six QTLs were

identified for the control of seed dormancy in the "Chebec X Hanington" population.

Both parents "Chebec" and "Harrington" had three positive alleles (Table 5.6). Two

QTLs were found on chromosome 5H. The QTL linked with the RFLP marker CDO460

had the major effect on dormancy. These loci for seed dormancy have also been mapped

in rhe North American Barley Genome Mapping Project (Ullrich et al, 1993). The other

QTLs were located to chromosomes 2H,3H,4H and7H.

Seven QTLs were detected for kernel weight. The QTLs were distributed on

chromosomes lH, zlF,',3H,4H, 6H and 7H. The alleles from chromosomes lH, 2H and

4H had the largest effects (Table 5.6). The QTLs on chromosomes 3H, 4H, 6H and 7H

controlling kernel weight have also been identified by other researchers (Backes et al.

1995; Powell et al, 1990; Thomas et al, 1996; Tinker et al, 1996).

Five QTLs were found for kernel shape (ratio of length/width). These QTLs u'crc

located on chromosomes lIF,, 2Ij,., 5H, 6H and 7H, respectively, with the loci on

chromosomes 5H and 7H having the largest effects (Table 5.6). The locus on

chromosome 5H has been previously identified (Backes et al, 1995).

By placing the QTLs for seed dormancy, kernel weight and kernel shape in

consensus maps, QTLs for kernel weight and kernel shape were located in similar regions

on chromosomes lH, 2H and 7H and those for dormancy and kernel weight in similar

regions on chromosomes 3H, 4H and 7H (Fig. 5.7). It is not clear if this is due to the

effects of linked genes or pleitrophic effects of single gene'



Table 5.6 QTL location, genot¡æe difference (GD %) and explained total variation @V%) and

significant level (* P<0.05; ** P<0.01) for seed dormancy, kemel weight and kernel shape

Traits Ch¡omosome Closest Marker GD (%) EV

(%)

Seed dormancy 2H

3H

4H

5H

5H

7H

TVG645

PTAG683A

CDO63

PSRI24O

cD0460

ABCI52

10.5 c
15.6 C

10.0 H

8.9 H

17.8 H

r4.3 C

5.7*

9.2**

3.6*

7.3*

15.4**

14.6**

Kernel weight IH

2H

2H

3H

4H

6H

7H

BCD402B

CDO57A

wcl80
KSUA3B

wG7l9

Amyl

BCDl29

5.4 C

4.5 C

5.1 c
2.8 H

4.4C

3.7C

3.1 c

15.3**

12.7**

15.9**

9.3 *

16.7**

4.6**

6.1*

Kernel shape IH

2H

5H

6H

7H

BCD402B

cDo57A

wG405B

ABG654

wG789B

1.7 H

1.6 H

2.6 C

1.6 c
2.8 C

6.4+

6.0*

l0**

6.6*

8.3**
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5.3 Discussion

5.3.L Relationship between structural genes and enzyme

activity

The two structural loci of 1,3-1,4-þ-glucanases (EI andEII)have been mapped to

chromosomes lH and 7H in the barley genome (Chapter 4, Loi et al, 1988; Macleod et

al,l99l; Slakeski et al, 1990). Northern blot analysis has shown that EI is expressed in

the scutella and aleurone of germinated seed and developing leaves and roots, whereas

EII expression predominates in the aleurone (Slakeski et al, 1990; Slakeski and Fincher,

1992). The present study indicates that the postulated EII locus on chromosome 7H

contributed signif,rcantly to the enzyme activity of 1,3-1,4-p-glucanase. The EI locus on

chromosome lH was not associated with the QTL controlling activity. These results

reinforce the opinion that EII is more important for malting quality. However, the EII

gene and its surrounding regions appears to be highly conserved (see Chapter 4). Thus,

highly polymorphic markers linked to Etr should be developed for selecting high levels of

1,3-1,4-þ-glucanase in breeding programs.

High levels of 1,3-p-glucanase activity have been found in the endosperm of

germinating barley (Høj et al, 1988, 1989). However, the main component of the

endosperm cell walls is 1,3-1,4-p-glucan (MacGregor, 1990), and the purified 1,3-P-

glucanases were unable to hydrolyse barley 1,3-1,4-þ-glucans (Høj and Fincher, 1995;

Woodward and Fincher, 1983). The apparent paucity of endogenous substrate, together

withthe ability of 1,3-p-glucanases to hydrolyse the 1,3- and 1,3-1,6-p-glucans that are

major cell wall constituents in some classes of fungal pathogens of plants, has led to

speculation that these enzymes may participate in a general, non-specific strategy to

protect grain against pathogen invasion (Fincher, 1989). However, there is no direct

evidence to support this point from either quantitative or qualitative disease resistance

analysis. The present study showed that one locus around the 1,3-p-glucanase genes
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contributed to the enzyme activity of 1,3-1,4-p-glucanase. The substrate used here was

purified barley 1,3-1,4-p-glucans, and as such does not contain contiguous 1,3-B-

linkages. It is therefore specific for I,3-I,4-þ-glucanases (Megazyme, Sydney,

Australia). One possible explanation for the current result may be that 1,3-p-glucanases

degrade 1,3-p-glucans in the aleurone cell wall (Bamforth and Barclay, 1993) and

consequently accelerate release of 1,3-1,4-p-glucanases from the aleurone layers. The

other possibility is that 1,3-p-glucanases hydrolyse 1,3-1,4-þ-glucans jointly with 1,3-

1,4-p-glucanases. Although 1,3-p-glucanases are unable to degrade the large molecules of

1,3-1,4-þ-glucans, they could hydrolyse small fragments of I,3-1,4-þ-glucans after they

had been partially hydrolysed by 1,3-1,4-p-glucanases. These speculations call for further

study. Nevertheless, this does not exclude the possibility that some isoenzymes of 1,3-p-

glucanases take part in the defense response.

