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Abstract
The yellowness of flour colour ranges is an important quality trait in wheat for end-use
products and is determined by the accumulation of carotenoids in the endosperm. The
aims of this study were to develop EST-based molecular markers for genes encoding
enzymes of the carotenoid biosynthetic pathway leading to xanthophyll accumulation
and identify quantitative trait loci for flour colour (b*) and xanthophyll content in
Western Australian adapted germplasm.
A novel bioinformatic strategy was developed to identify rice genes encoding key
enzymes of the carotenoid biosynthetic pathway and to predict wheat orthologues on the
short arm of chromosome 3 or long arm of chromosome 7. The bioinformatic strategy
involved the identification of rice carotenoid genes on BAC/PAC contigs aligned to
wheat mapped ESTs. Rice genes predicted to have wheat orthologues were selected
based on ESTs mapping to regions on wheat homoeologous chromosomes 3 and 7
known to be involved in flour colour.

The rice genes predicted to have wheat

orthologues were Geranylgeranyltransferase I β–subunit (GGT-Ibeta) and Rab
geranylgeranyltransferase component A (RGGT-A) on the short arm of chromosome 3,
Lycopene β–cylcase (LBC) on the long arm of chromosome 3 and Lycopene ε–cylcase
(LEC) on the long arm of chromosome 7.
The prediction of these wheat orthologues provided the basis for development of ESTbased molecular markers for detecting variation in xanthophyll content. Wheat ESTs
with unknown chromosomal locations and having the highest similarity to GGT-Ibeta,
RGGT-A and LBC were selected for the development of molecular markers. No EST
homologues were identified for LEC and therefore this gene was not further considered.
Orthology was confirmed by sequencing and deletion lines were used to confirm
chromosomal locations. Two partial orthologues of GGT-Ibeta were identified on the
short arms of chromosomes 3B and 3D. A partial orthologue of RGGT-A was mapped
to the proximal regions of the short and long arms of chromosome 3B. At least two or
more orthologues of LBC were identified from nullisomic-tetrasomic lines. An ESTbased molecular marker for GGT-Ibeta was found to be involved in minor variation of
xanthophyll content in a Westonia*2/Janz doubled haploid population.
QTL analysis from three doubled haploid populations indicated variation in WAadapted germplasm may be due to different alleles controlling flour colour. QTLs for
ii

b* and xanthophyll content were found to coincide on the short arms of chromosomes
3A, 4D, and 7B and the long arm of chromosomes 7A and 7B in WA-adapted
germplasm.

Homoeologous expression of regions controlling variation in b* and

xanthophyll content on the long arm of chromosomes 7A and 7B suggests the shutdown of genes in the same region on chromosome 7D. The main outcome of this study
is flour colour and identification of gene orthologues in wheat controlling variation in
xanthophyll content is complex most likely because of the interaction of the carotenoid
biosynthetic pathway with other pathways.
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Glossary
ABA abscisic acid.
ABA abscisic acid locus.
ADR Australian Durum wheat.
AFLP Amplified fragment length polymorphisms.
allele One of the different forms of a gene that can exist a single locus.
ASW Australian Standard White.
AWB Australian Wheat Board
BAC Bacterial artificial chromosome; an F plasmid engineered to act as a cloning vector that can carry
large inserts.
BCH β-Carotene hydroxylase.
BLAST Basic Local Alignment Search Tool.
BLASTN comparison of nucleotide sequence databases.
BLASTP comparison of protein sequence databases.
BLASTX comparison of nucleotide query sequence translated in all reading frames against a protein
sequence database.
BSA Bulked segregant analysis.
candidate gene A sequenced gene of previously unknown function that, because of its chromosomal
position or some other property, becomes a candidate for a particular function such as disease
determination.
Ccs Capsanthin-capsorubin synthase gene.
cDNA (complementary DNA) Synthetic DNA transcribed from a specific RNA through the action of
the enzyme reverse transcriptase.
CIE b* Commission Internationale l’Eclairage whiteness/yellowness value.
CIE L* Commission Internationale I’Eclairage L* (brightness) value.
CIELAB Commission Internationale I’Eclairage L* a* b* colour space.
CO2 Carbon dioxide
crtE Lycopene ε-cyclase gene from Erwinia uredovora.
CrtL-b Lycopene β-cyclase gene.
CrtL-e Lycopene ε-cyclase gene.
CrtR β-Carotene hydroxylase gene.
DAWA Department of Agriculture Western Australia.
dbEST Expressed sequence tag database.
deletion Removal of a chromosomal segment from a chromosome set.
DH Doubled haploid.
DMADP dimethylallyl diphosphate.
DNA (deoxyribonucleic acid) A double chain of linked nucleotides (having deoxyribose as their
sugars); the fundamental substance of which genes are composed.
DPA Days post anthesis.
environment The combination of all the conditions external to the genome that potentially affect its
expression and its structure.
EST Expressed sequence tag(s).
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FAD Flavin adenine dinucleotide.
FAO Food and Agricultural Organization of the United Nations
FDP Farnesyl diphosphate.
ha Major locus controlling the recessive grain hardness trait.
GDP Geranyl diphosphate.
GDPS Rab Geranylgeranyl transferase-like protein.
gene The fundamental physical and functional unit of heredity, which carries information from one
generation to the next; a segment of DNA, composed of a transcribed region and a regulatory sequence
that makes possible transcription.
gene family A set of genes in one genome all descended from the same ancestral gene.
genome The entire complement of genetic material in a chromosome set.
genotype The specific allelic composition for a certain gene or set of genes.
GGH Geranylgeranyl hydrogenase (reductase).
GGPP Geranylgeranyl pyrophosphate.
GGPP Geranylgeranyl pyrophosphate synthase.
GGT-Ibeta Geranylgeranyltransferase I β–subunit.
GRDC Grains Research and Development Corporation of Australia
HIF heterogenous inbred families.
HMW-GS high-molecular-weight glutenin subunit.
IDP Isopentyl diphosphate.
ITMI International Triticeae Mapping Initiative.
L Long arm of chromosome.
LBC Lycopene β–cyclase.
LEC Lycopene ε–cyclase.
LHC light harvesting complex.
library A collection of DNA clones obtained from one DNA donor.
linkage The association of genes on the same chromosome.
linkage group A group of genes known to be linked; a chromosome.
linkage map
frequencies.

A chromosome map; an abstract map of chromosome loci, based on recombinant

LMW-GS low-molecular-weight glutenin subunit.
locus (plural loci) The specific place on a chromosome where a gene is located.
MAS Marker assisted selection.
molecular markers genetic markers; alleles used as experimental probes to keep track of an individual,
a tissue, a cell, a nucleus, a chromosome, a gene or a trait.
NIL Near isogenic line.
NS Neoxanthin synthase.
Nulli-tetra Nullisomic-tetrasomic line.
NWMMP National Wheat Molecular Marker Project.
PAC Phage P1 artificial chromosome.
PCR See Polymerase chain reaction.
PDS Phytoene desaturase.
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phenotype (1) The form taken by some character (or group of characters) in a specific individual. (2)
The detectable outward manifestations of a specific genotype.
Polymerase chain reaction A method for amplifying specific DNA segments which exploits certain
features of DNA replication.
polymorphism The occurrence in a population (or among populations) of several phenotypic forms
associated with alleles of one gene or homologs of one chromosome.
PPDP Prephytoene diphosphate.
PPO Polyphenol oxidase.
PHST Pre-harvest sprouting tolerance.
PSII Photosystem II.
PYS Phytoene synthase.
Quantitative trait loci loci controlling genetic variation of a quantitative trait.
QTL See Quantitative trait loci.
RAPD Randomly amplified polymorphic DNA.
RFLP Restriction fragment length polymorphisms.
RGGT-A Rab geranylgeranyltransferase component A.
Rht Semi-dwarfing (restricted height) gene.
RIL Recombinant inbred line.
S Short arm of chromosome.
SNP Single nucleotide polymorphisms.
SSR Simple sequence repeats ( or microsatellites).
STS Sequence tagged site.
TBLASTN comparison of a protein query sequence against a nucleotide sequence database translated in
all reading frames.
TBLASTX comparison of six-frame translations of a nucleotide query sequence against the six-frame
translations of a nucleotide sequence database.
TIGR The Institute for Genomic Research
VDE Violaxanthin deepoxidase.
Vp14 Violaxanthin-cleavage gene (Zea mays).
WA Western Australia.
WSN White salted noodles.
YAC yeast artificial chromosome.
YAN Yellow alkaline noodles.
ZDS ζ-Carotene desaturase.
ZE Zeaxanthin epoxidase.
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Chapter 1. Introduction and Literature Review
The genetic improvement of agriculturally important species such as wheat by artificial
selection has historically been a part of human civilisation but has been limited by the
ability to select superior lines from populations. Many agronomic, disease resistance
and quality traits are complex and often controlled by several genes that have
quantitative effects on phenotype and, in some cases their expression is affected by the
environment.

The aim of a molecular genetic analysis of genetic variation is to

determine the chromosomal location of genes that influence a particular trait by
identifying non-functional polymorphic deoxyribonucleic acid (DNA) markers that are
linked to quantitative trait loci. The association between quantitative traits and genetic
markers contributes to understanding the genetic basis of complex traits. The linked
polymorphic markers can be implemented to improve breeding strategies by tracking
quantitative trait loci (QTL) through breeding material using marker-assisted selection
(MAS). The application of DNA markers is particularly attractive for traits that are
unable to be accurately assessed due to environmental influences on phenotypes. The
identification of polymorphic markers is achieved by genome-wide searches in a
structured population or by specific searches using a candidate gene approach for genes
that are likely to have an effect on a trait. This project has used a combination of both
approaches to identify chromosomal regions in Western Australia adapted wheat that
control the quality trait of flour colour.
1.1. Quality attributes in wheat
One of the major objectives of wheat breeding is the improvement of quality attributes
to meet world-wide market requirements for end-product uses. Approximately eighty
percent of the worldwide wheat consumption is bread wheat alone (Food and
Agricultural Organization of the United Nations (FAO); http://www.fao.org/).

In

Western Australia (WA), the three major cereal crops produced are wheat, barley and
oats which provide a competitive cereal export industry supplying numerous countries.
In comparison to other cereals, WA wheat exports are a substantial component of the
total Australian cereal export market. WA wheat accounted for seventy-three percent of
the total Australian cereals exported in 2002/2003 and the majority was exported to
Indonesia, South Korea and Japan (Department of Agriculture Western Australia
(DAWA); http://www.agric.wa.gov.au/). Worldwide, the actual area sown to wheat
since the early 1960s has not increased substantially in comparison to the almost three1

fold increase in yield which is not only due to improved agricultural practice but, more
importantly, the breeding of higher quality wheat varieties (Marshall et al. 2001).
Maintaining such rates of improvement and remaining competitive within a worldwide
export market requires advances in breeding varieties with specific grain quality
attributes. This can be aided by the study of physiology, biochemistry and the genetic
control of seed quality traits.

In 1996, investment by the Grains Research and

Development Corporation of Australia (GRDC) in the National Wheat Molecular
Program (NWMMP) was driven by the need for Australia to remain competitive in the
international wheat market which required a commitment to research for the
development of molecular markers to advance breeding programs.

The quality

attributes of protein percentage, milling yield, starch qualities, dough extensibility and
flour colour were priority targets for marker development within NWMMP to enhance
breeding programs and maintain Australia’s competitive export position of its most
important crop.
Australian wheats are exported to a number of different countries which each have their
own requirements of grade and quality of flour due to the great variety in their endproduct usage. Consistent grade and quality of Australian flour exported has been
ensured

by

the

grading

system of

the

Australian

Wheat

Board

(AWB;

http://www.awb.com.au/) so that importing countries are guaranteed a uniform quality
product from one year to the next (O'Brien et al. 2001). There is a great variety of endproduct uses for flour ranging from European style breads, Middle Eastern flat breads,
Chinese steamed products, noodles, pasta, cakes and pastries (O'Brien et al. 2001). The
specific end-product uses of Australian wheat grades are summarised in Table 1.1.
Hexaploid wheats are classified according to grain hardness because it determines
milling behaviour by the way the grain fractures when subjected to the force of milling.
Hard wheat grains fracture along cell boundaries to produce flours of uniform, larger
particle size whereas soft wheat flours have a smaller bimodal particle size due to the
fracturing of cell contents to release intact starch granules (reviewed by Morell et al.
1995; Rahman et al. 2000). For example, noodle wheats are either soft grained or prime
hard wheats for production of white salted noodles (WSN) or yellow alkaline noodles
(YAN), respectively. Irrespective of its hardness, this project has focussed on bright
white to creamy yellow flour colour in a range of wheat classes. The flour colour
quality trait is discussed later in this chapter.
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Table 1.1 Description of Australian wheat grades defined by the Australian Wheat Board and their endproduct uses. Adapted from O’Brien et al. 2001.
Australian
wheat grade

Description

Protein
content (%)

End product use

Australian
Hard
(AH)

Hard grained varieties with good
milling and dough qualities.

min 11.5%
(AH13
Min13%)

European style pan, hearth and variety breads; Middle
Eastern flat breads; Chinese steamed products and
Chinese-style yellow alkaline noodles Flat breads from
white wheats that are not too soft.

Australian
Premium
White
(APW)

High milling quality and flour
processing qualities

min 10%
(APWT min
9.5%)

Wide range of products including Hokkien, instant and
fresh noodles; Middle Eastern and Indian style breads;
Chinese steamed bread.

Australian
Standard
White
(ASW)

Highly versatile, medium to low
protein white wheat

min 9%

Leavened/flat breads, Middle Eastern/Indian/Iranian flat
breads, European style breads/rolls, Chinese steamed
bread, Asian noodles and Indian yeasted breads. Flat
breads from white wheats that are not too soft.

Australian
Soft
(AS)

Soft kernel textured wheat.
Ideally suited to products that
require extensible dough.

max 9.5%

Soft wheats of 10-11% protein and good starch quality for
Japanese and Korean white salted noodles. Soft wheats
with lower protein for confectionary products (cakes,
pastries, biscuits, steamed buns, snack foods)

Soft grained wheats for white
salted noodles (WSN)

min 9%

Australian
Standard
Noodle
(ASN)

Durum
(DR)

Japanese and South Korean white salted noodles
Prime Hard wheats for yellow
alkaline noodles (YAN)
High yields of semolina, high
water absorption, stable yellow
pigments. Key features are
colour, hardness and semolina
granular texture.

max 11.5%

min 13%

Range of wet and dry pasta products

General
Purpose

Wheats that fail to meet milling
grades

< 9%

Animal feed

Feed

Defective (e.g. sprouted wheat)

< 9%

Animal feed

Figure 1.1 (Inglett 1974) illustrates the processing stages and attributes of grain that are
significant at each stage. The processing of grain involves the stages of milling,
mixing, product development and finally cooking, baking and product storage. Each
processing stage involves a different method or combination of force, water addition,
time and heat, where force is a common method in all processing stages. At different
stages of processing, there are various significant grain attributes that determine the
overall quality of end product.
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Processing Stage

Milling

Mixing

Key method of
processing stage

force

force/water

Product development

force/time

Cooking/baking &
product storage
heat/force/time

Significant grain attributes
Protein content
Water absorption
Mixing time
Stability to mixing
Extensibility
Gas holding capacity
Lipid content
Colour

Fig. 1.1 Summary of wheat processing and significant grain features (Inglett 1974).

The milling quality of a particular wheat is determined by the flour yield obtained from
a given grain weight, the amount of water required to condition the grain before milling
and the rate of milling to achieve the maximum yield. There is also some speculation
that the way the grain is milled has an effect on flour quality. Conditioning ensures that
the moisture content is uniform throughout the grain which strengthens the bran and
allows better separation from the endosperm to maximise milling yield. The flour
quality for bread making is determined by the strength of the flour protein when mixed
with water to make a dough, the amount of water required to produce a workable dough
(water absorption), the flour colour and the flour’s fermentation properties. The protein
strength refers to the physical properties of the dough and directly relates to the type and
amount of protein in the wheat.
Although, many features of grain quality determine the suitability of flour specifically,
the colour of flour is critical in determining its suitability for particular end products and
markets. Some market requirements where flour colour is important for particular types
of end products are the use of white flour usually for bread production, bright white to
creamy yellow flour for the production of WSN and bright yellow flour is important for
YAN production. Flour colour is the main subject of this thesis because there is an
increasing demand from international markets to develop wheat varieties with suitable
flour colour characteristics for a variety of end-uses, ranging from bread making to
noodle production.
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1.1.1

Grain morphology and seed storage products

In order to increase our understanding of factors controlling wheat grain quality traits, it
is important that we know the physiological and biochemical processes involved in the
development of grain. The majority of the world’s food and feed crops are members of
the grass family Poaceae which includes wheat (Triticum aestivum), rice (Oryza sativa),
maize (Zea mays), barley (Hordeum vulgare), oat (Avena sativa) and rye (Secale
cereale).

Grasses are a large family (approximately 10,000 species) of

monocotyledonous flowering plants characterised by their spikelet style of floral
structure and the number and pattern of spikelets in the inflorescence. Grasses are
considered to be a life-form resulting from a single, adaptive radiation. The structure
and composition of cereals has been described in Kent and Evers (1994) and reviewed
in Evers et al. (1999). The morphology and storage products of wheat grain usually
determine the quality attributes of particular varieties.
1.1.1.1 Morphology of wheat grain
The main components of wheat seed include the pericarp (5-8% by weight), aleurone
layer (6-7%), endosperm (81-83%), embryo (1-1.5%) and scutellum (1.5-2%) (Fig. 1.2).
In all cereals, the endosperm contributes most of the dry weight and its major
component, starch, has a granular form that is different between species. Figures 1.2
and 1.3 identify the features that are typical for most cereals.

Fig. 1.2 Schematic diagram showing the main components of a cereal grain (Kent and Evers
1994).
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Outer pericarp
Aleurone layer

Starchy endosperm
Endosperm cavity
Seed coat
Nucellar projection
Pigment strand
Vascular bundle

Crease

Fig. 1.3 Transverse section of a developing wheat grain showing the major components.
Unpublished photograph provided by R. Appels.

The embryo is comprised of an embryonic axis and scutellum. The embryonic axis,
which is the plant of the next generation, is surrounded by the scutellum, a secretory and
absorptive organ, to provide nutrients to the embryonic axis. The scutellum receives
water and solutes from the starchy endosperm during germination.
The pericarp surrounds the aleurone layer and consists of several complete and
incomplete layers of cells that are the cuticle, epidermis, hypodermis, thin-walled cells,
cross cells and testa. The epidermis and hypodermis are the outer pericarp (Fig. 1.3)
which comprises 3-4% of the kernel weight. The inner pericarp represents 1-2% of the
kernel weight and is composed of layers of intermediate cells, cross cells and tube cells.
The seed coat (Fig. 1.3) is 5-8μm thick and is composed of an outer cuticle, two
compressed cell layers (colour layer in red wheats) and a thin inner cuticle (Simmonds
1989). As the grain develops, the junction between the seed coat and pericarp is sealed
off by the differentiation of the pigment strand (Bradbury et al. 1956; Zee and O'Brien
1970) forming a protective coat around the aleurone and endosperm and a groove in the
pericarp known as the crease. The crease runs parallel to the long axis on the ventral
side of the seed and is the most striking difference in the seed morphology of grasses
because it is deeper in wheat than in other grains such as rye and triticale.

In

comparison to the deep wheat crease, barley has a very shallow crease and in rice there
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is no crease. In red wheats, the pigment strand contains dark-coloured pigments (Inglett
1974) and possibly contributes to the yellowness of flour from bread wheats. It is
thought that the gradual differentiation of the pigment strand influences the control
mechanisms that regulate development of the grain (Jennings and Morton 1963; Zee
and O'Brien 1970). As the pigment strand differentiates, the symplastic or apoplastic
transport of water and solutes, via the pigment strand cells, from the vascular bundle in
the pericarp to the endosperm is regulated. Differentiation of the pigment strand cells
begins soon after anthesis to produce changes in the cell walls, cytoplasm and vacuoles.
The transport of water and solutes across the differentiating pigment strand cells is
greatly reduced and the pigment strand cells are slowly crushed, eventually stopping the
physiological development of the grain. The pigment strand provides a continuous
pathway for water to enter the impermeable grain during germination (Krauss 1933) and
provides a barrier against the entrance and spread of pathogens (Pugh 1932). The
differentiation of the pigment strands cells most likely acts as a signal that the grain has
reached maturity and therefore photosynthesis is no longer required and the deposition
of xanthophylls ceases.
The seed coat and aleurone are tightly bounded by the nucellar epidermis. The nucellar
epidermis is formed after fertilization from the partial breakdown of the nucellus which
holds the developing embryo sac within the ovule. The nucellar epidermis, composed
of highly compressed thick-walled cells, is about 7μm thick and represents less than 1%
of the kernel weight (Simmonds 1989). The nucellar epidermis joins a band of cells in
the crease known as the nucellus projection and this lies next to the pigment strand as
both run parallel to the crease. The cell layers of the seed from the nucellar epidermis
outwards are derived from maternal tissue whereas those layers from the aleurone
inwards are formed after fertilization and therefore are contributed by both parents. As
mentioned in Section 1.1 this has important implications in the milling process.
Most of the grain tissue is endosperm and is the principle storage organ of the seed
comprised of the starchy endosperm and the aleurone. The aleurone layer in wheat
varies in thickness of 30-70μm and is a single layer of very thick-walled cells, rich in
protein and lipid but not containing starch. During grain development the cells near or
in the aleurone layer divide to produce starchy endosperm cells, and are important
during germination because they synthesize hydrolytic enzymes that solubilize reserves
(Evers et al. 1999). The aleurone represents 6-8% of kernel weight and together with
the pericarp is collectively known as the bran layers of the seed. The ease by which the
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endosperm is separated from the bran layers is critical in milling and subsequent endproduct uses because any bran contamination can reduce the quality of the flour by
affecting the important colour trait. The bran layer contains high concentrations of
polyphenol oxidase (PPO) which can cause darkening of the flour due to oxidation.
Only small amounts of PPO are found in the starchy endosperm (Evers et al. 1999).
In comparison to other cereals, wheat has high protein content in the starchy endosperm,
and a major activity of the endosperm tissue is the synthesis of glutamine and prolinerich seed storage proteins. Between the starchy endosperm and the nucellar projection
is the endosperm cavity which is involved in the transport of photoassimilates. The
photoassimilates are transported to the maternal tissues via the entire length of a single
crease vein (Ulgalde and Jenner 1990) to the nucellar projection transfer cells (Wang HL et al. 1995; Wang N and Fisher 1994b).
1.1.1.2 Biochemical components of wheat grain
The major components of typical wheat flour are protein and starch. Proteins occur in
all tissue types of the grain whereas starch is found only in the endosperm. The
endosperm contains approximately 75% of the total protein content of the grain and
along with the aleurone layer they contribute around 90% (Inglett 1974). The specific
components of seed storage proteins are the low-molecular-weight glutenin subunits
(LMW-GS), high-molecular-weight glutenin subunits (HMW-GS), gliadins and
globulins. The presence or absence of certain HMW-GS proteins influences the viscoelastic properties of flour which affects breadmaking quality (Gras et al. 2001; Payne et
al. 1987).
The major chemical component of wheat is starch representing 60-70% of kernel weight
(Simmonds 1989). The endosperm contains two different types of starch granules –
large lenticular granules (A granules) and near-spherical granules (B granules). The
two major components of the starch granules are amylose and amylopectin which are
usually present in 1:3 ratio. Distinctive properties of the starch granule such as size,
shape and amylose:amylopectin ratio are under genetic control (Simmonds 1989) and
have been recently reviewed by Shewry and Morell (2001).
The deposition of starch and protein occurs at different stages of the developing seed.
At five days post anthesis (DPA) there are small starch granules present in most
endosperm cells and in the centre of the endosperm the cell walls are completely formed
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(Turnbull et al. 2003).

Also at five DPA, the aleurone layer is visible and although

protein bodies have not yet formed they become evident in the 5-10 DPA period. At
10-15 DPA the starch granules enlarge to occupy 50-60% of the endosperm cells
formed with B granules and protein bodies. By 32 DPA the cells are packed with
numerous B granules, large A granules and large protein bodies between the starch
granules (Turnbull et al. 2003).
The protein in the grain is accumulated steadily in wheat endosperm tissue at twenty
DPA where during this time, 40% of the proteins are comprised of the major seed
storage classes such as glutenins and gliadins (Clarke et al. 2001) and the ratio of
gliadins to glutenins at this stage is approximately 1:1.7 (Clarke et al. 2001). By 45
DPA the total protein content has been reached. Throughout this accumulation period,
the HMW-GS and LMW-GS form large polymeric proteins(Clarke et al. 2001).
Very early in developing grain, when there are few starch granules and proteins
deposited in endosperm cells, the texture of the endosperm is determined by its
hardness.

The actual physiochemical mechanisms that control grain hardness are

unknown but it is known to be genetically controlled by the ha locus which includes
genes encoding a grain softness protein (GSP), associated with starch granules, and
puroindoline a and puroindoline b. The phenotype can be assayed in the developing
wheat endosperm from as early as ten DPA (Bechtel et al. 1996; Turnbull et al. 2003).
1.1.2

Flour colour

Flour colour is critical in determining the suitability of the end product to meet a range
of market demands. The different colour requirements for a variety of end products of
wheat were summarised in Table 1.1. The actual colour of the flour is determined by
the colour of the starchy endosperm and the ease of separation of the seed coat and
aleurone from the endosperm during milling (Mares and Campbell 2001).

Flour

colour ranges from white through to yellow where pigmentation is caused by the
accumulation of carotenoids such as xanthophylls (Miskelly 1984). The milling process
can also affect colour by the amount of bran contamination left behind after milling.
The physical nature of flour, such as the particle size distribution, can affect the amount
of reflected light which is the basis of measurement of colour. Flour brightness is
measured as a CIE (Commission Internationale l’Eclairage) L* value and flour
yellowness as CIE b* and is known to be associated with varying levels of xanthophylls
(Mares and Campbell 2001).

The particle size distribution of flour and noodles,
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determined from milling, is influenced by factors such as grain size, hardness and
protein content (Mares and Campbell 2001).

