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Chapter 1. Backgrounds of the present research

1.1 Cereal starch as human diet

Crop plant domestication represents one of the mankind’s greatest achievements. Cereals are the
main components of human diet and are crucial to human survival. More than 40 percent of the food
consumed by man is derived from the grains of two cereals, wheat (Zriticum aestivum L. em, Thell.)
and rice (Oriza sativa L.). Nearly 35 percent of the world’s population uses wheat starch as the
major source of calories in diet, while rice is the staple food of over half the world’s people
(Blakeney, 1996).

~ The functional and nutritional quality of cereal grains determines their suitability for specific
purposes and may limit the quality of the end-use product, influencing greatly the commercial value
of grain. An understanding of the factors that confrol grain quality is thus important in the
maintenance of efficient and sustainable agriculture and food production. End-uses of the cereal
grains are dependent on several determinants including starch composition and quality, protein
quantity and quality, content of lipid and lipoprotein, and pigments of endosperm and pericarp
(Morris, 1998). Usually cereal grzﬁns consist of the embryo, endosperm and pericarp, especially the
endosperm is major part of the grain and accounts for more than 80% of the grain weight. The
predominant reserve carbohydrate found in cereal endosperm is starch which comprises
approximately tluee—fourth; of the endosperm and plays an important role in determining the
end-uses of cereal grains. Hence, a knowledge of biochemical properties of the endosperm starch
and its genetics will be of great value for plant breeding purposes and for manipulating genes of

agronomic and economic interest.

1.2 Morphology and structure of starch granule

The starch formed in all organs of plants is packaged into starch granules, which vary widely
between species and organs in size and shape. Major attention has been devoteﬂ to the storage starch
which accumulates as a complex granular structure in the amyloplast of endosperm. Sizes vary from
lpm up to 100 um. In mature wheat, barley (Hordewn vidgare L.), rye (Secale cereale 1.) and oat
(Avena sativa L.) grains, a bimodal distribution of starch granule size is observed, being composed
of a lenticular shaped ‘A’ granule population of 10-30 m in diameter, and a spherical ‘B’ granule
population with a diameter less than 10 pum (Stark and Lynn,.1992). While the protein complement
is identical between the granules (Rahman et al., 1995), how and why these different populations are




deposited in the plant tissue is not Iyet explained with satisfaction. Also effects of the ‘A” and ‘B’
granules on starch quality are not well defined,

The endosperm starch consists of two structurally different forms of polymers, amylose and
amylopectin (Fig. 1). Amylose is composed of linear chain component of o-(1-4) linked D-glucose
residues, but some molecules are slightly branched by (1-6)-o-likages. On the other hand,
amylopectin is the highly branched chain component where the chains of a~(1-4) linked D-glucose
branch every 20-25 residues through the (1-6)-o-likages (Shannon and Garwood, 1984).

For the granule structure, Smith et al. (1997) and Buleon et al. (1998) reviewed that the chains
within the starch granule are radially arranged with their nonreducing ends pointing toward the
surface, and organized into alternating crystalline and amorphous lamellae. The major crystalline
amylopectin fracﬁoﬁ is radially oriented in the granule with the characteristic ring structures being
formed by alternating clﬁsters of herices formed by external amylopectin chains. So amylopectin is
usually assumed to support the framework of the crystalline regions, The nature and size of growth
rings within the granule is highly dependent on growth conditions. While amylose content increases
during starch gramule development (Morrison and Gadan, 1987), very few reports are available
concerning the conformation of amorphous amylose and amylopectin. Similarly, the respective
contribution of amylose and amylopectin to crystallinity, the size distribution of crystalline areas or

the organization. of mixed ‘A’ and ‘B’ granules remain unresolved. -

1.3 Afnylose content and starch gquality
As mentioned -above, the starch granule organization is very complicated and there are many
unsolved problems. Nevertheless, there is general agreement that the amylose/amylopectin
composition is an important criterion in determining the end-uses of plant starch in food and
non-food industries. In most common types of cereal endosperm starch, the relativel composition of
amylose and amylopectin ranges between 72 and 82% amylopectin, and 18 and 33% amylose
(reviewed by Buleon et al., 1998). In additfon, some mutant genotypes of maize (Zea mays L.),
barley, and rice contain as much as 70% :amylose, whereas other genotypes, called waxy,I contain
fess th.am 1% amylose or amylose-free. In dicot crop species, the amylose-free potato (Solanum
tuberrosum L.) and low amylose mutants of pea (Pisum sativum L.} are also developed and noticed
(Hovenkamp-Hermelink et al., 1987; Denyer et al., 1995a).

‘When plant starch is used -industrially either as a thickening agent, flavor carrier or binder in
food systems, its effectiveness depends upon the ratio of amylose to amylopectin (hercafter referred

to as ‘amylose content’), as well as their organization within starch granule (Zobel, 1984). Starch




ot

with high amylose content is also ﬁseful in non-food industry, because plant starch may improve the
texture and quality of plastics to be almost completely degraded within a short time (Watanabe et al.,
1998). On the other hand, the amylose-free starch of maizé and potato has been noted in the both
fog-ad and non-food industries for its paste clarity, high water binding capacity, resistance to gel
formation and retrogradation (Visser and Jacobsen, 1993; Zeng et al., 1997; Graybosch, 1998). The
waxy or glutinous rice is traditionally valuable in the production of certain foods such as rice cakes
and porridge (McKenzie and Rutger, 1983; Sano et al., 1986). Recently, a waxy wheat has been
produced by classical breeding (Nakamura et al., 1995) and is a current topic of discussion as the
processing properties of waxy wheat are undoubtedly different in many respects to normal or

wild-type genotypes _(Hayakawa et al., 1997; Fujita et al., 1998).

1.4 Biochemical pathway of starch synthesis

To improve starch quality by changing starch composition, a. betier understanding of the factors
controlling amylose and amylopectin synthesis is required. Intricate details for the biochemical
pathways of starch synthesis have been reviewed by many researchers (Keeling et al., 1988; Tetlow
et al., 1994; Morell et al, 1995; Martin and Smith, 1995; Ball et al., 1996; Wang et al., 1998;
Buleon et al., 1998; Smith, 1999).

The pathway leading to synthesis of starch consists of four enzymatic reactions (Fig. 2),
ADP-glucose pyrophosphorylase (ADPase), starch synthase (88S), starch branching enzyme (SBE)
and starch debranching enzyme (SDE). First hexosé phosphates such as glucose-1-phosphate,
glucose-6-phosphate, or fructose-6-phosphate enter into the amyloplast from cytosol. The ADPase is
responsible for the synthesis of ADP-glucose, the substrate for starch synthesis. Then ADP-glucose
is converted to a~(1-4) linked D-glucose residues to form amylose by SS. ADP-glucose is also
converted to o-(1-6) linked D-glicose residues to form amylopectin by the interaction between SS
and SBE. Although amylose and amylopectin are synthesized in two independent pathways, it is
found that these two polymers can inter-convert due to actions of the enzymes such as SBE and SDE
which digest selectly o.-(1-6) linked D-glucopyronosyl. '

1.4.1 Starch synthase (SS)

SS catalyses the ADP-glucose conversion into amylose and amylopectin by the two independent
patlm-rays (Fig. 2). On the basis of solubility properties of enzymes when extracted from starch
granules, SS is divided into two classes, soluble starch synthases (SSS) which can separate partly
from the starch granules, and granule-bound starch synthases (GBSS) which are exclusively




granule-bound. It is widely accepted that SS in the soluble fraction of the amyloplast elaborates
amylopectin at the surface of the starch granule. On the other hand, SS tightly bound to starch
granules synthesizes amylose within the starch gramule,

1.4.2 Soluble starch synthase (SSS)

Most starch synthesizing organs contain multiple isoforms of SSS responsible for amylopectin
synthesis. These isoforms can be divided on the basis of their amino-acid sequences into three
distinct classes, named SSS I, SSS II and SSS ITI. All the three classes have been identified in potato
tuber (Edwards et al., 1995) and maize endosperm (Mu et al., 1994). In other crop plants, some
isoforms of SSS have been purified from rice endosperm (55 and 57 kDa, Baba et al., 1993) and pea
embryo (77 and 60 kDa, Denyer and Smith, 1992). All I;lant starches probably contain at least one
isoform of SSS (Smith et al., 1995). In wheat, the 75 kDa protein was found to have the SSS activity
which was antigenically related to tﬁe pea 77kDa SSS (Denyer et al., 1995b).

To date, a number of genes for SSSs have been identified and characterized, which include SSS
Iin rice (Baba et al., 1993), SSS I, 10, and III in potato (Edwards et al., 1995), SSS Ia and SSS Ibin
maize (Mu et al., 1994), SSS I and SSS Il in pea (Dry et al., 1992). The wheat SSS ¢DNA sequences
exhibited 55-70% similarity to maize SSS Ia and SSS Ib, and thus were considered to be
counterparts of the maize SSS (Gao and Chibbar, 1998).

It is recognized that the enzymatic activity of SSS can be reduced either by mutation in the
coding genes, e.g., in barley and pea (Tynela and Schulman, 1993), or by an increase in growth
temperature during endosperm development of wheat (Jenner, 1994). However, the precise effect of
reduction in the SSS activity on starch synthesis is unknown. Recent studies using transgenic
potatoes (Edwards et-al., 1995) have shown that specific inhibition of the gene encoding the 70 kDa
SSS 1, did not change any structural properties of starch, whereas the repression of the SSS TI gene,
encoding the 85 kDa protein, led only slight changes in the starch structure. However, repression of
the genes encoding the 135kDa SSS III, reduced the amylose and phosphate contents and altered the
gelation characteristics. These observations indicate that the individual SSS isoforms might have
different roles in starch synthesis, but details are not clear for the most pz-irt. Further, Edwards et al.
(1999) reported that synergistic manner between SSS II and SSS III for amylopectin structure and

starch viscosity in potato tubers.

1.4.1.2 Granule-bound starch synthase (GBSS)

Much of the granule-bound protein activity in storage organs is attributable to a class of isoform




known as granule-bound starch syﬁthase I (GBSS 1), with a molecular weight of 59-60 kDa (Preiss
and Levi, 1980). This enzyme has been called as the waxy (Wx) protein in cereals, because the
waxy or amylose-free phenotype is originally characterized in maize by the significant reduction of
the GBSS I activity and by loss of the 59-60 kDa protein (Tsai, 1974; Nelson et al., 1978; Echt and
Schwarz, 1981). The observation that waxy mutants from barley, maize, rice, pea and potato lack
the GBSS I isoform demonstrates in turn that this enzyme activity is responsible solely for the
amylose synthesis (Martin and Smith, 1993).

The genes affected by tﬁese waxy mutations are referred to as the waxy (Wx) genes in cereals,
amylose-free (amj) in potato and low amylose (lam) in pea. The dosage effects of the genes for
GBSS I on the enzyme activity and amylose content in the triploid endosperm tissues were first
analyzed in maize (Tsai, 1974), subsequently in rice (Sano et al., 1986). The dosage effect of the
amf allele in potato tuber is also investigated (Flipse et al., 1996a). Those studies verified that the
dosage of the mutant null alleles is linearly and negatively correlated to the GBSS I activity but not
to amylose content.

The genes encoding GBSS I have been cloned and characterized in various plants, such as maize,
rice, potato, pea and barley, and then its information is applied for analysis. The introduction and
expression the antisense RNA of the genes for GBSS 1 inhibited the activity of the enzyme and
significantly reduced amylose content in rice endosperm (Shimada et al., 1993) and potato tuber
(Visser et al. 1991).

1.4.2 Starch branching enzyme (SBE)
The nature of SBE that catalyzes the formation of the o-1,6 linkages of amylopectin might be
expected to be of great importance in determining amylopectin synthesis. The fact that plant organs
almost mvariably contain multiple isoforms of SBE (Burton et al., 1995; Martin and Smith, 1995)
raises a possibility that multiple forms of SBE could give raise to variation in branching pattern and
polymodal distribution of chain lengths which underlie the cluster structure of amylopectin. There
are two classes of isoforms in plaﬁts, SBE I (or class B) and II (or class A) with about 85-90 kDa in
mass. The first class includes maize SBE I, rice SBE [, pea SBE I and potato SBE, while the second
contains maize SBE II, pea SBE I and rice SBE III Tﬂe discrepancy among plants is partly due to
the fact that the nomenclature was based on their order of elution from maize endosperm during
extraction of enzymes (Morell et al.,- 1995).

The genes or cDNA. for SBE have been isolated from maize SBE I (Baba ct al., 1991) and II
(Fisher et al., 1993), rice SBE I (Kawasaki et al., 1993) and IIl (Mizuno et al., 1993), pea SBE I and




I (Smith, 1988; Burton et al., 1995) and potato SBE (Poulsen and Keiberg, 1993).

.The roles of SBE have been investigated through study of mutant and transgemic plants. Smith et
al. (1997) reviewed that mutations at the amylose-extender (ae) loci of cereals and the rugosus (R)
locus of pea lead specifically to the loss of an A isoform, but no dramatic change in the distribution
of chain lengths occurs. In transgenic potato produced by introduction of the antisense RNA of the
SBE gene, the repression -of the native SBE gene altered the structure of some soluble glucans but
did not result in any increase of amylose content and had only minor effects on the structure of
amylopectin (Flipse et al., 1996b). The SBE.I and II isoforms in maize endosperm differ both in
their substrate affinities and in the length of branches they preferentially create: In viiro, SBE II
preferentially branches amylopectin, whereas SBE I preferentially branches amylose. In vi%o,
however, these two isoforms do not seem to play distinet and essential roles in creati,ng the cluster

stnicture of amylopectin (e.g. Smith et al., 1997).

1.4.3 Starch debranching enzyme (SDE)

The available evidence suggests that SDE plays a role in the determination of structure and
composition of amylopectin, and thus the end-uses of starch (Ball et al., 1996; Repellin et al., 1998).
The enzymatic properties of SDE have been described (Pan and Nelson, 1984; Doechlert and
Knutson,- 1991; Smith et al., 1997). Multiple isoforms have been identified and two types of
enzymes, isoamylase in maize and limit dextrinase (or pulanase or R-enzyme) in rice have been
found to have the SDE activity. However, compared to SS and SBE, SDE is the least well
characterized of the starch biosynthetic enzymes, and information on the biochemical properties and
roles in starch synthesis is rather limited. There are no reports that SDE is bound within the starch

granmules during the endosperm development.

1.6 The genes controlling starch synthases in wheat

Starch granules isolated from the developing and mature endosperm of wheat contain two classes of
proteing that possibly involve in starch sjntheéis; pljoteins which are embedded within the granule
and loosely associatgd surface proteins (Schoficld and Greenwell, 1987; Rahman et al., 1995). As
summarized in Table 1, it is possible by gel electrophoresis on the basis of size to resolve the
granule-bound proteins into four ‘starch syntheses, GBSS I, SGP-3, SGP-2 and SGP-1 with
molecular weights of 60, 75, 85, 100 - 115 kDa, respectively (Denyer et al., 1995; Rahman et al.,
1995; Yamamori and Endo, 1996; Takaoka et al., 1997), while the precise molecular weights of
these proteins vary slightly depending on the details of the gellelectrophoresis system employed.




The genes coding these enzymes have been identified and sequenced using a range of molecular

technology.