Similar to 1,3-1,4-p-glucanases, Two loci encoding a-amylases were located on

chromosomes 6H (Amyl) and 7H (Amy2) and two loci for p-amylases on chromosomes

2H (Bmy2) and 4H (Bmyl). The present study showed that only one locus for each of

the enzymes contributes significantly to controlling the variation on enzyme activity:

Amyt for a-amylases and Bmyl for p-amylases (Tables 3.I, 5.2, 5.3). This means that

one structural locus is predominantly expressed in developing or germinating seeds. This

result is supported by isoenzyme and Northern blot analysis (Fincher and Stone, 1993;

Slakeski et al, 1990; Slakeski and Fincher, 1992; Shewry et al, 1988). However,

compared with the locus of p-amylase (Bmyl) which is synthesised during seed

development, the individual structural loci of o-amylase, 1,3-1,4-þ-glucanase and limit

dextrinase have relatively minor contributions to the enzyme activities. For those

enzymes synthesised during seed germination, the regulatory loci seem more important in

controlling enzyme activity (Tables 5.1, 5.2, 5.3).

5.3.2 Genes controlling the activity of LD
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Limit dextrinase exists in a free, active form and a latent, bound form (Longstaff

and Bryce, 1991,1993; MacGregor et al, 1994).In malted barley, almost all the enzyme

appears to be present in the bound form (Sene and Lauriere, 1989). The proportion of

free to bound activity was 5.3Vo to 285Vo in the present study. The small amount of free

LD available in malt may explain why most of the 1,6-linkages survive the brewing

process (Enevoldsen and Schmidt, 1974). Sufficient I-D is synthesised for seed

germination, but most is stored in a latent form. The enzyme is activated at late stages of

germination (after 10 days of germination) (Longstaff and Bryce, 1993; MacGregor et al,

1995). This suggests that the amylopectin may be used as a long term stored energy for

seed germination, and may explain why the structural gene for limit dextrinase is only

related to the total enzyme activity but not the free enzyme activity and the QTLs specific

for the free enzyme activity had only minor effects at the early stage of germination in this

study. However, the malting industry usually employs a short germination time. It is

desirable to select barley cultivars where limit dextrinase is activated quickly during

germination. There exists considerable genetic variation for the proportion of free to

bound form enzyme in the present study. This provided the possibility to select barley

varieties with high free enzyme activity.

The latent limit dextrinase is converted to free enzyme by proteolytic modification

during germination (Longstaff and Bryce, 1993). A simila¡ mechanism also controlled the

release of bound p-amylase (Grime and Briggs, 1995; Guerin et al, 1992a, I992b;

Lundgard and Svensson, 1986). Several endopeptidases have been isolated (Koehler and

Ho, 1988; Phillips and'Wallace, 1989), which can activate the bound p-amylase (Guerin

et al,1992a). One endopeptidase gene (Cep B) (Guerin et al, I992b) and two proteinase

genes (EPBI and EPB2) (Mikkomen et al, 1996) have been mapped on chromosome 3H

and another endopeptidase gene (EpHI) was located on chromosome 7H (Hart et al,

1980). The QTLs on chromosome 3H linked with the marker BCD451 and on

chromosome 7H linked with the PCR marker AaWBI only influence the free enzyme

activity, but not total activity. Thus it is postulated that these two loci should be involved

in the activation of the LD enzyme. The AaWBI is a highly polymorphic microsatellite
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DNA marker (Data not shown). Therefore, it is very useful for selecting the high activity

of limit dextrinase.

Reducing inhibitor concentration is an altemative to increase free enzyme activity

(MacGregor et a1,1995), but due to the inability to assay for the inhibitor gene(s), it is

difficult to judge the importance of the inhibitor(s) in relation to the free enzyme activity.

However, the QTLs specific for free enzyme activity were mapped on chromosomes 3H,

4H,6H and 7H and these may be candidate LD inhibitor sites.

Several QTLs for the LD activity have been detected in the present study, which

provide a tool for marker assistant selection of limit dextrinase. The QTLs on the

chromosomes 2H and 5H were similar for both total and free enzyme activities in the two

mapping populations. The candidates for these loci may be the gibberellin acid induced

genes (Speulman and Salamini, 1995), which have been mapped on chromosomes 2H

and 5H (see Chapter 6). It is possible that these loci enhance the free activity by

increasing the synthesis of the total enzyme. The most interesting locus is on

chromosome 2H linked with the RFLP marker ABC486. This locus also controls the

enzyme activity of cr-amylase and B-glucanase, plant height and photoperiod response. It

is well known that all these traits are regulated by gibberellic acids (Briggs, 1992; Bernier

et aL,7993; Faveret et al, 1978, Fincher and Stone, 1993; Hooley, 1994). These provide

some indirect evidence to support that limit dextrinase is synthesised following the

germination under influence of gibberellic acid (Hardie, 1975; Lee and Pyler,1984). In

contrast, the limit dextrinase in rice (Oryza sativa) (Yamada, 1981; McCleary, 1992) and

pea (Pisum sativium) (Vlodawsky et al, l97I) is present in the mature grain and

converted to free form after germination.