The bright yellow colour of YAN

develops during preparation of these noodle types in the presence of alkali due to
conversion of colourless flavonoids to yellow pigment. A further feature of flour colour
quality is colour stability and the darkening of products. This noodle darkening is
thought to be due to PPO and non-PPO reactions such as the yellowing of colourless
flavonoids at high pH used during preparation (Mares and Panozzo 1999; Mares et al.
1997). Hence, PPO has not been investigated in this project because it is a separate
process that influences noodle colour stability rather than yellowness. However, of
particular interest is the accumulation of pigments that are thought to be major factors
affecting flour colour.
1.1.3

Carotenoid and xanthophyll biosynthetic pathways of higher plants

There are more than six hundred naturally occurring carotenoids found in animals,
plants and microorganisms and, at least 150 of these have been found in photosynthetic
organisms (Britton 1993, 1998). Carotenoids occur in the chloroplasts of higher plants
and algae as well as in non-photosynthetic tissues causing the yellow through to red
colours of fruits and flowers. Commercially, carotenoids are of great importance as
colourants and antioxidants and some, such as β–carotene, are the main dietary source
of vitamin A for humans and animals (Bauernfeind 1981; Goodwin 1984).
Xanthophylls are a diverse group of oxygenated carotenoids varying in structure and
function. Xanthophylls are found in plastids, embedded in the membrane, and
chloroplasts (Chappell 1995; Ladygin 2000). Their role in plastids is unclear, however
in chloroplasts, xanthophylls function as accessory pigments and have a role in
photoprotection as part of the photosynthetic apparatus (Havaux et al. 2004; Pogson et
al. 1998; Pogson and Rissler 2000). Most xanthophylls in photosynthetic eukaryotes
are bound with chlorophyll molecules to integral-membrane light-harvesting complexes
(LHCs) which are involved in the conversion of CO2 into sugars (Bassi and Caffarri
2000; Pogson et al. 1998). Xanthophylls also function as accessory light-harvesting
pigments within LHCs (Bassi and Caffarri 2000; Pogson et al. 1998). Under conditions
of excessive illumination, certain xanthophylls cause de-excitation of chlorophyll which
accumulates in the LHC. Xanthophylls are also thought to be involved in inhibiting
lipid peroxidation. Niyogi et al. (1997) characterised single and double mutants of the
unicellular green alga Chlamydomonas reinhardtii to define which xanthophylls are
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required for photoprotection.

They concluded that two β-carotene-derived

xanthophylls, zeaxanthin and antheraxanthin, and a major α-carotene-derived
xanthophyll called lutein, have critical functions in protection against photo-oxidative
damage.
In wheat, the xanthophyll cycle is thought to play a role in the photoprotection of
photosystem II (PSII) in senescent leaves by the dissipation of excess excitation energy
(Lu et al. 2001). The decreased PSII efficiency in senescent leaves, as shown by Lu et
al. (2001), suggests a mechanism responsible for down-regulating the transport of
photosynthetic electrons to match a decrease in CO2 assimilation capacity and hence
avoiding photodamage of PSII. In grain, the function of xanthophylls is probably
similar to those in leaf tissue, focused on stabilising membranes (Adom et al. 2003;
Pandey et al. 2005; Suzuki and Shioi 2004). Xanthophylls in grain are produced during
early stages of development when there is photosynthetic tissue present in developing
seed and grain filling occurs. Xanthophyll production declines as the seed matures and
photosynthesis ceases. The biosynthesis and accumulation of xanthophylls usually
begins within 3-5 days of germination and increases rapidly during the early stages of
growth. In wheat seedlings there is a three-fold increase in xanthophyll biosynthesis
within ten days of germination and the highest concentrations occur in the flag leaf
(reviewed in Goodwin 1984). In a typical wheat grain, 90% of the total xanthophyll
content is found in the starchy endosperm however xanthophyll concentration is 5-6
times greater in the embryo which contributes only 3-4% of seed weight compared to
less than 85% for the starchy endosperm (D Mares, personal communication).
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1.1.3.1 Biosynthesis of carotenoids
The biosynthesis of carotenoids has been reviewed by Britton (1998).

Carotenoids,

C40-tetraterpenoid compounds biosynthesised by the isoprenoid pathway (Fig. 1.4),
contain a class called xanthophylls that contribute to colour pigmentation. Isoprenoids
are formed from the basic C5-isoprene isomers, isopentyl diphosphate (IDP) and
dimethylallyl diphosphate (DMADP), that are condensed by the action of prenyl
transferase enzymes to form the monoterpenes precursor, C10-geranyl diphosphate
(GDP). The addition of a second IDP unit produces C15-farnesyl diphosphate (FDP),
the sesquiterpenes precursor. The reaction of FDP with a third molecule of IDP forms
the C20-geranylgeranyl pyrophosphate (GGPP), the precursor to carotenoids formed by
the condensation of two molecules of GGPP to produce phytoene, the C40-skeleton of
carotenoids.
Mevalonic acid (MVA)

Isopentyl diphosphate C5 (IDP)

Dimethylallyl phosphate C5 (DMADP)

prenyl transferase

Geranyl diphosphate C10 (GDP)
IDP
Farnesyl diphosphate C15 (FDP)
IDP
Geranylgeranyl pyrophosphate C20 (GGPP)

Phytoene

CAROTENOIDS

Fig. 1.4 Summary of the isoprenoid biosynthetic pathway. Reviewed in Britton (1998).

The detailed biosynthetic pathway of carotenoids from GGPP precursor involves a
series of stages as illustrated in Figure 1.5. The first stage is the formation of phytoene,
as described above, via the C40 intermediate prephytoene diphosphate (PPDP) involving
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a final loss of hydrogen to form a central double bond. Phytoene has a short (triene)
chromophore and is therefore colourless. The extension of the conjugated double bond
system by a series of desaturation (dehydrogenation) reactions results in the formation
of the coloured carotenoids due to the loss of two hydrogen atoms and the extension of
the chromophore by two conjugated double bonds in each sequential reaction.
Normally, this involves four sequential desaturations, alternating in the two halves of
the molecule, to give phytofluene, ζ-carotene, neurosporene and then lycopene.
Following desaturation there is cyclisation which involves the rearrangement of an
acyclic end group to form either β, ε or γ end groups. If cyclisation occurs after
desaturation is completed, then lycopene undergoes two cyclisations to form γ–carotene
and then β,β-carotene. The cyclic xanthophylls are then formed by hydroxylation of the
cyclic end groups such as, the hydroxylation of β,β-carotene and β,ε-carotene gives
zeaxanthin and lutein respectively.
In plants, the xanthophyll cycle involves the forward reaction which is the
deepoxidation of violaxanthin into antheraxanthin and antheraxanthin into zeaxanthin in
the light and the reverse epoxidation of zeaxanthin into antheraxanthin into violaxanthin
in the dark (Fig. 1.5). The forward and reverse reactions are catalysed by two different
enzymes, violaxanthin deepoxidase and zeaxanthin epoxidase.

The synthesis of

neoxanthin from violaxanthin is catalysed by neoxanthin synthase.
1.1.3.2 Characterisation of carotenoid biosynthetic enzymes
Due to the commercial potential of carotenoids there has been substantial research
interest into the genetic manipulation of carotenoid levels for the improvement of
nutritional value in crop species, the production of novel carotenoids and new colours in
ornamental plants. Table 1.2 summarises the characterisation of the carotenoid genes
focussed on in this PhD project. These genes have been isolated and well-characterised
in a range of plant species. The protein families that they encode are also listed with the
type of domains contained in the sequence.
The basis of this study is the identification of wheat orthologues of well-characterised
genes from the carotenoid biosynthetic pathway (Table 1.2). The identification of these
orthologues will lead to predicting chromosomal regions involved in the control of flour
colour in bread wheat. To achieve this, a sound knowledge of the organisation of the
wheat genome is required.
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Table 1.2 Protein families of carotenoids and summary of well-characterised genes identified in a variety of plant species for some of the carotenoid biosynthesis enzymes. FAD
denotes flavin adenine dinucleotide.
Enzyme
GGPP synthase

Protein Family
Polyprenal
synthetase

Domains
2 Polyprenal
synthetase

Gene
GGPP

Species

References

Arabidopsis thaliana, Brassica campestris, Capiscum
annuum, Catharanthus roseus, Lupinis albus, Sinapis alba

(Okada et al. 2000; Zhu et al. 1997)

GG transferase

Prenyltransferase

Acyltransferase

GGT

Yeast, rat, human, A. thaliana

(Andres et al. 1993; Fujimura et al. 1994; Jiang and Ferro-Novick
1994; Kim and Yang 1999; Seabra et al. 1992; Strickland et al.
1998; Thomä et al. 2001a; Thomä et al. 2001b; van Bokhoven et
al. 1996; Zhang F L et al. 1994; Zhang H 2003)

GG hydrogenase
(reductase)

Monooxygenase

FAD

GGH

A. thaliana

(Keller et al. 1998)

Phytoene synthase

Squalene-phytoene
synthase

Squalene-phytoene
synthases

PYS

A. thaliana, Oryza sativa, Zea mays

(Buckner et al. 1996; Shewmaker et al. 1999; Welsch et al. 2003)

Phytoene desaturase

Flavin containing
amine
oxidoreductase

Amino-oxidase

PDS

green algae, A. thaliana, C. annuum, Glycine max,
Lycopersicon esculentum, Narcissus pseudonarcissus,
Nicotiana benthamiana, O. sativa, Z. mays

(Agrawal et al. 2001; Bartley et al. 1999; Bouvier et al. 1996;
Marin et al. 1996; Rock and Zeevaart 1991)

FAD

ZDS

A. thaliana, C. annuum, N. pseudonarcissus, O. sativa

(Bartley et al. 1999)

Mitochondrial carrier
protein

FAD

LBC

A. thaliana, C. annuum, L. esculentum, Nicotiana tabacum,
N. pseudonarcissus

(Bouvier et al. 1996; Pecker et al. 1996)

Mitochondrial carrier
protein

FAD

LEC

A. thaliana, B. campestris, B. nappus, Solanum tuberosum,
L. esculentum

(Cunningham Jr. et al. 1996)

β-Carotene
hydroxylase

Syringomycin
response

BCH

A. thaliana, C. annuum, L. esculentum

(Rissler and Pogson 2001; Sun et al. 1996; Tian and DellaPenna
2001)

Violaxanthin
deepoxidase

Calycin

VDE

A. thaliana, Lactuca sativa

(Bugos and Yamamoto 1996; Li Y and Walton 1990)

Phosphopeptide
and FAD

ZE

A. thaliana, B. campestris, C. annuum, N. plumbaginifolia

(Audran et al. 1998; Bouvier et al. 1996; Burbidge et al. 1997;
Marin et al. 1996)

NS

A. thaliana, rice, potato

(Al-Babili et al. 2000; Bouvier et al. 2000)

ζ-Carotene desaturase
Lycopene β-cyclase

Lycopene ε-cyclase

Zeaxanthin epoxidase

Monooxygenase

Neoxanthin synthase

Retinal pigment
epithelial membrane
protein
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1.2. Wheat genome organisation
1.2.1

General organisation

Plant genomes are comprised of low-copy genes and the differences in genome size is
mainly attributable to varying amounts of repeated DNA sequences and ploidy levels.
Repeated DNA sequences are either organised as tandem arrays or dispersed throughout
the genome. Polyploidy is an important genetic mechanism in plant evolution that may
have contributed greatly to the productivity of crop plants such as wheat (Ozkan et al.
2001). An important polyploid group of plants is the genus Triticum. Bread wheat (T.
aestivum L. em Thell) is the result of natural hybridisation between the cultivated
tetraploid wheat T. turgidum L. (2n = 28, AABB) and diploid wild grass Aegilops
tauschii Coss. (2n = 14, DD). T. aestivum is an allohexaploid with three ancestral
genomes designated A, B and D that each contain seven chromosome pairs (2n = 6x =
42, AABBDD). T. aestivum has a large genome size of greater than 16,000 megabase
pairs (Mb) (Bennett and Smith 1976) and consists of greater than 80% repetitive (noncoding) DNA (Schmidt 2002). The grasses differ greatly in chromosome number and
genome size as well in the physical size of chromosomes. The wheat genome is
complex, approximately three times larger than the barley genome of 5,000 Mb and
about 35 times greater than the rice genome of 450 Mb (Arumuganathan and Earle
1991).
In wheat, 85% of the genes are distributed in less than 10% of the chromosomal regions
(Sandhu and Gill 2002) which provides an indication that the majority of its large
genome size represents non-coding DNA. In bread wheat, all three genomes are similar
in physical location, structural organisation and gene densities of gene-rich regions
(Sandhu and Gill 2002). Generally, gene-rich regions are in distal rather than proximal
regions of chromosomes (Sandhu and Gill 2002).

Gene-poor regions are mainly

comprised of retrotransposon-like repetitive sequences and pseudogenes which are
particularly abundant in polyploids. In wheat, most genes have three structural copies
however a number of wheat genes follow Mendelian inheritance of 3:1 ratio in an F2
population. This indicates that only one gene out of three copies is functional and the
other two copies are either non-active or have different functions (Sandhu and Gill
2002). An example is demonstrated by the work by Sandhu et al. (2001) who observed
two homoeologues of two cDNA clones in the functional centromeric region of 1B and
were not present in the other two homoeologous chromosomes 1A and 1D. The extent
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of recombination varies within gene-rich regions.

In the proximal 30% of wheat

chromosomes, minimal recombination is observed (Lagudah et al. 2001; Sandhu and
Gill 2002). Recombination is uneven along chromosome arms where most cross-over
events are localised in the gene-rich regions (Gill KS et al. 1996a; Gill KS et al. 1996b).
1.2.2

Genetic analysis utilising chromosomal aberrations in wheat

Due to its polyploidy nature, wheat can tolerate chromosomal aberrations. A variety of
genetic stocks have been developed in cultivar Chinese Spring. The first cytogenetic
stocks developed were mono-, tri- and tetrasomic lines for all of the wheat
chromosomes (Sears 1954). A total of 42 nullisomic-tetrasomic combinations were
later developed due to the ability of wheat being able to compensate the loss of a
chromosomal pair with two additions of each homoeologue (Sears 1966). Researchers
have developed deletion lines in Chinese Spring by exploiting the introduced
gametocidal chromosome from Aegilops cylindrica (Endo 1988; Endo and Gill 1996).
A total of 436 homozygous or heterozygous deletion lines were identified by C-banding
of Chinese Spring chromosomes. The 338 homozygous lines were established as stable
lines, maintained by self-pollination (Endo and Gill 1996).
Deletion stocks are aneuploids because the chromosome number differs from the wild
type by one chromosome or small aberrations. The different size of terminal deletions
in individual chromosome arms are particularly useful for sub-arm localisation of genes
(Endo 1988).

Deletion stocks are powerful tools for physical mapping of wheat

chromosomes and for the identification of functionally important chromosome regions
(Endo and Gill BS 1996). They have been used extensively in the mapping of genes
controlling phenotypic traits as well as in providing information on the structure and
function of wheat chromosomes, gene distribution and recombination along
chromosome lengths (Conley et al. 2004; Linkiewicz et al. 2004; Qi et al. 2004).
Deletion stocks are particularly useful in the mapping of DNA markers (Endo and Gill
BS 1996).

As an example Sourdille et al. (2004) recently assigned a set of

microsatellites to specific regions of homoeologous wheat chromosomes. Röder et al.
(1998a) mapped 31 microsatellites to homoeologous group 2 chromosomes using the
group 2 deletion lines. Maps of these types provided the basis for adding additional
markers such as AFLPs (Zhang H et al. 2000). In addition, some important genes have
been located to chromosomal regions through the use of deletion line mapping. For
example, genes conferring resistance to leaf rust (Lr21), stem rust (Sr33) and powdery
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mildew (Pm3) were physically mapped using deletion lines and DNA markers to a
major gene-rich region on the short arms of homoeologous group 1 (Gill K S et al.
1996a). The physical map location of these genes and markers were compared to
corresponding genetic linkage maps to confirm gene and marker order (Gill K S et al.
1996a).

A similar process identified a gene-rich region on the long arms of

homoeologous group 5 and identified the chromosome-pairing (Ph1) gene and the
square heads and free thrashing (Q) gene (Gill K S et al. 1996b). The usefulness of
deletion mapping is enhanced by genetic linkage mapping to determine which markers
are linked to a particular gene and associated with phenotypic variation.
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1.3. Genetic linkage mapping
The investigation of genomic structure and gene dynamics is facilitated by the use of
polymorphic molecular markers in coding and non-coding regions to detect DNA
sequence variation between individuals. These markers are used in linkage studies to
produce genetic maps identifying quantitative trait loci which are chromosomal regions
of individual sequence variants responsible for trait variation. Genetic linkage maps
assist in understanding the inheritance of complex traits to improve marker-assisted
breeding and map-based cloning strategies. QTLs are identified by statistical analysis
of complex traits that are typically affected by more than one gene and often by the
environment.

The molecular markers provide a means of predicting and tracking

important alleles and are important in the analysis of the genetic control of traits and
selection and analysis of the whole genome of a plant. In addition to MAS, flanking
markers of a trait on a genetic map can be used to determine the position on a physical
map, a set of minimum overlapping bacterial artificial chromosome (BAC)/phage P1
artificial chromosome (PAC) clones covering a region for variation determined by the
linkage map (reviewed in Lagudah et al. 2001) in an attempt to clone and characterise
genes controlling trait variation.
Throughout a genome, random base-changes in coding and non-coding DNA regions
result in variability and the presence of more than one allele.

Usually, genetic

polymorphisms for random DNA markers do not affect the function of a gene. Most
polymorphisms are randomly distributed throughout a genome however certain regions
have higher concentrations of polymorphisms. The increase in polymorphism for DNA
markers can reflect the amount of recombination along the length of a chromosome,
where high polymorphism can be associated with highly recombinogenic regions at
distal ends.
A QTL is determined by measuring associations between markers and a particular trait.
The type of mapping population used in a linkage study is one in which the parents can
exhibit the two extremes of the phenotype of a particular trait of interest, however, a
narrow range of variability between the two parents can also be used. One type of
mapping population is a doubled haploid (DH) population which contains fully
homozygous individuals created by artificially doubling the gametes produced by an F1
hybrid (reviewed in Kammholz et al. 2001). Other examples of types of mapping
populations are recombinant inbred, bulked segregant and near isogenic.
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The actual number of loci and their effects on a quantitative trait can be difficult to
determine. QTL mapping can underestimate the number of QTLs and their effects
overestimated (Barton and Keightley 2002). QTLs can be undetected if they are closely
linked to each other and have opposite effects because of lack of recombinants or if the
lower threshold limit for QTL detection is too small. They can also be overlooked
when closely linked QTLs, with effects in the same direction, appear as a single QTL
with a large effect. The effects of a statistically significant QTL are often overestimated
particularly when the mapping population size is too small (Barton and Keightley
2002). The detection of QTLs depends on the quality of the genetic map, in particular
the resolution of the map determined by the number of markers.
1.3.1

Types of molecular markers

The usefulness of a particular marker system in providing linkage information is
dependent upon the frequency of heterozygosity.

The types of molecular marker

techniques (reviewed in Langridge et al. 2001) used are either based on hybridisation or
polymerase chain reaction (PCR) methods.

The hybridisation technique detects

restriction fragment length polymorphisms (RFLP) and Diversity Array Technology
(DArT) polymorphisms. Whereas, randomly amplified polymorphic DNA (RAPD),
amplified fragment length polymorphisms (AFLP) and microsatellites or simple
sequence repeats (SSR) are rapidly detected by PCR. The detection of single nucleotide
polymorphisms (SNP) can be achieved by a number of techniques such as PCR,
MALDI-ToF mass spectroscopy and microarray (reviewed in Langridge et al. 2001).
RFLPs detect differences in size of DNA fragments between individuals that have been
cleaved with the same restriction endonuclease.

The cleaved DNA fragments are

detected by hybridisation of a radiolabelled DNA probe.

RFLP markers have

traditionally been used for genomic mapping in wheat and RFLP linkage maps of the
seven homoeologous groups of wheat have been described (Chalmers et al. 2001; Paull
et al. 1994; Xie et al. 1993). Generally, RFLP markers tend to have a very low level of
polymorphism in wheat. The co-dominant nature of RFLPs provides a useful marker
system but, because less than 10% of RFLP loci are polymorphic in wheat, linkage to a
range of QTLs for agronomic traits is challenging (reviewed in Langridge et al. 2001).
RFLP markers have identified numerous traits such as boron tolerance, pre-harvest
sprouting and flour colour (Jefferies et al. 2000; Kato et al. 2001; Parker et al. 1998) are
typical examples of specific traits.
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AFLPs (Vos et al. 1995) are relatively simple markers where high polymorphism rates
are obtainable. This technique detects polymorphism in multiple dominant loci and
generates large numbers of markers which are reproducible (reviewed in Langridge et
al. 2001). AFLP markers can be integrated with RFLP maps to extend and provide
marker coverage to chromosome regions where RFLPs are poorly represented (Becker
et al. 1995; Boivin et al. 1999; Castiglioni et al. 1999; Maheswaran et al. 1997). In a
study by Campbell and colleagues (2001) it was shown that AFLPs could be
successfully mapped in telomere regions when combined with anchor primers for
telomere sequences. That study also found that new markers could be targeted to
regions of interest in wheat by using the combination of bulked segregant analysis
(BSA) and AFLP markers. BSA is used for the detection of linked markers and
involves the comparison of two pooled DNA samples of individuals from a mapping
population that are similar for a trait to identify polymorphic markers (Michelmore et
al. 1991). This combination proved successful in identifying wheat QTLs, locating
markers closer to existing QTLs and targeting chromosome regions with low numbers
of markers (Campbell et al. 2001). As a result, new AFLP markers in BSA were
identified for quality traits such as dough mixing time and noodle colour (PPO) traits
(Campbell et al. 2001). A new AFLP marker was found for the mixing time QTL
located on chromosome 1B and additional AFLP markers identified in the study further
defined the location of the QTL controlling variation in PPO on chromosome 2D
(Campbell et al. 2001).
An alternative PCR-based marker system is represented by small repeat units of 2-4
nucleotides, known as microsatellites or simple sequence repeats (SSR). Microsatellites
occur in most eukaryotic genomes and have proven to be very valuable in genetic
studies and breeding programs of wheat (reviewed in Langridge et al. 2001). These
markers are abundant, co-dominant, highly polymorphic and easily assayed by PCR
making them desirable markers for genetic mapping. In comparison to other marker
systems, microsatellites display a much greater level of polymorphism in hexaploid
wheat. The first genetic map of wheat based on microsatellite markers was constructed
by Röder et al. (1998) and found that the proportion of useful markers isolated was
increased almost two-fold by isolating microsatellite-containing clones from
hypomethylated regions of the wheat genome.

The map was constructed by the

integration of polymorphic microsatellites into an existing RFLP genetic framework
map of all wheat chromosomes in the reference population of the International Triticeae
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Mapping Initiative (ITMI) (http://wheat.pw.usda.gov/) (reviewed in Langridge et al.
2001). The ITMI mapping population (Synthetic/Opata) contained 114 recombinant
inbred lines derived by single-seed descent (F8) cross of the synthetic hexaploid W7984
and Opata M 85 (Röder et al. 1998). A total of 279 microsatellites were amplified by
230 primer sets, 65 markers were mapped at a log of odds (LOD) score of at least 2.5.
The remaining 214 markers were assigned to intervals. The B genome contains 115
microsatellite markers and 93 in the A genome. The D genome showed the lowest
amount of SSRs with 71, therefore, to improve the number of microsatellite markers,
Pestsova and colleagues (2000) used Ae. tauschii, the diploid progenitor of the D
genome of bread wheat, for further microsatellite isolation.

They successfully

developed 65 additional microsatellite markers that amplified in hexaploid wheat and
placed them on the existing genetic framework RFLP map developed from the ITMI
mapping population. A total of 42 loci amplified with 40 primer pairs were mapped on
the wheat D genome. Another 13 loci were mapped on the A and B genomes (Pestsova
et al. 2000).
The marker systems described above all rely on detection of variation in DNA fragment
size by gel electrophoresis.

The latest DNA marker technology developed was

Diversity Array Technology (DArT) (Jaccoud et al. 2001), designed for high throughput
analysis of whole genomes using microarray technology. The DArT system was first
validated using the relatively simple genomes of rice (Jaccoud et al. 2001) and A.
thaliana (Wittenberg et al. 2005) as well as in the more complex genome of barley
(Wenzl et al. 2004). Over 2,000 DArT markers have been developed for wheat by
Triticarte Pty. Ltd. (unpublished; http://www.triticarte.com.au), a joint venture between
Value Added Wheat CRC Ltd. and Diversity Arrays Technology Pty. Ltd. that provide
a useful marker system that can complement other DNA marker technologies.
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1.4. Applications of genetic linkage mapping
1.4.1

Marker trait associations for grain quality

The development of genetic linkage has enabled the identification of markers
associated with loci controlling grain quality attributes such as flour colour, xanthophyll
content, plant height, protein content, grain size and hardness. Table 1.3 summarises
some of the loci controlling these traits that were identified using DNA markers and
genetic maps.

This thesis has focused on the QTLs controlling flour colour and

xanthophyll content as detailed in the following section.
Table 1.3 Summary of QTLs controlling quality traits from various populations. Chromosomes with
corresponding regions for other traits are shown in bold.
Quality
trait

QTL
(% variation; contributing
parent)
3A (13%), 7A (54%;
Schomburgk)

Population
Yarralinka/
Schomburgk

7B, homoeologous group 1
Flour b*
(yellowness)

2D (12%), 3A (17%), 6A (13%),
7B (10%)
3B, 5D, 7A (Halberd)
3B (20%; Sunco), 4B (7%), 5B
(12%; Tasman), 7A (27%;
Tasman)

Flour L*
(brightness)

Reference
(Parker et al. 1998)
(Ma et al. 1999)

CD87/Katepwa

(Mares and Campbell 2001)

Cranbrook/Halberd

(Mares and Campbell 2001)

Sunco/Tasman

(Mares and Campbell 2001)

7B, homoeologous group 1

(Ma et al. 1999)

4B

Sunco/Tasman

(Mares and Campbell 2001)

Xanthophyll
content

3B (Sunco), 7A (Tasman)

Sunco/Tasman

(Mares and Campbell 2001)

Plant height

4B, 4D

Sunco/Tasman

(Mares and Campbell 2001)

Grain size

4B, 4D

Sunco/Tasman

(Mares and Campbell 2001)

Protein
content

5B

Sunco/Tasman

(Mares and Campbell 2001)

YAN L*
darkening

2D (43%)

Sunco/Tasman

(Mares and Campbell 2001)

YAN b*
darkening

2A, 2D

Sunco/Tasman

(Mares and Campbell 2001)

PP0

2D (39%; Tasman)

Sunco/Tasman

(Mares and Campbell 2001)

Grain
hardness
(ha locus)

5DS (major); 2A, 2D, 5B, 6D
(less significant); 5A, 6D, 7A
(interaction effect)

Synthetic/Opata
Cranbrook/Halberd
Egret/Sunstar
Sunco/Tasman

(Law et al. 1987; Mattern et
al. 1973; Osborne et al. 2001;
Sourdille et al. 1996; Turner
et al. 1999)
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1.4.2

QTLs controlling flour colour and xanthophyll content

Loci controlling flour colour (yellowness; b*) were identified from a genetic linkage
map constructed from RFLP, AFLP and microsatellite data for a recombinant inbred
population derived from a cross between the Australian cultivars Schomburgk and
Yarralinka (Parker et al. 1998). Two regions were identified on chromosomes 3A and
7A which accounted for 13% and 54% of the genetic variation, respectively (Parker et
al. 1998). The codominant AFLP marker linked to the flour colour b* QTL on 7A was
converted to a sequence tagged site (STS) marker for use in marker-assisted selection
(MAS) (Parker and Langridge 2000; Sharp et al. 2001). QTLs for flour colour (L* and
b*) have also been located on chromosome 7B and homoeologous group 1 linkage
groups (Ma et al. 1999).
A study by Mares and Campbell (2001) identified markers for flour and noodle colour
for a wider range of Australian germplasm. They identified specific chromosome
regions that influence the various components of flour and noodle colour. The study
was

on

the

three

DH

populations

Sunco/Tasman,

Cranbrook/Halberd

and

CD87/Katepwa and QTL locations for flour colour and brightness in addition to other
quality parameters are detailed in Table 1.3.