1.5.1 Wx genes

The most prominent GBSS I or Wx protein is responsible for amylose synthesis and is encoded by
the Wx locus. Chao et al. (1989) demonstrated by the RFLP analysis of the group-7 chromosomes
using a cDNA clone from the barley Wx protein (pcwx27; Rohde et al., 1988) as the DNA probe
that each wheat genome possesses one homoeologous Wx locus, Wx-AI on the short arm of 7A,
Wx-B1 on the long arm of 4A and Wx-DI on the short arm of 7D. This was confirmed by means of
Southern blots analyses (Clark et al., 1991; Ainsworth et al, 1993a) and by the electrophoretic
analysis of the Wx proteins (Nakamura et al., 1993a). The fact that Wx-BI was found on 4AL not on
7BS result from that the segment of the short arm of the original 7B containing the W:;:"locus has
been translocated to the long arm of 4A (Nalanjo et al., 1987; Devos et al., 1995).

Ainsworth and coworkers first cloned and sequenced a wheat Wx cDNA (Clark et al., 1991;
Ainsworth et al., 1993a). Analysis of the sequence of 615 amino acids and alignment with five other
plant Wx proteins (barley, maize, rice, potato and pea) showed that they exhibit substantial
homology (Ainsworth et al., 1993a). But it was not clarified which wheat #x gene of the three
genome. Recently Murai et al. (1999) have reported complete genomic DNA sequences of the three
homoeologous Wx structural genes. Each Wx gene consists of 11 exons and ten introms, with
variation in length from start to stop codon, 278 1bp in Wx-4/a, 2794 bp in Wx-Bla and 2862 bp in
Wx-Dla. But they are closely similar to one another in the nucleotide sequences, with 95.6-96.3%
homology in mature protein regions, while only Wx-Bla contains a trinucleotide insertion (CAA) in
the region encoding the transit peptide. _

On the other hand, Vrinten et al. (1999) characteﬁzed the null mutations at the three wheat Wx
genes. The null Wx-41b and Wx-D1b alleles contain small DNA insertions, or filler DNA. As a
result, the functional Wx-Al and Wx-D1 proteins are not produced, although the transcriptions
oceur. The null Wx-B1b allele has sustained a deletion which includes the entire coding region of the
Wx-Bl gene.

A different wheat GBSS isoform, designated GBSS II, was detected in the pericarp starch
granule but not endosperm (Nakamura et al., 1998). The GBSS II is not identical to the wheat GBSS
I'tn amino acid sequence but shows sirong homology to GBSS Is of other cereals and potato, and

contains the motif KTGGL, ﬁrhich is deduced as the subsirate-hinding site of GBSS 1.




152 Geneslencoding the starch granule proteins

The 75 kDa protein (Rahman et al., 1995) or SGP-3 (Yamamori and Endo, 1996) found both in
soluble and granule-bound fraction, and peptide sequencing showed to be structurally similar to rice
SS8 (Takaoka et al., 1997). Yamamori and Endo (1996) and Li et al. (1999) provided evidence that
the 75 kDa protein consists of three isoforms, each encoded by the homoeologous genes flanked
with centromere and the #x locus on the short anms of group 7 chromosormes.

The 85 kDa protein (Rahman et al., 1995) or SGP-2 (Yamamori and Endo, 1996) has SBE
activity. The cDNA (Repellin et al., 1997) and genomic DNA (Rahman et al., 1997) for the wheat
SBE I as well as cDNA for the SBE II (Nair et al., 1997), have been cloned recently. The three
isoforms . of the wheat SBE I are encoded by the genes located on the homoeologous group-7
chromosomes (Morell et al., 1997; Rahman et al., 1999), whereas the wheat SBE II is possibly the
products of genes on the group-2 chromosomes (Sharp, 1997).

Unlike the 75 and 85 kDa proteins, a group of three proteins of 100 - 115 kDa or the SGP-1
proteins is suggested to be wheat specific since surveys of other cereals indicate that analogous
proteins to the SGP-1 are not present (Rahman et al., 1995; Yamamori and Endo, 1996). The 100-,
108-, and 115 kDa proteins designated as SGP-B1, SGP-D1 and SGP-Al have been shown to be
encoded at homoeologous loci on the short arms of chromosomes 7B, 7D and 7A, respectively
(Denyer et al., 1995; Yamamori and Endo, 1996; Yamamori et al., 2000). Li et al. (1999) reported
the cloning of ¢cDNAs for each of the SGP-1 polypeptides and demonstrated that they ére member of
the SS II. It may be of interesting to notice that the co-location on the group-7 chromosomes of the

genes for enzymes related to starch synthesis is striking (Table 1).

1.6 Objectives of the present study

The advent of routine genetic manipulation of the enzymes catalyzing starch synthesis in the wheat
endosperm has made it possible, in theory at least, to change the physical and chemical
characteristics of starch and to provide novel variation in raw materials. This concept has led to a
better understanding and improvement of grain protein quality and quantity (e.g. Wrigley and
Morris, 1996). However, it has only been in the last decade so that wheat scientist and breeder have
recognized that genefic variation for starch properties, starch composition in particular, is
responsible for the variation in end-use quality. Therefore an improved understanding of the genes
coding amylose and amylopectin synthesizing enzymes is needed, as well as linkage relationships
between “starch genes” and agronomice trait loci.

The present study was carried out to define and discuss the contributions of the homoeologous




thiree Wx genes of wheat to variation for amylose content, starch structure, starch pasting properties
and important agronomic traits. The subjects focused in this stndy are as follows. Amylose synthesis
capacity of the three Wx genes was determined in Chapter 2 using eight possible types with different

' combinations of wild type and null alleles at the Wx loci. Then the starch molecular structures and

field performance in the near-isogenic eight types were compared in Chapter 3, The contributions of

- Wx-B1 on chromosome 4A to agronomic traits, as well as QTL for amylose content were analyzed

in Chapter 4. In Chapter 3, the effects of the null alleles at the #x loci on starch-pasting properties

. were distinguished using three separate sets of RSLs for chromosomes 7A, 4A and 7D,

1.7 Gene symbols nsed
The gene symbols used in this thesis were conformed to “Recommended Rples for Gene
Symbolization in Wheat’f (MclIntosh et al., 1998), which was adapted from the International Rules of
Genetic Nomenclature.

The nomenclature recommended is that the basic symbol for a gene locus should consist of a
twd-, thrée-, or four-letter abbreviation of the trivial nﬁme of the enzyme or protein and the inifial

letter should be a capital. The genes encoding the wheat GBSS I have been designated' variously,

.such as WAXY, waxy, Wx, wx, GBSS—7A, or XWJEJA so on. In this thesis, the symbols of Wx-41,

v

# Wx-B1 and Wx-DI which designate the A-, B- and D-genome members, respectively, are assigned

since the wheat GBSS I genes are members of an homologous set over the three genome. Different

+ alleles at a locus are designated by a lower case italic letter following the locus designation, so that

Wx-4la is the wild-type aliele producing the Wx-Al protein, whereas Wx-47b is the null allele
lacking the protein,

Tl_w basic symbol for DNA markers of unknown function should be X7, followed by a
laboratory designator, a number that identifies the probe used to detect the locus, a hyphen, and the
symbol for the chromosome in which the locus is located. The letters in the laboratory designator
should be lower-case and all characters in the locus symbol should be italicized. For example,
Xpsrl15-44 designates an RFLP locus located in chromosome 4A detected with Plant Science
Research probe 115 of the John Innes Cg‘ntre, UK, Oat and barley cDNA clones isolated at Cornell
University have been designated with the prefixes CDO and BCD, respectively, and cdo and 3cd are
appfdpriately used as laboratory. designators in symbols for loci detected with these clones. On a
map of chromosome 4A, the gene symbol may be abbreviated by'omjssion of the hyphen and
chromosome designation, like Xpsr115-44 to Xpsr115.

QTLs are loci controlling quantitative traits whose allele classes do not exhibit discontinuous




variation or clear segregation patterns. -They are identified by basic symbol ‘Q°. The ‘Q’ should be
followed by a trait designator, a period, a laboratory designator, a hyphen and symbol for the
chromosome in which the QTL is located. The trait designator should consist of no more than four
and preferably three letters, the first of which is capitalized.- Different QTLs for the same traits that
are identified in one chromosome should be assigned the same symbol except for the addition of a
period and an Arabic numeral aﬁer the chromosome designation. All characters in the locus symbaol
. should again be italicized. For example, QFet.ocs-44.1 and QFet.0cs-44.2 would designate two ear
emergence time QTLs identified in chromosome 4A by our laboratory, Obihiro University of -
Agriculture and Veterinary Medicine, Crop Science Department. On a map of chromosome 4A,
these could be abbreviated as QFet.ocs. I and OFet.0cs.2.
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Table 1. Enzymes involved in starch synthesis in the wheat endosperm

Enzymes Molecular  Fraction Location of References
weight the genes
GBSS 60 kDa eranule-bound 7AS, 4AL, 7DL Nakamura et al. (1993)
SSS 75 kDa soluble and 7AS, 7BS, 7DS . Yamamori and Endo
(SGP-3) granule-bounnd (1996)
SBE 85 kDa soluble and Group 7(wSBEI) Morell et al. (1997)
(SGP-3) granule-bound Rahman et al. (1999)
Group 2 (WSBEI)  Sharp (1997)
SGP-1 100- soluble and 7AS, 7BS, 7DS Denyer et al. (1995)
115kDa granule-bound Yamamori and Endo

(1996)
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clusters to form alternating crystalline and amorphous lamellae, (d) ; Slicing starch granule,
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Chapter 2. Amylose synthesis capacity of the three Wx genes of

cv. Chinese Spring

Abstract _

The W locus controls amylose synthesis in the cereal endosperm. Hexaploid wheat (Triticum aestivum
L.) has the three ##x loci on chromosomes TA (Wx=AD), 4A (Wx-BI) and 7D (Wx-DI). To verify the
effects of null afleles on reducing amylose content and determine the amylose synthesis capacity of each
Wx gene independently and accurately, we produced eight possible types of recombinant lines carrying
different null alleles at the W loci under the 'Chiﬂese Spring' genetic background. Amylose content
varied from 0% of the waxy 'Chinese Spring' to 25% of the 'Chinese Spring' normal type. The reducing
effect of the single null alleles was the largest in Wx-B1b, and there was no significant difference between
Wx-A1b and Wx-DI1b. More than 3% reductions in amylose content were detected in the double null
typ.es. The results of the double null lines further demonstrated that for the capacity of amylose synthesis,
Wx-Bla predominates and produces 21-22% amylose, followed by Wx-Dia (20-219%) and Wx-Ala (15-
18%). These significant differences were partly correlated with variation in the amounts of the Wx
proteins produced by different #x genes. However, comparisons of the double null lines with the single
null or normal lines indicated that amylose content was not linearly proportional to the number of the -
genes, suggesting that the three W genes act in an epistatic manner.

Key words : Triticum aestivum, amylose content, granule-bound starch synthase, nnll alleles, % loci

Introduction _ , _

Starch is the major constituent of the cereal endosperm. The starch granule usually comprises two
djft‘erént forms of polymers of glucose, amylose and amylopectin, which differ in the degree of branching
of a linear @ -1,4 glucose backbone. Amylopectin is much more branched than amylose. The starch
reserves of plants usually consist of about 20-30% amylose and 70-80% amylopectin (Preiss, 1991). The
gramile-bound starch synthase with molecular weight of 60 kDa, ‘GBSS I or the so-called Wx protein, is

the key enzyme involved in mﬁylose synthesis of endosperm starch and is the product of genes at the Wx
loci (Tsai, 1974; Echt and Schwartz, 1981).

In hexaploid wheat { Triticum aestivum L.), the three Wx loci which are organized asa triplicéte set
of single-copy homoeoloci are located on chromosomes 7A (Wa-A1), 4A (Wi-BI) and 7D (Wae-DI) (Chao
etal., 1989; Miura et al., 1994). Low-amylose-content cultivars are pieferred for the noodle manufactory
(Yamamori et al., 1992; Miura and Tanii, 1994) and the potential use of starch with reduced amylose

content is a current topic of discussion among wheat breeders and geneticists. Null, or non-functional,
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alleles are now known from all three loci (Yamamori et al., 1994). The segregation of the null alleles at
the W loci will be significant in the management of breeding programs that aim to introgress the null
alleles into established cultivars and advanced lines.

Using aneuploid lines and single-chromosome substitution lines, we have demonstrated that the
three Wx genes are not similar in their effects to modify amylose content as the null #Wx-BIb allele
provides the largest reduction in the content through the lack of the Wx-B1 protein (Miura et al., 1994;
Minra and Sugawara, 1996). However, the amylose synthesis ability of each #x gene has not been
defined well, because of the lack of double null genotypes. We have produced eight possible types of
homozygous recombinant lines having different nuil alleles at the Wx loci under the 'Chinese Spring'
genetic background, and investigated variation for amylose content of starch deposited in the endosperm.
This makes it possible to verify the effects of null alleles on reducing amylose content and determine the
amylose synthesis capacity of each % gene independently and accurately.

Materials and methods

Plant material

'Chinese Spring‘ (CS) carries the Wx-4la, Wx-Bla and Wx-Dla alleles and thus can produce all of the
three Wx protéins. Using the conventional procedures described by Law and Worland (1973),
monotelosomics for chromosomes 7A and 4A of CS as the recurrent parents were pollihated bf the
Japanese spring wheat 'Kanto 107' carryin'g' the null Wx-416 and Wx-Blb alieles. Eleven backcrosses of
the monosomic substitutions to the recurrent monotelosomics were performed and then disomic lines
were extracted after selfing. Similarly, introgression of the nuil #Wx-DI1b from the Chinese spring wheat
‘Bai Huo' into the monotelosomic 7D of CS was carried out through eight backcrosses. The resultant
three single-chromosome substitution lines, designated as CS*11/Kanto107 7A, CS*11/Kantol07 4A
and CS*8/Bai Huo 7D, were checked for their validity of substitution by electrophoretic phenotypes of
the Wx proteins (Miura and Sugawara, 1996).

Subsequently, ¥, plants from the intercrosses between CS and the substitution lines were used to
produce homozygous recombinant lines carrying single null allele sets at the Wx loci. Anther culture
method was employed to produce doubled haploid lines. The three types of double null lines were
obtained from the F7 recombinant inbred lines which were produced from the crosses between the
substitution lines by single-seed descent. The amylose-free or waxy CS was selected from the F, progeny
derived from CS*11/Kantol07 7A / C§*11/Kanto107 4lA /{ CS*8/Bai Huo7D and backcrossed twice to
the normal CS. The eight types of the Wx-protein deﬁcien_t lines developed include sib-lines which were
expected to be horﬁozygous recombinant lines for the substituted chromosomes carrying the I#x loci and
have an identical genetic background of CS. Variation between lines within the types would permit not

only {o assess effects of the geﬁetic background but to provide a measure of differences ascribable to
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segregated genes independent of #x in the substituted chromosomes (Law and Worland, 1973).

. Electrophoresis
The lines produced were typed for the null #x alleles using the single dimension SDS-PAGE. Starch
granule preparation and electrophoresis were performed as described by Nakamura et al. (1993), with the
modification that a 15 % SDS polyacrylamide gel with an acrylamide/BIS concentration of 30:0.135 was
used for electrophoresis.

Experiment _
Variation for amylose content was evaluated in the two experiments. Twenty-two lines including CS asa
standard were grown and harvested in the experimental field and a glasshousé of Obihiro Universify 'df '
Agriculture and Veterinary Medicine in the 1997 growing season. Each line planted in the field
experiment was represented by a single piot of 12 plants, spaced 10 cm between plants within a row and
30 cm between rows. In the glasshouse experiment, lines were grown in 24 cm-plots contan:ung
compost. Six pIants per line were ralsed

In each experiment, 80 g of grain sainples- per line were conditioned to about 14 % moisture
content and were milled on a Brabender Quadrant Junior Test Mill to produce a 60 % gxtfacﬁon flour.
Preparation df starch and evaluation of amyiose content were conducted és described by Miura et al.
(1994). The amyl'dse confent pef 100 mg of éfaich grénulés was colorimétrically determined with iodine -
using the Auté Analyzer System I (Bran'.-l- Lubbe Co.). Each assay was carried ouf at least three times.