5.3.3 Interaction of hydrolytic enzymes for degrading starch

Alpha-amylase, p-amylase, limit dextrinase and cr-glucosidase jointly hydrolyse

starch into simple sugars during germination (MacGregor, 1987). Theoretically, these

enzymes may interact with each other to degrade starch. Indeed, dramatic synergism has
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been observed between a-amylase and u-glucosidase (Sun and Henson, 1990; Sissons

and MacGregor, 1994). However, the relationship between cr-amylase, p-amylase and

limit dextrinase is not clear. The present study showed that the Amyl and Bmyl loci

contributed to the enzyme activity of limit dextrinase, but in a negative sense (Table 5.3).

In other word, high levels of a- and p-amylase repress the activity of limit dextrinase.

This observation was supported by a previous study (Sun and Henson, l99l).

Nevertheless, the negative regulation appears to result by controlling the release of the

enzyme rather than synthesis, as this is only observed in the levels of free enzyme and not

for total enzyme (Table 5.3). The mechanism underlying the negative regulation between

the enzymes may be due to competition for substrate. If this is the case, it will be difficult

to improve DP by increasing the activity of single hydrolytic enzyme. This can also

explain why a positive correlation between DP and the activity of single hydrolytic

enzyme is not always detectable (Evans et al, 1995; Gibson et al, 1995).

5.3.4 Heritabitity and QTL mapping

Between five and seven QTLs have been found to control the activity of a-

amylase in germinated barley in the three mapping populations. Most of the QTLs were

located in similar chromosomal regions in the different populations. A total of ten loci

have been identif,red as controlling the enzyme activity of o-amylase. These loci can

explain 36.3Vo to 45.5Vo (multilocus l) of the total variation of enzyme activity in the

different populations. A previous study has shown that the heritability of a-amylase

activity ranged from 37Vo to 65Vo depending on the cross (Kaeppler and Rasmusson,

1991). Therefore, the QTLs identified in the present study should include most, if not all,

of the loci controlling activity of this enzyme. This may also be true for 1,3-1,4-P-

glucanase and limit dextrinase, although in these cases the heritability of enzyme activity

is not clear.

5.3.5 Common QTLs controlling multiple traits
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The localisation of QTLs permit the detection of parallelism between QTL

commonly found in many crosses. Two common loci were identified on chromosome

5H, which control seed dormancy and the activity of o-amylase, 1,3-1,4-p-glucanase and

limit dextrinase (Figs. 5.4, 5.5, 5.6). These loci have also been identified as controlling

seed dormancy ( Fig. 5.7; Ullrich et al, 1993), 1,3-1,4-p-glucanase activity (Han et al,

1995), and diastatic power and milling energy (Chalmers et al, 1993; Oziel et al, 1996;

Thomas et al, 1996) in other studies. These results are not surprising. Alpha-amylase, p-

glucanase and limit dextrinase all contribute to diastatic power and the milling energy QTL

in this region may relate to enzyme activity rather than grain structure (Thomas et al,

1996).It has been suggested that seed dormancy, controlled by this locus, was related to

the early germination stage of p-glucanase activity and endosperm cell wall breakdown

(Han et al, 1995). However, this region also controls activity of limit dextrinase and o-

amylase in the present study. It is reasonable to think that the increase of enzyme activity

may only result from the breakdown of dormancy rather than be the cause.

Another comrnon locus was identified on chromosome 2H, which controlled the

enzyme activity of a-amylase, limit dextrinase and 1,3-I,4-p-glucanase (Table 5.1, 5.2,

5.3) and plant height (data not shown). An equivalent locus has also been found to

control DP in a previous study (Hayes et al, 1993). As this QTL is closely linked with the

Bmy2 locus, it has been thought that the QTL for diastatic power on chromosomes 2H is

related to the activity of p-amylase (Hayes et al, 1993). However, early research

indicated that the Bmy2 locus is not expressed in developing seed (Shewry et al, 1988).

The present study further showed that this locus was not related to the activity of p-

amylase (see Chapter 3) but may be linked to a gene controlling the activity of c-amylase,

limit dextrinase and 1,3-1,4-þ-glucanase. This locus may represent a regulatory gene

controlling the activity of all the hydrolytic enzymes during germination or a closely

linked gene cluster.
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Chapter 6: Molecular Mapping of GA3-r€gtllated
Genes and GA-responsive Loci

6.1 Introduction

Common loci have been identified as controlling the activity of several hydrolytic

enzymes (see Chapter 5). It is known that all these hydrolytic enzymes are synthesised

during seed germination and are regulated by gibberellins (Banilk et al, 1997; Fincher,

1989; Fincher and Stone 1993; Jones and Jacobsen, 1991; Stuart et al, 1986; Tuz and

Jones, l97O; Zhang et al, 1997). It is common practice to stimulate production of the

enzymes in the malting industry by using GA¡ (Bamforth and Barclay, 1993). Therefore,

the common loci controlling enzyme activity could be related to genes involved in the GA

response.