The parental lines of these three

populations cover a wide range of germplasm used in Australian wheat breeding and
were selected based on their quality characteristics (Kammholz et al. 2001). The
genetic linkage maps (Chalmers et al. 2001) of these three populations provided a basis
for analysis of the genetic control of processing quality. Flour colour was investigated
in all three populations whereas noodle colour was only evaluated in the Sunco/Tasman
population. The previously identified QTL (Parker et al. 1998) on chromosome 7A was
confirmed as an important QTL for the b* component of flour and noodle colour (Mares
and Campbell 2001). The study by Mares and Campbell (2001) found that xanthophyll
content was strongly associated with QTLs on chromosomes 3B and 7A and that flour
b*, WSN b* and YAN b* were strongly influenced by these QTLs.

In the

Sunco/Tasman population, QTLs for xanthophyll content were in the same region as
flour b* and noodle b* and Mares and Campbell (2001) concluded that xanthophyll
genes could be present on 3B and 7A. Mares and Campbell (2001) also attributed flour
b* QTL on 4B to effects of height and grain size and 5B with protein content where
these

loci

influence

colour

by

effects

on

milling,

granularity

and

light

absorption/reflection of the flour.
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Also, in the Sunco/Tasman population, a region on chromosome 2D contributed by
Tasman was detected for PPO activity (Mares and Campbell 2001). The cultivar,
Sunco, is the YAN benchmark for Australian noodle wheats because of its yellow
colour development, yellow colour stability, and brightness of colour (Kammholz et al.
2001). PPO activity causes black or brown pigments resulting in darkening of WSN
and YAN (Mares and Panozzo 1999). This noodle darkening results in a reduction of
L* and b* (Mares et al. 2000) but is not associated with changes in xanthophyll content
(Mares and Panozzo 1999). Therefore, PPO activity has an effect on b* variation
controlled by the QTL on chromosome 2D and the region, most likely, does not contain
xanthophyll genes.
In summary, genetic linkage mapping has identified chromosomal regions that control
flour colour in wheat and in particular, those regions which contain xanthophyll genes.
The identification of DNA markers for xanthophyll genes controlling variation in wheat
could be enhanced by the exploitation of genomic databases and using methods such as
comparative genomics.
1.4.3

Comparative genetic mapping

The complete genome sequencing of organisms such as A. thaliana and rice provide
information on gene function that enable the prediction of resulting phenotype.
Although it is not possible to predict the entire phenotype of an organism, comparative
genomics provides the tools to make inferences for specific changes in a small number
of genes.
Comparative genetic mapping across the grass family shows chromosomal colinearity
or synteny. Early comparative mapping of cereal genomes using cross-hybridising
molecular markers and genetic linkage mapping has shown in many cases that marker
order covering large chromosomal regions (macrosynteny) is conserved indicating a
high level of conservation in gene order and content (Gale and Devos 1998; Van Deyne
et al. 1995).
The grass genomes differ in terms of size, ploidy level and chromosome number but are
well conserved in colinearity (conservation of marker and gene order) and gene synteny
(genetic loci that lie in the same order on the same chromosome in different species).
This has largely been attributed by comparative mapping studies where it appears that
the linear order of genes is maintained across different grass genomes (Bennetzen and
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Freeling 1997; Bennetzen and Ramakrishna 2002; Delseny 2004). Comparisons of
wheat and barley have found that the genomes are very similar in structural and
functional organisation.

Translocation breakpoint-based physical maps in barley

illustrated the partitioning of gene-rich and gene-poor regions and that the location and
size of gene-rich regions were similar to those of wheat (Kunzel et al. 2000).
Comparison of chromosomal organisation across different species can be achieved by
using the same set of molecular markers to construct linkage maps in two or more
species to determine if marker order is conserved. However, genetic mapping is limited
by resolution because only a small proportion of the genome is analysed and a more
thorough characterisation of orthologous regions between adjacent markers in related
species is required to determine synteny of gene order.
However, Francki et al. (2004) noted that these conclusions of syntenic relationships
were based on a small number of markers limited by the level of polymorphism for
parents of mapping populations. However, at the DNA sequence level, more recent
studies of comparisons across species have indicated interruptions in synteny in small
chromosomal regions (microsynteny) (reviewed in Appels et al. 2003; Distelfeld et al.
2004; Francki M et al. 2004).
A study by Gale and Devos (1998) of four grass subfamilies, which were the Pooids
(wheat and oat), Panicoids (maize, sorghum, sugarcane and foxtail millet), Oryzoids
(rice) and Chlorinoids (finger millet), produced a graphical summary of mapping data
known as a Circle Diagram to explain the comparative genome organisation across
cereals at a broad level. Using expressed sequence tag (EST) sequences spanning the
genomes, Gale and Devos (1998) found the order of some genes was about the same in
all groups and concluded that the ancestral genome is recognisable in its descendents
(Gale and Devos 1998). After around six million years of divergence, the genomes of
wheat and rye differ by only approximately thirteen chromosomal rearrangements
(Devos K et al. 1992a; Devos K M et al. 1992b). More recently these conclusions have
been found to constitute a guide only.
Due to the amount of molecular information available on rice, it is an ideal model
species for wheat and other grasses for the isolation of candidate genes using a
comparative genomic approach. This project has been based on this approach using the
syntenic relationship across cereal genomes to identify chromosomal regions in wheat
that control flour colour and target candidate xanthophyll genes within these regions. In
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particular, this project has focussed on rice chromosome 1 due to its syntenic
relationship with wheat homoeologous group 3 chromosomes (La Rota and Sorrells
2004) and the location of the flour colour and xanthophyll content QTLs on the short
arm of chromosome 3B (3BS) . This work has involved using a wide range of resources
such as numerous wheat and rice sequence databases, wheat and rice genetic/physical
maps, rice gene structures and bioinformatic tools to assist in the analysis of large
volumes of data.
1.4.4

Rice as a model species for grass genomes

When an organism does not have a complete genome sequence, such as wheat, the
genome sequence of an evolutionary close species like rice can be exploited to further
investigate the syntenic relationship.

Rice, is an ideal model species for

monocotyledonous plants, especially grasses, because of its small sequenced genome
size of 450Mb (Arumuganathan and Earle 1991), diploid (2n = 24) nature,
transformability and extensive availability of genetic and molecular resources. In 1998,
there were greater than 2,200 mapped molecular markers available that were generated
from a mapping population of O. sativa spp. japonica and O. sativa spp. indica
(Harushima et al. 1998). Currently, there are 26,603 rice molecular markers available
(http://www.gramene.org). As part of the rice whole genome sequencing program
(International Rice Genome Sequencing Program; IRGSP), additional molecular
resources were developed including an EST project (Kurata et al. 1994; Yamamoto and
Sasaki 1997), a yeast artificial chromosome (YAC) library (Umehara et al. 1995) and
several BAC (Zhang H B et al. 1996) and PAC (http://rgp.dna.affrc.go.jp/) libraries.
The complete sequencing of the rice genome has provided the basis for extensive and
detailed comparative genomic studies. Comparative genomic tools such as full length
complementary DNA (FL-cDNA) clones are important for the identification of genecoding regions in genomic sequences as well as for defining intron-exon boundaries
within these regions. In rice, more than 28,000 FL-cDNA clones have been isolated and
sequenced from O. sativa L. ssp. japonica cultivar Nipponbare and over 21,000 of these
clones have been assigned tentative protein functions (Kikuchi et al. 2003).
1.4.5

Wheat genomics

Sequencing and annotation of the gene-rich regions of hexaploid wheat was initiated in
2002 by the formation of the International Genome Research on Wheat (IGROW)
involving a collaborative effort between various centres worldwide (Gill B S et al.
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2004).

Sequencing of the hexaploid wheat was favoured over its diploid relatives

because of the existing genetic and molecular resources available such as characterised
genes, mapping populations and cytogenetic stocks (Gill B S et al. 2004). The genetic
and molecular resources available for wheat genome sequencing was summarised in
Gill et al. (2004). Approximately 6 Mb of the wheat genome has been sequenced and
60% of wheat genes are thought to be covered by the wheat EST collection (Li W et al.
2004b). The strategy of production and use of ESTs was implemented in 1991 by The
Institute for Genomic Research (TIGR; http://www.tigr.org/) and is a rapid and efficient
method of sampling a genome for active gene sequences. ESTs are anonymous cDNAs
used in single sequence reactions to determine short DNA sequences of 300-400 bp.
These short sequences are used as tags for searching databases to determine if a gene or
gene motif exists in the same or other organisms and also if its function has been
determined. As of January 2005, there were 586,599 Triticum aestivum (wheat) ESTs
publicly available from the National Center for Biotechnology Information (NCBI)
GenBank dbEST database (http://www.ncbi.nlm.nih.gov/dbEST/).

These ESTs for

wheat and other species were developed by a coordinated effort of public institutions
under the International Triticeae EST Consortium (ITEC) (http://wheat.pw.usda
.gov/genome/ index). For each species, ESTs have been produced from a range of
tissue types at different developmental stages.

Some ESTs have been mapped to

specific chromosomal bin regions of wheat using deletion lines (Conley et al. 2004;
Hossain et al. 2004; Linkiewicz et al. 2004; Miftahudin et al. 2004; Munkvold et al.
2004; Peng et al. 2004; Qi L et al. 2003; Qi L L et al. 2004; Randhawa et al. 2004) and
can be used to identify candidate genes located in the same chromosomal region as QTL
for a particular trait (Francki M and Appels 2002).
1.5. In silico comparative genomics of rice and wheat
The availability of the wheat EST database and the partially sequenced genome provide
a valuable starting point for comparative genomics using other related species such as
rice. The complete sequence of the rice genome and the wheat molecular resources
together provide a vital link for studying the syntenic relationship between both species
and for identifying genes in wheat.

Numerous studies have used a comparative

genomic approach between wheat and rice to define the syntenic relationship. As an
example, Guyot et al. (2004) used a wheat physical map of RFLPs and bin-mapped
ESTs of the short arm of chromosome 1A in comparison to the rice genome and found
27 orthologues within a region on the short arm of rice chromosome 5.
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In this thesis, bioinformatics played a vital role in comparative genomic analyses where
the rice genome sequence was used as an anchor genome to define syntenic
relationships between rice and wheat to identify orthologous chromosomal regions
containing genes involved in xanthophyll accumulation. The transfer of knowledge
about genes from the rice genome across species boundaries requires the identification
of syntenic relationships across cereal genomes (Francki M et al. 2004). Syntenic
chromosomal regions between two species is defined as the occurrence of genomic
regions containing clusters of orthologous genes which are genes in different species
that are related to each other by a common evolutionary history (Bellgard et al. 2004).
Interpretation of the presence of synteny is complicated due to the occurrence of
genomic and segmental duplications, polyploidy, integration of retroelements and
transposition events and is discussed further in Chapter 2.

_______________________________________________

The aims of this thesis were to identify quantitative trait loci for flour colour and
xanthophyll content in WA adapted germplasm and to develop molecular markers for
genes encoding enzymes of the carotenoid biosynthetic pathway involved in
xanthophyll accumulation. Past studies have identified flour colour (b*) QTLs on
chromosomes 3A (Parker et al. 1998), 3B , 7A (Ma et al. 1999; Mares and Campbell
2001; Parker et al. 1998) and 7B (Ma et al. 1999) in a range of populations. The b*
QTLs on homoeologous group 3 are located on the short arm and the homoeologous
group 7 QTLs are on the long arm. The QTLs that control most of the variation for b*
are on the short arm of chromosome 3B (3BS) and the long arm of chromosome 7A
(7AL). Located within the same chromosomal regions as the 3BS and 7AL QTLs for
b* are the QTLs that control the variation in xanthophyll content (Mares and Campbell
2001). Based on the co-location of b* and xanthophyll content QTLs on 3BS and 7AL,
the short arms of homoeologous group 3 and long arms of homoeologous group 7 are
the regions predicted to most likely contain orthologues of rice carotenoid genes and
therefore they are the targeted regions of this project.
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The syntenic relationship between rice and wheat was used to identify the carotenoid
genes which lead to xanthophyll accumulation in wheat. The genes targeted were those
that were syntenic with quantitative trait loci for flour colour (b*) on the short arm of
wheat chromosome 3B and the long arm of chromosome 7A based on the anchoring of
rice proteins in the carotenoid biosynthetic pathway to specific wheat chromosomal bin
locations. To confirm the location of these genes, chromosomal mapping was done
using nullisomic-tetrasomic and deletion lines with the aim of determining if the
xanthophyll genes were co-located with the QTLs identified for flour colour.
The aims of this study were:
•

Develop a bioinformatic strategy in order to identify rice orthologues encoding
enzymes of the carotenoid biosynthetic pathway and predict which one of these
has a wheat orthologue on the short arm of chromosome 3 or the long arm of
chromosome 7.

•

Identify portions of wheat orthologues to rice candidate genes, confirm their
position on wheat chromosomes and identify ESTs that can be used as genetic
markers for detecting major variation in b* and xanthophyll content.

•

Further investigate alternative sources of variation in b* and xanthophyll content
in germplasm adapted to Western Australian environments.

This study was intended to increase our knowledge about the control of variation in
flour colour of germplasm adapted to Western Australia.

Flour colour, ranging from

bright white to creamy yellow, is an important quality trait for end-use products and this
study was designed to assist breeders in marker-assisted selection.

Due to the

complexity of flour colour it is difficult to predict sources of variation in breeding
programs at the Department of Agriculture Western Australia (Barclay I, Wilson R and
McLean R, personal communication). Genome-wide and candidate-gene approaches
were used to identify chromosomal regions and specific genes controlling this complex
trait.
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Chapter 2. A novel bioinformatic strategy for predicting wheat
orthologues of rice carotenoid genes
2.1 Introduction
Due to its small genome size and extensive genetic and molecular resources available
(see Chapter 1) diploid rice (2n = 24) is a model species for other grasses. The first
draft sequence of the rice genome released in 2002 (Goff et al. 2002; Yu et al. 2002)
was constructed from the subspecies Oryza sativa L. ssp. japonica and Oryza sativa L.
ssp. indica by whole-genome shotgun sequencing with 92-93% completeness (Goff et
al. 2002; Yu et al. 2002). Yu et al. (2002) predicted that the rice genome contained
46,022 to 55,615 genes.

The rice genome sequence provides a resource for the

identification of genes encoding enzymes of the xanthophyll pathway and their
orthologues in wheat.
The study of a genome sequence involves the analysis of sequence data for the
prediction of gene function and structure. In rice, the annotation process in the first
draft sequence (Goff et al. 2002; Yu et al. 2002) relied on homology to known genes
from other plant species.

However, as EST and full length cDNA (FL-cDNA)

sequences became available for rice, these would complement and in some cases,
provide a more accurate prediction of gene structure in subsequent annotations. A
notable feature of rice genes is they have a higher concentration of GC content at the 5’
end than at the 3’end. This GC content gradient causes problems for gene prediction
programs which are not designed to interpret codon usage at different parts along a gene
(Wong et al. 2002; Yu et al. 2002). The Rice Genome Automated Annotation System
(http://RiceGAAS.dna.affrc.go.jp/) (Sakata et al. 2002) integrates a number of software
programs for the prediction of gene structure and protein sequence that is encoded by a
gene. Annotations can provide a useful starting point in the search for genes such as
those belonging to the carotenoid pathway.
Subarm chromosomal mapping in wheat was made possible by the development of
cultivar Chinese Spring deletion lines (Endo 1988; Endo and Gill BS 1996). The
development of 21 nullisomic-tetrasomic (Devos K M et al. 1999b), 24 ditelosomic
(Devos K M et al. 1999b) and 101 deletion lines has enabled the allocation of ESTs to
regions of the wheat genome. A collaborative effort between ten laboratories, funded
by the National Science Foundation (NSF; http://wheat.pw.usda.gov/NSF/) (Conley et
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al. 2004; Hossain et al. 2004; Linkiewicz et al. 2004; Miftahudin et al. 2004; Munkvold
et al. 2004; Peng et al. 2004; Qi L L et al. 2004; Randhawa et al. 2004), has mapped
ESTs to chromosomes based on deletion line breakpoints. The goal of the project was
to determine the chromosomal location and possible biological function of all wheat
genes. The NSF mapping project used 101 deletion lines with an average of thirteen
deletions

per

chromosome

giving

an

average

(http://wheat.pw.usda.gov/NSF/progress_mapping.html).

bin

size

of

10cM

The project involved the

construction of cDNA libraries and generation in excess of 80,000 EST sequences.
About 25% of these ESTs were sequenced in 3’ direction to identify motifs of gene
singletons by comparisons of nucleotide sequences. Qi et al. (2004) reported 5,762
ESTs have been mapped to 16,095 loci covering the whole wheat genome.

The

chromosomal mapping of these singletons was achieved by Southern hybridisation of
restriction fragments based on presence or absence using the Chinese Spring deletion
lines. The GrainGenes website (http://wheat.pw.usda.gov/GG2/index.shtml) provides
the graphical interface Wheat Binmap Viewer for displaying wheat ESTs by bin
location. It also provides a relationship database, wEST-SQL, which outputs the wheat
loci known for a specific mapped EST. The number of EST loci in each chromosome
(Conley et al. 2004; Hossain et al. 2004; Linkiewicz et al. 2004; Miftahudin et al. 2004;
Munkvold et al. 2004; Peng et al. 2004; Qi L L et al. 2004; Randhawa et al. 2004) is
summarised in Table 2.1. Chromosomes 2B and 3B had the greatest number of mapped
EST loci (Conley et al. 2004; Hossain et al. 2004; Linkiewicz et al. 2004; Miftahudin et
al. 2004; Munkvold et al. 2004; Peng et al. 2004; Qi L L et al. 2004; Randhawa et al.
2004) with an average of 766 loci mapped for each wheat chromosome.
Table 2.1 Summary of EST loci mapped in each chromosome of the wheat genome. Adapted from Qi et
al. (2004).
Wheat
genome

Wheat chromosome groups
1

2

3

4

5

6

7

A

650

767

744

825

764

702

694

B

815

948

972

612

859

792

776

D

717

869

849

682

667

584

811

Total

2,182

2,584

2,565

2,119

2,290

2,078

2,281

The combination of mapped wheat ESTs and rice genome sequence has enabled the
alignment of these genomes to establish details on their syntenic relationships. There is
31

substantial evidence of microsynteny amongst the grasses (Conley et al. 2004; Francki
M et al. 2004; Hossain et al. 2004; Linkiewicz et al. 2004; Munkvold et al. 2004; Peng
et al. 2004; Qi L L et al. 2004; Randhawa et al. 2004). A study by La Rota and Sorrells
(2004) aligned 5,780 wheat ESTs from the deletion mapping project mentioned above
to the rice genome and concluded that there has been many rearrangements, insertions,
deletions and duplications between both genomes. Nucleotide alignments of wheat
ESTs and rice BAC/PAC clones indicated that each wheat chromosome contains a
number of large blocks and each block is largely syntenic with a particular rice
chromosome (La Rota and Sorrells 2004). This means that at the macrosynteny scale, a
wheat chromosome is syntenic with up to three rice chromosomes. The majority of rice
chromosomes are largely syntenic to one wheat chromosome (Bennetzen and
Ramakrishna 2002; La Rota and Sorrells 2004). For example, the short and long arms
of wheat group 3 are closely syntenic to those of rice chromosome 1 with breaks in
synteny around the centromere region (Munkvold et al. 2004). Wheat group 7 is related
to rice chromosomes 6 and 8 where the short arm of wheat group 7 is broadly syntenic
with rice chromosomes 6S and 8L, and the long arm broadly matches rice chromosomes
6L and 8S (Hossain et al. 2004; La Rota and Sorrells 2004).
The issues related to rice-wheat synteny and candidate genes controlling xanthophyll
synthesis in wheat have been discussed in Chapter 1 (Section 1.4). Early studies of
comparative genomics across related species such as grasses indicated that genomes are
conserved as large chromosomal units (macrosynteny) however it is now known that
synteny is more complex due to more frequent interruptions, such as insertions and
deletions, along chromosomes resulting in smaller conserved regions or microsyntenic
units (microsynteny; (Francki M et al. 2004; Sorrells et al. 2003)). Knowing the
complications that are caused by such rearrangements, it is necessary to develop a
strategy that predicts the location of wheat orthologues from rice genes, taking into
consideration the micro-rearrangements between wheat and rice.
An in silico comparative genomic approach was chosen for this study because it was
considered to be a more logical and efficient method rather than time-consuming and
costly comparative mapping involving extensive mapping of ESTs. The general aim of
this chapter was to develop a bioinformatic strategy in order to identify rice orthologues
encoding enzymes of the carotenoid biosynthetic pathway and predict which of these is
likely to have a wheat orthologue on the short arms of group 3 or the long arms of group
7. The first aim of this chapter was to identify annotated genes in rice and to confirm
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likely orthologues to well characterised genes of the carotenoid pathway. The second
aim of this chapter was to develop a bioinformatic step to align rice genes on wheat
chromosomes using information from flanking genome sequences and identify those
that are likely to be wheat orthologues on the short arms of group 3 or the long arms of
group 7. The third aim was to verify the annotation of selected genes predicted to have
wheat orthologues on the short arms of group 3 or the long arms of group 7.
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2.2 Materials and Methods
2.2.1

General strategy of in silico alignment of rice genes to wheat

The identification of candidate genes for xanthophyll content targeting the short and
long arms of homoeologous wheat chromosomes 3 and 7, respectively, required the
consideration of microsynteny and chromosomal rearrangements between rice and
wheat. Using rice as a model species has enabled the development of a bioinformatics
approach using DNA sequence-based comparative genomics to complement an
experimental method for the identification of candidate genes leading to xanthophyll
accumulation in wheat. The sequencing of the rice genome and the characterisation of
many of the rice carotenoid genes have provided a valuable starting point for the
identification of wheat orthologues.

To exploit the rice gene sequences for the

identification of wheat orthologues of carotenoid genes on either the short arm of
chromosome 3 or the long arm of chromosome 7, it was necessary to develop a novel
strategy using a range of DNA databases and bioinformatic tools to establish an
efficient and accurate strategy.
The first step in the general strategy was to determine paralogous rice genes related to
carotenoid enzymes from other species, and their location on the rice physical map.
Once located, flanking BAC/PAC clones were used to extend the portion of the rice
genome containing the carotenoid gene so that synteny between rice and wheat could be
refined. Mapped wheat ESTs were aligned to rice BAC/PAC contigs to establish the
syntenic arrangement between rice chromosomes and the short arm of wheat
chromosome 3 and long arm of wheat chromosome 7. This nearest neighbour analysis
of contigs assisted in assigning the possible synteny of a given gene. The chromosomal
locations of these mapped ESTs were obtained from the GrainGenes wEST-SQL
database using mapped loci (http://wheat.pw.usda.gov/westsql/). The prediction of rice
genes with likely orthologues on the short arm of wheat chromosome 3 and long arm of
chromosome 7 was based on the alignment of wheat ESTs to rice BAC/PAC contigs.
Once the rice genes were predicted to have wheat orthologues on short arm of
chromosome 3 and long arm of chromosome 7, gene annotation was verified by
aligning rice genes with the orthologue in other species to identify functional domains.
Full length cDNA clones were aligned to the rice gene to define intron-exon structure
and accurately annotate the carotenoid gene. The general strategy is summarised in
Figure 2.1.
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2.2.2

Details of processes involved in predicting wheat orthologues on groups 3 or 7
using rice genome sequence

2.2.2.1 Identifying annotated genes in rice related to enzymes of the xanthophyll
pathway
A preliminary investigation of wheat ESTs for carotenoid genes was carried out in
HarvEST:Triticeae trial version 0.86 on the hexaploid wheat contig assembly (–p 80 –d
150 05/12/2002) by searching the wheat EST database to identify sequence similarities
with rice carotenoid genes using the basic local alignment search tool (BLAST)
(Altschul et al. 1990). Comparison of translated (all reading frames) nucleotide wheat
EST sequences and the rice protein sequence database (BLASTX) identified the highest
scoring contig that was used as a query sequence (six-frame translations) against the
rice nucleotide sequence (six-frame translations) database (TBLASTX) to identify
sequence similarities in rice BAC/PAC contigs.
BAC/PAC contigs containing carotenoid genes were verified by “keyword” searches of
original annotated rice genes in NCBI. For rice BAC/PAC contigs lacking annotation,
the Gramene protein database (http://www.gramene.org/) was searched by “keyword”
for protein sequences which provided links to BAC/PAC clones that were either not
deposited and/or annotated in NCBI. Often, these BAC/PAC clones identified from
protein searches were denoted as “sequencing in progress” and some were not
considered in the analysis. Paralogous sequences of a particular gene were verified by
BLASTN (nucleotide-nucleotide alignment) or TBLASTX alignments of carotenoid
genes and the number of entries in the Gramene rice protein database.
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Identification of rice BAC/PAC clone
containing carotenoid sequence
(HarvEST, TBLASTX)

Identification of gene
duplications
(BLASTN/TBLASTX)
Identification of flanking rice
BAC/PAC clones to form contig

Location of rice genes and
likely wheat orthologues
Alignment of mapped wheat
ESTs and rice BAC/PAC contigs
(TBLASTX/BLASTN)

Rice-wheat syntenic
alignments

Mapped wheat EST
aligned to rice gene

Mapped wheat EST aligned to BAC/PAC contig
(Nearest neighbour contig analysis)

Direct mapping evidence

Microsyntenic unit
identified by alignment with
wheat ESTs mapped to
same chromosomal region

Chromosomal rearrangement
identified by alignment with
wheat ESTs mapped to
different chromosomal regions

Alignment of rice sequence with other species
and comparison of functional domains

Verification of annotation of
selected genes predicted as
orthologues on wheat
chromosomes 3S and 7L

Comparison of gene structure
across different species

Fig 2.1 Summary flow chart of bioinformatic strategy and the processes involved in identifying
candidate genes for xanthophyll content on the short arm of wheat chromosome 3(3S) and the long arm
of chromosome 7 (7L).
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2.2.2.2 Nearest neighbour contig analysis: alignment of rice contigs to wheat
chromosomes and identification of wheat orthologues on groups 3 and 7
2.2.2.2.1

Rice BAC/PAC contigs aligned to wheat chromosomes 3 and 7

To increase the chances of identifying rice genes having orthologues on wheat groups 3
and 7, the BAC/PAC clones immediately flanking clones containing rice genes were
included in the analysis to form BAC/PAC contigs. The GenBank Accessions for the
flanking BAC/PAC clones were obtained from the Gramene TIGR Assembly 2003 Map
Set (http://www.gramene.org/), based on physical maps and contig assemblies of rice
BAC clones. BLAST version 2.2.8 was used in the analysis. All mapped wheat ESTs
were

retrieved

from

GrainGenes-SQL

(http://wheat.pw.usda.gov/cgibin/westsql

/map_locus.cgi) and stored in a local database. The rice BAC/PAC contigs were used
as query sequences in TBLASTX alignments to identify homology with mapped wheat
ESTs.