Student's t-tests were used for one-environment data to detect significant differences between CS.
and each of the Wx-protein deficient lines. For the two-environment data, aﬁaly'sis of variance was
performed to partition the line variation into comparisons between and within the eight typés where the

experimental error was estimated from the mean square of line x environment interaction,

Results and discussion
To confirm the allelés at the Wi lobi, the electrophoretic phenotypes of the Wx proteins were assessed.
As expected, eight types of the Wx-protein phenot&pe were observed (Fig. 1). The waxy or amylose-free
type 8 (Jane 8) Ijroduéed no Wx proteins and this was confirmed with iodine staining of the cut
endosperm surfaces. Compansons of the three double null types (lanes 5-7) showed that the apparent
amount of the Wx-A1 protéin was the smallest, followed by the Wx-D1 and Wx-B1 protems

The results of amylose content are summarized in Table 1. CS produced around 25% amylose
over two environments, As anticipated, the waxy CS (WxABD) did not synthiesize amylose. In the
remaining six types of Wx-protein deficient lines (types 2-7), amylose content was distributed between
these two extremes. Analysis of variance indicated that highly significant line differences (P<0.001) and
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no significant effect of environments. When this genetic variation was partitioned, it was found that the
line differences were greatly attributable to the differences between the eight types (data not shown).
Except type 7, the sib-lines within types produced almost identical amylose contents to each other,
revealing negligible effects of the genetic background.

For the single null alleles, type 3 (wxB) having the null #x-BIb and lacking the Wx-B1 protein
showed more than 2% lower amylose content than CS. Amylose content in type 2 (wxA) was almost
similar to that in type 4 (wxD), indicating that the null #x-415 was comparable to the null Wx-Dib
with respect to the effect on the amylose reduction. Consequently, the reducing effect of the single null
allele was shown to be the largest in Wx-B1b, and there was no significant difference between Wx-D1b and
Wx-A 1b. These confirmed our previous results derived from aneuploid lines available in CS (Miura et al.,,
1994; Miura and Sugawara, 1996) and from recombinant substitution lines (Araki et al., 1999).

. Iﬁ the lines having double null alleles, more than 3% reductibns in amylose content were .
detected. Type 7 (wxBD) which carries the Wx-Ala, Wx-Blb and Wx-DIb alleles and produces only the
Wx-Al protein showed the lowest amylose coﬂent of around 15-18 %, followed by type 5 (wxAB)
lacking the Wx-Al and Wx-B1 proteins and type 6 (wxAD) Iaéking the Wx-Al and Wx-D1 proteins.
The lowest amylose content in type 7 also means that if the Wx-B1 protein Jacks, de\crea_séin amylose is
greatly accelerated by deficiency of the Wx-D1 protein, rather than deficiency of the Wx-AI protein.
Furthermore, in f)?pe 77, variation was detected between wxBD-3 and the other two lines. This variation
might be partly explained by the segregation of independent loci.,. since a QTL affecting amylose content
has been identifiéd on the short arm of chromosome 4A and there is an allelic difference at this QTL
between the parents (Araki_ et al., 1999). This 'typ_e was also sensiﬁ've to environmental changes, as
amylose content in the three sib-lines was signiﬁcaﬁﬂy lower in the glasshouse-grown plants than in the
field-grown plants. __ | . _ | |

The results of the double null types further demonstrated that for the capacity of amylose
synthesis, Wx-Bla predominates and produces 21-22% amylose, and there is a significant difference
between Wx-Dia (20-21%) and Wx-Ala (15-18%). As the apparent amount of the Wx-B1 protein was the
largest, followed by the Wx-D1 and Wx-Al proteins (Fig. 1), the effects of the different Wx genes on.
amylose content could be at least partly explained by vah'ation m the amount of Wx proteins.

Recently nucléotide sequences of the three genomic Wx genes of CS encoding the Wx proteins
have been determined (Murai et al., 1999). Very high levels of homology in exon areas seem to be hard
to explain the large differences in amylose synthesis capacity among the three Wx genes. Compared with
the protein-coding fegions, promotor regions responsible for gene regulation have not always been
conserved among organisms, even among closely related species.

~ In cultivated _rice, there are two wild-type alleles, W= and Wb, Wx2 is characteristic of Indica rice
and #x? is found mainly in Japonica rice. Consistent with the high levels (about 10-hold) 6f the Wx
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transcript and Wx protein in #x4, the amylose content in Indica rice is higher than in Japonica rice
(Sano, 1984; Sano et al., 1985). While there is only one amino acid difference between W@ and Wb
gene products, it is likely that their specific activities are similar (Hirano and Séno, 1991; Okagaki
1992). To explain this conflict, it has been pointed out that variation in the amounts of the Wx protein
and amylose content in Japonica and Indica types of rice is regulated at the level of Wx vt'anscript
processing and, more specifically, at the stage of intron I excision from the Wx pre-mRNA (Okagaki,
1992; Wang et al., 1995), Hirano et al. (1998) and Isshiki et al. (1998) have demonstrated that GT
sequence at the 5' splice junction of intron I is essential for the high expression level in %= which can
produce a larger amount of the Wx protein and a higher amylose content than in W, This is supported
by the relation between the polymorphism at 5' splice junction and amylose content by analyzing 92

- U.S. rice cultivars (Ayres et al., 1997), In wheat, whether the efficiency of excision of introns in each Wi
gene associates with differences in amylose content is not determined, thus it would be of interest to
examine this respect using the double null lines. '

From comparisons of the double null types with the single null or normal types, it was found that
the amount of the Wx proteins was correlated to the number of W& genes. However, amylose content was
not additively increased by accumulation of the functional W alleles. For example, under the field
conditions, type 7 carrying Wx-Ala produced 18.10% of mean amylose content and type 6 carrying W
Bla produced 21.43 %, but the mean amylose content of type 4 carrying Wx-4la plus Wx-Bla was
23.14%. Hence it appears that a certain level of activity of the single Wx gene, or else of the Wx protein,
led to a considerable amount of amylose, so that further increases in the different W gene products bring
about only a small amount of additional raise in amylose content. This suggests an epistatic manner of
the three Wx genes, reducing or inhibiting amylose synthesis when at least two genes produce the Wx
proteins. A similar finding, that there is no linear correlation between the Wx protein activity and
amylose content, has been reported in maize (Tsai, 1974; Echt and Schwartz, 1981), ribe (Sano et al.,,
1985) and potato (Flipse ct al., 1996). _

A complete association between the presence of the null Wx-B1b allele and the classification of the
white salted noodle category in Australian and Japanese cultivars has been reported (Miura and Tanii,
1994, Yamamori et al., 1994; Zhao et al., 1998). In additior\:, a§ mentioned earlier, the amylose--
reducing effect of the single null allele was larges in Wx-BIb than Wx-Dib and Wx-41b. These evidence
demonstrate that the null #x-B1b allele appears to determine a potential for producing noodle quality
flour. Furthermore, the work reported here indicates that introgression of a null allele set of Wx-BIb and
null Wx-D1b result in a striking reduction by about 15 % amylose as found in the glasshbuse—grom
wxBD-3 (Table 1). Production of adapted double nuil genotypes having this allele set would be expected
as the more likely consistent source of low amylose starch, So it is significant to know if such a

variation, as well as waxy wheat, contributes toward diverse end-use properties of wheat flour,
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Wx-Al

Wx-D1
Wx-B1

Fig. 1. Electrophoretic phenotypes in the eight possible types of the Wx-protein
deficient lines. Lanes from 1 to 8 correspond to the genotypes shown in Table 1.
Lane 1 : the wild type producing all of the three Wx proteins; lanes 2, 3 and 4 :
single null types lacking Wx-A1l, Wx-B1 and Wx-D1 proteins respectively; lanes
5,6 and 7 : double null types lacking Wx-A1 plus Wx-B1, Wx-A1 plus Wx-D1,
Wx-B1 plus Wx-D1 proteins respectively; lane 8 : waxy or amylose-free type,
lacking all of the three Wx proteins
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Table 1. Amylose content and its deviation from CS in the eight types of the Wx-protein deficient lines
grown in two environments

Genetic lines Wx proteins Amylose content (%)

Al Bl D1 Field Glasshouse

1 Cs + + + 2488 24.91
CS-1a ' 2449 -0.39 2479  -0.13
CS-2 2481 -0.07 2438 -0.53

2 CS*11/Kantol07 7A -+ 4 2360 -1.27% 23.58  -133%*
wxA-1 ' 23.10 -1.78% 23.52 -1.40%*
wxA-2 23.66 -1.22% 22,59 -233%

3 CS*1 1/Ka;1t0107 4A + - + - 22.89  -1.99%F* 21.93  -2.98%4*
wxB-1 _ ' 2246 -2.42% 22.97 -1.94%
wxB-2 ' 22.64 -2.24% 2241 2.50%*

4 CS#*8/Bai Huo 7D + + - 23.00 -1.88** 23.50 -1.42%*
wxD-1 2329 -1,50% 2335  -1.56**

5 wxAB-1 © = - + 20,08  -4.79%** 1971  -520%%
wxAB-2 20.83  -4.05%%* 1948  -543%*
wxAB-3 20.28  -4.60%%* 20.56 -4.35%*

6 wxAD-1 - + - 21.60 -3.27%* 21.13  -3.78%*#

. wxAD-2 , 21.75  -3.13%* 2279 -2.12%
wxAD-3 20.93 -3 95%%* 21.14 -3 78%k*

7 wxBD-1 + - - 18.15 -6, 73¥** 16.02 -8, 89%**
wxBD-2 _ 19.62  -5.26%%* 16.10  -8.82%*
wxBD-3 16.50  -8.38%** 15.32  -9.59%%:x*

8 wxABD-1 - - - 0 0
wxABD-2 0 0

a Homozygous recombinant lines for the chromosomes carrying the #x loci, see text.
k %k k% . Significant from CS at 0.05, 0.01, 0.001% levels, respectively.
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Chapter 3. Development of near-isogenic lines carrying different null Wx alleles
and their starch property

Abstract

The granule-bound starch synthase (GBSS I) encoded by the Wx genes, is involved in amylose
synthesis. For analyses of mechanisms of amylose synthesis and associated starch properties in
hexaploid wheat, eight possible genotypes having different combinations of the three null alleles at
the Wx loci with a common genetic background are prerequisife. A nem_'~isogenic population of
doubled haploid (DH) lines was produced from Chinese Spring x the waxy Chinese Spring F, plants
using the wheat x maize method. The Wx protein phenotypes of the DH progeny weré examined by
sodium dodecyl sulphate-polyacrylamide gel electrophoresis and found that the null alleles at each
of the three Wx loci segregated in a Mendelian fashion. Field trial demonstrated no differences
between the eight types for ear emergence time, plant height and grain yield traits. Amylose content
in the endosperm starch was highest in the wild type while lowest in the waxy type having no Wx
proteins. Comparison between single null types and double null types indicated that the amylose
synthesis capacity of Wx-Ala allele is the lowest. Pasting properties of starch are the highest in the
waxy type, followed by the double null types. Consequently, both peak viscosity and breakdown
were negatively comrelated with amylose content. The chain-length distribution analysis of
amylopectin structure revealed no clear difference among the eight types, suggesting that the
reduced GBSS I activity due to introgression of the null #x alleles does not affect both the chain
length and the degree of branching of amylopectin,

Key words: amylose content, amylopectin, doubled haploid, #x gene, wheat

Introduction

Starch, the predominant reserve carbohydrate found in plants, plays a key role in human activities as
a source of nufrition for humans and animals, and as a raw material for many non-food industries.
Demand for many kinds of natural starches that possess novel physical and chemical properties is
increasing, due to the desire to develop new starch products and to reduce the need for post harvest
chemical modification processes. The amylose/amylopectin ratio of starch is extremely important in
producing marketable flour products, because it affects the quality of end-uses (Moss, 1980; Oda et
al., 1980; Toyokawa et al., 1989).

The granule-bound starch synthase. (GBSS I), known as the Wx protein with a molecular
weight of about 60 kDa, is the key enzyme involved in amylose synthesis. The Wx proteins in
hexaploid wheat (Triticum aestivum) are encoded by three different Wi genes at a triplicate set of
single-copy homoeoloci on chromosome arms of 7AS (Ww-A1), 4AL (Wx-Bl) and 7DS (Wx-D1I)
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(Chao et al., 1989). The wild type can produce all of the three Wx proteins by the active Wx-Ala,
Wx-Bla and Wx-Dla alleles, while the waxy or amylose free genotypes lack any Wx proteins due to
null alleles at the three loci (Nakamura et al., 1995), The Wx genes do not solely control amylose
content. Our recent study has detected a quantitative trait locus (QTL) with minor effects on amylose
content in the short arm of chromosome 4A (Araki et al., 1999). Amylopectin structure is also
suggested to influence the apparent amylose level or blue value (Zhao et al., 1998; Yamamori and
Quynh, 2000), while genotypes or alleles affecting the amylopectin structure of wheat have not been
studied in detail.

In rice, there are three alleles at the Wx locus, #x", Wx” and wx. A near-isogenic series
inﬁ-oduced each of these alleles into the “Taichung 65° genetic background was produced (Sano,
1984) and it has greatly contributed to genetic studies. Recently eight possible genotypes carrying
different null Wx alleles of wheat have been developed (Zhao and Sharp, 1998; Miura et al., 1999;
Yamamori and Quynh, 2000), but some variations -ascribable to genetic backgrounds have been
noticed (Miura et al., 1999; Yamamori and Quynh, 2000). Thus development of the partial and waxy
mutants with a common genetic background will be much helpful in further accurate analyses of
mechanisms of amylose synthesis and associated starch properties. The present study was conducted
with the aims of producing eight possible genotypés of near-isogenic doubled haploids having
different combinations of the three null alleles at the Wx loci, and characterizing their field
performance and starch properties including amylose content, pasting property and chain-length'
distribution in amylopectin structure.

Materials and methods

Plant materiz-ils

‘Wheat F, hybrid seeds of the cross between the spring wheat cultivar, Chinese Spring (CS) and the
waxy CS which were the initial genetic materials for this étudy were obtained in the 1997 spring
season. CS possesses all three dominant alleles at the Wx loci responsible for the amylose synthesis
and thus can produce all of the three Wix proteins. The waxy ‘CS, deficient in all of the three Wx'
proteins, was selected from a three-way cross progeﬁy among. the single-chromosome substitution

lines, CS*11/Kanto107 7A / CS*11/Kanto 107 -4A // CS*9/Bai Huo 7D, and then successive
backerossings to CS (Miura et al., 1999). |

Doubled haploid production ‘

Doubled haploid ‘plants were produced according to the method of Suenmaga (1994) with
modifications. Briefly, the F; plants grown in a growth chamber under the controlled temperature of
22°C were emasculated two to three days before anthesis and bagged. At stigma matﬁn'ty, primary

and secondary spikelets were pollinated with fresh pollen from the maize cultivar “Wase-homare”.
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Then 0.3 to 0.5 ml of 100ppm 2.4-D was mjected fo the base of upper most internode of the culm
using a ]iypodermic syringe. Further, pollinated spikes were dripped with-a few drops of 2,4-D and
covered with translucent paper envelopes.