The mechanism of GA induced gene expression is complex. It may include GA

production, signal transduction and response (Hooley, 1994). Analysis of dwarf mutants

provided a good approach to understand the mechanism of GA-induced gene expression.

Two kinds of dwarf mutants responding to GA have been identified in barley. One group

are GA-deficient mutants which have a low level of endogenous GA and are very

sensitive to exogenous GA3 application (Boother et al, l99l; Falk and Kasha, 1982:'

Hentrich et al, 1985; Speulman and Salamini, 1995; Zwar and Chandler, 1995). The

others are a GA-insensitive mutants which show normal endogenous GA levels but do

not respond to exogenous GA3 (Favret et al, 1978). From these results, it was concluded

that there are two sets of genes controlling GA-induced gene expression: synthesis of

GA and responsiveness to GA (Favret et al, 1978; Kusaba et al, 1991). Further analysis

of general barley varieties showed that malting grade barleys produced more GA than do

feed grade barleys (Proudlove and Muller, 1989) and the aleurone layers from different

varieties have different susceptibilities to exogenous GA3 (Palmer, 1988; Palmer et al,
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1989). These results demonstrated the possibility to improve GA

responsiveness through selection.
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Progress has been achieved recently towards understanding the molecular

mechanisms by which GA elicits the physiological response in the plant. Two GA3-

regulated cDNAs from a dwarf mutant barley have been cloned (Speulman and Salamini,

1995), which showed significant homology with mammalian epidermal growth factors

and the D7 family of late embryogenesis-abundant protein. More importantly, anothcr

GA-induced gene, GAmyb, has been identified, which is the sole GA-regulated

transcription factor required for transcriptional activation of the high-pl o-amylase

promoter (Gubler et al, 1995). In the present study, the three GA induced genes were

mapped and a GA-responsive locus which controls the activity of a-amylase, 1,3-1,4-p-

glucanase and limit dextrinase, plant height and photoperiod response was identified.

6.2 Results

6,2.1 Chromosomal locations of the GAs induced genes

Two GA3 regulated cDNA, EslA and Es2A, have been isolated from dwarf

mutant dbg567 (Speulman and Salamini, 1995). PCR primers were designed to amplify

the partial fragments of these genes from the barley genome. The primers (upper primer:

5'GCC AGC CAT GGA AGG AAA; lower primer: 5' cGA GCA CAC GAA CAC TAC

A) for EslA gene amplified the gene from 4l I to 643 base pairs and a fragment with 233

bp was expected based on the published sequence (Speulman and Salamini, 1995). The

primers for Es2A (upper primer: 5' CGA GGC TGT CAC GAA GTC T; lower primer: 5'

GAA ACG GAA GGA GGG fuA.A G) were predicted to amplify a 458 bp fragment from

positions 209 to 666 (Speulman and Salamini, 1995). Using the DNAs from the six

mapping parents (Clipper, Sahara, Galleon, Haruna Nijo, Chebec and Hanington) as

templates, a single DNA band was produced from the two GA3-induced genes (EslA

and Es2A). The length of the DNA fragment from EslA was about 23Obp, similar to the
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predicted size (Speulman and Salamini, 1995) (Fig. 6.1). On the other hand, the fragment

amplified using Es2A primers was about 600 bp, 150 bp longer than the predicted length

(Fig. 6.2). This suggests that there is a small intron for the Es2A gene.

When the DNAs from the seven wheat-barley addition lines and their parents

(wheat cv Chinese Spring;barley cv Betzes) were used as template, the barley specific

band was only detected in the addition line 2H for the EslA primers and on the addition

line 5H forthe Es2A primers (Fig.6.1;Fig.6.2). These results demonstrated that EslA

and Es2A were located on the barley chromosomes 2H and 5H, respectively. However,

the DNA fragments from both EsIA and Es2A showed no polymorphism between the

six parental varieties when separated with either agarose or polyacrylamide gel

electrophoresis. Therefore, the amplified DNA fragments were further cloned into the

pGEM-T vector and used as probe to map the genes by Southern hybridisation.

Another GA3-regulated cDNA clone, GAmyb, was isolated from a barley

aleurone cDNA library (Gubler et al, 1995). This gene is able to bind to the promoter

sequence of cr-amylase and activate transcription of a high-pl o-amylase in vitro (Gubler

et al, 1995). It has been postulated that GAmyb is a part of the GA-responsive pathway

leading to cx-amylase gene expression in the aleurone cells.

Using GAmyb as a probe (kindly provided by Dr. J Jacobson, CSIRO,

Canberra), Southern blot analysis showed a single band in both barley and wheat genome

when the DNAs were digested with EcoRI and EcoRV (Fig. 6.3). Lack of

polymorphism between barley and wheat prevented the localisation of this gene to a

specific chromosome with wheat-barley addition lines. This suggests that GAmyb may

be highly well conserved in the cereal genome.

6.2.2 Mapping the GAs-induced genes

The DNAs from the six parental varieties (Clipper, Sahara, Galleon, Haruna Nijo,

Chebec and Harrington) for the mapping populations were digested with hve different

restriction enzymes EcoRI, EcoRV, DraI, HindIII and BamHI. Southern blot analysis
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showed that a single strong band hybridised with the probe of GAmyb except the DNAs

digested with BamHI (data not shown). This suggest that GAmyb is a single gene in the

barley genome. The polymorphism was only observed between Clipper and Sahara377l,

which again demonstrated the conserved nature of this gene. Combining this

polymorphism into a linkage map using Mapmaker software (Lander et al, 1987),

GAmyb was located on the long arm of chromosome 3H, 4.2 cM distal to the RFLP

marker WG940 and 2 cM proximal to the 1,3-p-glucanase isoenzyme GVI (Fig 6.4;

Chapter 4;Li et al, 1996).