TBLASTX searches were done using the standard default parameters and

significance of homology was determined, based on a cut-off e-value of <1e-35 with at
least 50% amino acid identity for half the length of the wheat EST.
2.2.2.2.2

Selection of rice genes aligning to homoeologous wheat chromosomes 3 and
7 based on mapped wheat EST homology

Figure 2.2 describes the criteria used to select BAC/PAC clones containing candidate
genes for further analysis of potential orthologues on the short arm of wheat
chromosome 3 or the long arm of chromosome 7. If a mapped EST aligned to the rice
candidate gene and mapped to the short arm of chromosome 3 or the long arm of
chromosome 7 (Fig 2.2a), the gene was selected for further consideration. A gene was
not considered if mapping evidence indicated that the gene had an orthologue on wheat
chromosomes other than the short arm of chromosome 3 or the long arm of
chromosome 7. If mapped wheat ESTs did not align to the rice gene, then wheat
orthologues on the short arm of chromosome 3 and long arm of chromosome 7 were
predicted by mapped ESTs aligning to either side of the rice gene. If wheat ESTs
mapping to the short arm of chromosome 3 or the long arm of chromosome 7 were not
aligned to rice sequences on either side (Fig 2.2b) of BAC/PAC contigs then, the rice
gene was not considered for further analysis. BAC/PAC contigs were selected if wheat
ESTs mapping to the short arm of chromosome 3 or the long arm of chromosome 7
aligned on either (Fig 2.2c) or both (Fig 2.2d) sides of the rice gene.
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a. Wheat ESTs aligning directly to rice genes and mapped to group 3 or 7

Rice gene
Rice BAC/PAC contig
Mapped wheat EST alignment to 3 or 7
BAC/PAC clone selected

b. Wheat ESTs aligning to rice gene but not mapped to group 3 or 7

Wheat EST not
mapped to 3 or 7

Wheat EST not mapped
to 3 or 7

Rice gene
Rice BAC/PAC contig

BAC/PAC clone not selected

c. Wheat ESTs aligned to one side of rice gene and mapped to group 3 or 7

Wheat EST
mapped to 3 or 7

Wheat EST not mapped
to 3 or 7

Rice gene
Rice BAC/PAC contig

BAC/PAC clone selected

d. Wheat ESTs aligning to both sides of rice gene and mapped to group 3 or 7

Wheat EST mapped
to 3 or 7

Wheat EST mapped
to 3 or 7

Rice gene
Rice BAC/PAC contig
BAC/PAC clone selected

Fig 2.2 Schematic diagram of criteria used to select BAC/PAC clones syntenic to wheat groups 3 or 7.
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2.2.2.3 Reannotation of selected genes predicted to have orthologues on wheat groups 3
or 7
2.2.2.3.1

Confirmation of gene structure for selected BAC/PAC clones using full
length-cDNA clones

To confirm the intron-exon structure of selected rice genes aligning to the rice
BAC/PAC clones, the FL-cDNA clone was identified by BLASTN searching of a
predicted exon sequence of the gene from the rice BAC/PAC clone in the Knowledgebase

Oryza

Molecular

Biological

Encyclopaedia

database

(KOME;

http://cdna01.dna.affrc.go.jp/cDNA). The BLASTN alignment defined the intron-exon
structure of the gene.
2.2.2.3.2

Analysis of GenBank rice annotations for selected candidate genes related to
carotenoid pathway and alignments with wheat ESTs

BLASTP searches were carried out using the rice gene sequences from BAC/PAC
clones AP002522 and AP001073 annotated as geranylgeranyltransferase gene family,
AP003332 annotated as putative lycopene epsilon-cyclase and AP005849 a putative
Lycopene β–cyclase to identify sequence similarities in other species. The identification
of the two prenyltransferase candidates in wheat was initiated by searching for wheat
ESTs that were homologous to the rice clones using TBLASTN searches in the EST
database. This process was repeated for the two lycopene candidates. Amino acid
sequence alignments were done using GeneDoc Multiple Sequence Alignment Editor
and Shading Utility version 2.6.002 (http://www.psc.edu/biomed/genedoc/), and
conservation in catalytic domains of enzymes were compared.
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2.3 Results
2.3.1

Identification of annotated carotenoid genes on rice chromosomes and
confirmation of likely wheat orthologues

The rice gene annotations encoding proteins with homology to carotenoid enzymes
were used to identify BAC/PAC clones on the Gramene TIGR Assembly of IRGSP
Sequence 2004 map set. This map was replaced in February 2005 by the Gramene
TIGR Pseudomolecule Assembly (http://www.gramene.org/db/cmap/map_set_info?
map_set_aid=gt0205). After the initial stages of “keyword” searching of annotations
and BLAST analyses of rice proteins, eighteen putative carotenoid genes were identified
from the first draft of the rice genomic sequence located on rice chromosomes 1, 2, 3, 4,
6, 7, 9, 10 and 12. The genes were grouped according to initial annotations to form
thirteen gene classes. Table 3.1 summarises the carotenoid gene classes identified and
the BAC/PAC clones containing these sequences along with their functional and
structural annotation. Of the thirteen gene classes, four appeared to be duplicated in the
rice genome. Variation in exon number for Geranylgeranyl pyrophosphate synthase
(GGPPS), Rab geranylgeranyltransferase component A (RGGT-A), Geranylgeranyl
hydrogenase (GGH) and Phytoene synthase (PYS) (Table 3.1) indicated divergence of
each gene following duplication (Blanc et al. 2000; Guyot and Keller 2004; Paterson et
al. 2004; Vandepoele et al. 2003; Yu et al. 2004).

The two copies of PYS on

chromosomes 9 and 12 had six exons and are likely to be conserved duplications.
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Table 2.2 Chromosomal location of well-characterised carotenoid genes and their possible orthologues on rice chromosomes. The BAC/PAC clones within each
gene class are shown in order of significance level with highest scoring hit listed first. The annotation and number of exons for each gene were retrieved from the
NCBI and Gramene databases.
Gene class
Geranylgeranyl
pyrophosphate synthase
(GGPPS)

HarvEST Wheat
EST GenBank
Accession

TBLASTX
nr e-value

Annotation

Rice
Chr

#
Exons

CA727168

AP002865

5e-26

Putative geranylgeranyl pyrophosphate synthase.

1

1

CA727168

AP004276

6e-20

Putative geranylgeranyl diphosphate synthase.

7

2

AP004989/AP003728

Putative geranyl diphosphate synthase.

6

12

AP002522

Putative geranylgeranyl-diphosphate geranylgeranyltransferase I beta chain.

1

10

AP001073

Unnamed protein product; ESTs AU056916 (S20978), AU056915 (S20978) correspond to a region
of the predicted gene. Similar to Homo sapiens choroidermia, Rab geranylgeranyltransferase
component A (X78121). (Protein ID BAA89572.1).

1

9

AP004989/AP003728

Putative Rab geranylgeranyl transferase, a subunit.

6

8

AP001080/AP001383

Similar to geranylgeranyl hydrogenase.

1

1

Geranylgeranyl transferase
I β-subunit (GGT-Ibeta)
Rab geranylgeranyl
transferase component A
(RGGT-A)
Geranylgeranyl hydrogenase
(GGH)
Phytoene synthase (PYS)

Rice BAC/PAC clone
GenBank Accession

AP005297
BM137086
BM137086

AL831803
AC137593

Putative geranylgeranyl reductase.

2

3

-110

1. Phytoene synthase; 2. Phytoene synthase; 3. Phytoene synthase radicle isoform.

12

6

-85

Phytoene synthase.

9

6

3

14

7

21

2e
2e

-71

Phytoene desaturase (PDS)

BQ609574

AC079633

6e

ζ-Carotene desaturase
(ZDS)

BQ578807

AP004273

9e-51

Lycopene β-cyclase (LBC)

CA637200

AP005849

4e-113

Lycopene ε-cyclase (LEC)

AP003332

1. Putative Phytoene dehydrogenase; 2. Phytoene dehydrogenase, chloroplast precursor, PDS1;
PDS; Phytoene desaturase.
1. Zeta-carotene desaturase, ZDS; 2. Zeta-carotene desaturase. Ensembl Gene Report - Maize;
Phytoene dehydrogenase (desaturase).
Putative lycopene beta-cyclase.

2

1

Hypothetical protein. Putative lycopene epsilon-cyclase.

1

10

β-Carotene hydroxylase
(BCH)

BM134281

AC092389

2e-37

Putative beta-carotene hydroxylase.

10

5

Zeaxanthin epoxidase (ZE)

BQ579657

AL606448

2e-106

Sequencing was in progress at time of analysis. Zeaxanthin epoxidase; gene name OsAba2.

4

1

Sequencing was in progress at time of analysis. NCBI gene annotation 1. Violaxanthin deepoxidase precursor, RVDE1; 2. Violaxanthin de-epoxidase.

4

1

Putative neoxanthin cleavage-enzyme.

10

2

Violaxanthin deepoxidase
(VDE)
Neoxanthin synthase (NS)

AL731623/AL607000
AF265294 (wheat
mRNA)

AC074355

0.0

41

2.3.2
2.3.2.1

Alignment of rice genes on wheat chromosomes
Selection of rice BAC/PAC clones targeting homoeologous wheat
chromosomes 3 and 7

The chromosomal locations of carotenoid genes in rice and alignment of mapped wheat
ESTs to BAC/PAC contigs are summarised in Figure 2.3. Three of the rice carotenoid
genes had ESTs aligned that provided wheat chromosomal locations. Two of these
genes, GGPP and GGH, were located on rice chromosome 1. GGPP aligned with
wheat ESTs mapped to chromosomes 2BL and 2DS, and GGH mapped to chromosome
6AL. The third gene was a second copy of GGH on the long arm of rice chromosome 2
at 31Mb was another copy of GGH mapped to wheat chromosome 6AL. Since these
genes provided direct evidence of gene location on other wheat chromosomes other than
the short arm of chromosome 3 or the long arm of chromosome 7, GGPP and GGH
(rice chromosomes 1 and 2) were not considered further.
In the analysis of thirteen carotenoid classes, no BAC/PAC contig had homology with
wheat ESTs aligned on both sides of the rice gene and mapping to the short arm of
chromosome 3 or long arm of chromosome 7. However, gene-containing BAC/PAC
contigs were selected based on ESTs aligned to sequences on one side of the rice gene.
The flanking BAC/PAC contigs of Geranylgeranyltransferase I β–subunit (GGT-Ibeta)
(rice chromosome 1) aligned with wheat 7B on one side and group 1 on the other side,
matching the selection criteria (Fig.2.2) and therefore predicting GGT-Ibeta as a
possible orthologue on chromosome 7B. RGGT-A and Lycopene ε–cyclase (LEC) (both
on rice chromosome 1) also were selected because one side of the flanking BAC/PAC
contigs aligned with ESTs mapping to wheat groups 3 or 7. Both RGGT-A and LEC
were further considered as having possible orthologues on wheat group 3 and, a
possible LEC orthologue wheat group 7. Rice chromosome 2 contained Lycopene β–
cyclase (LBC) at 5Mb on the short arm. There were no mapped wheat ESTs aligned to
LBC however the alignment of flanking ESTs indicated 4DL on one side and 3AL,
7AL, 7BL and 7DL on the other side. Therefore, LBC was selected as having a
potential orthologue on either wheat groups 3 or 7. On rice chromosome 4 at 17Mb,
Violaxanthin deepoxidase (VDE) was closely flanked by an EST mapping to 3BL on
one side and group 2 on the other side. VDE was selected as having a possible
orthologue on wheat group 3. Rice chromosome 6 contained two genes, RGGT-A at
27.09Mb and GGPP at 27.14Mb towards the distal end of the long arm.

There were
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no wheat ESTs that aligned to the 47,000bp region separating them however, they were
flanked by a wheat EST mapping to 7BL on one side. The closest EST aligned on the
other side of the rice genes mapped to wheat group 6. Based on this evidence, RGGT-A
and GGPP (both on rice chromosome 6) were considered as genes with potential
orthologues on the long arm of wheat chromosome 7. δ–carotene desaturase (ZDS)
located on rice chromosome 7 at approximately 5.5Mb, was flanked by wheat ESTs
mapped to 2DL on one side and groups 5 and 7 on the other side. Therefore, ZDS was
further considered as having a possible orthologue on wheat group 7. Rice chromosome
9 contained PYS on BAC/PAC clone AC137593. The sequence of AC137593 was a
‘working draft’ at the time of this analysis and consisted of five contigs with gaps
(http://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?val=25446724). PYS was flanked by
alignment to a wheat EST mapped to 3A on one side and group 6 on the other side.
Although there was some evidence of PYS having an orthologue on group 3, it was not
further considered because of limited mapping information and more convincing
candidates (above) had been identified.
There were six rice carotenoid genes that were flanked on both sides by alignments to
wheat ESTs mapped to wheat chromosomes other than the short arm of chromosome 3
or the long arm of chromosome 7. Rice chromosome 3 contained Phytoene desaturase
(PDS) where ESTs aligned to sequences on flanking BAC/PAC contig. The mapping of
the ESTs indicated that an orthologue exists on homoeologous chromosome 4 and/or 5
in wheat (La Rota and Sorrells 2004). Although this gene orthologue was a good
candidate for variation in xanthophyll and b* on the short arm of chromosome 4A, 4B
or 4D, this gene was no longer considered in this study. On rice chromosome 4 at
21Mb, there was no indication that Zeaxanthin epoxidase (ZE) was syntenic with groups
3 or 7 because wheat ESTs on either side of the rice gene mapped to wheat chromosome
2 (La Rota and Sorrells 2004), 4, 5 or 6. Rice chromosome 7 contained GGPP at 23Mb
which was closely flanked on one side by a wheat EST mapped to 1DL and on the other
side by a wheat EST mapped to group 5. Therefore, GGPP was flanked on both sides
by regions not syntenic to wheat groups 3 or 7 and was not further considered. Rice
chromosome 10 contained two genes, β-carotene hydroxylase (BCH) and Neoxanthin
synthase (NS) genes. BCH was flanked on both sides by alignments to wheat ESTs
mapped to group 6. NS was flanked on one side by alignment to wheat ESTs mapped to
group 6 also but on the other side there was alignment to wheat 2BS. Both BCH and NS
were not considered further as having orthologues on the short arm of chromosome 3
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and the long arm of chromosome 7. Rice chromosome 12 contained PYS at the distal
end of the long arm at 26.7Mb. Wheat ESTs aligned on both of the sides of PYS were
mapped to groups 2, 4 and 5 (La Rota and Sorrells 2004). Therefore, PYS on rice
chromosome 12 was no longer considered to have an orthologue on the short arm of
wheat chromosome 3 or the long arm of chromosome 7.
In summary, fourteen genes were not considered further in this study. There was
insufficient evidence from the alignments with mapped wheat ESTs for nine of these
genes to indicate there may be wheat orthologues on the short arm of chromosome 3 or
the long arm of chromosome 7. The selected genes included GGPP (rice chromosome
1), GGH (rice chromosome 1) and GGH (rice chromosome 2) which showed alignment
to wheat ESTs mapped to wheat chromosomes other than the short arm of chromosome
3 or the long arm of chromosome 7. The genes PDS, ZE, GGPP (rice chromosome 7),
BCH, NS and PYS (rice chromosome 12) were flanked on both sides by regions that had
no evidence of having orthologues on wheat chromosomes 3 or 7.
The rice genes VDE, GGPP (rice chromosome 6), RGGT-A (rice chromosome 6), ZDS
and PYS (rice chromosome 9) were not considered further because there were other
candidates identified that had more significant evidence of having orthologues on the
short arm of wheat chromosome 3 or the long arm of chromosome 7.

The final

candidates that were selected for further consideration were RGGT-A, GGT-Ibeta and
LEC from rice chromosome 1, and LBC from rice chromosome 2 because each gene
was flanked on one side by a region mapping to 3 or 7.
2.3.2.2

Mapped wheat EST alignments to BAC/PAC contigs for selected rice genes

The alignments of wheat ESTs that shared homology to the flanking BAC/PAC contigs
containing RGGT-A (rice chromosome 1) are summarised in Figure 2.4. A TBLASTX
search of the wheat EST database using the rice BAC/PAC clone AP001073 containing
RGGT-A and the overlapping BAC/PAC clone AP001081 returned a 409bp EST
(BE591522), e-value 8e-45, mapped to 5AL and 5D. The alignment showed significant
homology of 63% identical for greater than half the length of the EST. The flanking
BAC/PAC clone AP000969 aligned with four mapped wheat ESTs in the same region.
Significant homology of 72% identical in 121 amino acids was found with a 588bp
wheat EST (BE442694; e-value 1e-42) mapped to 3AS, 3BS and 3DS. Lower homology
of 61% in only 28 amino acids was observed in a 378bp EST (BG262527; e-value 3e-41)
which mapped to and 3BS and 3DS. The ESTs BE442694 and BG262527 mapped to
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the short arm of chromosome 3 and indicated a possible of orthologue of RGGT-A.
Two ESTs mapped to group 1 (BE426304; mapped to 1AL; e-value 6e-68 and
BE495028; mapped to 1AL, 1BL, 1DL, 3DL; e-value 6e-68) were 100% identical in 109
amino acids.
Figure 2.5 summarises the alignment of mapped wheat ESTs to the flanking BAC/PAC
contigs of GGT-Ibeta.

On one side of the GGT-Ibeta gene there was significant

homology to a 486bp wheat EST (BE444620; e-value 4e-48) mapped to the long arm of
wheat chromosomes 1 with 62% identical in 154 amino acids. The other side of GGTIbeta aligned to a wheat EST (BE424749; e-value 8e-54) 521bp long, mapped to
chromosomes 7B and 7D, and with 89% identical in 107 amino acids. Flanking GGTIbeta on both sides but a further distance away, wheat ESTs mapped to 3AS, 3BS and
3DS aligned with the rice BAC/PAC contigs however homology was lower in the
amino acid hit identity. A microsyntenic unit with the short arm of wheat chromosome
3 of approximately 47,400bp was identified on BAC/PAC clone AP002540 by
alignments with wheat ESTs BE591948 (e-value 3e-49) and BE591013 (e-value 1e-41).
Mapping evidence indicated that GGT-Ibeta on rice chromosome 1 may be syntenic
with the short arm of wheat group 3.
The alignments of wheat ESTs that shared homology to the flanking BAC/PAC contigs
containing LEC are summarised in Figure 2.6. TBLASTX searches using the rice
flanking BAC/PAC contigs aligned a 493bp wheat EST (BF483361; e-value 4e-46)
mapped to 7AL, 7BL and 7DL. The alignment was 52% identical in only 85 amino
acids. Flanking the other side of LEC was the alignment of the rice BAC/PAC clone
and a 591bp wheat EST (BM140375; e-value 2e-90) mapped to 2BS and with 60%
identical in 98 amino acids. Other wheat ESTs that aligned to the BAC/PAC contig
further away from LEC mapped to the long arm of wheat chromosome 3.
-90

The

-41

alignment of wheat ESTs (BM140375 e-value 2e ; BE517872 e-value 2e ) with the
flanking BAC/PAC contig (AP002908, AP003546 and AP003332) suggested two
microsyntenic units of approximately 40,260bp and 158,500bp with wheat group 2.
Figure 2.7 illustrates the wheat ESTs that aligned with BAC/PAC clone AP005849
containing LBC on rice chromosome 2. TBLASTX alignments of AP005849 and wheat
ESTs indicated that on one side of LBC the region was homologous with wheat 4DL
(BE442706; e-value 8e-60). On the other side of LBC, AP005849 aligned with a wheat
EST (BE498112; e-value 5e-30) mapped to 3AL and with only 49% identical in 107
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amino acids. A more significant hit was found on the same side with a wheat EST
(BE446786; e-value 1e-60) mapped to 2BS, 7AL, 7BL and 7DL. A microsyntenic unit
of approximately 27,560bp with the long arm of wheat group 7 was found on the
BAC/PAC contig (AP005849 and AP000366) in the region between the alignments
with wheat ESTs BE446786 and BE443436 (e-value 1e-114).
The summary figures of the alignments of mapped wheat ESTs to rice BAC/PAC
flanking contigs for all other rice genes are detailed in Appendix A.
2.3.3 Verification of selected rice gene annotations
The identification of four genes (GGT-Ibeta, RGGT-A, LEC and LBC) predicted to have
orthologues on wheat homoeologous groups 3 and 7 were selected for detailed
annotation. The annotation represented the final step in the bioinformatic strategy.
2.3.3.1 Confirmation of gene structure for selected BAC/PAC clones using full
length-cDNA clones
A BLASTN search of the KOME database using GGT-Ibeta genomic DNA confirmed
the FL-cDNA was AK071085 (e-value 0.0; 98% identical). The detailed annotation of
the GGT-Ibeta containing BAC/PAC clones from rice (AP002522) and A. thaliana
(AC004218) provided the intron-exon structure of the genes in each species (Fig. 2.8).
The conservation in the number of exons and introns indicated that they are GGT-Ibeta
orthologues.

This was also the case for the rice (AP001073) and A. thaliana

(AC020580) RGGT-A orthologues (Fig. 2.9).

The FL-cDNA of RGGT-A was

AK067610. Within both genes, the beginning sequence of each exon was conserved
with the exception of one variable region. With the exception of an inserted intron in
the last exon of GGT-Ibeta, the number and size of introns and exons and amino acid
conservation at the start of each exon between species confirmed that the Arabidopsis
and rice genes likely represent true orthologues.
The intron-exon structure of rice (AP003332) and A. thaliana LEC (At5g7030) were
obtained from the annotations. The FL-cDNA (AK072015; e-value 0.0; 89% identical)
of LEC (AP0033332) was identified from KOME by BLASTN alignment with the
genomic DNA. The beginning sequence of each exon was conserved between rice and
A. thaliana LEC and there were two variable regions (Fig. 2.10).
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Due to the similarity between the cyclase genes, LBC aligned to the same FL-cDNA
clones as LEC in a TBLASTX search but with lower homology. The FL-cDNA clone
containing LBC was not identified due to the distribution of clones within the rice
genome. As a result, the gene structure of LBC was not confirmed however, the rice
BAC/PAC AP004859 has been re-annotated since the commencement of this study and
now LBC is annotated as an intronless gene of 1471bp. At the time of this analysis,
LBC was annotated as a gene containing one intron of 55bp.
2.3.3.2

Amino acid similarity with enzymes from other species

The BLASTP search of rice GGT-Ibeta returned sequence similarities for A. thaliana
geranylgeranyltransferase beta-subunit (AF311225) (e-value 1e-62) of 376 amino acids
with 53% identical in 230 residues and human geranylgeranyltransferase type I betasubunit (GenBank Accession AAA35888) of 377 amino acids with 42% identical in 215
residues. The Saccharomyces cerevisiae homologue (AAA34464) was 38% identical in
63 residues. Figure 2.11 shows the amino acid sequence alignment of rice, A. thaliana,
yeast and human GGT-Ibeta where the functional domains of the latter two were
aligned with the plant sequences. The molecular characterisations of some residues
known to be involved with functional domains in GGT-Ibeta shown in Figure 2.11 was
assigned using the rat farnesyltransferase model (Long et al. 1998; Park and Boduluri
1997; Strickland et al. 1998) and were conserved in the plant sequences. The multiple
sequence alignments of GGT-1beta showed conservation of functional domains in
regions 318-338 residues between A. thaliana, yeast and human but not in rice.
Although rice ESTs were not available to confirm the predicted sequence, a TBLASTX
alignment using A. thaliana (AF311225) cDNA showed the region was indeed
conserved in rice (AP002522) (Fig. 2.12), indicating the amino acid sequence in the
predicted rice protein sequence annotation generated gene prediction algorithms was
incorrect.
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Fig. 2.11 Amino acid sequence alignment of protein geranylgeranyltransferase I beta chain of rice
(GenBank accession AP002522), A. thaliana (AF311225), yeast (Saccharomyces cerevisiae)
(M74109) and human (L25441). Black shading denotes residues that are conserved between all
GGT-1beta. Molecular characterisation was adapted from Caldelari et al. (2001) based on the rat
farnesyltransferase model (Park et al. 1997, Long et al. 1998, Strickland et al. 1998). Symbols
indicated are A, residues in hydrophobic pocket; P, residues that interact with the CAAL peptide; D,
residues that interact with the diphosphate group of GGPP; and Z, ligands of the catalytic zinc atom.