Fourtcen days after pollination, embryos were rescued onto solidified half-strength
Murashige and Skoog medium (pH 5.8). Cultured embryos were then incubated at 22° C in dark
condition for two to threc weeks and the germinated embryos were transplanted in culture tubes
containing the-same medinm at 17° C with eight hours illumination. When the seedlings were at 1 o
1.5 months age with Sufﬁciént shoot and root development, they were transplanted on ‘the
vermiculate medinm under the controlled temperature of 22° C in a growth chamber. Chromosome
doubling was carried out in three to five tiller stages by treating plants with 0.07% colchicine
solution. Selfed seeds from bagged heads were collected at maturity. In total 85 DH lines were

produced in this experiment.

Identification and classification of DH lines

Half endosperms of each DH line were crushed and their starch granules were isolated according to
the method described by Echt and Schwarts (1981). Then SDS-PAGE was performed for each DH
line. Starch granule preparation and elecu‘ophoresis were performed as described by Nakamura et al.
(1993) with the modification that a 15% SDS polyacrylamide gel with an acrylamide/BIS ratio of
30: 0.135 was used. The Wx proteins separated on electrophoretic gel were stained with silver stain
kit (Wako Pure Chemical Industry Ltd, Japan). Classification of each DH line into the eight types
(Table 1) was carried out at least three times. The remaining half endosperms including embryos

were planted in pots for propagation.

Field experiment

Field trails were conducted at the experimental field of Obihiro University of Agriculture and
Veterinary Medicine in the 1999 growing season, The 85_ DH lines were sown in late April together
with the parental CS and waxy CS as a single-row plot of 15 plants, spaced 10-cm within and 30-cm
between rows. A randomized block design with two replicates was employed. Ear emergence time
was scored as days to heading date from the I¥ July. After anthesis, the experiment plots were
covered to prevent pre-harvest sprouting. At maturity five random leading tillers were taken from
each plot and used for evaluation of plant height, spikelet number/ear and 50-grain weight. The
remainder of each plot was harvested for analyses of starch properties.

Amylose content

80 grams of grain samples of parental CS and each DH line harvested in the field experiment were
conditioned to about 14% moisture content and were milled on a Barubender Qudramart Junior Test

mill. Apparent amylose content per 100 mg of starch was colourimetrically estimated using
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Autoanalyzer system II (Bran+Lubbe Co. Ltd) as described by Miura et al. (1994). The amylose
content of Australian Standard White (ASW) was used as the standard. The assay was repeated at
least three times.

Starch—pasﬁng properties

Peak viscosity and breakdown of starch were measured using a Rapid Visco Analyzer (RVA,
Newport Scientific Pvt. Ltd). Three grams of water-washed starch from flour were mixed with 25 ml
of distilled water. The suspension was heated from 50° C to 95° C at the rate of 5° C /min and held at
95° C for 5 minutes, then cooled to 50° C at the rate of 5° C /min. The analysis was repeated at least
twice. The breakdown was calculated as peak viscosity minus minimum viscosity. The parameters
were given in Rapid Visco Units (RVU),

Analysis of amylopectin structure

The starch for the chain-length distribution analysis of amylopectin was isolated from two DH lines
in each of the eight types of the Wx-protein deficient lines which were grown in a growth chamber
where day and night temperatures were maintained at 22° C and 16° C, respectively. According to
the method desbribed by Nagamine and Komae (1996), high-performance anion exchange
chromatography (HPAEC) was conducted using the DX-500 system (Dionex, CA, USA) equipped
with a pulsed amperomeiric détécter (Model PED). The column used was a CarboPac PA-1 (250 x4
mm 1D.) with a CarboPac PA-1 guard column (50 x 4 mm LD.). For the HPAEC analysis, 50 pl of
sample solution were injected using the autosampler and cluted at 1 ml/min with a linear gradient of
50 to 500 mM sodium acetate in 100 mAf NaOH for 60 min,

The peak-area ratios (%) of degree of polymernization (DP) of 6 to 36 were calculated from
elution profiles, and then the mol (%) of each DP was obtained. The unit-chains of DP were
classified into three groups according to their periodic pattern described by Hanashiro et al. (1996) ;
fa with DP 6-12, fb, with DP 13-24 and fb, with DP 25-36.

Results

Production and classification of DH lines

The presence and absence of different Wx proteins of 85 DH lines were investigated by SDS-PAGE.
Eight electrophoretic phenotypes of the Wx proteins were found. Of the 85 DH lines, fourteen lines
were included in type 1 as their banding pattern was coincide with that of the parental CS. 10, § and
12 single null lines were identified as types 2, 3 and 4 respectively, while 6, 11 and 10 lines were as
double null types 5, 6 and 7 respectively. 11 DH lines did not produce any Wx proteins, so that they
were identified as the complete waxy type. These waxy genotypes were confirmed to be amylose

free by red-brown color when the cut-endosperm surface was stained with I,/KI. The remaining
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three DH lines showed novel bandihg patterns with a faint Wx-B1 or Wx-D1 protein. So these three
lines were excluded in further analyses.

The eight electrophoretic phenotypes observed in the present experimen_t were corresponded
to eight genotypes expected in the DH progeny derived from the plants heterozygous for all null
alleles at each of the three Wx loci. If the null alleles .;:u'e recessive when detected by the absence of
the Wx proteins on electrophoretic gel separations, a segregation ratio of 1:1:1:1:1:1:1:1 in the
doubled haploid population is hypothesized. The % analysis showed that the null alleles at each of
the three W loci segregated in a Mendelian fashion (x*=0.405; 0.75<P<0.90) on both the pollen and
egg sides.

Field performance _

Analysis of variance for ear emergence time, plant height and grain yield traits indicated significant
differences between DH lines but no differences among the eight types (data not shown). Table 2
summarized the results where no significant differences in the fypes were again confirmed by
Tukey-Kramer method. Ear emergence time in the eight types ranged from 6.5 days (from July 1*)in
type 8 to 9.6 days in the wild type. The types lacking the Wx-B1 protein tended to have earlier
heading as found in types 3, 5, 7 and 8. Variation between the DH lines within types was large in the
wild type and single null types. Plant height of CS was 119 cm. The eight types had around 120 ¢m
of height. Similarly, both spikelets/ear and 50-grain weight in the eight types were identical to those
of Chinese Spring.

Amylose content

CS produced 24.75% amylose (24.75 mg amylose per 100 mg starch granules). Amylose content in
the eight types varied from 2.96% in type 8 to 24.58% i type 1 (Table 3). All single null types and.
double null types gave significantly lower amylose than that of the wild type. Even though the
differences between single null types, 2, 3 and 4 could not be observed, a combination of null
Wx-B1 and null Wx-D1 proteins in type 7 produced a significantly lower content that the other two
double null types. These results demonstrated that for the capacity-of amylose synthesis, the Wx-4la
allele is lowest and there was no significant difference between Wx-Bla and Wx-Dla. As shown by
the standard deviation in Table 3, the line variation within the types was large in the single null types

because these types included a few DH lines with lower amylose contents.

Starch—pastiilg properties

Association of lacks of any Wx protein with increases in starch-pasting properties was found in peak
viscosity and breakdown (Table 3). Starch peak viscosity was highest in the waxy type, followed by
three double null types, 5, 6 and 7. Three single null types were not different from the wild type.
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Differences between single and double null types were clear for breakdown where the double null
types and the waxy type gave significantly higher breakdown than the single null and the wild types.
Although type 3 lacking the Wx-B1 protein tended fo produce a higher breakdown, there were no
statistical differences among three single null types and the wild type. Like peak viscosity the waxy
type showed a highest breakdown that was almost twice of CS and single null types. Both
parameters were negatively and significantly (P<0.01) correlated with amylose contents of the eight

types (r=-0.975 for peak viscosity, r=-0.971 for breakdown).

Analysis of amylopectin structure

The HPAEC system used here can precisely separate malto-oligosaccharides according io their
degree of polymelization under alkaline condition. The HPAEC profiles exhibiting the chain-length
distribution of amylopectin fraction were apparently identical between the duplicate lines within the
types and among the eight types of the Wx protein deficiency (Fig.1). When chains were classified
into three groups, fa (DP6-12),th; (DP13-24) and fb, (DP25-36), no obvious differences were again
revealed in the analysis of variance (Table 4). These results indicated that no segregation of genes
affecting amylopectin structure in the genetic background and the reduced GBSS I activity due to
introgression of the mull Wx alleles does not affect both the chain length and the degree of branching
of amylopectin.

Discussion

The number of DH lines classified into the eight genotypes of the Wx protein deficiency fitted to the
theoretical ratio of an equal frequency. This confirms the result of Zhao et al. (1998) who practiced
the production of the eight genotypes through wheat x maize method for the first time and showed
that the null alleles at cach of three Wx loci segregate according to a Mendalian fashion. In the
present study using near-isogenic parents, CS and the waxy CS in the initial cross, it was further
indicated that the chromosome segments locaﬁng the #x loci do not carry genes involving distorted
segregation. A random assortment of parental alleles from heterozygous F) plants to fixed
populations like DH lines is desirable in breeding and genetics. Therefore, it would easily permit to
utilize these null Wx alleles in conventional breeding programs for improving starch quality.

At the setting up this study, we took interest in if a reduced amylose content due to
introgression of the null Wx alleles brings about a reduction in grain size or grain yield. The field
experiment indicated that variation for grain yield traits were small and statistically undetectable
among the eight types. This implies that wheat breeders can manipulate any Wx loci with less
attention to a yield reduction. Only for ear emergence time, the types lacking the Wx-B1 protein
tended to be earlier than the wild type as found in types 3, 5, 7 and 8 (Table 2). A QTL, designated
QFet.ocs-4A4.1, with a large effect on heading time was identified at, or closely linked, with the
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Wx-B1 locus on chromosome 4A (Araki et al,, 1999). Since associated with the null #x-Bib is an
effect on earlier heading, probably accelerated heading in the four types lacking the Wx-B1 protein
in common is due to a tight linkage of QFet.ocs- with Wx-B1. Such a close linkage between the Wx
locus and a heading date QTL, Hd-3 is also found on rice chromosome 6 (Dung et al., 1998).

The results of amylose content indicated that the amylose synthesis capacity of Wx-4la
allele is the lowest but that of Wx-Bla and Wx-Dla is not distinguishable because there was no
significant difference in the amylose contents of type 5 and type 6 (Table 3). These confirm our
previous results (Miura and Sugawara, 1996; Miura et al., 1999). Furthermore, we detected a lincar
relationship of amylose contents in the eight types with peak viscosity and/or breakdown. This is
ascribable to the differential effects of the null alleles at the three W loci on both amylose content
and starch-pasting properties. With respect to the ability of- reduction in amylose and increase in
starch-pasting' propertics, the null Wx-B1b is mostly responsible for, followed by Wx-D1b with little
effect of Wx-A1b (Araki et al., 2000; Yamamori and Quynh, 2000). This evidence would explain in
most parts of a negative correlation of amylose content with peak viscosity observed in the cultivar
level (Moss, 1980; Oda et al., 1980; Zeng et al., 1997). However, the molecular mechanisms causing
differential effects of three #x gemes on amylose content and pasting properties are not fully .
understood. _ . _ - K : |

In cultivated rice, there are two wild type alleles, #x® and Wx". Wx" is characteristic of
Indica rice and W;cb is found mainly in Japonica rice. Consistent with the high levels (about 10-hold)
of the Wx_u-anscﬁpt or Wx protein in Wx°, amylose content in Indica type is higlller,'than that in
Japonica,type,(Shno, 1984). While there is only one amino acid difference between Wx® and Wx’
gene products, it is likely that fheﬁ specific activities are similar (Qkagaki, 1992).. To explain t‘his
conflict, it has been pointed out that variation in the qmquht_s of tl}g Wx protfain and amylose content
in Japonica and I_ndi@a types is regulated at the levcl,:of‘.Wx tanscqpt processing and, more
specifically, at the stage of intron I excision from the Wx pré.-m,RN,Ar(Ok_agald, 1992; Wang et al.,
1995). Molécular anaiyseé suggest that GT sequence at the 3’ splice junction of intron I is essential
for the high expression level in Wx® which can produce a larger amount of the Wx protein (Cai et al,
1998; Hirano et al., i998; Isshiki et all., 1998). On the other hand, a GT t6 TT mutation in Wi
produces abnormal splicing of the first infron, resulting in a less amount of Wx protein and a lower
content of amylose in J apoﬁica type. This is supported by the relation between the polymorphism at
57 splice junction and amylose content by analyzing 92 U.S. rice c_:ultivars- (Ayres et al,, 1997). In
wheat, the Wx gene dosage is linear_ly related to the amounts of the Wx proteins but not to amylose.
content (Miura et al.; 1999; Yamamori and_Quynh, 2000). Whether 1I;he‘ efficiency of excision of '
intmnsAin each Wx gene associated with differences in amylose content is not determined. So these
subjects are potential areas for further research using the near-isogenic DH ii_ms of the Wx protein

deficiency.
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It has been reported that there is a difference in amylopectin structure between the wild type
and its waxy mutant of Chlamydomonas (Delrue et al., 1992). In wheat, there are little information
available for the relationship between the GBSS I activity and amylopectin structure. Yasui et al.
(1996) found in a chain-length distribution analysis that amylopectin of the waxy wheat is
structurally identical to that of their non-waxy parents. Zhao et al. (1998) also detected no difference
between the Wx-Bla and Wx-BIb lines in the percentage of chains with a degree of polymerization
of more than 40 glucose residues. In these reports, however, a possibility of the segregation of genes
affecting amylopectin structure or starch properties was not taken into account. To our knowledge,
the deficiency of starch granule proteins of 100- to 105-kDa (SPG-1) derives some alterations-in
structure of amylopectin with apparent high amylose (Yamamori et al., 2000). The SGP-1 null
genotype has increased fa (DP6-12) chains and reduced fb; (DP13-24) chains. Probably fa chains

~ and fb; chains correspond to A and Bl chains of amylopectin, respectively (Hanashiro et al., 1996).