The genes EslA and Es2A were extremely conserved. No polymorphism was

detected between the six parental varieties when the DNAs were digested with 28

different restriction enzymes and probed with the DNA fragments of EslA and Es2A

(data not shown). This prevented further mapping of these two genes on chromosomes

2H and 5H.

6.2.3 Reverse bulked-analysis to identify a GA-responsiYe locus

In the previous analysis (Chapter 5), common loci were identified as controlling

the activity of several hydrolytic enzymes during germination. The two loci on

chromosome 5H were related to seed dormancy (Chapter 5). Two common loci were also

detected on chromosome 2H, in which one locus was not only controlled the activity of

the hydrolytic enzymes but also controlled plant height and photoperiod responsc

(Chapter 5). As all these traits are response to GA¡ application (Briggs, 1992; Fincher,

1989; Fincher and Stone, 1993), it was postulated that this locus may be related to a GA

control gene. This was tested with a reverse bulked segregant-analysis (BSA).

The principle of BSA showed in section 3.2.5. Using the RFLP marker ABC468

linked closely to the coÍìmon locus as reference, two analysis bulks were constructed in

the "Galleon X Haruna Nijo" population. Theoretically, these two bulks have a similar

random genetic background except at the ma¡ker locus. Any difference between the two

bulks should be attributed to the genes linked closely to the marker locus.
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The two bulks with their parental varieties Galleon and Haruna Nijo were treated

with different concentration GA3. Then, activity of the hydrolytic enzymes were

analysed. The activity of limit dextrinase was used as a indicator to show GA3-response

of different varieties or bulks. The LD activity of Haruna Nijo rose rapidly with

increasing GA3 concentration. On the other hand, the activity of Galleon changed only

slowly (Fig. 6.5). Haruna Nijo is a high malting quality variety and Galleon is a feed

variety. Therefore, this result is consistent with the previous suggestions that malting

grade barleys are more sensitive to gibberellic acid (Palmer, 1988; Proudlove and Muller,

1939). Most interestingly, the bulk with Galleon genotype at the marker locus showed

similar response to GA3 as Galleon and the Haruna Nijo marker genotype was similar to

the Haruna Nijo response (Fig. 6.5). This demonstrated that a locus controlling GA-

response is closely linked with the RFLP marker ABC468 on chromosome 2H.

6.2.4 Selection for enzyme activity using RFLP marker
ABC468

QTL analysis identified a common locus on chromosome 2H controlling the

activity of cr-amylase, p-glucanase and limit dextrinase (Chapter 5). This locus was

further related to GA-response with reverse bulked segregant-analysis. Using RFLP

marker ABC468 as reference, 10 DH lines were selected at random with each parental

genotype from the "Ha.runa Nijo X Galleon" DH population. These had been planted at

different sites and over two years. The DH lines with a different allele at the marker locus

exhibited a significantly different activity for all the hydrolytic enzymes (Table 6.1). The

activity of a-amylase, p-glucanase and limit dextrinase could be increased by 27.7Vo,

3l.lVo and l5.2%o respectively by selecting for the Haruna Nijo allele. This locus was

predicted to account for 29.5Vo, 3l.4%o and 23.4Vo of the total variation of enzyme

activity of a-amylase, p-glucanase and limit dextrinase, respectively. This result is

consistent with the conventional QTL mapping result (Chapter 5). Therefore, the markers



Table 6.1 Selection for enzyme activity using the RFLP marker ABC468

Enzyme Galleon Haruna Nijo G Bulk HN Bulk Difference
(%\

Alpha-amylase 95.0+7.0
(u/e)

272.5t29.5 r37.3+22.7 189.8t19.8 29.5

Beta-glucanase
(U¡ke)

Limit
Dextrinase
(mU/ke)

230.5+27.5 747.5l137.5 359.3+44.0 521.8148.0 31.4

66.5+11.5 127.5!2.5 79.7!t.7 94.0!2.8 15-2

Note: G Bulk: Ten DH lines random selected from the Haruna Nijo X Galleon
of Galleon at the ma ker locus; HN Bulk: Ten DH lines random
Nijo X Galleon population with the genotype of Haruna Nijo. at

iñdependent bù[is were constructed. The parental varieties
Galleon and Haruna Nijo wereharvested from three locations.
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associated with the GA-responsive locus on chromosome 2H could be used to improve

the activity of all the hydrolytic enzymes synthesised during seed germination.

6.3 Discussion

Gibberellins (GAs) are a class of plant hormones that exert profound and diverse

effects on plant growth and development. They regulate cell growth, flower and fruit

development and seed reserve mobilisation during germination (Hooley, 1994; Jacobsen

et al, 1995). GAs are of agronomically important in determining plant height (Katsumi

and Ishida,l99l), vernalisation @ernier et al, 1993), dormancy (Bewley and Black,

1982) and malting qualiry (Fincher and Stone, 1993). Consequently, extensive studies

have been made on the chemistry, metabolism, synthesis, transduction and response to

gibberellins (Chandler, 1992; Hooley, 1994; Jacobsen et al, 1995). Particularly, the

observation that GA induces a-amylase secretion from barley aleurone cells (Paleg, 1960;

Yomo, 1960), coupled with the development of a simple procedure for the isolation of

viable aleurone layers that retain hormone sensitivity and an ability to secrete active

enzymes (Chrispeels and Varner, 1967), has resulted in the widespread adoption of

barley aleurone layers as a model experimental system for in vitro investigations of plant

hormone action, the synthesis and secretion of hydrolytic enzymes, and the regulation of

plant gene expression (Fincher, 1989; Gubler et al, 1995; Jones and Jacobsen, 1991).