Score = 54.7 bits (113), Expect(10) = 1e-62
Identities = 20/23 (86%), Positives = 20/23 (86%)
Frame = +3 / +2

Arabidopsis: 867
Rice:

21380

RQANDGGFQGRTNKPSDTCYAFW
RQA DGGFQGR NK SDTCYAFW
RQAADGGFQGRRNKSSDTCYAFW

935
21448

Fig. 2.12 Results from TBLASTX search of A. thaliana GGT-Ibeta (AF311225) showing conserved
region with rice (AP002522) indicating incorrect prediction of rice amino acid sequence.
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The BLASTP search of rice RGGT-A returned A. thaliana putative Rab escort protein
(REP) (AC020580) (e-value e-110) with 44% identical in 520 residues and human
choroidermia, Rab geranylgeranyltransferase component A (REP-1) (CAA55011) (e
value 7e-35) with 26% identical in 448 residues. The S. cerevisiae MSI4 gene encodes a
66-kDa protein that has three regions similar to component A of RGGT (Fujimura et al.
1994). MSI4 is 26% identical with 125 residues of rice RGGT-A. Multiple sequence
alignments of the putative rice, A. thaliana, yeast and human orthologues showing the
level of homology across the entire protein sequence is shown in Figure 2.13. To the
best of our knowledge, no detailed characterisation of the critical amino acids for
functional domains of RGGT-A was identified in the A. thaliana, yeast or human
sequences. Nevertheless, the RGGT-A gene and its role in carotenoid biosynthesis in
yeast and human provide a candidate to target markers for genes controlling xanthophyll
content in wheat (Francki M et al. 2004).
The functional analysis of single copy A. thaliana LEC (AAB53336) and LBC
(AAB53337) genes was reported in Cunningham Jr. et al. (1996). Rice chromosome 1
LEC gene on AP003332 encodes protein of 540 amino acids (BAC05562). BLASTP
alignment of rice LEC protein (BAC05562) identified significant homology to an A.
thaliana 524 amino acid “putative Lycopene epsilon cyclase” protein (AAB53336; evalue 0.0) which was 71% identical in 471 amino acids (Fig. 2.14). Also aligned with
rice LEC was the rice protein (BAD16478; e-value 5e-66) encoded by LBC (AP005849)
that was 36% identical of 423 amino acids. The rice LEC protein sequence contained a
dinucleotide-binding signature and two cyclase motifs which have been found in all
cyclases of the carotenoid pathway.
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Fig. 2.13 Amino acid sequence alignment of protein RGGT-A for rice (AP001073), A. thaliana
(AC020580_9), human (CAA5011) and yeast MSI4 (Saccharomyces cerevisiae) (CAA99701). Black
shading denotes residues that are conserved between all sequences.
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A. thaliana : ------------MECVGARNFAAMAVSTFPSWSCRRKFPVVKRYSYRNIRFGLCSVRASGGGSSGSESCVAVREDFADEEDFVKAGGSEILFVQM :
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: QASKSMDSQSKISSKLLPIPDENSVLDLVIIGCGPAGLSLAAESAKKGLNVGLIGPDLPFTNNYGVWEDEFKDLGLESCIEHVWKDTIVYLDGNK
A. thaliana : QQNKDMDEQSKLVDKLPPISIGDGALDHVVIGCGPAGLALAAESAKLGLKVGLIGPDLPFTNNYGVWEDEFNDLGLQKCIEHVWRETIVYLDDDK
_____________________________
Dinucleotide-binding signature
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: PIMIGRAYGRVHRDLLHEELLRRCYDAGVTYLSSKVDKIMESPDGHRVVCCEGDREVLCRLAIVASGAASGRLLEYEVGGPRVCVQTAYGVEVEV
A. thaliana : PITIGRAYGRVSRRLLHEELLRRCVESGVSYLSSKVDSITEASDGLRLVACDDNNVIPCRLATVASGAASGKLLQYEVGGPRVCVQTAYGVEVEV
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Rice
: ENNPYDPSLMVFMDYRDCFKDKFSHPEQGNPTFLYAMPMSSTRIFFEETCLASKEAMPFDLLKKRLMSRLDAMGVHIRKVYEEEWSYIPVGGSLP
A. thaliana : ENSPYDPDQMVFMDYRDYTNEKVRSLEAEYPTFLYAMPMTKSRLFFEETCLASKDVMPFDLLKTKLMLRLDTLGIRILKTYEEEWSYIPVGGSLP
___________________
cyclase motif 1
*
400
*
420
*
440
*
460
*
Rice
: NTDQKNLAFGAAASMVHPATGYSVVRSLSEAPRYASVISDILRNRVYPGEYLPGTSQ-SSSPSMLAWRTLWPQERKRQRSFFLFGLALIIQLNNE
A. thaliana : NTEQKNLAFGAAASMVHPATGYSVVRSLSEAPKYASVIAEILREET--------TKQINSNISRQAWDTLWPPERKRQRAFFLFGLALIVQFDTE
__________
cyclase motif 2
480
*
500
*
520
*
540
*
560
Rice
: GIQTFFETFFRLPKWMWRGFLGSTLSSVDLILFAFYMFTIAPNQMRMNLVRHLLSDPTGSTMIKTYLTL---------------- : 540
A. thaliana : GIRSFFRTFFRLPKWMWQGFLGSTLTSGDLVLFALYMFVISPNNLRKGLINHLISDPTGATMIKTYLKV---------------- : 524
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Fig. 2.14 Amino acid sequence alignment of protein LEC for rice (AP003332) and A. thaliana
(AAB53336). Amino acids of functional significance (Cunningham Jr. et al. 1996) are underlined.

Rice chromosome 2 LBC gene on AP005849 is 1470bp (cds) encodes a protein of 489
amino acids (BAD16478). BLASTP search with rice LBC protein identified an A.
thaliana putative Lycopene beta cyclase protein (AAB53337; e-value 0.0) of 501amino
acids that was 74% identical in 443 amino acids (Fig. 2.15). The search also aligned
with the rice LEC protein (BAC05562; e-value 2e-65) which shared 37% identity in 382
amino acids. The dinucleotide-binding signature and both cyclase motifs were present
in the rice LBC protein sequencing.
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*
Rice
: -----------------MATTALLLRAHPSCKPPPPPSPSPRPTRALVCRAAAAGEALRSLAPPSRPELLSLDLPRYDPARSTPVDLAVVGGGPA :
A. thaliana : MDTLLKTPNKLDFFIPQFHGFERLCSNNPY-HSRVRLGVKKRAIK-IVSSVVSGSAALLDLVPETKKENLDFELPLYDTSKSQVVDLAIVGGGPA :

78
93

__________
100
*
120
*
140
*
160
*
180
*
Rice
: GLAVAQRVAEAGLSVCAIDPSPALVWPNNYGVWVDEFDAMGLSHCLDAVWPSATVFTHDDGAAKSLHRPYARVARRKLKSTMMDRCVAHGVTFHK : 173
A. thaliana : GLAVAQQVSEAGLSVCSIDPSPKLIWPNNYGVWVDEFEAMDLLDCLDTTWSGAVVYV-DEGVKKDLSRPYGRVNRKQLKSKMLQKCITNGVKFHQ : 187
___________________
Dinucleotide-binding domain
200
*
220
*
240
*
260
*
280
Rice
: ARVVKAVHGEASSLLICDDGVAVPATVVLDATGFSRCLVQYDKPYDPGYQVAYGILAEVDGHPFDIDKMLFMDWRDAHLPEGSEIRERNRRIPTF : 268
A. thaliana : SKVTNVVHEEANSTVVCSDGVKIQASVVLDATGFSRCLVQYDKPYNPGYQVAYGIVAEVDGHPFDVDKMVFMDWRDKHLDSYPELKERNSKIPTF : 282
_
*
300
*
320
*
340
*
360
*
380
Rice
: LYAMPFSPTRIFLEETSLVARPGLAMDDIQERMAARLRHLGIRVRAVEEDERCVIPMGGPLPVLPQRVVGIGGTAGMVHPSTGYMVARTLATAPI : 363
A. thaliana : LYAMPFSSNRIFLEETSLVARPGLRMEDIQERMAARLKHLGINVKRIEEDERCVIPMGGPLPVLPQRVVGIGGTAGMVHPSTGYMVARTLAAAPI : 377
________________
__________
cyclase motif 1
cyclase motif 2
*
400
*
420
*
440
*
460
*
Rice
: VADAIVRFLDTGSGDSAFAGDALSAEVWRELWPAQRRRQREFFCFGMDILLKLDLDGTRRFFDAFFDLEPRYWHGFLSSRLFLPELAMFGLSLFA : 458
A. thaliana : VANAIVRYLGSPSSNS-LRGDQLSAEVWRDLWPIERRRQREFFCFGMDILLKLDLDATRRFFDAFFDLQPHYWHGFLSSRLFLPELLVFGLSLFS : 471
480
*
500
*
Rice
: KASNTSRLEIMAKGTAPLAKMIGNLIQDRDR------------ : 489
A. thaliana : HASNTSRLEIMTKGTVPLAKMINNLVQDRD------------- : 501

Fig. 2.15 Amino acid sequence alignment of protein LBC for rice (AP005849) and A. thaliana
(AAB53337). Amino acids of functional significance described by Cunningham Jr. et al. (1996) are
underlined.
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2.4 Discussion
The general aim of this chapter was to develop a bioinformatic strategy that would
identify rice genes encoding enzymes of the carotenoid biosynthetic pathway and
predict which of these rice genes have orthologues on the short arm of wheat
chromosome 3 or the long arm of chromosome 7. This was a novel approach because it
looked directly at the location of the gene in rice and the nearest mapped wheat EST
aligned to rice to predict orthology. The development of such a strategy was achieved
by addressing three aims. The first aim was to identify annotated genes in rice and to
confirm likely orthologues to well characterised genes of the carotenoid pathway.
Using the first draft of the rice sequence (Goff et al. 2002; Yu et al. 2002), BAC/PAC
clones containing carotenoid genes were identified. The majority of these BAC/PAC
clones were identified from their annotation however, some were being sequenced at the
time and were identified by protein sequence alignments.

In doing so, a total of

eighteen putative carotenoid genes were found in the rice genome. The second aim was
to develop a bioinformatic step to align these eighteen putative carotenoid genes to the
wheat genome and predict wheat orthologues on the short arm of chromosome 3 or the
long arm of chromosome 7. The bioinformatic step involved the alignment of mapped
wheat ESTs to rice sequences on BAC/PAC contigs and establishment of selection
criteria for predicting orthologues on the short arm of wheat chromosome 3 or the long
arm of chromosome 7. In addition to predicting the location of eighteen orthologues in
wheat it also contributed further knowledge on the syntenic relationship and microrearrangements between rice and wheat.

In doing so, two types of putative

prenyltransferases and two types of lycopene cyclases were predicted as wheat
orthologues on the short arm of chromosome 3 or the long arm of chromosome 7.
These were GGT-Ibeta on the short arm of chromosome 3 or chromosome 7B, RGGT-A
on the short arm of chromosome 3, LEC on the long arm of chromosome 7 and LBC on
the long arm of chromosome 3. These four genes are further considered as candidates
because of their biological significance in the carotenoid pathway and the location of
wheat flour b*/xanthophyll content QTLs on 3BS and 7AL (Mares and Campbell 2001).
The third aim was to verify the annotation of these selected genes and was achieved for
GGT-Ibeta, RGGT-A and LEC due to the availability of full length cDNA clones
aligning with these genes. The annotation was not verified for LBC because a full
length cDNA was not identified possibly because the gene may be located in region
where full length cDNA coverage is incomplete.
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The development of the bioinformatic strategy was a result of redefining the process of
identifying wheat orthologues of rice carotenoids on the short arm of chromosome 3 or
long arm of chromosome 7. The strategy and its implementation were expected to be a
straightforward process for identifying orthologues across species based on the
assumption that wheat and rice share a high degree of genomic synteny. However, the
outcome was more complex than expected due to a number of reasons, such as
duplication of carotenoid genes within the rice genome and the extent of rearrangements
between wheat and rice genomes. This analysis was based on the first draft of the rice
genomic sequence and the level of duplication had not been established at the time.
Since completing this analysis, it is now known that there are extensive duplications
within the rice genome (The Rice Chromosomes 11 and 12 Sequencing Consortia
2005; Guyot and Keller 2004; Wang X et al. 2005b; Yu et al. 2004). This study
identified duplicated genes within the carotenoid biosynthetic pathway of rice. The
verification of the annotations of the GGPPS, RGGT-A and GGH genes could
determine if these genes are in fact duplications or if they are diverged genes.
Another reason that increased the complexity of this bioinformatic strategy was the lack
of mapped wheat ESTs that aligned directly with the rice genes. The lack of direct
mapping evidence may be a reflection of the density of EST mapping. Ideally, if all
possible coding sequences in rice were represented by wheat mapped ESTs, then direct
EST analysis would preclude the concept of genome synteny to identify orthologues in
wheat. The analyses reported in this chapter were carried out in 2003-2004 and 6,426
mapped wheat ESTs were available. Consequently, there was direct mapping evidence
for only two carotenoid genes, GGPPS and GGH, and the location of the remaining
sixteen carotenoid gene orthologues in this study could only be predicted by examining
the syntenic relationship with wheat.
To further define the syntenic relationship between rice and wheat and predict the
location of wheat orthologues, mapped wheat ESTs were aligned to rice BAC/PAC
contigs containing carotenoid genes. Taking into consideration the mapping density,
flanking BAC/PAC clones were included to increase the chances of ESTs aligning to a
region close to the carotenoid gene. This nearest neighbour contig analysis was critical
in aligning contigs when there were no ESTs aligned to carotenoid gene-containing
BAC/PAC clones. The stringency for aligning wheat ESTs to rice genomic DNA was
high (e-value <e-35) to ensure a greater chance of aligning chromosomal regions across
species and predict synteny more accurately. It was expected that the alignments would
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indicate that the carotenoid genes were located within small syntenic blocks and
supports previous studies on microrearrangements in rice and wheat (Bennetzen and
Ramakrishna 2002; Distelfeld et al. 2004; Francki M et al. 2004). It was evident that
further chromosomal rearrangements were involved and there was microsynteny for
certain BAC/PAC clones that aligned to wheat groups 4 and 5. However these regions
of the wheat genome were not specifically targeted due to the lack of reliable QTL
information for variation in xanthophyll content on these chromosomes. The anchoring
of these rice genes could be beneficial in future studies where populations show
variation in b* and xanthophyll content on groups 4 and 5.
In some instances, the alignment of mapped wheat ESTs and rice contigs identified
microsyntenic units.

For example, the microsyntenic unit identified between rice

chromosome 4 and wheat 2BS from the analysis of the Violaxanthin deepoxidase gene.
All of the four BAC/PAC clones (AL731603, AL662943, AL663004, and AL662951)
in the contig aligned with the same EST BM140375 that mapped to 2BS. However, the
same EST also aligned with a number of other BAC/PAC clones that were AC137593
(PYS on rice chromosome 9), AL831803 (PYS on rice chromosome 12), AP005259
(ZDS), AP003332 (LEC), AC091680 (BCH) and AC113337 (NS). Considering the high
stringency that was set to ensure the highest chance of identifying orthology between
wheat ESTs and rice sequences, it is likely that the same EST has aligned with a high
copy gene or multi-gene family within the rice genome. Only two loci representing
BM140375 were mapped to chromosomal bin C-2BS1-0.53 with low gene density (Qi L
L et al. 2004) indicating that the putative orthologues in rice showed higher rates of
duplication than wheat (The Rice Chromosomes 11 and 12 Sequencing Consortia 2005;
Guyot and Keller 2004; Wang X et al. 2005b; Yu et al. 2004). Further studies of VDE
gene would be of interest. Other microsyntenic units were identified between rice
chromosome 1 and wheat group 2, rice chromosome 1 and the short arm of wheat
chromosome 3 and rice chromosome 2 and the long arm of wheat chromosome 7.
Although the overall design of the bioinformatic strategy was to target wheat
orthologues of rice carotenoid genes on the short arm of chromosome 3 or the long arm
of chromosome 7, it was expected that wheat orthologues would also be identified in
other regions of the wheat genome. The four candidates chosen were those that had the
most convincing evidence of having orthologues on wheat chromosomes 3 or 7. Taking
into account further chromosomal rearrangements, the alignments and selection criteria
identified the four most likely candidates as RGGT-A on the short arm of chromosome
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3, GGT-Ibeta on chromosome 7B, LBC on the long arm of chromosome 3 and LEC on
the long arm of chromosome 7. RGGT-A was chosen as a candidate because there was
mapping evidence to the short arm of chromosome 3 on one side of the gene. The other
side aligned with an EST mapped to group 5. It is possible that there is a break in
synteny between RGGT-A and the EST mapped to group 5, causing a small
microsyntenic unit with the short arm of chromosome 3 (Munkvold et al. 2004). LEC
was flanked on one side by an EST mapping to 7AL, 7BL and 7DL and another two
ESTs further along which mapped to 3AL, 3BL, and 3DL. The other side of LEC was
aligned with the same EST discussed for the VDE analysis (BM140375). LBC on rice
chromosome 2 was predicted to lie within a small syntenic unit on 3AL because the
BAC/PAC clone aligned with an EST mapped to 3AL on one side and to group 6 or
7DS on the other side. GGT-Ibeta was chosen because the closest EST aligned on one
side was mapped to 7B. On the other side of GGT-Ibeta the aligned EST mapped to
group 1. On the outside of both the flanking ESTs mapping to 7B and group 1, there
were ESTs aligned that mapped to the short arm of chromosome 3. GGT-Ibeta was
predicted to be on wheat chromosome 7B however it is possible that it is on the short
arm of chromosome 3 depending on where the break in synteny occurs.
The prediction of four orthologues on wheat homoeologous groups 3 and 7 of rice
carotenoid genes GGT-Ibeta, RGGT-A, LEC and LBC provides the basis for the
development of a new EST-based molecular marker class for detection of variation in
xanthophyll content. The predicted location of GGT-Ibeta and RGGT-A on the short
arm of chromosome 3 and LEC on the long arm of chromosome 7 support the study by
Mares and Campbell (2001) that identified QTLs for xanthophyll content in the same
region. The orthologue GGT-Ibeta predicted on chromosome 7B suggests the region
may be involved in xanthophyll content. This region has not been associated with
xanthophyll content however an association with b* has been detected (Ma et al. 1999).
Previous studies have not identified regions controlling variation in b* or xanthophyll
content on the long arm of chromosome 3. Therefore, the predicted location of the LBC
orthologue on the long arm of chromosome 3 suggests that the region may also be
involved in xanthophyll content variation. The following chapter is focused on the
development and validation of a new EST-based molecular marker class for the four
candidate genes and investigates the variation of b* and xanthophyll content on groups
3 and 7.
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Chapter 3. Development of EST-based molecular markers for
detecting variation in xanthophyll content
3.1 Introduction
In the previous chapter, a novel bioinformatic strategy was developed to predict wheat
orthologues of rice genes encoding enzymes of the carotenoid biosynthetic pathway on
the short arm of wheat chromosome 3 and the long arm of chromosome 7. Eighteen
putative carotenoid genes across the rice genome were identified from the first draft of
the rice sequence. Four of the identified carotenoid genes were predicted to have wheat
orthologues on the short arm of chromosome 3 and the long arm of chromosome 7.
Two of these genes on rice chromosome 1 were the putative prenyltransferases
Geranylgeranyltransferase

I

β–subunit (GGT-Ibeta) and Rab geranylgeranyl

transferase component A (RGGT-A).

The wheat orthologue of GGT-Ibeta was

predicted on the short arm of chromosome 3 or chromosome 7B and the RGGT-A wheat
orthologue on the short arm of chromosome 3. The other two genes were putative
Lycopene cyclases, ε and β forms (LEC and LBC, respectively).

LEC on rice

chromosome 1 was predicted to have a wheat orthologue on the long arm of
chromosome 7, whereas the wheat orthologue of LBC on rice chromosome 2 was
predicted to be on the long arm of chromosome 3. The structural and functional
annotation of these candidate genes was verified by alignment with well characterised
orthologues from other species. Possibly, one or all of these candidate genes, GGTIbeta, RGGT-A, LEC and LBC, are involved in xanthophyll accumulation in wheat
grain.
In chapter 2 an accurate location of the four candidate genes was not identified in wheat
due to the lack of alignment with mapped wheat ESTs. However, a large number of
unmapped ESTs are accessible and can be used to align with rice genes.

Sequence

similarities between ESTs and known genes can be used to confirm the orthological
relationship (Sorrells 1998). ESTs are a cost-effective alternative to entire genome
sequencing which can be used for new gene discovery, genetic marker development and
the identification of coding regions in genomic sequences. In comparative mapping,
ESTs provide a cross-reference for identifying genes in different species. Sequence
similarities between unmapped ESTs of a species and known genes from other species
can be used to predict the location of the unmapped ESTs (Sorrells 1998). The 586,599
wheat ESTs publicly available from the NCBI GenBank dbEST database have been
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produced from forty cDNA libraries from a range of cultivars.

A cDNA library

contains only the coding sequence of transcribed genes in a type of cell at a specific
time and is constructed from the transcription of mRNA from a particular cell type to
produce the single-stranded complementary DNA. Of particular interest to this project
are the wheat ESTs from cDNA libraries of grain at different stages of development
regulated by developmental signals that lead to xanthophyll accumulation. However,
xanthophylls also accumulate in the plastids such as chloroplasts (Chappell 1995;
Ladygin 2000) and therefore, cDNA libraries from tissue sources other than developing
grain are also relevant to identify ESTs representing orthologues of known xanthophyll
genes. Carotenoid biosynthesis is highly regulated and the types of signals involved
vary according to tissue type (reviewed in Cunningham Jr. and Gantt E 1998).
Therefore, access to a range of libraries will assist in identifying ESTs that represent
portions of wheat orthologues.
The major benefit of using wheat ESTs is they can be incorporated into QTL mapping.
Any polymorphisms that are identified from wheat ESTs can be used in QTL analyses
to determine whether a chromosomal region contributes to minor or major variation
(reviewed in Langridge et al. 2001). The wheat chromosomal regions of the short arm
of chromosome 3 and the long arm of chromosome 7 are the focus of this study because
of evidence of quantitative trait loci for flour colour (b*) and xanthophyll content that
were co-located on the short arm of 3B and the long arm of 7A in a Sunco/Tasman
population (Mares and Campbell 2001; Parker et al. 1998). The identification of ESTs
representing orthologues of rice xanthophyll genes in the region of the short arm of
chromosome 3 and the long arm of chromosome 7 will provide further evidence that
these two regions are involved in controlling variation in xanthophyll content.
However, further investigation is required to determine if flour colour and xanthophyll
content QTLs are also co-located within similar regions in germplasm adapted to WA
environments.

Westonia, a high yielding variety, and Janz are both hard grained

varieties classified as Australian Premium White wheat (http://www.awb.com.au/) and
are a potential source for identifying common or alternative regions controlling
variation in b* and xanthophyll content.
The general aim of this chapter was to identify ESTs representing portions of wheat
orthologues to rice GGT-Ibeta, RGGT-A, LEC and LBC, confirm their position on
wheat chromosomes and identify ESTs that can be used as genetic markers for rapidly
detecting variation in b* and xanthophyll content. The first aim of this chapter was to
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identify unmapped wheat ESTs with the most similarity to each rice gene. The second
aim was to confirm the orthology of the wheat ESTs aligned to the candidate genes by
comparison of intron-exon structure with rice orthologues and to physically map the
location of the candidate genes in wheat using deletion bin mapping. The third aim of
this chapter was to identify regions accounting for major variation in xanthophyll
content and flour colour using a homozygous population derived from cultivars,
Westonia and Janz. The fourth aim was to identify polymorphisms in WA adapted
germplasm for the development of a new molecular marker class derived from ESTs for
regions in wheat genome controlling variation in xanthophyll content. Flour colour is a
complex trait which is difficult to predict and select in breeding programs, therefore the
development of a new marker class to rapidly detect variation in xanthophyll content
would increase our knowledge of the genetic control.

58

3.2 Materials and Methods
3.2.1

Plant material

Three cultivars, Chinese Spring, Sunco and Tasman, were used throughout this chapter
for comparison with Westonia and Janz (WA-adapted varieties) in order to develop a
new molecular marker class using PCR amplification. A homozygous doubled haploid
population derived from the backcross of Westonia with Westonia/Janz F1 individuals
was used for genetic map construction and QTL analysis. The parents, Westonia and
Janz, were selected based on their quality traits which included flour colour. The
Westonia*2/Janz doubled haploid (DH) population was produced by Ms. S Broughton
(DAWA).
Cytogenetic stocks of wheat were used in PCR amplification to physically map the
chromosomal location of orthologues of rice xanthophyll genes. A series of nullisomictetrasomic lines of Chinese Spring and deletion lines of Chinese Spring for groups 3 and
7 were kindly provided by J Raupp of Kansas State University.
3.2.2
3.2.2.1

Development of EST-based markers for xanthophyll content in wheat
Wheat EST alignments to selected rice genes for xanthophyll content

Molecular markers for the candidate genes were designed using the rice gene structure
retrieved from the Gramene database (http://www.gramene.org/). The sequences for
developing molecular markers were based on wheat expressed sequence tags (EST)
derived from a range of cDNA libraries in the database. Table 3.1 summarises the
cDNA libraries according to tissue types of endosperm, seedling, shoot, root, root tip,
spike, leaf, embryo and crown. The libraries are from developmental stages ranging
from 5-day old seedlings, 5-30 days post anthesis to the mature plant. Wheat ESTs
were aligned to selected rice genes by TBLASTX using standard default parameters.
The ESTs were selected based on their position in relation to the gene structure and
their significance of homology. ESTs were chosen if they aligned over an exon-intron
junction and if their level of homology was greater than 1e-35 with at least 50% amino
acid sequence identity for no less than half the EST length. The alignment of an EST
over an exon-intron junction was considered essential because polymorphisms for
marker development were most likely to be detected in the non-conserved intron
sequences.
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Table 3.1 Summary of cDNA libraries from Chinese Spring germplasm used to generate ESTs produced
by the NSF Project. Table adapted from http://wheat/pw.usda.gov/NSF.
Number
of
libraries

Tissue type

Developmental Stage

Treatment types
Dehydration stress

ESTs
Produced

5

seedling

5-day old

1

seedling

14-day old

2-hour heat shock cycles

818

3

shoot

seedling

Etiolated and unstressed

5,600

2

crown

seedling

Cold stress

Vernalized
Salt stress 12h and 7d hydroponic

4,199

3,218

20, 30, 45 DAP
5, 10, 15 DAP
5

spike

post-anthesis

2cm spike to yellow anther

16,114

2cm spike to tetrad stage
Heat stress 5-20 DAP
Normal

2

leaf

full tillering

1

flag leaf

full tillering

Heat stress

971

1

sheath

seedling

Salt stress 12h and 7d hydroponic

897

2

root tip

seedling

2

root

seedling

2

root

full tillering

1

root, leaf, crown,
stem, sheath

mature plant

3.2.2.2

80%, 70%, 60% RWC

Normal
1ppm Aluminum
Etiolated and unstressed
Salt stressed
Normal
Drought stress
Normal

639

1,985
10,444
2,330

1,404

DNA extraction

DNA extractions of plant material were performed as described in Francki et al. (1997)
with some modifications. A 10cm piece of leaf material was collected in a 1.5mL tube
and stored at -80°C. Leaf tissue was ground using a mini pestle and mortar under liquid
nitrogen. DNA extraction buffer (600μL, pH 8.5), which consisted of 1% laurel-NSarkosyl, 100mM Tris HCl, 100mM NaCl, 10mM EDTA and 100mM Na2SO3 was
added and homogenised while on ice. Phenol/chloroform/iso-amyl-alcohol in a ratio of
25:24:1 (600μL) was added and mixed by inverting tube and samples centrifuged for
5min at 14,000rpm. The upper phase was transferred to a new tube, 60μL 3M sodium
acetate (pH 4.8) added and mixed by inverting. Isopropanol (600μL) was added and
DNA precipitated at room temperature by gently inverting tubes and the precipitate was
centrifuged for 5mins at 14,000rpm. The DNA pellet was washed in 1mL 70% ethanol
by gently inverting tubes and centrifuged for 5mins at 13,000rpm. The DNA pellet was
dried overnight and then resuspended in 300μL R40, consisting of 40μg/mL RNAse A
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in TE (10mM Tris, 1mM EDTA, pH 8.0) buffer, at 4°C for eight hours. The DNA was
quantified by using a Hoefer DyNA Quant 200 Fluorometer.
3.2.2.3

Primer design and optimisation

Primer sequences were designed to wheat ESTs specifically to amplify intron regions
within the gene. The prediction of wheat introns were based on the alignment of wheat
ESTs spanning introns in rice orthologues. The primer sequences were generated by
using Primer3 version 0.2 web-based software (Rozen and Skaletsky 2000). The details
of these primers are outlined in Table 3.2.