Our eight types of DH lines showed no alterations in fa and fb; chain groups (Table 4, Fig.1),
irrespective of great changes of the amylose/amylopectin ration. This saggests that the reduced
GBSS I activity does not influence the SGP-1 activity. To analyze the inferaction between GBSS I
activity and the SGP-1 deficiency, genetic materials introduced the SGP-1 null alleles into the

near-isogenic DH lines of the Wx protein deficiency would be desirable.
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Table 1. The ﬁequenby of the eight Wx phenotypes in the doubled haploid progeny derived
from the F; plants between Chinese Spring and the waxy CS

‘Wx proteins present Number of doubled haploid progeny

Type Wx-Al Wx-Bl Wx-DI  Expected Observed
(O + + +

1. wild type + + + 10.25 14

2. wxA - + + 10.25 | 10

3. wxB + - + 10.25 3

4, wxD + + - 10.25 12

5. wxAB - - + 10.25 6

6. wxAD - + - 10.25 1

7. wxBD + - - 10.25 10

8. wxABD - - - 10.25 11

Table 2. Ear emergence time, plant height and grain yield traits of the eight types of the
‘Wx-protein deficiency

Type Ear emergence ti.me Plant height (cm)  Spikelets/ear 50-grain weight
' (days from 1% ,July) © (gram)

CS 9.0 119.0 154 1.714
lwildiype  9.645.1a" 116.446.0a 15.3+0.6%a 1.658:0.106a
2 wxA 9.1+4.2a 120.9+4.9a 15.411.05a 1.70740.073a
3 wxB 7.742.2a 115.3+6.2a 15.0£1.03a 1.6960.077a
4 wxD 8.743.9a 117.6+7.8a 15.7+0.86a 1.71840.078a
5wxAB - 6.7+1.5a 123.844.7a 14.740.54a 1.730+0.097a
6 wxAD 8.2+1.6a 119.6+7.2a 15.3+1.12a 1.730+0.053a
7 wxBD 7.3tl.4a 117.746.0a 14.9+1.25a 1.746:£0.088a
8 wxABD 6.540.8a 123.1%5.5a 14.740.89a ~ ~ 1.70440.053a

1) Mean performances + variation between lines (SD). Means followed by the same letter in
the same column are not significantly different at p = 0.05 '
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Table 3. Amylose content and starch-pasting properties in the eight types of the Wx-protein

deficiency
Starch-pasting properties

Types Amylose content Peak viscosity Breakdown

(%0} RVU) RVU)
CS 24,75 _ 220.5 - 104.0
1. wildtype  24.58+0.60 a" 216.3+29.6 ab 90.6+20.5 a
2. wxA 22631163 b 2097158 a 98.9+16.5 a
3. wxB 22.18£1.15b 228.2+12.6 abe 116.7+13.9 ab
4. wxD 22.86+1.160 22574124 abe 106.6£13.4 a
5. wxAB 18.57+£0.39 ¢ 236.916.7 be 14]1.7£11.1 bc
6. wxAD 18.75£0.82 ¢ 240.0x183 ¢ 141.0+19.8 be
7. wxBD 16.24+0.65 d 2431123 ¢ 145.63+105¢
8. wxABD 2961040 e 291.5+35.7d 203.8£16.94d

1) Mean performances * variation between lines (SD). Means followed by the same letter

in the same column are not significantly different at p = 0.05

Table 4. The distribution of unit-chain groups in the duplicate lines of the eight types of the

Wx protein deficiency
Unit-chain groups (mol %)
Types DH lines fa(DP6-12)? f0,(DP13-24)  fb,(DP25<)
1 Cs 48.0 429 9.1
DH29 47.1. 4473 8.6
2 DH7 474 43.8 3.8
DHS 48.1 439 3.0
3 DHI19 47.0 44.6 8.4
DH22 46.2 453 8.5
4 DH21 46.8 44.5 8.7
- DH24 46.1 45.2 8.7
5 DHS 46.7 . 445 8.9
DH44 472 44.0 8.9
6 DH3 47.2 441 8.7
DH14 473 448 7.9
7 DH1 479 434 8.7
DH9 479 43.7 8.4
8 DH37 50.1 42.0 7.9
DH51 483 432 8.5
LSD (5% level) 1.7 1.5 0.8

a) Degree of polymelization, see text.
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Fig. 1. The chain-length distribution profiles of the debranched starch extracted from the
near-isogenic eight genotypes of the Wx-protein deficiency.
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Chapter 4. Identification of genetic loci affecting amylose content and

agronomic traits on chromosome 4A

Abstract 7

Chromosome 4A of wheat carries the Wx-Bl gene encoding gramile-bound starch synthase involved
in amylose synthesis in the endosperm. To determine the pleiotropic effects of this locus and effects
of independent QTLs on agronomic traits, genetical analysis of chromosome 4A was conducted
using 98 single chromosome recombinant substitution lines derived from a cross of Chinese Spring
and Chinese Spring *11KmtolO7 4A with a low amylose content due to the null Wx-Bib allele. For
amylose content, the most part of the genetic variation was explained by the allelic difference at the
Wx-BI locus. An additional QTL of a minor effect was mapped i the 6.2 ¢cM Xbcdl738/Xcdo1387
interval on the short arm, where the allele from Kantol07 increased amylose confent. Field trials
over two seasons revealed a pleiotropic effect of Wx-Bl or the effect of a closely linked QTL on ear
emergence time. A QTL linked to Wx-BI was detected for plant height. For plant yield and its

components, there was no evidence for significant main effects associated with Wx-BI or adjacent

" regions. One plant yield QTL was identified by RFLP markers on the short arm and this was

identical to QTLs controlling spikelet number/ear and grain weight/ear. At these QTLs for
agronomic traits, alleles from Kanto107 confributed to an earlier emergence time, height reduction
and yield increase. _

Key words ;, Triticum aestivum L., amylose content, QTLs, Wx-Bl, yield traits

Introduction
Starch is the major component of the wheat grain, making up 65-70% of the dry weight of matuze
grain (Rahman et al., 1995). Starch consists essentially of two different forms of polymers of
glucose, linear amylose and branched ainylopecﬁn. The amylose/amylopectin ratio of starch is
extremely important in producing marketable flour products, because it affects quality of end-uses
(Moss, 1979; Oda et al., 1980; Toyokawa et al., 1989). Low-amylose-content cultivars are preferred
for manufacture of certain noodle types (Yamamori et al, 1992; Miura and Tanii, 1994) and the .
potential use of starch with reduced amylose content is a current topic of discussion among wheat
breeders and geneticists. Therefore, a better understanding of the factors modifying amylose content
is required for the development of effective selection or screening procedures for use in breeding.

The endosperm contains two distinct types of starch synthases, granule-bound starch synthase
(GBSS), and soluble starch synthases which act fogether with starch-branching enzyme to
synthesize amylopectin. The major GBSS I of 60 kDa, so called the Wx protein, is the key enzyme
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involved in amylose synthesis, and is encoded by the Wx loci (Tsai, 1974; Echt and Schwartz,
1981). _

In hexaploid wheat (Triticum aestivum L.), three Wx proteins, Wx-Al, Wx-Bl and Wx-D1,
are coded Aby the three homoeologous Wx loci, Wx-A1(7AS), Wx-BI(4AL) and Wx-DI1(7DS),
respectively (Chao et al., 1989; Nakamura et al., 1993a). The three Wx genes have different effects
on amylosc content, in particular the null Wx-Blb a]léle is associated with the largest reduction
through the lack of the Wx-B1 protein (Miura et al., 1994; Miura and Sugawara, 1996). Cultivars
that are accepted into white salted noodle market claséiﬁcaﬁons lack the Wx-B1 protein (Miura and
Tanii, 1994; Yamamori et al., 1994; Zhao et al., 1998). In breeding programs aimed to improve
noodle quality, the genetic manipulation of Wx-BI and chromosome 4A seems to be a prerequisite.
However, whether the Wx-BI locus and the adjacent region of 4AL affect agronomically and
economically important traits, such as flowering time and plant yicld, has not been reported.

A low—ainylose content of the Japanese spring wheat ‘“Kantol107° has received much attention
in breeding programs. This cultivar lacks both of the Wx-Al and Wx-B1 profeins and only the Wx-
D1 protein produced by Wx-Dla synthesizes amylose (Nakamura et al., 1993b). Genetic variation

associated with chromosome 4A for important agronomic traits was noted, when the null allele at

the Wx-Bl loci of “Kantol07” was introduced into a ‘Chinese Spring’ (CS) genetic background by

producing the single-chromosome substitution line (Miura and Sugawara, 1996). In this paper, we
report the effects of allelic difference at the Wx-B! locus on amylose content and quantitative

agronomic traits, together witﬁ effects of independent quantitative trait loci (QTLs).

Materials and method_s
Plant material

The CS*11/Kanto107 4A substitution line had previously been developed by eleven backcrosses of -

the monosomic substitution to CS monosomic 4A prior to the extraction of the disomic substitution.
CS*11/Kantol07 4A had been shown to lack the Wx-B1 protein, with a null Wx-Blb allele, which
has a 2-3% lower amylose content than CS (Miura and Sugawara, 1996).

Using the procedures described by Law (1966), homozygous recombinant substitution lines
were developed for chromosome 4A from the F; between CS and CS*11/Kanto107 4A. In total 98
different, homozygous disomic plants were extracted, then grown to maturity and allowed to seif-

pollinate.

Identification of the Wx-Bl allele type and measurement of amylose content

To classify the recombinant substitution lines for the Wx-B1 allele, electrophoretic analysis of starch
granule bound protein were performed. Starch granule preparation and SDS-PAGE were conducted
as described by Nakamura et al. (1993a), with the modification that a 15% SDS polyacrylamide gel
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with an acrylamide/BIS concentration of 30:0.135 was used for electrophoresis.
For evaluation of amylose content in the endosperm, all tecombinant lines and the parents
were grown in the field in 1996 and 1997. After anthesis, all lines were covered to prevent pre-
harvest sprouting. Grain samples were milled on a Brabender Quadrant Junior Test Mill to a final
extraction rate of a 60%. Starch granules were separated using conventional methods. The amylose
content per 100 mg of starch granules was colorimetrically determined using the Auto Analyzer -

System II (Bran+Lubbe Co.) as described by Miura et al.(1994).

RFLP analysis '

DNA of each recombinant line and parent was extracted from young leaves by a modified CTAB
method (Murray and Thompson, 1980). Restriction enzyme digestion, southern blotiing, and
hybridization were performed as described in Kato et al.(1998). PSR clone libraries, wheat cDNA or
genomic DNA, were obtained from Dr. MD Gale, John Innes Centre, UK. BCD clone libraries,
barley cDNAs, and CDO clone libraries, oat cDNAs, were obtained from Dr. ME Sorrells, Cornell
University, USA. Of these, the probes which were known from: previous reports (Gale et al., 1995;.
Nelson et al., 1995) to be located on chromosome 4A were utilized. Using a “‘Gene Images™ kit
(Amersham LIFE SCIENCE), a non-isdtopé labeling and detecting system, the 98 recombinant lines
were genotyped for RFLP markers polymorphic between the parents.

Chi-square analysis was performed between the observed segregation ratio of each RFLP
marker and the theoretical 1:1 ratio. The linkage map was constructed using MAPMAKER/ EXP3
(I.:L:ander et-al., 1987), and the recombination frequencies were converted to centiMorgans (¢M) using
the Kosambi mapping function (Kosambi, 1944). The marker ordering, distance and degree of
chromosome coverage were assessed via comparisons with the consensus maps of Gale et al. (1995) -
and Nelson et al. (1995).

Field trials

Field trials were conducted at the experimental field of Obihiro University of Agriculture and.
Veterinary Medicine over two seasons, 1996 and 1997. The parental lines and the recombinant lines

were grown as a single row plot of 12 plants, spaced 10 cm within and 30 cm between rows'.-A

randomized block design with five replicates was used. Ear emergence time was scored as days to .
heading date from the 1st July. At maturity five random leading tillers were taken from each plot

and used for evaluation of plant height and yield components, including spikelet number/ear, grain

weight/ear and 50 grain weight. The remainder of each plot was harvested to score plant yield and

tiller number/plant.

Detection of QTL
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Analyses of variance (ANOVA) were used to detect differences between parents and to partition
variation between recombinant lines, between seasons and line x. season interaction. Estimates of
variance components, including genetic variance and genotype by environment interaction variance,
were calculated by equating the mean squares to their expected values. They were used to estimate
heritability values. A one-way ANOVA was used for each marker to detect significant differences
between allele class means by comparing it with the variation between lines within classes. .

QTL analysis was also performed using the software package MQTL (Tinker and Mather
1995) which can detect both QTL main effects and QTL x season interaction. The phenotype déta
sets were analyzed by the simple interval mapping (SIM) and simplified composite interval mapping
(sCIM) procedures. The linkage group was scanned at a 5 cM intorval test statistic. Six even-spaced
background markers were specified for sCIM. Except for multiple-environment sCIM analysis,
where precise test statistics are not computable, type-I 5% significance thresholds were established
with 1000 permutations. QTL inference were made as QTLs were declared at positions where SIM
peaks were significant for either QTL main effects or QTL x season interaction with strong sCIM
peaks.

Results

Linkage map A

Of the 98 recombinant lines, 47 lines were found to. produce the Wx-B1 protein by the SDS-PAGE
system, thus identified as the CS-type with Wx-B/a. The remaining 51 lines were deficient in the
Wx-B1 protein and identified as the CS*11/Kantol07 4A type with Wx-BIb. CS chromosome 4A
carries a dominant allele at the awn inhibitor Hd locus (Scars, 1954) and suppresses awn
development, whereas CS(Kantol07 4A) confers an awned phenotype by the recessive hd allele.
The recombinant substitution lines were classified by eye into wnawned, 51 lines, with Hd, and
awned, 47 lines, with kd.

Of RFLP markers detecting polymorphism between the parents, eight markers showing non-
distorted segregation from the expected 1:1 ratio were used for map construction. The resulting
genetic linkage map is illustrated in Fig.1. Compared to previously reported maps by Gale et al.
(1995) and Nelson et al. (1995), the map covered approximately 107 ¢cM, from the terminal Tegion
of the long arm defined by Xpsr160 1o the central part of the short arm as marked by Xpsr163. The
Wx-BI mapped to the long arm at about 60 ¢M distance from the centromere, and closely linked to
AXpsrll5, a proximal marker to the 7BS/SAL breaking point,

Amylose content

Starch granules from CS produced about 25.0% amylose content over two seasons.

CS*11/Kanto107 4A showed a consistently, and significantly, lower content by about 2.0% than CS.
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The amylose content in the recombinant lines is given in Fig.2. The 22.1 - 25.1% range in the
recombinant lines was consistent between seasons and a highly significant correlation was detected
(=0.75, P<0.001) with a heritability value of 0.696. As expected, the deficiency of the Wx-Bl
protein due to the null Wx-BIb allele caused a clear reduction in the amylose content. MQTL -
analysis showed that the allelic difference at Wx-BI was a major factor accounting for more than
70% of the variation in each season (Fig.1a). .

However, the 51 lines with the null Wx-BIb had a' distribution from.22.1 to 23.9% amylose
with a significant correlation between seasons (1'=0.37, p<0.01) and the remaining 47 lines with #x-
Bla varied from 23.1 to 25.1%, suggesting the involvement of an additional genetic factor(s). To
determine if the variation of about 2.0% observed between lines within the allele classes included
genetic variation, QTL analysis was carried out separately for the Wx-Bla and Wx-Blb ciasses
(Fig.1b,c). In the Wx-Bib allele class, both ANOVA and MQTL revealed a significant effect
associated with the Xbedl 738/Xedol 387 interval on the short arm. This QTL, designated Qdmc.ocs-
44.1, accounted for about 17% of the variation in the lines within the Wx-BIb class. The Kanto107
allele at QAmec.ocs.1 A broduced a higher amylose content with an additive effect of 0.3%. In the Wx-
Ala allele class, ANOVA confirmed the minor effect associated with Xcdol387, whilst MQTL
analysis failed to detect this effect.

Analysis of agronomic traits

The mean phenotypes of the- pafents, mean and range in the recombinant lines for the agronomic
traits are presented in Table 1. ANOVA detected highly significant differences (p<0.001) between
the recombinant lines for each trait. The estimated heritability values ranged from 0.216 for tiller
number/plant to 0.698 for spikelet number/ear. These suggest that chromosome 4A has effects on
the traits examined and that these genetic factors segregate among the recombinant lines. Line x
season interactions were also significant for all traits except spikelet number/ear. However, when the
expected variance components were exiracted from mean squares of ANOVA tables, it was found
that line x season interactions contributed around 6% or less of the total variation (2.80% for grain

weight/ear - 6.50% for tiller number/plant).