Using this system, a GA-responsive element has been identified in the promoter regions

of differentgenesencodinghydrolyticenzymes(Banik etal,l997i Gubler and Jacobsen,

1992; Rogers et al, 1994; Skriver et al, l99l; Skriver and Mundy, 1990; wolf, 1992;

Zhang et al, I99J). However, this knowledge has not been incorporated into varietal

developing programs, as it is not known how many genes are involved in GA-induced

gene expression and where these genes are located on chromosomes. In the present

study, one GA-responsive locus was identified on chromosome 2H by QTL and reverse

bulked segregant-analysis (Chapter 5 and Fig. 6.5). This locus controls the activities of

u-amylase, 1,3-1,4-þ-glucanase and limit dextrinase (Chapter 5), plant height and
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photoperiod response (data not shown). A controlling gene in the same region also

controls diastatic poìwer and a-amylase activity in the other mapping population (Hayes et

al, 1993). These results were supported by an mutant analysis (Favret et al, 1978), in

which a single mutant gene has been identified as controlling GA-response on

chromosome 2H linked to the two/six rowed locus (V/v). The mutant also showed short

plant height, low activity of hydrolytic enzymes, and insensitivity to light and

temperature. Therefore, GA may exert its effects by non-specifically stimulating the

expression of wide range of genes rather than specific genes (Baulcombe et al, 1984).

Although it is difficult to distinguish the pleiotrophic effects of the identified locus as a

single gene or a gene family, this locus could be manipulated as a single gene in a

breeding program. High density molecular markers have been located around this locus

(Langridge et al, 1995) and wide genetic variation in GA-response has been demonstrated

between barley varieties (Palmer, 1988; Palmer et al, 1989; Proudlove and Muller, 1989).

Therefore, it may be possible to improve malting quality and adaptiveness of barley

varieties by manipulating this locus in a breeding program.

The GA-responsiveness may be related to a GA-receptor. It has been suggested

that GA perception is at the external surface of plasma membrane (Gilroy and Jones,

1994). Hormone binding to a cell surface receptor elicits a cascade of intracellular

responses, mediated by second messenger molecules or activated enzymes, and

culminating in altered patterns of gene expression (Fincher and Stone, 1993). A GA-

induced cDNA; EslA, shows significant homology with mammalian epidermal growth

factor (Speulman and Salamini, 1995). This gene was mapped on chromosome 2H (Fig.

6.1) and may be a candidate for the GA-responsive gene identified in the QTL analysis.

In addition to the GA-responsive locus on chromosome 2H, two other contmon

loci have been found controlling the activity of cr-amylase, 1,3-1,4-p-glucanase and limit

dextrinase on chromosome 5H (Chapter 5). These results confirmed work of other

researchers (Han et al, 1995; Hayes et al, 1993; Oziel et al, 1996; Thomas et al, 1995).

Most importantly, these two loci have been identified as the main genes controlling seed

dormancy (Han et al,1995; Ullrich et al,1993 Chapter 5). Based on the hormonal theory
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of dormancy (Amen, 1968; Bewley and Black, 1982; Jann and Amen, 1977; Wareing

and Saunders, 1971), dormancy is held to be controlled by inhibitory and promotive

hormones. Inhibitors (mainly ABA) are thought to be involved in the imposition and

maintenance of dormancy, and they may decline with disappearance of dormancy;

promoters (mainly GA) are responsible for the release from dormancy (Black and Nylor,

1959). Thus, light, chilling and other factors may break dormancy by causing a drop in

the inhibitor content and a rise in the level of promoters. This theory was supported by

the observations in rice that the inhibitor (ABA) appears in the grains during seed

development and is retained into maturity by the dormant varieties but not by those which

are non-dormant (Hayashi and Himeno, l9'74 cited from Bewley and Black, 1982). It is

also clear that GA is involved in grain development and the residual GA in mature, dry

grain could be an important source of GA in the germinating grain (Grosselindemann et

al, 1991; Raynes and Briggs, 1985). Using specihc inhibitors of reactions in the GA

biosynthetic pathway, Grosselindemann et aI. (1991) have concluded fhat de novo GA

synthesis begins in the embryo 24 hours after inhibition but that the GA produced is not

essential for enzyme induction in the aleurone. They further concluded that any signal

from the embryo that causes a-amylase induction in the aleurone must originated either

from stored GA precursors or by conversion of physiologically inactive GA into an active

form. This result is consistent with the very early appearance of cr-amylase in imbibed

grain (Fincher and Stone, 1993). Most importantly, a GA-deficient mutant gene (nld) was

mapped in the similar region of one coÍrmon QTL for dormancy (Franckowiak, 1996).