Amplification of PCR products was

optimised by Touchdown PCR using 3mM MgCl2, 200mM of each dNTP, 25ng/μL
genomic DNA varieties, 5.5 units of Biotech TAQ* DNA polymerase and 30pm/μL of
each primer. The annealing temperature ranges were either 65-55°C or 60-50°C (Table
3.2) and thermal cycling was done on a PE Applied Biosystems GeneAmp® PCR
System 9700 or a Peltier Thermal Cycler DYAD™ DNA Engine. The Touchdown PCR
program used was 94°C for 3min; 10 cycles of 94°C for 30sec, (65-55°C or 60-50°C)
for 30sec, 72°C for 30sec; 25 cycles of 94°C for 30sec, (55°C or 50°C) for 30sec, 72°C
for 30sec; 72°C for 3min. PCR reactions were separated on 1% agarose gel in 1xTBE
(0.9M Tris, 0.9M Boric acid, 25M EDTA) buffer using Sunrise Gibco BRL Horizontal
Gel Electrophoresis Apparatus (Life Technologies).

Size determination of PCR

products was done using 0.5μg Lambda DNA/Hind III ladder (Promega).

PCR

products were visualised by ethidium bromide staining.
Table 3.2 Details of primer sequences that successfully amplified regions within each candidate gene.
Gene

Region of expected
amplification

GGT-Ibeta

intron 3-4, exon 4, intron 4-5

Wheat EST
BE445261

intron 1-2

intron 1-2, exon 2, intron 2-3
RGGT-A

BJ305709
intron 1-2, exon 2, intron 2-3

intron 2-3

exon 1

BE591408

exon 1

CD887154

LBC

Primer
set

Primer sequence (5’ – 3’)

E3F

GGTTCTGTCGTTTCAAGTACACC

E5R

GCTTGCTAGATGACTACCATTATGA

E1F

GCAGCTTCAACCCAAGATTAG

E2R

ATGAGTCTGCAGCATCTTGA

E1F

GCAGCTTCAACCCAAGATTAG

E3R

GAAAGCACCTTGGGCATTAG

E1F2

ACTTGGACCTCCCCTTCATC

E3R

GAAAGCACCTTGGGCATTAG

E2F

GCTCTTTATTCCTCGTCCATTG

E3R

GAAAGCACCTTGGGCATTAG

E1F

CAAGCTCAAGTCCACCATGA

E2R

GCATGGCGTAGAGGAAGGT

E7F

GATGGTGCATCCGTCCAC

E10R

GAGAGCCCGAACATCAAGAG

Annealing
temp (°C)
60 - 50

65 - 55

65 -55

65 - 55

60 - 50

65 - 55

65 - 55

61

3.2.2.4
3.2.2.4.1

Sequencing of partial candidate genes for xanthophyll content
DNA gel extraction and purification

Genomic DNA was amplified using PCR conditions described in Section 3.2.3.3 and
Table 3.2 and products separated on a 1xTBE (0.9M Tris, 0.9M Boric acid, 25M
EDTA) buffered agarose gel.

Genomic DNA extraction from PCR products and

purification was done using the UltraClean™ 15 DNA Purification Kit (Mo Bio
Laboratories, Inc.) as per manufacturer’s recommendations. When required, the DNA
was extracted from an agarose gel by weighing the band slice in a 1.5mL tube. Half
volume of Ultra TBE Melt and 4.5 volumes of Ultra Salt were added and mixed well.
The DNA was incubated at 55°C for 5min to melt agarose gel. Five μL plus 1μL of
Ultra Bind per μg of DNA was added and incubated at 25°C for 5min and mixed several
times. The DNA was centrifuged for 5sec and supernatant was removed. The DNA
pellet was resuspended in 1mL of Ultra Wash by vortexing for 5-10sec and centrifuged
for 5sec and supernatant discarded. The DNA pellet was centrifuged again for 5sec to
remove all traces of Ultra Wash and then resuspended in water twice the volume of the
Ultra Bind added. The DNA was then incubated for 5min at 25°C and centrifuged for
1min after which the supernatant was transferred to a new 1.5mL tube.
3.2.2.4.2

Sequencing reaction, purification and analysis

Sequencing reactions were done based on purified PCR amplicons from genomic DNA.
Half reactions were prepared as 4μL Big Dye 3.1 (Applied Biosystems) dye terminator
mix, 3.2 pm/μL forward or reverse primer of selected primer sets described in Table 3.2
and 1-50ng DNA in a final volume of 10μL deionised water. The expected PCR
product sizes of 100-200bp and 200-500bp required 3ng and 10ng DNA, respectively.
The half reaction was mixed and centrifuged briefly. PCR primers (Table 3.2) used
were BJ305709_E1F2 and _E3R for RGGT-A, BE445261_E3F and _E5R for GGTIbeta, BE591408_E1F and _E2R and CD887154_E7F and E10R for LBC.

The

Touchdown PCR program used was 94°C for 2min; 25 cycles of 96°C for 10sec, (6555°C or 60-50°C) for 5sec, 60°C for 4min. The annealing temperature range was
described in Table 3.2.
Purification of sequencing reactions was done by preparing a 0.5mL tube with 25μL
100% ethanol, 1μL 3M Sodium acetate pH 5.2 and 1μL 125mM EDTA. The 10μL
sequence reaction was transferred to a 0.5mL tube, mixed and left on ice for 10min and
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centrifuged for 30min at 14,000rpm. The supernatant was discarded and the pellet was
rinsed in 125μL 80% ethanol and centrifuged for 5min at 14,000rpm. The remaining
supernatant was discarded and the pellet was vacuum dried for 15min. The DNA
sequencing was done on an Applied Biosystems Hitachi 3730 DNA Analyzer and
sequences analysed using BioEdit version 7.0.5.2 software.
3.2.3

Genetic map construction

A partial genetic map for the Westonia*2/Janz doubled haploid population was
constructed by targeting microsatellite markers that map to wheat chromosomes 3 and 7
based on previous studies (Pestsova et al. 2000; Röder et al. 1998) and evidence from
the bioinformatics results in Chapter 2.

Polymorphic microsatellite markers between

Westonia and Janz were chosen to provide coverage across wheat chromosomes 3 and
7. The microsatellite primers were derived from Röder et al. (1998), Pestsova et al.
(2000) and the Wheat Microsatellite Consortium (WMC, Agrogene).

PCR

amplification was performed by a standard thermal cycling profile. Separation of PCR
products was performed on 8% polyacrylamide gels in 1xTBE (0.9M Tris, 0.9M Boric
acid, 25M EDTA) buffer in a Bio-Rad Protean® II xi Cell.

PCR products were

visualised by ethidium bromide staining. Genotyping was done for 180 doubled haploid
lines.
3.2.3.1

Linkage analysis

The incomplete Westonia*2/Janz map had 32 markers in total which included nine and
nine SSR markers for linkage groups 3 and 7, respectively. The marker types were
Xgwm or Xbarc microsatellites. The linkage criteria used was a significance level of
P=0.0001 using the Kosambi map function (Kosambi 1944; Lander et al. 1987) to
convert recombination fractions to genetic distances.

Segregation patterns for

molecular marker data were scored and analysed in Map Manager QTXb17 (Manly et
al. 2001). The order of linked markers was confirmed using consensus genetic and bin
location maps. The minimum LOD score for linked markers was 3.5.
3.2.4
3.2.4.1

Phenotyping of quality traits in WA-adapted germplasm
Field trials, milling design and prediction modelling

Field trials of the Westonia*2/Janz DH population were grown at one site in 2002
(Wongan Hills) and two sites in 2003 (Wongan Hills and Merredin) for the phenotypic
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evaluation of flour colour b* and xanthophyll content in WA adapted germplasm. Each
field trial was unreplicated and designed as a rectangular array of rows and columns
with a diagonal grid of control varieties superimposed. The plot sizes were five metres
in length and 1.25 metres wide. The frequency of controls was 1:5, which was 20% of
the plots allocated to control varieties and the remainder were DH lines. Each trial
contained both parents of the population in replication. Random laboratory designs for
milling were produced by Dr K Stefanova (DAWA) using DIGGER software (Coombes
2002).

Grain samples from the field trials were milled in the laboratory using a

Quadrumat Junior Mill with a 4XX screen of 0.28mm aperture in accordance with the
provided design where partial duplication of DH lines was introduced. The amount of
duplication of DH lines for the Westonia*2/Janz trials were 48% (60 lines at 2002
Wongan Hills), 30% (45 lines at 2003 Wongan Hills), 45% (60 lines at 2003 Merredin).
Table 3.3 summarises the total number of samples that were milled which included
duplicated DH lines and the control varieties.
Table 3.3 Summary of Westonia*2/Janz doubled haploid population field trials in 2002 and 2003 at
Wongan Hills and Merredin, Western Australia.
Amount of duplication within each site
Variety

2002 Wongan Hills

2003 Wongan Hills

2003 Merredin

126

149

133

60 (48%)

45 (30%)

60 (45%)

Total # of DH lines

186

194

193

Brookton

12

14

11

Cadoux

1

1

1

Carnamah

2

1

1

Cranbrook

1

1

1

Cunderdin

1

1

1

Janz

10

12

9

Reeves

3

1

1

Spear

12

16

13

Stretton

-

2

1

Tincurrin

-

8

9

WAWHT2530

1

2

1

WAWHT2531

1

1

1

Westonia

9

12

10

Wyalkatchem

9

13

11

Total controls

62 (25%)

85 (30%)

71 (27%)

248

279

264

# of DH lines
# of DH lines duplicated

Total # of samples

Phenotypic data were obtained from a two-phase process; the DH lines were in grown
in field trials and then grain samples were processed in the laboratory. In order to
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accommodate the two-phase experiment, an extended linear mixed model (Smith et al.
2001) was used for the analysis of all field trials. The mixed model approach for the
analysis of field data (Gilmour et al. 1997) was extended to include potential variation
associated with the order in which the samples were milled within a day, and variation
from day to day. The data were adjusted to the prediction model using ASREML
(Gilmour et al. 1999) and the SAMM function of SPlus (Butler and Gilmour 2001).
The model and predicted phenotypic data were kindly provided by Dr K Stefanova
(DAWA).
3.2.4.2

Milling

Grain samples of 20g collected from field trials for each doubled haploid line, including
duplicates, and control variety were conditioned to 13% moisture content prior to
milling to soften the outer layer of the grain and assist in separation of the bran from
flour. Initially, a representative sample was ground and measured by conductivity for
moisture content using a Moisture Meter TF933C (Marconi Instruments Ltd).

The

moisture content of the representative sample was used to calculate the amount of water
required to condition the grain to 13% moisture content. Water was added to the 20g
grain samples and left overnight at 25°C. The milling was done on a Quadrumat Junior
Mill and milling yield was recorded for each sample. A control mill sample with an
expected yield was milled after every tenth field sample to ensure the milling process
was consistent.
3.2.4.3 Flour colour evaluation
Flour samples were measured for colour using a Minolta CR-400 Chroma meter which
was calibrated before each group of samples using a standard flour control sample.
Flour colour was evaluated using International Commission on Illumination (CIE) L*
a* b* (CIELAB) colour space parameters (Oliver et al. 1992). Data generated from
measurement of b* (yellowness) was evaluated in this project.
3.2.4.4

Xanthophyll content assay

The assay of xanthophyll content was as described in Mares and Campbell (2001) with
a few modifications. Xanthophyll content was measured by adding 3g milled flour and
15mL methanol (analytical grade) in a 50mL centrifuge tube. Samples were gently
shaken for 30min. A 1.5mL aliquot was added to a 1.5mL tube and centrifuged for
10min at 14,000rpm and then filtered through a 0.2μm syringe filter. Samples were
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placed in a water bath at 37°C for 10min. Absorbance was read at 436nm on a Perkin
Elmer Lambda 25 UV/VIS Spectrometer using methanol as blank. Thirty extractions
were done at a time which included four control samples ranging from low to high
xanthophyll content. The control samples were duplicated varieties Sunco and Camm
with the 2002 trials and Blanco and Mira with the 2003 trials. The control samples
were different for each year due to the volume of flour available and were used to check
the extraction assay and spectrometer absorbance readings.
3.2.5

Major component of xanthophylls: lutein and lutein esters

The chemical composition of the xanthophyll extraction was characterised in
collaboration with Dr R Trengove, Murdoch University. The determination of β–
carotene and lutein standards was by high-performance liquid chromatography (HPLC)
using a Hewlett Packard Series 1100 Model and following the method used in
Edelenbos et al. (2001) with 5-10μL injections and measuring absorbance at 440nm.
The column used was a Zorbax C18 (Agilent) reverse phase column. The β–carotene
and lutein standards were purchased from Sigma-Auldrich.
Xanthophyll extracts were examined for chemical composition by saponification to
determine presence of lutein and lutein esters by HPLC. A 7mL volume of xanthophyll
extract was added to 10mL of 50% KOH in 80% methanol, vortexed for 2min,
centrifuged for 5min at 13,000g, supernatant set aside. Pellet was ground in 10mL of
50% KOH in 100% methanol, vortexed for 2min, centrifuged for 5min at 13,000g,
supernatant set aside. Both supernatants were combined and incubated at 37°C for 4
hours. After incubation, 20mL diethyl ether and 20mL water were added. The sample
was mixed and centrifuged and the upper layer was set aside. The upper phase was
washed with 20mL water, mixed, centrifuged and upper phase retrieved. The wash
process was repeated twice again. The upper phase was dried down (eg. under argon
flow) and then resuspended in 200μL ethyl acetate and 20μL was used for HPLC
injection.
The xanthophylls represent a broad group of coloured molecules in the grain (and leaf)
as shown in Figure 3.1 using non-saponified and saponified samples for HPLC. The
saponified HPLC analyses were kindly carried out by Dr R Trengove (Murdoch
University) following procedures described in Larsen and Christensen (2005). The
analysis in Figure 3.1a is of xanthophyll extracted from Blanco flour (Mira results were
the same; data not shown) and shows the lutein and β–carotene retention peaks
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(identified by running standards purchased from Sigma; data not shown) within the
analysis. Saponification of the extract (Larsen and Christensen 2005) showed that most
of the peaks in the analysis were esters of lutein (Fig3.1b), as expected from Larsen and
Christensen (2005). The analysis verified that the variation in OD440 measured in this
thesis is primarily due to variation in a single molecule, namely lutein.

a.
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Fig. 3.1 HPLC analysis of xanthophylls extracted from flour of Blanco, non-saponified (a.) and
saponified (b.) Saponification showed that Lutein was the major component of xanthophylls. The
retention peaks of Lutein and β–carotene are indicated by arrows.

3.2.6

QTL analysis

QTL analysis was done on the phenotypic predicted data of b* and xanthophyll content.
The predictions were obtained by using an extended mixed linear model described in
Section 3.2.2. The model accounted for both the spatial variation in the field and the
laboratory variation. Prediction of the b* and xanthophyll content data was kindly
provided by Dr K Stefanova (DAWA) to reduce variation due to lab or spatial error.
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The associations between marker and trait data were analysed by marker regression in
QTL Cartographer version 2.5 (Wang S et al. 2005a). Permutations tests with 1,000
reiterations were performed to determine the LOD threshold values for significant
(P<0.05) and highly significant (P<0.001) QTL results.
3.2.7

Statistical analysis

The standard errors (SE) were used for pair-wise comparison of means of parental lines
for b* and xanthophyll content. The linear correlation between two variables (b* and
xanthophyll content, b* across sites, xanthophyll content across sites) was investigated
using Pearson’s correlation coefficient, r. A positive correlation was expected between
b* and xanthophyll content therefore a one-tailed test was used. Pearson’s correlation
coefficient was calculated using the population size (n) and degrees of freedom (df = n2). The critical value of r at level of significance P>=0.0005 was 0.321 for 100 df. The
calculated r values greater than 0.321, indicated a significant correlation between two
variables.
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3.3 Results
3.3.1

Wheat EST alignments to selected rice genes for xanthophyll content

The first step in the development of EST-based genetic markers for detecting variation
in b* and xanthophyll content was to identify unmapped wheat ESTs with highest
similarity to the rice genes RGGT-A, GGT-Ibeta, LEC and LBC. The wheat ESTs that
aligned over an exon-intron junction and with significant homology were determined
from TBLASTX searches and are summarised in Table 3.4 and Figure 3.2. The level of
homology between a wheat EST and a portion of a rice gene was greater than 1e-35 with
at least 50% amino acid sequence identity for no less than half the EST length.
Although a TBLASTX search indicated that a small portion of LEC aligned with wheat
EST BE590522 (480 bp, e-value 9e-09, and 89% identical in 28 amino acids) the level of
homology was not significant because the e-value was less than the criteria of e-35 and
half the total length of the EST. The results indicate that BE590522 is incorrectly
reported in the GenBank database as weakly similar to rice LEC. Consequently, the
likelihood of the EST being a potential orthologue of LEC was rare and more likely
represented diverged forms of LEC-related sequences. Therefore, the focus of this
chapter was further narrowed to three candidate genes: RGGT-A, GGT-Ibeta and LBC.
The majority of wheat ESTs aligned to portions of rice genes containing introns. The
ESTs were from a number of cDNA libraries with tissue types ranging from root, leaf,
spikelet to grain, and details of the homology with rice genes are summarised in Table
3.4. Based on their level of homology to rice genes (Table 3.4) and their alignment with
exon-intron junctions in RGGT-A and GGT-Ibeta (Fig. 3.2), these ESTs were chosen
for the design of EST-based molecular markers for xanthophyll content. The level of
homology between the selected rice genes and wheat ESTs is shown in the predicted
protein sequence alignments in Figures 3.3 to 3.7.
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Table 3.4 Details of wheat ESTs that aligned to portions of selected rice genes and their level of
homology from TBLASTX results. Significance of homology was determined at the cut-off of e-value <1e35
and 50% amino acid identity over half the EST length.
Gene

EST
GenBank
Accession

TBLASTX
Amino acid
identity

Name

Portion

RGGT-A

exons 1-3

BJ305709

617 bp

Chinese Spring cDNA library of
spikelet tissue at late flowering
stage

2e-71

92/113 (81%)

GGT-Ibeta

exons 2-6

BE445261

300 bp

normalized cDNA library of
Chinese Spring root tissue from an
etiolated seedling

4e-46

74/99 (75%)

exon 1

CA637200

708 bp

normalized wle1n cDNA library of
leaf tissue from a 7-day old
etiolated seedling

2e-114

140/165 (85%)

exon 1

BE591408

473 bp

Chinese Spring cDNA library of
flag leaf harvested from plants that
were heat stressed and at full
tillering stage of development

1e-83

119/140 (85%)
11/15 (73%)

exon 1

CD887154

561 bp

grain heat stressed (118° per day
after pollination)

1e-92

94/115 (82%)
52/56 (92%)

LBC

Length

cDNA library

e-value

Exon 1
RGGT-A
: SRQAIFKDTTLQ----------LREKNLLFRFFKLVQAHIAASAAGAAAAGEGEASGRLPDEDLDL :
BJ305709 : SRQAIFMDSTHRSKEKLNLRDNLKEKTLLFRFFKLVQSHIAASSSGD-KDGEGEASGKISEEDLDL :

56
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Exon 1
|
Exon 2
| Exon 3
RGGT-A
: PFVEFLKRQNLSPKMRAVVLYAIAMADYDQDGVESCERLLTTREGVKTIALYSSSIGRFANAEGAF : 122
BJ305709 : PFIEFLKKQQLQPKIRAVVLYAIAMADYDQDAADSCEKLLTTRDGIKTLALYSSSIGRFANAQGAF : 131
Exon 3
| Exon 4
RGGT-A
: IYPMYGHGELPQAFCRCAAVKGALY : 147
BJ305709 : IYPMYGHGELPQAFCRFAAVKGALY : 156

Fig. 3.3 Predicted protein sequence alignment of a portion of rice RGGT-A (AP001073) to portion of
wheat EST (BJ305709) with 81% identity in 113 amino acid residues. Black shading denotes residues
that are conserved between rice and wheat. Dashed lines indicate gaps in sequence alignment. The first
amino acid of an exon is denoted by vertical dashed black line and the exon number is shown to the right
of the line. Number of amino acids per line is indicated on the right side of figure.

Exon 3
|
Exon 4
|
Exon 5
GGT-Ibeta : ILSFQVHPKTDNELDNGQFYGFCGSRTTQFPSTNMKDPCHNGSHLASTYSALAILKIVGY :
BE445261 : VLSFQVHP*ANVNLYNGQFYGFCGSRTTKFPSNLVKDPCHNGSHLASTYSALATLKIVCF :
Exon 5
|
Exon 6
GGT-Ibeta : DLANIDNKVLLSSMRNLQQPDGSFMPTHIGAETDLRFVY :
BE445261 : DVLNLDSEVLLLSMKKLPRPDGSFMPTHIGAETDLRFVY :

60
59

99
98

Fig. 3.4 Protein sequence alignment of rice GGT-Ibeta (AP002522) exons 3-6 and wheat EST
(BE445261) showing 75% identity in 99 residues. Black shading denotes residues that are conserved
between rice and wheat. Dashed lines indicate gaps in sequence alignment. Symbol * indicates stop
codon. The first amino acid of an exon is denoted by vertical dashed black line and the exon number is
shown to the right of the line. Number of amino acids is indicated on the right side of figure.
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LBC
CA637200

: WPNNYGVWVDEFDAMGLSHCLDAVWPSATVFTHDDGAAKSLHRPYARVARRKLKSTMMDR :
: WPNNYGVWVDEFEAMGLSDCLDTVWPSASVF??DDHTSKSLHRPYARVARRKLKSTMMDR :

60
58

LBC
CA637200

: CVAHGVT?PQGQGRQGRPRRGILPPHLRRRRRRPGHRRARRHGVLPVPRPVRQAVRPGVP : 119
: CIAHGV?LPPGQGRQGGPQRGILPPHLRRRRRHPGHRRPGRHRLLPLPRAVRQALQPGLP : 117

LBC
CA637200

: GRLWHPRRGGRTPVRHRQDAVHGLARRAPPRGVRDQGAQPPHPDVPLRHALLPDEDLPRG : 179
: GRLRHPRRGRRAPLRHRQDALHGLARLPPPRGVRDQGPEQPRAHLPLRHALLAHQDLPRG : 177

LBC
CA637200

: DLPRGAPGPRHGRHPGAH?RRGCATSGY?VRAVEEDERCVIPMGGPL?GAPAAGRRHRRH : 236
: DVAGRAPGALHGRHPQLHGRH?HNSM??DIHNSMDD????NSMDD??H???--?GRHPQL : 222

LBC
CA637200

: RRDGAPVHGLHGGAHPRHCAHRGGRHRALPRHRQRRQRVRRRRAVGGGVEGAVAGAEEEA : 296
: H?D??S------------------------------------------------------ : 225

Fig. 3.5 Protein sequence alignment of rice LBC (AP005849) and wheat EST (CA637200) showing 85%
identity in 165 residues. Black shading denotes residues that are conserved between rice and wheat.
Dashed lines indicate gaps in sequence alignment. Symbol ? indicates untranslated codon. The first
amino acid of an exon is denoted by vertical dashed black line and the exon number is shown to the right
of the line. Number of amino acids is indicated on the right side of figure.

LBC
: FDAMGLSHCLDAVWPSATVFTHDDGAAKSLHRPYARVARRKLKSTMMDRCVAHGVT?PQGQ :
BE591408 : FGT??--?CLDTVWPSASVF??DDHTSKSLHRPYARVARRKLKSTMMDRCIAHGV?LPPGQ :

60
53

LBC
: GRQGRPRRGILPPHLRRRRRRPGHRRARRHGVLPVPRPVRQAVRPGVPGRLWHPRRGGRTP : 121
BE591408 : GRQGGPQRGILPPHLRRRRRHPGHRRPGRHRLLPLPRAVRQALQPGLPGRLRHPRRGRRAP : 114

LBC
: VRHRQDAVHGLARR?TSPRGPRSGSATAASRRSSTPCPS?P : 160
BE591408 : LRHRQDALHGLARLPTS?RGPRSRTGTAACPPSSTPCPSRP : 154

Fig. 3.6 Protein sequence alignment of rice LBC (AP005849) and wheat EST (BE591408) showing 85%
identity in 140 residues. Black shading denotes residues that are conserved between rice and wheat.
Dashed lines indicate gaps in sequence alignment. Symbol ? indicates untranslated codon. The first
amino acid of an exon is denoted by vertical dashed black line and the exon number is shown to the right
of the line. Number of amino acids is indicated on the right side of figure.

LBC
: RCVIPMGGPLPVLPQRVVGIGGTAGMVHPSTGYMVARTLATAPIVADAIVRFLDTGSGDS :
CD887154 : PRV?AMGGPLPVLPQRVVGIGGTAGMVHPSTGYMVARTLATAPIVADSIVRFLDTGNGG? :

60
58

LBC
: AFAGDALSAEVWRELWPAQRRRQREFFCFGMDILLKLDLDGTRRFFDAFFDLEPRYWHGF : 120
CD887154 : -?AGDALAAEVWKELWPTDRRRQREFFCFGMDVLLKLDLQGTRRFFNAFFDLEPHYWHGF : 116

LBC
: LSSRLFLPELAMFGLSLFAKASNTSRLEIMAKGTAPLAKMIGNLIQDRDR*--------- : 170
CD887154 : LSSRLLLPELLMFGLSLFAHASNTSKLEIMAKGTLPLAKMVGNLIQDKDR*--------- : 166

Fig. 3.7 Protein sequence alignment of rice LBC (AP005849) and wheat EST (CD887154) showing 82%
identity in 115 residues. Black shading denotes residues that are conserved between rice and wheat.
Dashed lines indicate gaps in sequence alignment. Symbol ? indicates untranslated codon, * indicates
stop codon. The first amino acid of an exon is denoted by vertical dashed black line and the exon number
is shown to the right of the line. Number of amino acids is indicated on the right side of figure.
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3.3.2

Confirmation of wheat orthologues, chromosome location and detection of
sequence variation between cultivars

3.3.2.1 Deletion mapping of BJ305709 and confirmation of orthology to rice RGGT-A
The chromosomal locations of potential molecular markers for xanthophyll content
were physically mapped using Chinese Spring nullisomic-tetrasomic lines for groups 3
and 7.