Ear emergence time and plant height

Over two seasons of trials, CS*11/Kantol07 4A flowered 2.6 - 3.0 days earlier than CS (Table 1).
One QTL with a large effect was identified at, or closely linked with the Wx-BI locus (Fig. 3).
ANOVA showed that the effect was most strongly associated with Wx-BI. The allele from
CS*11/Kantol07 4A contributed to accelerated flowering, having additive effects of 1.2 days (1996)
and 1.6 days (1997). This QTL designated QFet.ocs-4A4.1 accounted for approximately 40% of

variation in the lines in each season (Table 2).
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The mean height of CS was 109.2 cm (1996) agd 114.4 cm (1997), approximately 8 - 9 cm
higher than CS*11/Kanto107 4A. The recombinant lines raﬂged from 91.5 cm to 110.7 ¢m in the
1996 trial, and from 95.9 cm to 120.1 cm in the 1997 trial. However, the lines having heights
significantly greater than the CS and shorter than CS*11/Kantol07 4A were not observed, showing
‘ the absence of transgressive segregation. A QTL, QHt.ocs-44.1, was detected in the 21.7 cM
Xpsrl19/ Wx-B1 interval (Fig. 3), close to the latter locus where the height-reducing allele came
from CS*11/Kantol07 4A with additive effects of 4.8 cm (1996) and 5.7 cm (1997). This primary
QTL accounted for about 30% of the line variation. The second QTL, QHf.ocs-44.2 of lesser effect
was icienﬁﬁed in the XbedI 738/Hd interval on the short arm, which explained 20% (1996) and 26%
(1997) of the line variation. Like QHt.0cs-44.1, the Kanto107 allele at this QTL produced.a reduced
height.

Plant yield and its components

While the two parents did not differ widely in plant yield, the recombinant progeny showed a large
variation, ranging from 4.7 g to 12.8 g (1996} and from 7.4 g to 17.6 g (1997). Plant yield in the
1996 frial was about two-thirds of that in the 1997 trial, being partly due to head scab
- (Microdochium nivale Samuels et Hallett) infection. Compared to the parents, the recombinant lines
- contained several lower-yielding lines. Over the two scasons, 14 lines showed significantly lower
yield performance than the parents, indicating the occurrence of transgressive segregation.

As shown in Fig. 4, there was no evidence for significant main effects of the Wx-BI locus or
its adjacent regions on plant yield. One Q'l_"L, designed Q¥ld ocs-4A4.1 was detected by Xbedl738 on
the short arm. At QYld oc§-4A.I , the yield increasing allele came from the CS*11/Kanto107 4A with
the additive effects of 1.4 g (1996) and 1.7 g (1997) which explained 27% and 20% of the variability,
respectively (Table 2).

Of yield components, a QTL for spikelet number/ear, OSpn.ocs-44.1, and that for grain
weight/ear, QGwe.ocs.-44. 1, were highly genctically correlated with each other and mapped to very
similar positions to QY¥ldocs-4A.1 (Fig. 4). OSpn.ocs-4A.1 explained approximately 50% of total
phenotypic variance in the recombinant lines, and the KantolO’j’ allele with additive effects of 1.8
(1996) and 1.4 (1997) contributed to increased spikelet number. The high grain weight/ear allele at
OGwe.ocs-44.1 again came from CS*11/Kantol07 4A, and had additive effects of 0.14 g (1996)
and 0.09 g (1957) accounting for 27% and 12% of the phenotypic variation, respectively (Table 2).
MQTL detected QTL x .season interactions on the long arm for spikelet number/ear and grain -
weight/ear, suggesting the minor effects but these were much smaller than the main effects of
OSpn.ocs-44.1 and QGwe.ocs-4A4.1. Most of the lower-yielding segregants also produced lower
spikelet mumber and grain weight/ear than the lower parent,

On the other hand, one QTL associated with tiller number/plant, QTh.ocs-44.1, was found at
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the most distal marker Xpsr163 of the short arm (Fig. 4). The additive effects of this QTL were
small and accounted for only 10% (1996) and 16% (1997) of the phenotypic variance (Table 2). In
the 1996 trial, a QTL for 50 grain weight, OFgw.ocs-44.1, was detecied in the centromere region
flanked with Xbed265 and Xbedl 738.

Discussion

The recombinant substitution analysis of this study confirms a close association of a reduction in
amylose content with lack of the Wx-Bl protein encoded by the null Wx-Blb allele.'Reduced-
amylose wheats have been shown to confer superior performance in some noodle applications and
may confer enhanced water absorption to baked goods. The null Wx-Bib is also-suggested to
contribute to improvement of starch paste properties such ag a high peak viscosity (Zhao et al.,
1998; Araki et al., 2000) which is an important factor for noodle (and bread) manufacture.
Compared to single null lines like CS*11/Kantol07 4A or double null lines with Wx-471b and #x-
D1Ib, double null lines with Wx-Blb and Wx-Dib or with Wx-Blb and Wx-Alb are more likely to
provide consistent sources of low amylose starch and high paste viscosity (Miura et al.,, 1998).
Therefore, it is preferred that double null cultivars and advanced breeding lines should be used to
carry Wx-B1b into the developﬁent of locally adapied wheats carrying desirable starch properties.

Even though amylose content is mostly influenced by the Wx genes, we show that they do not
explain all variation in this trait. A modifjing factor, QAdmec.ocs-44.1 was detected in the present
study and mapped in the 6.2 ¢cM XbedI 738/Xedol387 interval on the short arm. This QTL might
account for variation within the Wx-BI allele classes. Since the effect of Qdmec.ocs-44.1 was
ﬁasked in lines with Wx-Blia, an epistatic interaction with #x-BI appeared to decrease the action of
QAmec.ocs-44.1 in the presence of the Wx-Bl protein, The availability of genetic loci which alter
amylose content around 0.5 to 1.0% make it feasible to “fine-tune” genotypes to meet specific
requirements 6f flours. Molecular markers will allow the QAme.ocs-44.1 locus with minor effect to -
be used more precisely to manipulate amylosé content than would be possible on the basis of
phenotypic selection.

For changing amylose confent, at least two kinds of genes should be considered ;-one
associated with starch synthesis and another with starch hydrolysis. As far as-is known, chromosome
4A carries no loci encoding other proteins, except Wx-B1, mediating soluble starch synthases and
starch branching enzyme. The short arms of the group 7 chromosomes has homoeologous genes
encoding starch granule-bound proteins with molecular weighis 6f 100-105 kDa which have starch-
synthase activity (Denyer et al.,, 1995). The possibility that the translocated segment on 4A from
7BS contains the gene is refuted by the fact that 7BS produces the starch granule-bound protein of
100 kDa (Denyer et al., 1995). The starch hydrolyzing enzymes, ¢ -amylase and 3 -amylase are of
significance in starch quality and can modify amylose/amylopectin ratio. The production of & -
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amylase-1 is controlled by genes on the long arms of group 6 chromosomes, and that of & -amylase- -
2 is by genes on the group 7 long arms (Gale et al., 1995). While.the homoeologous 3 -an-1 loci
locate on group 4 chromosomes, f3-amy-A! is in the translocated segment on 5A from 4A.
Furtbermore, two sucrose synthase loci, Sus! and Ss/, have been mapped on the short arm of the
homoeologous group 7 (Devos et al.,, 1994). Since the Wx locus is flanked with Susl and Ssi, the
long arm of 4A can localize the sucrose synthase Ioci on the translocated segment from 7BS. This
evidence indicates that QAme.ocs-44.1 on the short arm is independent of known genes affecting
starch quality or sucrose synthesis. Whether QAme.ocs-4A.1 encodes eénzyme(s).in the starch
synthesis pathway or acts as a regulator gene should be investigated.

In our population, QFet.ocs-44.1, closeiy- linked to Wx-BI, was identified via its effect on
flowering time. Hoogendoorn (1985) reported an earliness per se factor on chromosome 4A but any
linkage with #x-B1l is unclear. In barley, a significant linkage of an earliness per se gene (eps7S)
with the #x locus has been implied (Backes et al., 1995; Laurie et al., 1995). Comparative mapping
of wheat, barley aﬁd rye using molecular markers shows that even if translocations are taken into
account, the order of gencs inclnding QTLs is conserved on homoeologous chromosome segments
(e.g. Laurie, 1997). This predicts 2 possible relationship between QFEef.ocs-44.1 and barley eps7S,
but few common markers exist between the QTL studies and thus it is at present difficult to assess
the synteny of these genes. The region adjacent to the Wx-BlI locus also associated with plant height.
The position of this putative QH?.ocs-44. I is contained within a cIﬁster of Wx-BI and QFet.ocs-44.1. _
‘While Bezant et al. (199’f) located a barley plant height QTL (QHY. psb-7H) on the distal part of #x -
locus, no QTLs for plant height have been reported in the vicinity of the Wx genes in other Triticeae
species. . . .

Although phenotypic differences conditioned by QFef.ocs-44.1 and QHY.ocs-44.1 are small,
compared to the effects of the major ¥rn or Ppd genes on flowering time and those of RAt genes on
plant height respectively, allelic difference at QFet.ocs-44.1 can lead to about 3.0 days variation for
flowering time and alleles at OHt.ocs-44.1 a 10 cm change in plant height (Table 2). So these QTLs
located in the adjacent regions of Wx-BI could have breeding potential. ¥ this is the case, the
expression of the Wx-B1 protein might be used to.select for these traits. Conversely, selection for
the Wx-Blb allele becanse of the effects on starch properties lﬁay also lead to inadvertent seléction
for heading date and plant height. In this regard, Miura and Tanii (1994) demonstrated that lack of
the Wx proteins can be identified readily using a half endosperm in an SDS-PAGE system. This
may permit screening of grains with the null #x-BIb in large populations even in early segregating
generations like F, and B,F,. The selected half grain with the embryo will allow the assessment of
thé starch in’operties and morphological traits including flowering time and plant height..

For plant field and its components, there was no evidence for-significant main effects

associated with the #x-B! or adjacent regions. One QTL affecting plant yield was detected on the
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short arm and a QTL for spikelet number (grain weight/ear) was mapped in a similar position to the
plant yield QTL, so it was not enough to explain both the transgressive segregation in the
recombinant substitution lines, and the lack of significant differences between the parents.
Additional QTLs which would have been able to indicate a correlation with plant yield such as the

* tiller number QTL might be segregating on chromosome 4A, but were not detected due to lack of

appropriate markers. It is also possible that like the QTL for 50 grain weight, the effects of genes
coﬁld be too weak to be detected ciearly within our population. Since all of transgressive segregants
detected were the lower-yielding lines compared to the parents, the residual variation on
chiomosomes other than 4A should be also corisidered. Hence a possibility of linkage of Wx-BI and
yield QTLs would not be cancelled out, but even if they oceur, such QTL effects are expected to be
smallef than the ‘effects of the plant yield QTL, O¥/d ocs-44.1, on the short arm. At least in barley,
the multiple map compilation by Hayes et al. (1997) shows that no close linkage of yield QTLs with
the Wx locus on-7HS have been found in five different doubled haploid populations. From this
information and our results demonstrated here, we propose that wheat breeders can manipulate the

Wx-B1 locus with giving less attention to yield QTLs.
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Table 1 Mean performance of parents, mean and range in the recombinant lines for the AgTonomic traits

Earemergence Plant height Plant yield Spikelet no. Grainwt. Tiller no, 50 grain

time (days)*

(cm) T ® fear fear(g)  /plant weight (g)
1996 season
Parents
Cs 13 .4 #** 109,2 ** 10.4 13.1 1.16 17.8 * 1.66
CS*11/Kantol07 4A 10.8 101.1 9.2 14.6 1.19 13.7 1.59
Recombinant lines
mean 126 101.9 8.4 12.3 0.99 14.6 1.62
range 10.8-14.8 91.5-110.7 47128 9.83-15.7 0.64-1.34 11.7-19.8 1.45-1.77
1997 season
Parents
CSs 12.6 *** (114 4 ** 15.2 I5.1 % 142 14.1 1.79
CS*11/Kantol07 4A 9.6 1054 139 16.3 149 148 171
Recombinant lines
mean 12.8 106.5 12.5 15.1 1.32 12.9 1.71
range 10.0-15.2 95.9-120.1 7.4-17.6 12.9-17.5 0.94-1.65 9.7-18.1 1.54-1.89
* ; Days from the 1st July..

Significant levels ; *=0.05-0.01, ¥¥=0.01-0.001, ***<0,001.
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Table 2 Location of QTLs affectingthe agronontic traits

Trait Locus Trial Marker jnterval  Test statistic ¥ Additive
Ear emergencetime QFef.ocs-4A.1 1996 Wx-Bl 46.0 0.37 12¢
1997 Wx-Bl 44.0 0.36 l6¢
Plant height QOHtocs-44.1 1996 Xpsrl19/Wx-Bl 335 0.29 48¢
1997 Xpsrl19/Wx-Bl1 29.6 0.27 57¢
OHt ocs-4A.2 1996 Xbedl738/Hd 30.8 ©0.20 45¢
1997 Xbed1738/Hd 226 0.26 46¢
Plant yield QYld.ocs-44.1 1996 Xbed1738 31.1 0.27 14k
1997 Xbed1738 18.5 0.17 1.7k
Spikelet no./ear QSpn.ocs-44.1 1996 XbedI738 71.1 0.52 1.8k
1997 Xbedi738 60.9 0.46 14k
Grain wi fear OGwe.ocs-44.1 1996 Xbed1738 314 0.27 014k
1997 Xbcdl738{Xedol387 12.9 0.12 0.09k
Tiller no./plant OTn.ocs-44.1 1996 Xpsri63 9.9 0.10 1.0k
' 1997 HdlXpsr163 17.1 0.16 12k
50 grain weight QFgw.ocs-44.1 1996 Xbed265[Xbedl738 . 183 0.17 0.06 k

Additive ; indicates an additive SIM main effect of the parent contributing to a higher value allele, where c=CS and
k=CS8*11/Kantol07 4A.
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Fig. 1 Effects and posotions of QTLs for amylose content detected by MQTL analysis using all of 98
recombinant lines (a). 47 lines of the I¥x-Bla class (b) and 31 lines of the #x-Bib class (c). The QTL main '
effect (upper) and the QTL x season interaction (lower) calculated by both of Simple Interval Mapping
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Chapter 5. Differential effects of null mutation at the three Wx loci on
starch pasting pr0pert1es in Wheat

Abstract

The amylose/amylopectin ratio and pasting properties of wheat starch are Jmportant in producing

marketable flour products,. espemally Japanese noodle. To determine if the effects of the null

mutations at the three Wx loci confer categorical differences in starch pasting viscosity, we analyzed

variation essociated with the null mutations in the three separate.sets of single-chromosome

recombinant lines for .chromosomes 74, 4A and 7D preduced from the crosses between' Chinese

Spring and three single-chromosome substitution lines carrying the null Wx alleles. Differential

effects of null alleles at the three #x loci on starch pasting properties were revedled. With respect to
chromosome 4A; the pleiotropic effect of the Wx-Blb allele on a higher' peak and breakdown

' viscosity was unambiguous. In additton, a QTL of minor effect was identified in near centromere on

the short arm. The presence or absence of the. Wx-Al protein can give some variation for peak and
breakdown viscosity, but the effects of the null #x-415 are much smaller compared to those of tﬁe
Wx-BI locus. Associated effects of the Wx-D1I locus were detected for the breakdown viscosity as
the . null Wx—be allele produced a higher viscosity than the wild-type Wx-Dla. While negative
correlations between amylose content and breakdown viscosity were common in the three
populations, the null mutations at the Wx loci produced some variations indepen(ient of amylose
content. The geneuc variations detected for breakdown viscosity were more evident than those for
peak viscosity in all of three chromosome populations.