Based on these findings, it can be postulated that the two loci controlling seed dormancy

on chromosome 5H are responsible to GA and ABA synthesis. Higher GA content also

means high activity of hydrolytic enzymes. This may explain that these two loci also

contribute to the activity of hydrolytic enzymes even when there is no dormancy at all

(Oziel et al, 1996).

The gene GAmyb is regulated by GA3 and able to specifically combine with the

GA-responsive element and activate expression of high pI cr-amylase gene (Gubler et al,

1995). It was suggested that this gene is a part of the GA-response pathway leading to c-
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amylase gene expression in the aleurone cells. In the present study, GAmyb was mapped

on the long arm of chromosome 3H (Fig. 6.a). However, QTL analysis showed that this

locus was not related to the activity of cr-amylase, or indeed any other hydrolytic

enzymes, in the three mapping populations. This conclusion was supported by other

research (Hayes et al, 1993; Han et al,1995; Oziel et al, 1996; Thomas et al, 1995). The

possible explanation for this is that GAmyb is essential in the GA-responsive pathway

and mutation of this gene would be lethal. Thus, this gene is highly conserved in the

natural populations. It should be noted that no polymorphism was detected between the

barley and wheat genes in Southern analysis. At least two-GA responsive mutants have

been reported to be lethal (Favret et al, 1978).

In summary, three GA-regulated genes were mapped on chromosomes 2H, 3H

and 5H, respectively. EslA and Es2A may be the candidate genes for the common QTL

(Chapter 5). The common locus on chromosome 2H is related to GA-response and that

on chromosome 5H related to GA-synthesis. These loci control the activities of a-

amylase, 1,3-I,4-þ-glucanase and limit dextrinase, seed dormancy, plant height and

photoperiod response. It seems that GA non-specifically regulates these traits during

barley growth and development. Therefore, it is possible that the other hydrolytic

enzymes expressed during seed germination and the early vigour for germination are also

controlled by these loci.
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Chapter 7 General Discussion

7.1 Gene locations and functions of hydrolytic
enzymes

One aim of the present study was to map the genes encoding the hydrolytic

enzymes involved in mobilising carbohydrate reserves during seed germination. These

enzymes are not only physiologically important but also determine malting quality. In the

present study, cloned genes of hydrolytic enzymes for degradation of cell wall and starch

were mapped, including 1,3-1,4-þ-glucanase, 1,3-p-glucanase, 1,4-p-xylanase, P-

glucosidase, c-amylase, p-amylase, limit dextrinase and a-glucosidase (Chapter 4).

These results will facilitate studying the genetics and interactions of the hydrolytic

enzymes and selecting high levels of the enzyme activity in a breeding program.

Two loci have been found encoding each of cx-amylase, p-amylase and 1,3-1,4-p-

glucanase ( Chapter 4; Brown and Jacobsen, 1982; Khursheed and Rogers, 1988;

Kleinhofs et al, 1993; Kreis et al, 1988; Loi et al, 1988; Slakeski et al, 1990). However,

QTL analysis showed that only one locus for each of the genes contributes to the activity

of the enzyme during seed germination: Amyl on chromosome 6H for a-amylase, BmyI

on chromosome 4H for p-amylase and EII on chromosome 7H for 1,3-1,4-þ-glucanase.

These results were supported by the isoenzyme and Northern blot analysis (Fincher and

Stone, 1993; MacGregor et al, 1984 ; Shewry et al, 1988).

The relationship between the coding locus and erzyme activity was particularly

important for p-amylase, the key enzyme in determining diastatic power. Comparison of

the cDNA sequences of p-amylase with different activity showed little difference. It has

been reported that the enzyme activity of p-amylase was controlled by the expression

levels of the gene, suggesting that a cis-acting element in the structural gene regulates

expression. Identifying this element and the mechanism of tissue-specific expression will

facilitate manipulating the enzyme activity by molecular techniques.
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7.2 Regulatory loci for the enzyme activity

In addition to the structural loci, three to seven regulatory loci were identified as

controlling enzyme activity with several QTLs mapped to similar chromosomal regions in

the three mapping populations used. These results may provide tools to understand how

the regulatory loci interact with structural loci and may help select high levels of the

hydrolytic enzymes in breeding programs. However, most of the populations currently

used to map malting quality include one good malting quality parent and one feed quality

parent. Typical examples are the "Haruna Nijo X Galleon" population in the present study

and the "Morex X Steptoe" population in the North American Barley Mapping Project

(Hayes et al, 1993). These populations provide good material to understand the genetic

basis of malting quality, but the results may be less useful for improving malting quality,

as most of the favoured alleles have already been fixed in one variety by conventional

breeding methods (Chapter 5; Hayes et al, 1993; Han et al, 1995). More cross

combinations are needed to investigate the QTL controlling malting quality, especially

between the varieties with high malting quality but of different origins. This may provide

an opportunity to integrate several favourable alleles into one variety.