Wheat EST BJ305709 that aligned to rice RGGT-A amplified two bands of

approximately 550bp and 450bp in length using the primer sequences E1F and E3R
detailed in Table 3.1. The 550bp band was assigned to chromosome 3B whereas the
450 bp band was present in all nullisomic-tetrasomic lines which indicated two or more
copies of RGGT-A in the wheat genome (Fig. 3.8a). The 550bp band amplified in all
deletion lines for the distal regions on the short and long arms of 3B (Fig. 3.8b) and
therefore RGGT-A was determined to be located in the centromere region. RGGT-A is
predicted to be located within the proximal chromosomal bins of C-3BS1-0.33, C3BL2-0.22 or 3BL2-0.22-0.55 or the centromeric bin of C-C3B. The other primer
sequences designed to amplify portions representing BJ305709 (Table 3.1) were not
assigned to a physical location within the wheat genome because multiple bands were
amplified.
The primer sequences E1F2 and E3R designed from wheat EST BJ305709 amplified a
single band of approximately 500bp and were therefore used to sequence the putative
wheat orthologue of rice RGGT-A in Chinese Spring, Sunco, Tasman, Westonia and
Janz. Amplification and sequencing of genomic regions and alignment with wheat EST
BJ305709 provided the necessary information to compare intron-exon structure with its
rice counterpart and to confirm gene orthology. The nucleotide sequence alignment of
Chinese Spring and BJ305709 indicated that two intron sequences of 81bp and 187bp in
length separated by an exon 124bp long were detected (Fig. 3.9). The two introns and
exon sequence matched the corresponding portion of the rice gene to which BJ305709
aligned (Fig. 3.10) indicating that BJ305709 represents a partial wheat orthologue of
rice RGGT-A. Interestingly, sequence analysis also identified genome specific single
nucleotide polymorphisms (SNPs) in cultivar Chinese Spring. Further analysis in the
varieties Sunco, Tasman, Westonia and Janz confirmed that the double peaks within the
sequence represented two haplotypes of RGGT-A in the wheat genome (Fig. 3.10).
Genome specific SNPs were detected within the intron 1-2 sequence and within the
sequence of exon 2. The genome specific SNP in exon 2 distinguishing haplotypes was
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a nucleotide change of guanine or cytosine in the codons of ATG or ATC translating
into Methionine and Isoleucine in each haplotype (Fig. 3.10).

Fig 3.8 Physical mapping of wheat RGGT-A (intron 1-2, exon 2, intron 2-3) to the centromeric
region of chromosome 3B. (a.) Amplification in cultivasr Chinese Spring, Sunco and Tasman and
Chinese Spring nullisomic-tetrasomic lines using BJ305709 E1F-E3R. (b.) Deletion mapping to the
proximal bins of the short and long arms of 3B. The physical location is denoted on the right side of
the 3B karyotype.
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Fig. 3.9 Nucleotide sequence alignment of RGGT-A in wheat cultivar Chinese Spring and wheat
EST (BJ305709). The alignment with the EST confirmed orthology to rice RGGT-A and provided a
portion of the gene structure. The intron sequences in Chinese Spring are underlined. Black box
denotes primer sequences for E1F2 and E3R.
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3.3.2.2 Deletion mapping of BE445261 and confirmation of orthology to rice GGTIbeta
The primer combination of E3F and E5R designed from wheat EST BE445261
amplified two genomic wheat bands with predicted sizes of approximately 350bp and
450bp, indicating at least two copies in the wheat genome. The 450bp band was absent
in the nullisomic-tetrasomic line of N3B-T3A which indicated that one copy of GGTIbeta was located on chromosome 3B (Fig. 3.11a). The 350bp band was absent in the
nullisomic-tetrasomic line of N3D-T3A and therefore the second copy of GGT-Ibeta
was assigned to chromosome 3D (Fig. 3.11a). GGT-Ibeta on 3B was assigned by
deletion mapping to the chromosomal bins of C-3BS1-0.33 and 3BS1-0.33-0.57 (Figure
3.11b). GGT-Ibeta on 3D was mapped to the distal bin of 3DS-6 (Figure 3.11c). Both
copies of GGT-Ibeta were mapped to the interstitial region of the short arm of
chromosome 3B and the distal region of the short arm of chromosome 3D.
Two putative partial orthologues of rice GGT-Ibeta were amplified using primer
sequences E3F and E5R designed from BE445261 and sequenced in Chinese Spring,
Sunco, Tasman, Westonia and Janz. The two partial sequences of 422bp and 336bp
represented GGT-Ibeta on 3BS and 3DS, respectively. The genomic sequence of 422bp
from Westonia aligned with BE445261 indicated two introns of 184bp and 103bp in
length separated by an exon of 59bp in length (Fig. 3.12). The two introns and exon
sequence corresponded to a portion of the rice GGT-Ibeta gene (Fig. 3.13) and
confirmed BE445261 as a partial wheat orthologue of rice GGT-Ibeta.

The 3DS

genomic sequence from Janz of 336bp aligned with BE445261 indicated two introns of
80bp and 113bp separated by an exon of 59bp (Fig. 3.13). In comparison to the
Westonia sequence of GGT-Ibeta on 3BS, a 22bp insertion/deletion (indel) and 83bp
indel were identified in intron 3-4 (Fig. 3.12). Also, a 9bp indel and three single bp
indels were found in intron 4-5 (Fig. 3.12).

74

Fig. 3.11 Physical mapping of GGT-Ibeta using primers E3F-E5R designed from wheat EST BE445261.
(a.) Two copies of GGT-Ibeta were amplified and mapped to 3B and 3D in the nullsomic-tetrasomic
lines. (b.) The 3B copy of GGT-Ibeta was assigned to the distal region of the short arm in the bins. (c.)
The second copy of GGT-Ibeta on 3D was deletion mapped to the distal bin of 3DS. The physical
location of the gene is shown to the right of the karotypes for chromosomes 3B and 3D.
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Westonia (3BS)
Janz (3DS)
BE445261

Westonia (3BS)
Janz (3DS)
BE445261

Westonia (3BS)
Janz (3DS)
BE445261

Westonia (3BS)
Janz (3DS)
BE445261

Westonia (3BS)
Janz (3DS)
BE445261
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20
30
40
50
60
70
80
90
100
....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|
GGTTCTGTCGTTTCAAGTACACCCTGAGGCAAACGACGACTTAGACAATGGTAAGGTTTCTCCATTACTTATGTAAGAAGATTCTTCTGATGGATATAAT
GGTTCTGTCGTTTCAAGTACACCCTGAGGAAAACGACGTCTTAGATAATGGTAAGC~~~~~~~~~~~~~~~~~~~~~~AGACTCTTCTGATGTATATAAT
GGTTCTGTCGTTTCAAGTACACCCTTGAGCAAACGTCAACTTATACAATGG~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
Exon 3
Intron 3-4
110
120
130
140
150
160
170
180
190
200
....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|
TCATATTTCTAGATGCAATATGTTTGTTACTCCCTCCGTAAACTAATATAAGAGCGTTTAGATCACTATTTTAGTGATCTAAACGCTCTTATATTAATTT
TCGTATTTCTAGATGCAATATGTTTATTAC~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
210
220
230
240
250
260
270
280
290
300
....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|
ACAGAGGGAGTAAATAACAGTTCACTCATTTGTAGGGCAATTTTATGGATTCTGTGGCTCTAGAACAACTAAGTTCCCCTCAAATTTGGTGAAGGTATGG
~~~~~~~~~~~~~ATAACAGTTCACTCATTTGCAGGGCAATTTTATGGATTCTGTGGCTCTAGAACAACCAAATTTCCCTCAAATTTGGTGAAGGTATGT
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~GCAATTTTATGGATTCTGTGGCTCTAGAACAACTAAGTTTCCCTCAAATTTGGTGAAGG~~~~~
Exon 4
Intron 4-5
310
320
330
340
350
360
370
380
390
400
....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|
GTGATTAATGCTTAACTCAACCTTTTCTCGT~~~~~~~~~CCACATTTTT~GCCATTC~ATTTATTTATTTGTGATAGTTCCATATACTGACATGTGCTC
GTGATTAATGCTTGACTCAACCTTTTCTCGTCATATAAGTCCACATTTTTTGCCATTTTATTTATTTGTT~GTGACAGTTCCATATACTGACCTGTGCTC
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
410
420
430
440
....|....|....|....|....|....|....|....|..
TGTTTCAGGACCCTTGTCATAATGGTAGTCATCTAGCAAGCA
TGTTTCAGGACCCTTGTCATAATGGTAGTCATCTAGCAAGCA
~~~~~~~~~ACCCTTGTCATAATGGTAGTCATCTAGCAAGCA
Exon 5

Fig. 3.12 Nucleotide sequence alignment of wheat EST BE445261 and GGT-Ibeta in cultivars Westonia
(chromosome 3BS) and Janz (chromosome 3DS). The alignment with the EST confirmed orthology to a
portion of the rice GGT-Ibeta gene. The intron sequences in Westonia and Janz are underlined. The
beginning of each exon and intron is denoted. Black boxes denote complete primer sequences for E3F
and E5R.

Fig 3.13 Sequencing of wheat GGT-Ibeta (intron 3-4, exon 4, intron 4-5) from BE445261 E3F-E5R
in cultivars Westonia and Janz. The gene structure of rice GGT-Ibeta is shown at the top of the
figure and below is EST BE445261. Comparison of translated protein sequences of rice, Westonia,
Janz and BE445261 indicate sequence differences (underlined).
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3.3.2.3 Deletion mapping of BE591408 and CD887154, and confirmation of orthology
to rice LBC
The primers E7F and E10R designed from wheat EST CD887154 amplified a band of
approximately 350 bp in all of the nullisomic-tetrasomic lines which indicated that at
least two copies of the putative gene orthologue of LBC exist in the wheat genome (Fig.
3.14). Therefore, the chromosomal location of LBC in wheat could not be assigned by
nullisomic-tetrasomic fragment analysis. Similarly, EST BE591408 aligned to rice LBC
also could not be assigned to a chromosomal location. Primers designed for EST
CA637200 were not successful in amplification and therefore this EST was not further
considered because BE591408 aligned over the same region.

Fig. 3.14 Analysis of wheat LBC using a series of Chinese Spring nullisomic-tetrasomic lines.
Amplification of approximately 350 bp partial sequence of exon 2 in cultivar Chinese Spring and
varieties Sunco and Tasman and Chinese Spring nullisomic-tetrasomic lines using CD887154 E7FE10R. The 350 bp band is present in all lines indicating two or more copies of LBC in wheat.

Two portions of the wheat LBC were sequenced from Chinese Spring using the primer
combinations of BE591408 E1F-E2R and CD887154 E7F-E10R. These were expected
to amplify portions of a wheat orthologue similar to the intronless rice LBC. A partial
sequence of 368 bp was obtained using the wheat EST BE591408 and the nucleotide
alignments confirmed BE591408 as an orthologue of a portion of rice LBC (Figs. 3.15).
The nucleotide alignment of the genomic sequence of 328 bp from Chinese Spring with
EST CD887154 indicated that the EST was an orthologue of rice LBC (Fig 3.16).
Sequence analysis of the orthologue using CD887154 identified two genome specific
single nucleotide polymorphisms (SNPs) in cultivar Chinese Spring (Fig. 3.17). Further
analysis in the varieties Sunco, Tasman, Westonia and Janz confirmed the presence of
both genome-specific SNPs within the sequence which indicated two copies of LBC in
the wheat genome (Fig. 3.17).
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Chinese Spring
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....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|
CAAGCTCAAGTCCACCATGATGGACCGCTGCATCGCCCACGGCGTCCGCTTCCACCAGGCCAAGGTCGCCAAGGTGGTCCACAACGAGGCCTCCTCCCTC
CAAGCTCAAGTCCACCATGATGGACCGCTGCATCGCCCACGGCGTCCGCTTCCACCAGGCCAAGGTCGCCAAGGTGGTCCACAACGAGGCATCCTCCCTC

Chinese Spring
BE591408

110
120
130
140
150
160
170
180
190
200
....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|
CTCATCTGCGACGACGGCGTCGCCGTCCCGGCCACCGTCGTCCTGGACGCCACCGGCTTCTCCCGCTGCCTCGTGCAGTACGACAAGCCCTACAACCCGG
CTCATCTGCGACGACGGCGTCGCCATCCCGGCCACCGTCGTCCTGGACGCCACCGGCTTCTCCCGCTGCCTCGTGCAGTACGACAAGCCCTACAACCCGG

Chinese Spring
BE591408

210
220
230
240
250
260
270
280
290
300
....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|
GATACCAGGTCGCCTACGGCATCCTCGCCGAGGTCGACGAGCACCCCTTCGACATCGACAAGATGCTCTTCATGGACTGGCGCGACTCCCACCTCCCCGA
GCTACCAGGTCGCCTACGGCATCCTCGCCGAGGTCGACGAGCACCCCTTCGACATCGACAAGATGCTCTTCATGGACTGGCGCGACTCCCCACCTCCCGA

Chinese Spring
BE591408

310
320
330
340
350
....|....|....|....|....|....|....|....|....|....|....|..
GGGGTCCGCGATCAAGGANCGGAACAGCCGCGTGCCCACCTTCCTCTACGCCATG
GGGGTCCGCGATCAAGGACCGGAACAGCCGCGTGCCCACCTTCCTCTACGCCATGC

Fig. 3.15 Nucleotide sequence alignment of wheat EST BE591408 and LBC in cultivar Chinese
Spring. The alignment with the EST confirmed orthology to rice LBC exon 2. Black boxes denote
primer sequences of E1F and E2R.
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....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|
Chinese Spring -GATGGTGCATCCGTCCACAGGGTACATGGTGGCGCGCACATTGGCGACCGCGCCCATCGTGGCAGACTCCATTGTGCGGTTTCTAGACACTGGAAANGG
CD887154
GGATGGTGCATCCGTCCACAGGGTACATGGTGGCGCGCACATTGGCGACCGCGCCCATCGTGGCAGACTCCATTGTGCGGTTTCTAGACACTGGAAATGG
110
120
130
140
150
160
170
180
190
200
....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|
Chinese Spring TGGCATCGCCGGGGACGCGCTCGCCGCCGAGGTGTGGAAGGAGCTGTGGCCGACGGACAGGCGGCGGCAGAGGGAATTCTTCTGCTTCGGCATGGACGTC
CD887154
TGGCATCGCCGGGGACGCGCTCGCCGCCGAGGTGTGGAAGGAGCTGTGGCCGACGGACAGGCGGCGGCAGAGGGAATTCTTCTGCTTCGGCATGGACGTC
210
220
230
240
250
260
270
280
290
300
....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|
Chinese Spring CTGCTCAAGCTGGACCTCCAAGGTACACGACGCTTCTTCAACGCATTCTTCGACCTCGAGCCGCACTACTGGCACGGCTTCCTCTCGTCGAGGCTGCTCC
CD887154
CTGCTCAAGCTGGACCTCCAAGGTACACGACGCTTCTTCAACGCATTCTTCGACCTCGAGCCGCACTACTGGCACGGCTTCCTCTCGTCGAGGCTGCTCC
310
320
....|....|....|....|....|....
Chinese Spring TGCCTGAGCTCTTGATGTNCGGGCTCTCA
CD887154
TGCCTGAGCTCTTGATGTTCGGGCTCTCG

Fig. 3.16 Nucleotide sequence alignment of wheat EST CD887154 and LBC in cultivar Chinese
Spring. The alignment with the EST confirmed orthology to rice LBC and provided a portion of the
gene structure. Black boxes denote primer sequences of E7F and E10R.
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3.3.3

Identification of polymorphisms between Australian wheat varieties

It is evident from sequencing that there are at least four wheat ESTs that represent
partial orthologues of RGGT-A, GGT-Ibeta and LBC. The LEC gene was not further
considered because the wheat orthologue was not identified. Sequences were examined
for polymorphisms such as insertions, deletions and single nucleotide polymorphisms
for the development of a new EST-based molecular marker class for regions in the
wheat genome controlling variation in xanthophyll content. Sequence analysis of the
RGGT-A orthologue (BJ305709) and LBC orthologues (BE591408 and CD887154)
from cultivars Chinese Spring, Sunco, Tasman, Westonia and Janz did not identify any
SNPs or insertional deletions for these two genes. Therefore, it was not possible to
develop molecular markers for the ESTs BJ305709, BE591408 and CD887154.
The wheat orthologue BE445261 of the rice GGT-Ibeta gene was previously mapped to
chromosomes 3BS and 3DS.

Sequence analysis of the GGT-Ibeta orthologue

confirmed that both copies were present in Chinese Spring, Sunco and Tasman. Further
analysis in Westonia and Janz determined that the 3BS copy of GGT-Ibeta was present
in both varieties. However, the 3DS band was absent in Westonia indicating sequence
variation in the region where primers annealed (Fig. 3.18a). The absence of the 3DS
band in Westonia and its presence in Janz has enabled the development of a dominant
marker derived from an EST with similarity to the rice GGT-Ibeta gene. The primers to
BE445261 can be used as markers for segregation analysis in populations derived from
Westonia and either Sunco, Tasman or Janz (Fig. 3.18b) for single marker regression
analysis of flour colour (b*) and xanthophyll content.

79

3.3.4

Flour colour and xanthophyll content in groups 3 and 7 of Westonia*2/Janz
doubled haploid population

To validate the BE445261 molecular marker of GGT-Ibeta for associations with b* and
xanthophyll content, a doubled haploid population derived from Westonia and Janz was
analysed. Based on the polymorphism identified between Westonia and Janz, a doubled
haploid population derived from these varieties was expected to rapidly test for the
association of BE445261 with major colour variation.

Due to b* QTLs on

chromosomes 3A and 7A (Parker et al. 1998), and the co-location of QTLs for b* and
xanthophyll content on 3B and 7A (Mares and Campbell 2001) an extensive framework
genetic map of the Westonia*2/Janz doubled haploid population was not considered for
the rapid detection of associations for the EST-based molecular marker class. Screening
parents for polymorphic markers identified 21 markers on homoeologous group 3 and
13 on homoeologous group 7 chromosomes. Nine of the polymorphic markers on
group 3 chromosomes and nine on group 7 were genotyped across individuals of the
population. The polymorphic markers for groups 3 and 7 of the Westonia*2/Janz
population are shown in Fig. 3.19.

A total of 133 markers were identified as

polymorphic across the genome.
3.3.4.1 Phenotypic analysis of b* and xanthophyll content in Westonia*2/Janz doubled
haploid population
The b* and xanthophyll content phenotype distribution of the Westonia*2/Janz doubled
haploid population at all sites is shown in Figure 3.20. The distribution at all sites
showed that the phenotype of some doubled haploid lines was beyond that of their
parents, Westonia and Janz, indicating transgressive segregation of the Westonia*2/Janz
doubled haploid population of both b* and xanthophyll content (Fig. 3.20). A number
of lines had b* and xanthophyll values less than Janz, indicating they were not as
yellow as Janz whereas lines which were greater in b* and xanthophyll content than
Westonia indicated increased yellowness (Fig. 3.20). Analysis of b* and xanthophyll
content of the parents indicated a difference between Westonia and Janz for these traits
(Table 3.5).
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Table 3.5 The b* and xanthophyll content in Westonia and Janz indicated a difference between the
parents of the Westonia*2/Janz doubled haploid population at each field site. SE denotes standard error.
Flour colour b*

Xanthophyll content 436nm

Field site
Westonia

Janz

SE

Westonia

Janz

SE

2002 Wongan Hills

12.30

9.62

0.3852

0.0953

0.0628

0.0065

2003 Wongan Hills

11.36

8.96

0.3796

0.0829

0.0635

0.0090

2003 Merredin

12.34

9.62

0.4576

0.0989

0.0631

0.0065

In general, a high positive correlation was observed between b* at each site, between
xanthophyll content at each site and between b* and xanthophyll content at each site for
the Westonia*2/Janz DH population (Table 3.6).

The correlation between b* and

xanthophyll content ranged from 0.7561 to 0.8782 at different environments. The
correlation of b* between different environments varied from 0.6065 to 0.8132.
Similarly, the correlation of xanthophyll content between different environments also
varied from 0.5759 to 0.7481.

The lower ranges for individual traits at different

environments reflect and confirm mainly the effect of the environment on the
population’s performance. The range of correlation for b* at different environments
was higher than that of xanthophyll content at different environments which possibly
indicate that b* is influenced by factors other than xanthophyll accumulation or the
genetic control of xanthophyll content is more sensitive to the environment.
Table 3.6 Pearson’s correlation coefficient, r, for phenotypic values of b* and xanthophyll content. All
values were significantly correlated and greater than zero (P<0.0005). Correlations between b* and
xanthophyll content are shown in bold.
2002 Wongan Hills

b*
2002 Wongan Hills
xanth
b*
2003 Wongan Hills
xanth

2003 Wongan Hills

2003 Merredin

b*

xanth

b*

xanth

b*

xanth

-

0.8364

0.6101

-

0.6065

-

-

-

0.5759

-

0.6592

-

0.7561

0.8132

-

-

-

0.7481

-

0.8782

b*
2003 Merredin
xanth

-

There was a difference observed between the correlations of xanthophyll content at
different sites and the correlations of b* at different sites. The xanthophyll correlation
between 2002 and 2003 Wongan Hills sites was 5.6% less than b* and likewise 8.0%
less between the 2003 Wongan Hills and Merredin sites.

Whereas, xanthophyll

correlation between 2002 Wongan Hills and 2003 Merredin sites was 8.7% higher than
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b*. This increase was reflected in the correlations between b* and xanthophyll content
at the 2002 Wongan Hills and 2003 Merredin sites which were similar and higher than
at the 2003 Wongan Hills site.
3.3.4.2 Single marker regression analysis of b* and xanthophyll content in
Westonia*2/Janz doubled haploid population
Variation in b* and xanthophyll content was predicted to be controlled by group 3,
including the new BE445261 marker, and group 7. Table 3.7 summarises the regions
controlling variation in b* and xanthophyll content on groups 3 and 7 determined by
single marker regression.

A large proportion of the variation (55%) in b* and

xanthophyll content at the 2002 Wongan Hills site was attributable to a region on the
long arm of chromosome 7A along with other regions on the long arm of chromosome
7B and the short arm of chromosome 3A. The 2003 Wongan Hills site also indicated
that the majority of the variation was controlled by the same region on chromosome 7A
and regions on long arm of chromosome 7B and short arm of chromosome 3D
controlled less variation. The same region on 7A contributed to most of the variation
observed in the 2003 Merredin site with regions controlling lesser variation on 3B and
short arm of chromosome 3D. The BE445261 marker was predicted to be involved in
variation of b* and xanthophyll content controlled by 3D and data from the 2002
Wongan Hills site suggested that GGT-Ibeta was significantly involved in variation of
xanthophyll content controlled by chromosome 3D and accounted for 5% of the
variation (Table 3.8). However, there was no significant association of BE445261 with
variation in xanthophyll content from Wongan Hills and Merredin sites in 2003.
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Table 3.7 Single marker regression for b* and xanthophyll content on homoeologous groups 3 and 7.
Likelihood ratio statistic (LRS) denoted as * significant (P<0.05) and ** highly significant (P<0.001).
Site

Chr

Xbarc045
3A
3B
3D
2002 Wongan Hills
7A

7B

3A
3D
2003 Wongan Hills

7A

7B
3B
3D

2003 Merredin

7A

7B

b*

Locus

LRS
8.6

Xanthophyll content

%
5

P
0.00332*

LRS
4.1

%
3

P
0.04340*

Xbarc012

12.0

7

0.00054**

17.9

10

0.00002**

Xgwm369

0.3

0

0.56904

5.7

3

0.01662*

Xgwm389

4.6

3

0.03115*

0.0

0

0.92283

Xgwm114.2

6.1

4

0.01344*

0.6

0

0.42693

Xgwm71.2

5.5

4

0.01877*

7.3

5

0.00671*

Xgwm130

1.7

1

0.18923

4.6

3

0.03161*

Xgwm282

32.7

19

0.00000**

18.6

11

0.00002**

Xgwm344

70.5

36

0.00000**

124.2

55

0.00000**

Xgwm350.1

7.0

4

0.00828*

6.0

4

0.01411*

Xbarc32

8.0

6

0.00474*

6.9

5

0.00877*

Xgwm577

5.4

3

0.02046*

5.4

3

0.01997*

Xgwm146

28.5

17

0.00000**

37.0

21

0.00000**

Xbarc045

4.4

3

0.03642*

0.6

0

0.42262

Xbarc012

1.0

1

0.31317

4.1

2

0.04326*

Xgwm369

5.4

3

0.01958*

1.5

1

0.22067

Xgwm71.2

7.9

5

0.00501*

9.6

6

0.00195*

Xgwm282

4.0

3

0.04494*

11.3

7

0.00076**

Xgwm344

26.6

15

0.00000**

40.1

22

0.00000**

Xbarc32

12.2

8

0.00047**

9.1

6

0.00255*
0.00120*

Xgwm577

6.8

4

0.00923*

10.5

6

Xgwm146

26.7

16

0.00000**

35.6

20

0.00000**

Xgwm114.1

5.3

3

0.02151*

5.1

3

0.02389*

Xgwm71.2

7.8

5

0.00521*

7.8

5

0.00520*

Xgwm282

3.4

2

0.06462

4.4

3

0.03642*

Xgwm344

20.1

12

0.00001**

33.2

19

0.00000**
0.10610

Xgwm350.1

5.7

4

0.01689*

2.6

2

Xbarc32

32.8

20

0.00000**

26.8

17

0.00000**

Xgwm577

20.6

11

0.00001**

26.8

14

0.00000**

Xgwm146

42.6

24

0.00000**

48.5

27

0.00000**

Table 3.8 Regression analysis of BE445261 marker on chromosome 3D for predicted b* and
xanthophyll content. Likelihood ratio statistic (LRS) denoted as * significant (P<0.05).
b* (predicted)

Xanth (predicted)

Chr

Locus

2002 Wongan Hills

3D

BE445261

8.2

5

0.00422

7.2

4

0.00712*

2003 Wongan Hills

3D

BE445261

1.9

1

0.16617

0.0

0

0.87328

2003 Merredin

3D

BE445261

0.6

0

0.42334

2.5

1

0.11622

Site

LRS

%

P

LRS

%

P

To detect alternative sources of variation for b* and xanthophyll content, the
Westonia*2/Janz partial genetic framework map was extended to include homoeologous
groups 2, 4 and 5 based on previously identified b* QTLs within these groups (Mares
and Campbell 2001). Alternative sources of variation within the genome were detected
on 2A, 2D, 4B and 5B (Table3.9). The 2002 Wongan Hills site indicated that a region
on 4B was highly significant for b* and xanthophyll content. At the 2003 Merredin site,
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Xgwm368 was significant for xanthophyll content.