Key words; Triticum aestivum, amylose content, single-chromosome recombinant, starch pasting

property, Wx gene

Introduction

The wheat (Triticum aestivum L) endosperm starch normally contains about 20-30% atﬁylo_se, the
rest being amylopectin. Amylose consists of linear molecules of & (1-4)-linked a-D-ghicopyranosyl
units, whereas amylopectin is made up of highly branched molecules of o-D-glucopyranosyl units
linked primarily by (1-4) bonds with branches resulting from o (1-6) linkages. Two distinct types of
starch synthases, isoforms ef granule-bound starch synthase (GBSS) and soluble starch synthases,
involve in the conversion of ADPglucose to the starch polymers. The major GBSS I with a
molecular weight of about 60 kDa, so called the Waxy (Wx) protein, is responsible for amylose
production. The soluble starch synthases act together with branching enzymes te synthesize
amylopectin. Three isoforms of the wheat Wx proteins, Wx-Al, Wx-B1l and Wx-D1, have been
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identified by 2D-PAGE (Nakamura et al. 1993a). They are encoded bj homoeologous three Wx loci,
Wx-Al, Wx-Bl and Wx-DI, located on 7AS, 4AL and 7DS, respectively (Chao et al. 19895;
Nakamura et al. 1993a). Yamamori et al. (1994) have found the null alleles in various cultivars for
each’ of the three controlling loci. A correlation between the presence of null Wx alleles and lower
amylose content across cultivars has been noticed (Yamamori et al. 1992; Miura and Tanii 1994).
The three Wx genes have different effects on modifying amylose content, and the null Wx-B1b allele
_provides the largest reduction in the amylose through the lack of the Wx-B1 protein in comparison
with the other null #x-41b and Wx-DIb (Miura et al. 1994; Miura and Sugawara 1996). The wild-
type Wx-Bla predominates for the amylose synthesis capacity, followed by Wx-Dla and Wx-Ala
(Miura et al. 1995).

The amylose/amylopectin ratioc of wheat starch is extremely important in producing -
marketable flour products. The flour from cultivars with lower amylose contents due to the null #x-
BIb allele have a higher Japanese noodle quality (Yamamori et al. 1992; Nakamura et al. 1993b;.
Miura and Tanii 1994; Zhao et al. 1998). It is also agreed that the quality of Japanese noodle is
related to starch pasting properties, which involved in starch gelatinization, pasting, and gelation
processes (Nagao et al. 1977, Moss 1980; Oda et al. 1980; Toyokawa et al. 1989). Wheat flour with
high swelling vohime and swelling power (Crosbie 1991; McCommick.et al. 1991), high peak
viscosity (Moss 1980; Lee et al. 1987; Crosbie et al. 1990), low gelatinization temperature (Oh et al.
1985; Endo et al. 1988) and high rate of breakdown during viscoamylography (Oda et al. 1980;
-Konik et al. 1992) is desirable for high quality of white salted noodle. Therefore, in addition to a low
amylose .content, starch properties for processing and eating quality should include higher starch .
pasting characteristics.

Starch pasting properties of wheat flour have genetic variation (McCommic et al. 1995; Miura
and Tanii 1995; Zeng et al. 1997). Generally, a lower amylose content corresponds to higher peak
paste viscosity. Zeng et al. (1997) have refered that reduced quantity of starch amylose due to
decreased GBSS profoundly affect starch gelatinization, pasting, and gelation properties. On the
other hand, there is nearly a continuous. spectrum of variation for the viscosity between wild-type -
and mutant genotypes (Udall et al. 1999), and there are cultivars showing high scores in both
amylose content and peak viscosity (Miura and Tanii 1994). These facts argue against a model thata
lower amylose content produced by the null mutation is always responsible for a higher peak
viscosity. Zhao et al. (1998) provided clear evidence for the genetic association of the null Wx-B1b
allele with a high peak viscosity, and suggested that the molecular basis for this association is not:
simply due to decrease in amylose content. Further, although associated effects of chromosomes 7A
and 7D on peak viscosity were found (Miura and Tanii 1995; Watanabe and Miura 1997), the effects
of the null alleles at the #Wx-A1 and Wx-D1 loci have not yet been studied in detail. _

To determine if the, effects of the null Wx mutations at the three Wx loci confer categorical
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differences in starch pasting viscosity, we developed three separate sets of single-chromosome
recombinant lines for chromosomes 74, 4A, and 7D, and analyzed variation associated with the null
mutations for starch properties. In the present paper, we report the different effects of the null alleles’
at the three #x loci on starch pasting properties, especially peak viscosity and breakdown viscosity.

Further we mapped quantitative genetic variation on chromosome 4A.

Materials and methods

Plant materials

Previously we developed single-chromosome substitution lines for chromosomes 7A, 4A and 7D
with the Chinese Spring (CS) genetic background (Miura and Sugawara 1996). CS carries the Wx-

Ala, We-Bla and Wx-Dla alleles and thus can-produce all of the three Wx proteins. The

chromosome 7A substitution line, CS*11/Kanto107 7A, lacks Wx-Al protein by the x-41b allele. -
Similarly, CS*11/Kantol07 4A carrying Wx-BIb does not produce Wx-Bl protein and CS*8/Bai

Huo 7D with the null -Wx-DI b allele has no GBSS I activity to produce Wx-D1 protein.

Using the procedures described by Law (1966), the three sets of homozygous single-
chromosome recombinant lines (SCRs) for chromosomes, 7A, 4A and 7D, were developed
separaely from the Fys between CS and each of the single-chromosome substitution lines. The
development of SCRs for chromosome 4A was already described by Araki et al. (1999). In total 101
different SCRs for chromosome 7A, 95 SCRs for 4A and 105 SCRs for 7D were included in the
present experiment. Since chromosome 5D of CS$ carries the dominant Vrn-DI allele promoting

spring growth habit (Pugsley 1972), all SCRs and the parental substitution lines are spring wheats.

Identification of the Px allele types ,

To classify the SCRs for the Wx allele types, electrophoretic analysis of starch granule-bound
protein was performed. Starch granule preparation and SDS-PAGE were conducted as described by
Nakamura et al. (1993a), with the modification that a 15% SDS polyacrylamide gel with an
acrylamide/BIS concentration of 30:0.135 was used for electrophoresis.

Starch preparation

Spring sowing trials were conducted in the experimental field of Obihiro University of Agriculture
and Veterinary Medicine. The SCR-4A population and the parental genotypes were grown in 1997,
and the SCR-7A and SCR-7D populations were examined in 1998. In the second year, CS and the
three single-chmmosmé substitution lines were included. Each genotype was represented by a single
plot of 15 plants, spaced 10cm between plants within a row and 30cm between rows. After anthesis,
the expen'menfal plots were covered to prevent pre-harvest sprouting. Grain samples harvested were

milled on a Brabender Quadrant Junior Test Mill to a final extraction rate of a 60%. Starch granules
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were separated using conventional methods. ,

Amylose content and starch pasting properties

The amylose content per 100mg of starch granules was colorimetrically determined using the Auto
Analyzer System II (Brant+Lubbe Co.) as described by Miura et al. (1994). The assessment was
carried out at Jeast twice.

Starch peak viscosity and breakdown viscosity were measured on the Rapid Visco Analyzer
(RVA, Newport Scientific Pty. Ltd). 3g of starch was mixed with 25 ml distilled water. The
" suspension was heated from 55°C to 95°C at the rate of 5C/min and held at 95°C for 5min, then
cooled to 55°C at the rate of 5°C/min. The primary starch pasting viscosity parameters derived from
RVA curve-included peak viscosity and minimum viscosity (the lowest viscosity after the hold at 95
°C). Using these parameters breakdown viscosity was calculated as peak minus minimum viscosity. .
The analysis was made at least twice. Peak viscosity aﬁd breakdown ViSCOSit)IV were measured in
Rapid Visco Units (RVU).

Data analysis

Analyses of variance (ANOVA) were performed for starch property data to detect differences
between parental .genotypes and to partition the variation between SCRs ini. each chromosome
population. A one-way ANOVA was also employed for each Wx locus -to detect significant
differences between the allele class means by comparing them with the variation between lines

within classes.

Detection of QTLs on chromosome 4A

Previously, we have constructed the linkage map of chromosome 4A containing Wx-Bl and other
nine markers from an initial population of 98 SCRs (Araki et al. 1999): This map was utilized for
the determination and localization of the QTLs for starch pasting properties. QTL analysis was
performed using the software package MQTL (Tinker and Mather 1995). The data sets of peak
viscosity and breakdown viscosity were analysed by the simple interval mapping (SIM) and
simplified composite interval mapping (sCIM) procedures. The linkage group. was scanned at a 5--
¢M interval test statistic. Seven even-spaced background markers were specified for sCIM, and

type-I 5% significance thresholds were estimated with 1000 permutations.

Results

Classification of the Wx allele types

Of the 95 SCRs for chromosome 4A, 44 lines were found to produce the Wx-B1 protein by the
SDS-PAGE system, thus classified as the CS type with #x-Bla. The remaining 51 lines were
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deficient in the Wx-B1 protein and identified as the CS*11/Kanto107 44, type with Wx-Blb. Of the
101 SCRs for chromosome 7A, 49 lines were identified as the CS type with Wx-A7Ia, and 52 lines
identified as the CS*11/Kantol07 7A type with Wx-41h. Of the 105 recombinant lines for
chromosome 7D, 48 lines were classified as the CS type with Wx—b] a, and 57 lines identified as the
CS*8/Bai Huo 7D type with Wx-D1b. All of the SCR populations showed non-distorted segregation
from the expected 1:1 ratio. This indicated that there was no genetic or genotypic selection in favor
of SCRs carrying the particular allele at the each Wx locus.

Amylose content
. The mean performance- of parental genotypes, together with the mean and range in the three sets of
SCRs for amylose content and starch pasting propertics is given in Table 1. Starch granules from CS -
produced about 25.0% of amylose over two years. CS$*11/Kantol07 4A showed a significantly
lower content by about 2.0% than CS. In the SCR-4A, the amylose content of lines with Wx-Bla
ranged from 23.3% to 25.0%, while the lines with #x-B1b ranged from 22.2% to 23.5%. The null
Wx-BIb SCRs as a group exhibited a significantly lower amylose content by more than 1%
compared to those that produced Wx-B1 protein. The deficiency of the Wx-B1 protein due to the
null Wx-B1b allele caused a clear reduction in the amylose content.

CS*11/Kanto107 7A and CS*8/Bai Huo 7D showed a significantly lower content by about
1.0% than CS. The ranges of amylose content were almost similar in the SCRs for chromosomes 7A
and 7D, as being from 22.7 to 25.5% in the SCR-7A and from 23.0 to 25.9% in the SCR-7D. About
1% amylose difference was detected between the allele class means in each chromosome population.
ANOVA revealed highly significant differences between SCRs in each population and the most part
of the line variation was explained by the allelic differences at the Wx-A] and Wx-D] , Tespectively.
Thus, likewise the Wx-BI locus, the null alleles at the Wx-4] and Wx-Di loci were found to have

large effects on reduction in the amylose content.

Peak viscosity
The peak viscosity of CS*11/Kanto107 4A was about 15RVU higher than that of CS. The 95 SCR-
4A obtained from the CS x CS*11/Kantol107 4A cross showed a large variation ranging from 191 to
302RVU. When the SCRs were separated into the Wx-Bla and Wx-B1b allele classes, the Wx-BIb
class had a iarger variation while no SCRs in the Wx-Bla class produced more than 260RVU in the
1997 trial (Fig. 1a). ANOVA indicated a significant difference between the allele class means at the
Wx-Bl locus, and peak viscosity was negatively correlated with amylose content (r=-0.46, P<0.001),
suggesting an associated effect of the #x-B1 locus on peak viscosity.

Among the parental substitution lines in the 1998 experiment, CS*11/Kanto107 7A showed a
low peak viscosity of 195RVU which did not differ widely from CS. The 178-248RVU range in the
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101 SCRs for chromosome 7A was much smaller than that detected in the SCR-4A and SCR-7D
populations (Fig. 1b). The SCRs in the Wx-4la and Wx-41b allele classes showed similar ranges in
each other and there was no significant difference between the class means of peak viscosity. A
lower amylose content in the Wx-47b allele class was not correlated with a higher peak viscosity (1
=-0.14). -

CS*8/Bai Huo 7D exhibited a high peak viscosity of 318RVU which differed largely from that
of ‘CS. Of the 105 SCRs derived from the CS x CS*8/Bai Huo 7D cross, 57 SCRs in the Wx-DIib
allele cléss as a group produced a significantly higher peak viscosity (296RVU) than the Wx-Dla
allele class of 48 SCRs (267RVU). However, the distributions of the SCRs in these two classes were -
almost overlapped and thus the reduction in amylose content in the SCRs with Wx-DIb did not bring
about high peak viscosity (r = 0.01, Fig. Ic).

Breakdown viscosity _

Associated effects of the Wx-B! locus on breakdown viscosity were more appreciable compared to .
those on peak paste viscosity. Over two years, starch from CS*11/Kantol07 4A had about 150RVU
breakdown viscosity which was consistently higher than those from CS. In the SCR-4A population,
a significant difference between the allele class means was revealed. The mean value of around
150RVU in the Wx-BIb class was almost equal to the breakdown viscosity of CS*¥11/Kantol07 4A,
as Weﬂ as that in the #x-Bla class comesponded to about 110RVU breakdown viscosity of CS. The '
95 SCRs showed a clear bimodal distribution of breakdown viscosity. The variation in this
population related directly to the allele types at the Wx-Bl locus (Fig. 2a), since most of high
breakdown viscosity SCRs have the null allele while the lower SCRs carry the wild-type allele,
resulting in a highly negative correlation between breakdown viscosity and amylose confent (r=-0.69, -
P<0.001). .

. C8*11/Kantol07 7A and CS*8/Bai Huo 7D showed breakdown viscosity of 99 and 174RVU,
respectively. The SCRs-7A population showed a small variation, ranging from 72 to 135RVU. On
the other hand, the 96-190RVU range of breakdown viscosity in the SCR-7D population was
relatively large and comparable to the range in the SCR-4A population. As shown in Fig. 2b, a
negative and significant correlation between breakdown viscosity and amylose content was detected
in the SCR-7A l(r,= -0.51, P<0.001). The SCRs carrying the Wx-A41b tended to have low amylose
content and high breakdown viscosity.

Like the SCR-4A population, associated effects of the #x-DI locus on breakdown viscosity
were detected. The 105 SCRs for chromosome 7D showed a clear bimodal disiribution (Fig. 2c).
Most of high breakdown viscosity SCRs have the null #x-D1b allele while the lower SCRs carry
Wx-Dla, providing a significant difference of about 35RVU between allele classes. In contrast to

peak viscosity, a negative correlation between breakdown viscosity and amylose content was found
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{r = -0.33, P<0.001), indicating the effects of the null #x-DIb allele on the reduction in amylose

content and the increase in breakdown viscosity.

QTL of starch pasting properties on chromosome 4A

For peak viscosity, two QTLs linked in coupling were identified by both SIM and sCIM (Fig. 3).
The major QTL effect was detected m the 21.7 ¢cM Xpsrl 19/Wx-B1 interval, close to the latter locus.
The allelic difference at this Iocus accounted for 28% of the SCRs variation, and the higher peak
viscosity allele came from CS*11/Kanto107 4A with an additive effect of 30RVU (Table 2). The
second QTL of minor effect was detected in the Xbcdl 738/Xcdol387 interval on the short arm,
which egplajned 24% of the line variation. Again the CS*11/Kantol07 4A allele at this QTL
contributed to a high peak viscosity with an addifive effects of 26RVU.