7.3 Common QTLs controlling the activity of
seYeral hydrolytic enzymes

During seed germination, a series of hydrolytic enzymes are synthesised in the

aleurone and secreted into the endosperm. Several hydrolytic enzymes were found to be

regulated by gibberellic acid (Banik et al, 1997; Fincher and Stone, 1993; Tibbot and

Skadsen, 1996;Zhangetal, 1997). Consequently, it has long been postulated that there

may exist common loci in the barley genome for controlling the activity of all the

hydrolytic enzymes synthesised during seed germination (Chandler, 1992, Fincher and

Stone, 1993). If this is the case, these loci would be valuable for improving malting
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quality in a breeding program. In the present study, several corilnon loci were identified

controlling the activity of a-amylase, 1,3-1,4-p-glucanase and limit dextrinase. The locus

on chromosome 2H not only controls the activity of a-amylase, 1,3-1,4-p-glucanase and

limit dextrinase, but also plant height and photoperiod response. Another common locus

on chromosome 5H controls seed dormancy and activity of o-amylase, 1,3-1,4-þ-

glucanase and limit dextrinase. Importantly both loci appear to be related to GA response

(2H) or synthesis (5H). It is predicted that these loci also control the activity of the other

hydrolytic enzymes synthesised during seed germination and related traits (Such as early

vigour). The molecular markers linked with these common loci could be used to improve

malting quality. Nevertheless, it is also worth noting that improvement of malting quality

by these loci may risk reduced dormancy, preharvest sprouting of seed and increased

plant height. This may be the reason that some dwarf mutant genes have never been

successfully integrated into malting barley varieties, although many dwarf mutants have

been found in barley.

7.4 Selecting the enzyme activity by molecular
markers

Progress has been achieved recently in mapping the QTLs related to yield, quality

and adaptability in barley (Chapter 1). Constructions of consensus linkage maps make it

possible to compare the QTLs mapped in the different populations (Langridge et al, 1995;

Qi et al, 1996). Figure 7.1 summarised the chromosomal locations of known QTL,

including the results of the present study. The QTLs for a wide range of traits are

clustered. This may be due to; pleiotrophic effects, multi-locus clusters, or the reduced

recombination in regions of the genome with increased marker density (Hayes et al,

1996). In terms of genome organisation, evolution and genetic dissection, these

possibilities have very different implications. In terms of breeding strategies, the net

effect is that multiple phenotypes will be inherited as a unit or a "block". The availability

of markers that define such key regions should be of great utility in classifying
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gerïnplasm and designing breeding strategies. Specifically, in relation to malting quality,

this has both positive and negative effects. For example, the QTL for high levels of

enzyme activity, high DP and high extract were inherited as one unit, which will increase

the breeding efficiency for improvement of malting quality. On the other hand, the QTL

for high grain nitrogen were consistent with most QTLs for high levels of enzyme

activity. Therefore, the use of this information in a breeding program calls for further

studies. Furthermore, as multiple QTLs were detected for each trait, the efficient

selection of these QTLs at one time in a breeding program, presents a difficult logistical

problem and raises further questions.

7.5 Isolating the genes underlying favourable
QTL

Gene isolation and transformation provides a powerful tool to improve crop

varieties. Ideally, the target gene is isolated; linked with effective promoters, and then

transformed back into elite varieties (Kasha et al, 1993). However, progress has been

slow in improving malting quality by transformation, although some important genes for

malting quality have been isolated (for example, a-amylase, p-amylase, 1,3-1,4- þ-

glucanase, limit dextrinase). This may be because too many genes are involved in the

determination of malting quality. Consequently, it is difficult to improve malting quality

by manipulating so many genes. Nevertheless, the present study showed that there are

common regulatory loci which control a number of traits related to malting quality. These

loci could be useful not only for marker-assisted selection, but also as target genes for

transformation. The next challenge is therefore to isolate these regulatory genes.

As the products of the regulatory genes are unknown, map-based or positional

gene cloning is the strategy for the isolation (Wicking and Williamson, 1991).

Theoretically, a gene underlying a QTI- could be isolated by chromosome landing

(Tanksley et al, 1995). However, conventional QTL mapping can only locate a QTL in

an interval of l0 cM even for QTL of large effect, in experiments with large populations,
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andusinganinfinitenumberof markers (Darvasi et al, 1993). Fine mapping procedures

can locate a Q-,IL in a interval as small as 3 cM (Paterson et al, 1990). However, 3 cM

still means millions of base pairs of nuclear DNA. Therefore, more complicated QTL

mapping sffategy should be developed for isolating a gene underlying a QTL. The present

study showed that the chromosomal locations of the common QTLs were consistent with

that of the single gene mutation with similar effects. This phenomenon was also observed

in other studies (Bezant et al, 1996). As an alternative, the single gene mutants could be

used to isolate genes underlying QTL.

In the present study, gene mapping and QTL analysis have been used to show

that the structural loci of hydrolytic enzymes are important in controlling the enzyme

activities. This method could be expanded to look for the regulatory genes for the enzyme

activity by RFLP mapping and large-scale cDNA analysis in the future. If a cDNA library

containing cDNAs corresponding to all mRNAs for seed germination is constructed and

all these cDNA clones are incorporated into the molecular linkage map, it may be possible

to find the candidate gene for controlling the QTLs.

In conclusion, the important genes of hydrolytic enzymes were integrated into

molecular linkage maps of barley in the present study. QTL analysis showed that only p-

amylase genes (Bmyl) have significant and consistent effects on the enzyme activity.

BmyI and its closely linked molecular markers could be used to select high levels of the

enzyme activity. For the enzymes synthesised during seed germination, the regulatory

loci have more contribution to the enzyme activity. Most importantly, there are several

coÍìmon loci controlling the activity of several key hydrolytic enzymes involved in

mobilisation of seed reserves. This result will allow a more efficient selection of diastatic

power and extract levels.
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