As expected, two QTLs for breakdown viscosity were identified and mapped to very similar
positions, Xpsri19/Wx-Bl and Xbedl738/Xcdol387 intervals, to the QTLs for peak viscosity (Fig.
3). At these two QTLs, the high breakdown viscosity alleles came from CS*11/Kanto107 4A with
additive effects of 34RVU in the Xpsr119/Wx-B1 QTL and 22RVU in the Xbedl 738/Xedol 387 QTL, -
which explained 56% and 26% of the variation, respectively (Table 2).

The two QTLs for peak viscosity were presumed to be identical with the breakdown viscosity
QTLs. In terms of test statistics, percentage of the variation accounted for and additive effects, the

QTL effects detected for breakdown viscosity were more evident than those for peak viscosity.

Discussion
With respect to chromosome 4A, the null Fx-Bib ailele or the allele from CS*11/Kanto107 4A at
the Xpsrl19/Wx-B1 QTL contributed to a Iower amylose content, and higher peak and breakdown
viscosity which are desirable for noodle quality. Such trait correlations may result either from
pleiotropic effects of a single locus or from tight linkage of a locus (loci) controlling the traits. If the
effects observed in this research are not due to Wx-BI but a tightly linked gene located in the
21.7c¢M Xpsrl 19/Wx-BI interval, recombinations between Wx-BI and another locus (loci). would be
expected. However, this possibility is cancelled out by the fact that there were no such recombinant
lines that have a combination of the #x-Bla allele with a high peak or breakdown viscosity (Figs. _
la, 2a). In addition, as far as it is known, the gene encoding other proteins for starch metabolism
such as soluble starch synthases and starch branching enzymes are not located on chromosome 4A
(Denyer et al. 1995; Rahman et al. 1995; Yamamori and Endo 1996; Morell et al. 1997, Nagamine
et al. 1997). Hence, it is possible to conclude that a higher peak and breakdown viscosity associated
with the Xpsri19/Wx-BI interval is due to the pleiotropic effects of the Wx-B1b allele. '
MQTL analysis indicated that as additive effects, the null #x-BIb allele can contribute to
increases in 30 and 34RVU for peak and breakdown viscosity, respectively. These effects may be
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associated with the difference in amylose content between the allele classes, since the allelic
difference at this locus is a primary factor for amylose content acqoqnting for more than 70% of the
variation (Araki et al. 1999). However, the SCRs in the Wx-Blb allele class with only small
differences in amylose content differed appreciably in the starch pasting viscosity, indicating some
variation not accounted for by variation in amylose content. These results are in agreement with the
research carried out by Zhao et al. (1998). They pointed out that the molecular basis for the effect of
the Wx-B1 null mutation is not simply due to a decrease in amylose content, but the nuil mutation
most likely causes a subtle change in starch structure. However, within the limits of the assays by
Zhao et al.. (1998) and the present study, the structural basis for the association is difficult to
determine. Instead, our- result implies the control of a secondary genetic factor which is unidentified
previously. The QTL analysis shown in Fig. 3 revealed a possible QTL effect as a candidate for the -
secondary factor. The same map position, the Xbed] 738/Xedo1387 interval, on the short arm of
chromosome 4A. was shared by Qdmc.ocs-44.1 for amylose content (Araki et al. 1999), and a QTL
for the starch pasting viscosity. This putative QTL of minor effects might involve in variation within
the allele classes, but this issue will require further investigation.

For chromosome 7A camying Wx-AI, a negative and significant comelation between

" breakdown viscosity and amylose- content was detected in the SCR-7A population (r=-0.51,

P<0.001). In addition, Miura and Tanii (1995) found that removal of chromosome 7A produced a
reduction in peak viscosity. These results might suggest an associated effect of the absence of the
Wax-Al protein on a higher pasting viscosity. Certainly, the SCRs carrying the Wx-A1b tended to
have low amylose contents and high breakdown viscosity, but the effects of Wx-4ib on elevated
viscosity scem unremarkable, as the breakdown viscosity variation in the two allele classes of Wx-
A7 was condensed and not substantial to confer categorical differences in the viscosity between
classes. Therefore, it is concluded that even if the presence or absence of the Wx-Al protein can
give. some vaxiatidn for the starch pasting viscosity, the effects of the null #x-41b are much smaller
compared to those of the Wx-Bl1b allele. _

Associated effects of Wx-DI on breakdown viscosity were clearly detectéd, while the effects
on peak viscosity ﬁere failed to appear. Like in the SCR-4A popuiaﬁon, a bimodal distribution for
breakdown viscosity was found in the SCR-7D populatuin. The SCRs with the null Wx-D1b allele as
a group produced about 35RVU higher viscosity than the SCRs with #x-DIa. These evidences may
demonstrate the contribution of the Wx-DI null mutation to a higher breakdown viscosity.

Consequently, as far as this experiment is concerned, we conclude the differential effcts of the
null mutations at the three #x loci on starch pasting viscosity.

However, when we discuss the effects of chromosomes 7A and 7D on starch properties, it
seems important to consider the co-location on group 7 chromosomes of the gemes for enzymes

related to starch synthesis. For example, starch branching enzyme (SBE) isclated from wheat
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endosperm is fractionated into two distinct isoforms, SBE I and SBE II. Of them, SBE I with
approximately 85kDa in molecular mass further consists of several isoforms. The genes controlling
some of the SBE I isoforms are assigned on the short arm of the homoeologous group 7
chromosomes - (Morell et al. -1997, Nagamine et al. 1997). The genes for ADPglucose
pyrophosphorylase have been mapped on chromosome 7 (Devos and Gale 1997). In addition, the
minor GBSS with a molecular weight of 10,000-11,500 are also encoded by homoeologous loci on
the short arms of group 7 chromosomes (Denyer et al. 1995; Yamamori and Endo 1996), and they -
are suggested to be soluble starch synthases (Takaoka et al. 1997). The respective roles of SBE 1,
and the 10,000-11,560 molecular weight proteins in wheat starch synthesis have not yet been -
unambignously defined (Morell et al. 1997). Therefore, prior to draw a more precise conclusion
about the associated effects of the null Wx-A7 and Wx-DI mutations on starch pasting properties, it
remains fo be seen if these énzymes except GBSS I affect starch pasting properties and ]f there are
polymorphisms at those loci in our SCR populations for chromosomes 7A and 7D. At present,.the -
lack of sufficient number-of polymorphic marker loci hampers the analysis of these chromosomes.
In further work, however, the three sets of -single-chromosome recombinant populations can have .
some advantages as a tool for defining genetic variation associated with the other loci mentioned
above, and for identifying QTL effects under the uniform genetic background of CS by growing -
them in different environmerits. .

Any infonnation‘ leading our understanding of genetic mechanisms of the starch pasting
properties will improve the breeding process. The-results derived from the current experiment have
general consequences for strategies for the breeding of wheat cultivars with preferable quality for
white noodle. At least, the associated effects of #Wx-B! were common for amylose content and starch
pasting properties, showing that it should be possible to modify several aspects of stérch properties
simultaneously. This may support an idea that the null Wx-Blb is worth selecting not only for a
lower amylose content (Araki et al. 1999; Miura et al. 1999), but for a higher starch pasting
viscosity in breeding programs (Miura and Tanii 1994; Zhao et al. 1998). Furthermore, Udall et al.
(1999) have mapped several quantitative trait loci (QTL) for peak viscosity and these QTL effects
are independent of variation due to the #x null mutations because the mapping population used is
not segregating for the Wx loci. Such QTLs including the Xbed! 738/ Xedol387. QTL identified here
may have certain breeding potential after the introduction of the null mutation at the Wx loci. -
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Table 1 Mean performance of parental genotypes, together with the mean and range in the Wx allele classes
of the three RSL populations for amylose content and starch-pasting properties

Item No.of  Amylose content Peak viscosity Breakdown viscosity
RSLs  Mean Range Mean Range Mean Range
(Yo} RVD) RVU)
Parental genotypes (1997) .
CS 24.9 240 118
CS*11/Kanto107 4A 22.9 265 . 152
RSLs for chromosome 44 95
Wx-Bla 44 24.1 23.3-25.0 221 193-254 111 98-129
Wx-Blb 51 22.8 22.2-235 247 191-302 144 100-184
Fokok sk ‘ sokk
Parental genotypes (1998)

' CS 25.1 ' 226 111
CS*11/Kanto107 4A 231 242 142
CS8*11/Kantol07 7A 24.0 195 99
CS*8/Bai Huo 7D 23.9 318 174

RSLs for chromosome 74 101
Wx-Adla 49 247 23.6-25.5 225 178-248 106 72-128
Wx-41b 52 239 22.7-25.2 228 191-248 117 96-135
Hedeok " ns ¥k

RSLs for chromosome 70 105

Wx-Dla 48 25.0 24.1-25.9 267 212-316 131 96-157
Wx-D1b 57 240 23.0-252 296 236-330 166 129-190
dok ok *kk

ok, %k | Significant differences between the allele class means at the 1% and 0.1% levels, respectively.
ns ; non-significant,

Table 2 Location of QTLs on chromosome 4 A for starch pasting properties

Trait Marker interval r Additive *

Peak viscosity Xpsrl19/Wx-Bl 0.28 30
Xbed1738/Xedo1387 0.24 26

Breakdown viscosity =~ Xpsrl19/Wx-B1 0.56 34
Xbedl738 [ Xedo 1387 0.26 22

* Additive : indicates an additive SIM main effect, all from Kanto107.
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Fig. 1 Relationship between amylose content and peak
viscosity of starch in the recombinant substitution lines
(RSLs) of chromosomes 4A (a), 7A (b) and 7D (c).

**¥P<(.001, ns : non-significant.
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Fig. 2 Relationship between amylose content and
breakdown viscosity of starch in the recombinant
substitution lines (RSLs) of chromosomes 4A (a), 7A (b)
and 7D (c). ¥**P<0.001.
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Fig. 3 Effects and positions of QTLs for peak viscosity (top) and breakdown
viscosity (bottom) detected by MQTL analysis of chromosome 4A. The QTL
main effect calculated by both of Simiple Interval Mapping (bold line ) and
simplified Composite Interval Mapping (normal line) is presented. The dotted
line indicates the 5% significance threshold level for SIM. The horizontal black
bar at the top represents chromosome 4A with the markers, map distances
(cM), and centromere (C) indicated. :
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Summary

The advent of routine genetic manipulation of the enzymes catalyzing starch synthesis in the wheat
endosperm has made it possible to change the physical and chemical characteristics of starch and to
provide novel variation in raw materials. However, it has only been in the last debade so that wheat
scientist and breeder have recognized that genetic variation for starch properties, starch composition
in particular, is responsible for the variation in end-use quality. Therefore an improved
understahding of the genes coding amylose and amylopectin synthesizing enzymes is needed.

The present study was carried out to define and discuss the contributions of the homoeologous
three Wx genes of wheat to variation for amylose content, starch structure, starch pasting properties
and important agronomic ﬁaits. The subjects focused in this study are as follows. Amylose synthesis
capacity of the three #x genes was determined in Chapter 2 using eight possible types with different
combinations of wild-type and nmll alleles at the Wx loci, Then the amylopectin molecular structures
in the eight types were compared in Chapter 3. The contributions of Wx-BI on chromosome 4A to
agronomic traits, as well as quantitative trait loci (QTL) for amylose content were analyzed in
Chapter 4. In Chapter 5, the effects of the null alleles at the Wx loci on starch pasting properties were
distinguished using three separate sets of single-chromosome recombinant substitution lines for
chromosomes 7A, 4A and 7D. The results obtained from this study are summarized as follows.

Amylose synthesis ca;iacity of the three Wx genes was compared in Chapter -2- Amylose

~ content varied from 0% of the waxy Chinese Spr;iilg (CS) to 25% of the wild-type CS. The reducing

effect of the single null alleles was the largest in Wx-Blb, and there was no significant difference
between Wx-A1b and Wx-D1b. More than 3% reductions in amylose content from the wild-type were
detected in the double null types. The results of the double null lines forther demonstrated that for
the capacity of amylose synthesis, Wx-Bla predommates and pmduces 21-22 % amylose followed
by Wex-Dla (20-21%) and Wx-4la (15 18%). These significant differences were partly correlated
with variation in the amounts 6f the Wx proteins produced by different Wx genes. However
comparisons of the double null lines with the single muil or the wild-type indicated that amylose
content was not linearly proportional to the number of the.ﬁmctional Wx alleles, suggesting that the
wheat Wx genes actin an epistatiq manner.

For the chain-length distribution analysis of amylopectin structure in the eight possible types
of the Wk-protein deficient lines, high-performance anion-exchange chromatography (HPAEC) was
used. The results were described in Chapter 3 . HPAEC can separate malto-oligosaccharides
according to their degree of polymerization under alkaline conditions. The unit-chain distribution of
amylopectin were classified at the inflection points of the elution profiles into three groups. For any
of the three groups of degree of polymerization, the HPAEC system detected no clear differences
among the eight types of the Wx-protein deficient lines. Thus it was found that the reduced GBSS I
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activity due to introgression of the null Wx alleles does not affect the degree of branching of
amylopectin.

“To determine the effects of the Wx-Bl locus and effects of independent QTLs on agronomic
traits, genetical analysis of chromosome 4A was conducted in Chapter 4 using 98 recombinant
inbred lines derived from a cross of CS and CS*11/Kanto107 4A having a low amylose content due
to the mull #x-BIb allele. For amylose content, the most part of the genetic variation was explained
by the allelic difference at the Wx-BI locus. An additional QTL of a minor effect was mapped in the
6.2 ¢M Xbedl 738/Xcdol387 interval on the short arm, whefe the allele from Kantol07 increased
amylose content. Field trials over two seasons revealed a pleiotropic effect of Wx-Bl or the effect of
a closely linked QTL on ear emergence time. A QTL linked to Wx-BI was detected for plant height.
For plant yield and its components, there was no evidence for significant main effects associated
with Wx-BI or adjacent regions. One plant yield QTL was identified by DNA markers on the short
arm and this was identical to QTLs controlling si)ikelet number/ear and grain weight/ear. At these
QTLs for agronomic traits, alleles from Kantol07 contributed to an earlier emergence time, height
reduction and yield increase.

The amylose content and the pasting properties of wheat starch are important in producing
marketable flour products, especially Japanese noodle. To determine if effects of the null mutations
at the three Wx loci confer categorical diffexences in starch-pasting viscosity, the genetic variation
associated with the null mutations in the three separate sets of recombinant inbred lines for
cliromosomes 7A, 4A and 7D produced from the crosses between CS and three single-chromosome
substitution lines carrying the null /% alleles was analyzed in Chapter 5. Differential effects of null
alleles at the three Wx loci on starch-pasting properties were revealed. With respect to chromosome

‘4A, the associated effect of the Wx-BIb allele giving a higher peak and breakdown viscosity, was
unambiguous. In addition, a2 QTL of minor effect was identified in near centromere on the short arm.
The presence or absence of the Wx-Al protein can give some variation for peak and breakdown
viscosity, but the effects of the null Wx-41b are much smaller than those of the Wx-BIb allele.
Associated effects of the Wx-DI locus were detected for the breakdown viscosity as the null #x-DIb
allele produced a higher viscosity than the wild-type Wx-Dla. While negative correlation between
amylose content and breakdown viscosity was common in the three populations, the null mutations
at the Wx loci produced some variations independent of amylose content. The genetic variations
detected for breakdown viscosity were more evident than those for peak viscosity in all three

chromosome populations.
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