The same region on 4B was

significant for b* and xanthophyll content at the 2003 Wongan site, highly significant
for xanthophyll content and significant for b* at the 2003 Merredin site.
Table 3.9 Single marker regression for b* and xanthophyll content on homoeologous groups other than
3 and 7. Likelihood ratio statistic (LRS) denoted as * significant (P<0.05) and ** highly significant
(P<0.001).
Site

Chr

P

LRS

%

P

2

0.06521

11.5

7

0.00071**

Xgwm71.1

13.2

8

0.00028**

22.4

14

0.00000**

Xgwm157

14.3

8

0.00016**

9.5

5

0.00201*

Xgwm368

17.3

10

0.00003**

26.4

14

0.00000**

Xgwm149

9.1

6

0.00255*

10.1

6

0.00146*

Xgwm604

4.1

2

0.04268*

10.2

6

0.00143*

5

Xgwm639.1

4.1

2

0.04357*

4.3

3

0.03782*

2A

Xgwm71.1

3.2

2

0.07551

9.9

6

0.00163*

2D

Xgwm157

3.3

2

0.07055

8.3

5

0.00406*

Xgwm368

4.4

3

0.03637*

7.0

4

0.00812*

Xgwm149

2.0

1

0.15442

4.2

3

0.03951*

5B

Xgwm67

1.1

1

0.28956

4.0

2

0.04535*

2A

Xgwm71.1

0.7

0

0.39859

4.6

3

0.03213*

Xgwm368

7.2

4

0.00735*

11.3

6

0.00078**

Xgwm149

3.5

2

0.06072

4.9

3

0.02710*

4B
5B

2003 Merredin

%

3.4

2D

2003 Wongan Hills

LRS

Xanthophyll content

Xgwm636

2A

2002 Wongan Hills

b*

Locus

4B

4B
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3.4

Discussion

The general aim of this chapter was to identify ESTs for wheat orthologues of GGTIbeta, RGGT-A, LEC and LBC and confirm their position on wheat chromosomes by
deletion mapping and to identify ESTs that can be used as genetic markers for detecting
variation in xanthophyll content. This general aim was achieved for three of the four
candidate genes; GGT-Ibeta, RGGT-A, LEC and LBC, by addressing four aims. The
first aim of this chapter was to identify unmapped wheat ESTs with the most similarity
to each rice gene. The criteria based on exon-intron structure and homology enabled the
selection of wheat ESTs that were most similar to the rice RGGT-A, GGT-Ibeta, and
LBC genes. The wheat ESTs that aligned to LEC were not significant due to low
homology and in some cases, had higher homology to LBC.
Like other higher plants, LBC and LEC in rice are related genes where significant
homology (Cunningham Jr. et al. 1996) indicates they may have evolved by gene
duplication and divergence.

A wheat EST representing a partial sequence of the

orthologue of LEC was not identified in this study and may be explained by two
possibilities. Firstly, the availability and genome coverage of wheat ESTs may have
been insufficient at the time of this study to detect the orthologue of LEC. Given the
total amount of ESTs available, it was expected that a wheat orthologue would be
detected for all candidate genes. However, the region of the wheat genome containing
LEC may not have been sufficiently covered by ESTs at the time of this analysis. The
second possible explanation may be due to wheat and rice being derived from a
common cereal ancestor but during independent evolution of the lineages the LEC gene
may have diverged in one species relative to another, varying in the levels of gene
duplication and divergence. In rice, LEC may be a duplicated and diverged form of the
intronless LBC which has involved the insertion of introns by retrotransposons resulting
in exon shuffling. The introns in LEC may represent relics of retrotransposons which
are unable to be identified at present. Although the introns in LEC did not show
homology to known transposable elements (data not shown) it cannot be excluded that
gene rearrangements, caused by insertion of retroelements, evolved diverged copies of
Lycopene cyclase. This study identified the orthologue of LBC however further studies
are necessary to confirm that both forms of the Lycopene cyclase gene exist in the wheat
genome.
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The second aim was to confirm the orthology of the wheat ESTs aligned to the
candidate genes and to physically map the location of the candidate genes on the short
arm of wheat chromosome 3 and long arm of chromosome 7. To further define that the
rice clones chosen in Chapter 2 were targeting wheat groups 3 and 7, the physical
location of the wheat orthologues was determined by deletion mapping. The co-located
b* and xanthophyll content QTLs in Sunco/Tasman population occur on the short arm
of chromosome 3B and the long arm of chromosome 7A (Mares and Campbell 2001;
Parker et al. 1998) in the bin regions of C3BS1-0.33 and 7AL-0.71-1.00, respectively.
The b* QTLs identified by Parker et al. (1998) were located on the long arm of
chromosome 3A in the bin region C3AL3-0.42 and on the long arm of chromosome 7A
in the bin region 7AL18-0.90-1.00. The bioinformatic strategy in Chapter 2 predicted
that the putative orthologue of RGGT-A was located on the short arm of chromosome 3
and was further defined by physical mapping that one copy of RGGT-A was located on
the proximal region of the short arm of chromosome 3B. Similarly, the GGT-Ibeta
orthologue was predicted to be on the short arm of chromosome 3 or chromosome 7B
and was confirmed in the interstitial regions on the short arms of 3B and 3D. In
Chapter 2, the bioinformatic strategy accurately predicted the location of the GGT-Ibeta
orthologue on the short arms of chromosomes 3A, 3B and/or 3D. It was expected that
the difference between the two partial orthologues of GGT-Ibeta located on the short
arms of 3B and 3D were due to variation in sequence and this was confirmed from
sequence analysis. In most cases, the bioinformatic strategy developed in Chapter 2
was accurate in its predictions of wheat orthologues. Based on the physical mapping of
RGGT-A and GGT-Ibeta, the syntenic relationship identified in Chapter 2 was
confirmed and therefore the bioinformatic strategy accurately predicted the location of
these wheat orthologues. In regards to the third candidate gene, LBC, the syntenic
relationship between rice and wheat indicated that the wheat orthologue of rice LBC
would be located on the long arm of chromosome 3. However, the wheat orthologue
was not physically mapped and therefore the syntenic relationship was not confirmed.
Based on the success of the bioinformatic strategy in predicting the location of RGGT-A
and GGT-Ibeta, it is reasonable to assume that at least one copy of LBC may be located
on the long arm of chromosome 3A. Other evidence to support the location of LBC on
the long arm of chromosome 3A is the identification of a b* QTL in the same region
(Parker et al. 1998).
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The confirmation of orthology of the wheat ESTs and the rice candidate genes was the
basis for development of a new molecular marker class for regions within the wheat
genome controlling variation in flour colour and xanthophyll content. The third aim of
this chapter was to map polymorphisms into regions accounting for variation in
xanthophyll content and flour colour using the Westonia*2/Janz doubled haploid
population. Polymorphisms were expected to be identified between parental lines of
Sunco, Tasman, Westonia and Janz. Analysis of fragment size and sequencing of all
putative EST orthologues for RGGT-A and LBC genes did not identify any
polymorphisms such as insertions or deletions of single or multiple nucleotides. The
regions examined within each gene are evidently highly conserved between wheat
varieties. Although major polymorphisms were not identified in the regions examined,
it is unknown if the RGGT-A and LBC genes are not involved in major variation of
flour colour and xanthophyll content. Polymorphisms may exist in other regions of
each gene not included in this study and therefore, future work is required to obtain the
whole sequence of RGGT-A, LBC and GGT-Ibeta genes as well as each promoter
region. Expression profiles examining differences in transcript levels during grain
development may identify sequence variation in promoters of wheat orthologues and
could be targets for further marker development.
The fourth aim was to identify polymorphisms in WA adapted germplasm for the
development of a new molecular marker class for regions in wheat genome controlling
variation in xanthophyll content. In total, five ESTs were examined for three candidate
genes where only one EST was polymorphic in the population derived from Westonia
and Janz. Consequently, only one molecular marker for the EST with similarity to
GGT-Ibeta was developed.

The wheat EST BE445261, identified as a dominant

molecular marker between Westonia and Janz on the short arm of chromosome 3D, was
predicted to control some of the variation for xanthophyll content. Single marker
regression analysis indicated that BE445261 marker for GGT-Ibeta was associated with
minor variation on chromosome 3D. A significant source of variation was detected for
both b* and xanthophyll content on the short arm of chromosome 3D using SSR
markers. However, the BE445261 marker did not link to this region due to a large
genetic distance between the EST and SSR markers. The variation observed with the
EST and SSR loci on the short arm of chromosome 3D suggest co-located b* and
xanthophyll content QTLs within the region between the loci.
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It was expected that the regions associated with variation in xanthophyll content would
be the same as those controlling flour colour. The Westonia*2/Janz doubled haploid
population was also useful in rapidly detecting alternative sources of variation of flour
colour and xanthophyll content. In conclusion from single marker regression analysis,
the majority of the variation in both flour colour and xanthophyll content was controlled
by a region on the long arm of chromosome 7A in the Westonia*2/Janz doubled haploid
population and supports previously identified QTLs for b* (Mares and Campbell 2001;
Parker et al. 1998) and xanthophyll content (Mares and Campbell 2001). The detection
of a region on the long arm of chromosome 7B controlling less variation in b* and
xanthophyll content had not been previously identified as a region involved in
xanthophyll content in previous studies. This region had previously been associated
with some of the variation in b* only in a CD87/Katepwa population (Mares and
Campbell 2001). In support of this study, the Sunco/Tasman population indicated that
the major region associated with variation in both traits was located in the distal region
of the long arm of 7A (Mares and Campbell 2001).
In Westonia*2/Janz, the variation for flour colour and xanthophyll content associated
with group 3 varied between each site. This may be a reflection of the environmental
effect on these quality traits or it may be an indication of the performance of the
population due to genetic influences from backcrossing with Westonia. However, this
population identified the co-location of b* and xanthophyll content QTLs on the short
arm of chromosome 3A. In addition to the QTLs confirmed on the short arm of
chromosome 3A, this study identified a new source of variation in both b* and
xanthophyll content on the short arm of chromosome 3D. This study confirmed the colocation of QTLs for b* and xanthophyll content on the short arm of 3B previously
identified by Mares and Campbell (2001) however this region was not stable across
environments.

Interestingly, variation in both traits was also associated with the

proximal region of the short arm of chromosome 4B which had previously been
associated only with b* (Mares and Campbell 2001).

The following chapter

investigates further the regions controlling flour colour and xanthophyll content in WA
adapted germplasm, in particular, those regions on homoeologous groups other 3 and 7.
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Chapter 4. QTL analysis of b* and xanthophyll content in WA
adapted germplasm
4.1 Introduction
Previous studies have identified chromosomal regions controlling flour colour (b*). In
one of the first studies on flour colour using a recombinant inbred population derived
from parents Yarralinka and Schomburgk, regions on chromosomes 3A and 7A
controlled variation of flour colour. Although the QTL on 7A appeared to be stable, the
QTL on 3A showed variable expression under different environments (Parker et al.
1998). In a study on the yellow pigment content in durum wheat, Elouafi et al. (2001)
measured carotenoid levels in semolina to detect a major QTL controlling the
yellowness of flour on the long arm of chromosome 7B and two regions on the long arm
of chromosome 7A involved in minor variation (Elouafi et al. 2001). The major QTLs
detected on the long arm of 7A in bread wheat by Parker et al. (1998) using b* values
and the long arm of 7B in durum wheat detected by carotenoid levels (Elouafi et al.
2001) are homoeoloci associated with the microsatellite marker Xgwm344 and
therefore, it is predicted that QTLs for b* and xanthophyll content would occur in the
same locations.
To further investigate the causal relationship of flour colour, a study by Mares and
Campbell (2001) measured b* and xanthophyll content in a Sunco/Tasman homozygous
population. It was shown that b* and xanthophyll content QTLs were co-located on the
short arm of chromosome 3B and long arm of chromosome 7A(Mares and Campbell
2001).

However, xanthophylls are not always involved in yellowness as indicated by

the identification of regions on 4B and 5B in Sunco/Tasman which contained QTLs for
b* only (Mares and Campbell 2001). Other sources of Australian germplasm have been
used to detect and confirm QTLs for b*, such as a CD87/Katepwa population detected
b* QTLs on chromosomes 2D, 3A and 7B, and a Cranbrook/Halberd population further
confirmed the region on the long arm of chromosome 7A associated with b* variation
(Mares and Campbell 2001). The CD87/Katepwa and Cranbrook/Halberd populations
were not examined for variation in xanthophyll content and therefore, no association
with xanthophyll content could be ascertained in these populations. This project has
used germplasm adapted to Western Australian environments to expand beyond the
homoeologous chromosomes 3 and 7 in wheat for detecting variation and co-location of
QTLs for b* and xanthophyll content.
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In Chapter 2, the bioinformatic strategy predicted wheat orthologues involved in the
carotenoid biosynthetic pathway in regions on the short arms of 3 and long arms of
group 7 accounting for variation of b* and xanthophyll content. Other regions as
sources of variation were determined from the direct alignment of mapped EST
orthologues to rice genes with putative function in the carotenoid biosynthetic pathway
and included 2BL, 2DS and 6AL. However, QTLs controlling xanthophyll content
have not been located on these chromosomes. Additional regions on groups 4 and 5
predicted by the bioinformatic strategy by alignment of flanking ESTs are also potential
sources of variation in b* and xanthophyll content. The regions predicted by the
bioinformatic strategy (Chapter 2, this thesis) appear to match those regions that are
known to control variation in b* on chromosomes 2D, 4B and 5B (Mares and Campbell
2001). QTLs controlling b* and xanthophyll content on chromosomes 2D, 4B and 5B
or other regions will be examined in this chapter using different populations.
Previous studies of flour colour have indicated it is further complicated by other traits
controlled independently of xanthophyll content and b* and also affected by
environmental issues.

For example, the QTL on chromosome 2D for b* in

CD87/Katepwa was also found to be involved in PPO and L* (brightness) in
Sunco/Tasman (Mares and Campbell 2001). Similarly, the b* QTL on chromosome 4B
was also associated with L*, plant height and grain size (Mares and Campbell 2001).
Although, the effects of other traits on b* and xanthophyll content are not investigated
in this study, the environmental effects on variation in b* and xanthophyll were studied
to determine QTL expression of WA adapted germplasm in relation flour colour.
Although xanthophylls have been correlated with b*(Mares and Campbell 2001), it is
evident that lutein is the main xanthophyll involved in flour colour (Section 3.2.6, this
thesis). The degree of lutein esterification and its effect on yellowness requires further
consideration when analysing flour pigmentation. Interestingly, the level of lutein
esterification increases during seed storage (Kaneko et al. 1995) and therefore
influences the yellowness of flour after maturation.

Analysis of the chemical

compositions of xanthophylls in flour has also been useful in determining that
esterification does not occur in all varieties (Kaneko et al. 1995; Kaneko and Oyanagi
1995). A study of durum wheat concluded that the yellow pigment is due mainly to free
lutein and small amounts of zeaxanthin along with other unknown substances
contributing to the colour (Hentschel et al. 2002).

The chemical composition of

xanthophylls extracted from milled flour in populations derived from WA germplasm
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could determine the main xanthophyll-related components contributing to flour
yellowness.
The general aim of this chapter was to further investigate sources of variation in b* and
xanthophyll content in germplasm adapted to Western Australian environments. The
first aim was to identify regions controlling major variation in b* and xanthophyll
content in two doubled haploid populations segregating for flour colour and determine
whether the regions are similar to those identified in previous studies or if there are
alternative sources of variation in germplasm adapted to Western Australia. The second
aim of this chapter was to investigate the influence of environmental factors on
variation of flour colour. The complexity of flour colour is further complicated by
environmental factors which make this trait even more difficult for breeders to predict
and accurately select. Therefore, an investigation of variation in b* and xanthophyll
content in a wide range of germplasm adapted to WA environments will further increase
our knowledge of different genetic interactions.
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4.2 Materials and Methods
4.2.1

Plant material

Two doubled haploid populations were used in this chapter.

An F1-derived

homozygous doubled haploid (DH) population was derived from the cross involving the
cultivar Ajana and inbred line WAWHT2074 from DAWA. A total of 179 DH lines
were used for genotyping of the Ajana/WAWHT2074 population.

The second

population was derived from an F1 cross between cultivar Carnamah and inbred line
WAWHT2046 from DAWA. A total of 121 DH lines of the Carnamah/WAWHT2046
population were genotyped. The doubled haploid populations were produced by Ms. S
Broughton (DAWA). The parents were selected based on their quality traits which
included flour colour. Both populations were used for genetic map construction and
phenotyping at different environments.
4.2.2

Field trials, milling design and prediction modelling

Field trials, milling design and prediction modelling for the Ajana/WAWHT2074 and
Carnamah/WAWHT2046 doubled haploid populations examined in this chapter
followed those outlined in Chapter 3, Section 3.2.4.1. The amount of duplication of
doubled haploid lines for these two populations is summarised in Table 4.1 along with
the total number of samples that were milled.
Table 4.1 Summary of the number of doubled haploid lines and duplications in Ajana/WAWHT2074 and
Carnamah/WAWHT2046 populations at field trials in 2002 and 2003 at Wongan Hills and Merredin,
Western Australia.
Ajana/WAWHT2074 (n=179)
Doubled haploid
lines

2002
Wongan
Hills

2003
Wongan
Hills

2003
Merredin

2002
Wongan
Hills

2003
Wongan
Hills

2003
Merredin

# doubled
haploid lines

109

147

147

80

83

88

# duplicates

64
(58.7%)

43
(29.2%)

45
(29.2%)

40
(50%)

32
(38.6%)

33
(37.5%)

173

203

192

120

115

121

Total

4.2.3

Carnamah/WAWHT2046 (n=121)

Phenotyping of quality traits in WA adapted germplasm

The milling process and phenotypic evaluation of flour colour and xanthophyll content
described in Chapter 3 were used in analysis of the Ajana/WAWHT2074 and
Carnamah/WAWHT2046 populations.
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4.2.4

Genetic map construction and linkage analysis

Molecular marker maps of populations were constructed by N Parry and N Teakle under
the direction of Dr Michael Francki (DAWA).

The maps constructed from these

populations provide a basis for analysis of genetic control of flour colour and
xanthophyll content. The Ajana/WAWHT2074 map contained a total of 169 SSR
markers (http://wheat.pw.usda.gov/GG2/index.shtml).

The Carnamah/WAWHT2046

map was constructed using 480 markers consisting of 150 SSR markers
(http://wheat.pw.usda.gov/GG2/index.shtml) (Hayden et al. 2002; Hayden and Sharp
2001; Mullan et al. 2006) and 330 Diversity Arrays Technology (DArT™) markers
(Jaccoud et al. 2001, Triticarte Pty. Ltd.). DArT markers were allocated to linkage
groups using reference maps from Cranbrook/Halberd, Opata/Synthetic and
Cascades/AUS1408 (Triticarte Pty. Ltd., unpublished data).
The linkage criteria used for the Ajana/WAWHT2074 and Carnamah/WAWHT2046
maps were a significance level of P=0.001 using the Kosambi map function (Kosambi
1944; Lander et al. 1987) to convert recombination fractions to genetic distances.
Segregation patterns for molecular marker data were scored and analysed in Map
Manager QTXb17 (Manly et al. 2001). The order of linked markers was confirmed
using consensus genetic and bin location maps (Pestsova et al. 2000; Röder et al. 1998;
Somers et al. 2004; Sourdille et al. 2004).
The minimum LOD score for linked markers was 2.9 for the Ajana/WAWHT2074 map.
The Ajana/WAWHT2074 map contained an average of eight linked markers per
chromosome with an average distance of 14.8 cM between linked loci covering a total
genetic distance of 1870.5 cM across the wheat genome. A total of four markers were
unlinked and were placed in a separate group. The Carnamah/WAWHT2046 map had a
minimum LOD score for linked markers of 3.9. There was an average of fifteen linked
markers per chromosome with an average of 9.4 cM between linked markers covering a
total genetic distance of 2040.6 cM across the wheat genome. Details of the number of
markers analysed and the genetic distance covered by each linkage group within the two
maps are summarised in Table 4.2.
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Table 4.2 Summary of genetic maps of Ajana/WAWHT2074 and Carnamah/WAWHT2046 doubled
haploid populations. The number of markers, average distance between linked markers and the total
distance covered on each chromosome is shown.
Ajana/WAWHT2074
Chromosome

Carnamah/WAWHT2046

# markers

Average
Distance (cM)

Total distance
(cM)

# markers

Average
distance (cM)

Total distance
(cM)

1A

5

20.2

80.8

8

7.1

49.6

1B

11

16.5

165.4

9

8.5

68.0

1D

5

10.0

40.0

-

-

-

2A

14

11.1

143.9

7

11.6

69.3

2B

9

14.3

114.7

18

7.1

120.8

2D

11

10.6

106.0

22

11.9

251.7

3A

12

16.6

182.1

20

8.4

160.4

3B

11

15.4

154.5

40

5.6

218.3

3D

3

12.8

25.5

-

-

-

4A

9

11.3

90.2

3

18.6

37.2

4B

8

4.9

34.0

19

5.3

96.1

4D

9

9.3

74.2

7

11.4

68.6

5A

9

15.6

124.5

17

8.2

130.9

5B

11

11.3

112.8

26

7.6

189.0

5D

3

16.6

33.2

3

15.2

30.5

6A

3

19.4

38.9

8

7.2

50.2

6B

8

11.0

77.2

15

7.4

103.9

6D

2

25.9

25.9

3

17.0

34.1

7A

12

11.5

126.2

28

4.7

126.3

7B

2

34.7

34.7

25

5.3

126.3

7D

8

12.3

85.8

12

9.9

109.4

165

14.8

1870.5

290

9.4

2040.6

Total

4.2.5

QTL analysis

QTL analysis was done on the phenotypic predicted data obtained using an extended
mixed linear model to reduce variation due to lab or spatial error, described in Chapter
3. Prediction of the b* and xanthophyll content data was kindly provided by Dr K
Stefanova (DAWA). The associations between marker and trait data were analysed by
composite interval mapping using QTL Cartographer version 2.5 (Wang S et al. 2005a).
Permutations tests with 1,000 reiterations were performed to determine the LOD
threshold values for significant (P<0.05) and highly significant (P<0.001) QTLs.
4.2.6

Statistical analysis

The statistical analyses used in this chapter have been described in Chapter 3.
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4.3 Results
4.3.1

Phenotyping of quality traits

4.3.1.1

Ajana/WAWHT2074 population

The b* value of the parental lines ranged from 8.01 to 8.67 for Ajana and 11.17 to 11.86
for WAWHT2074. Xanthophyll content ranged from 0.0545 to 0.0679 for Ajana and
0.0913 to 0.1047 for WAWHT2074. Comparison of b* and xanthophyll content of the
parents indicated a difference between Ajana and WAWHT2074 for these traits (Table
4.3).

The

b*

and

xanthophyll

content

phenotype

distribution

of

the

Ajana/WAWHT2074 doubled haploid population at all sites is shown in Figure 4.1.
The phenotypic analysis of b* and xanthophyll content showed continuous distribution
with some doubled haploid lines at most sites beyond that of Ajana and some doubled
haploid lines beyond WAWHT2074 at all sites (Fig. 4.1).

A number of lines in

Ajana/WAWHT2074 had b* and xanthophyll values less than Ajana, indicating they
were not as yellow as Ajana whereas lines which were greater in b* and xanthophyll
than WAWHT2074 indicated increased yellowness (Fig. 4.1).
Table 4.3 The b* and xanthophyll content in Ajana and WAWHT2074 indicated a difference between the
parents of the Ajana/WAWHT2074 doubled haploid population at each field site. SE denotes standard
error.
Flour colour b*

Xanthophyll content

Field site
Ajana

WAWHT2074

SE

Ajana

WAWHT2074

SE

2002 Wongan Hills

8.67

11.86

0.32315

0.0679

0.1047

0.008471

2003 Wongan Hills

8.43

11.17

0.815468

0.0620

0.0954

0.011458

2003 Merredin

8.01

11.40

0.460523

0.0545

0.0913

0.011386

A high correlation was observed between b* at each site, xanthophyll content at each
site and between b* and xanthophyll content at each site for the Ajana/WAWHT2074
population (Table 4.4). The correlation between b* and xanthophyll content at different
environments ranged from 0.8033 to 0.9309. The correlation of b* varied from 0.7939
to 0.8668 at different environments and similarly, xanthophyll content correlation
varied from 0.7610 to 0.8400. The lower ranges observed for individual traits, in
comparison to the range of correlation of both traits, reflects the environmental effect on
the population.
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Fig. 4.1 Histograms of frequency distribution of b* values and xanthophyll in Ajana/WAWHT2074
doubled haploid population from the 2002 and 2003 sites of Wongan Hills and Merridan. The average
b* and xanthophyll values for Ajana and WAWHT2074 at each site are shown in brackets and arrows
indicate their distribution within the population.

Table 4.4 Pearson’s correlation coefficient, r, for phenotypic values of b* and xanthophyll content for
the Ajana/WAWHT2074 population. All values were significantly correlated and greater than zero
(P<0.0005). Correlations between b* and xanthophyll content are shown in bold.
2002 Wongan Hills
b*
b*
2002 Wongan Hills
xanth
b*
2003 Wongan Hills
xanth
b*
2003 Merredin
xanth

-

2003 Wongan Hills

xanth

b*

2003 Merredin

xanth

b*

xanth

0.9309

0.7939

-

0.8668

-

-

-

0.8400

-

0.7649

-

0.8710

0.7941

-

-

-

0.7610

-

0.8033
-
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4.3.1.2
The

Carnamah/WAWHT2046 population
phenotype

distribution

of

b*

and

xanthophyll

content

in

the

Carnamah/WAWHT2046 doubled haploid population at all sites is shown in Figure 4.2.
The distribution at all sites showed that the phenotype of some doubled haploid lines
was beyond that of their parents Carnamah and WAWHT2046, indicating transgressive
segregation of the Carnamah/WAWHT2046 doubled haploid populations of both b*
and xanthophyll content at all sites (Fig. 4.2). A number of lines in this population had
b* and xanthophyll values less than WAWHT2046, indicating they were not as yellow
as WAWHT2046 whereas lines which were greater in b* and xanthophyll than
Carnamah indicated increased yellowness (Fig. 4.2).

Comparison of b* and

xanthophyll content of the parents indicated a difference between Carnamah and
WAWHT2074 b* values at the 2002 and 2003 Wongan Hills sites (Table 4.5). A
difference in b* values of Carnamah and WAWHT2046 was not observed at the 2003
Merredin site. Similarly, Carnamah and WAWHT2046 xanthophyll content were not
different at any of the sites.
Table 4.5 The b* and xanthophyll content in Carnamah and WAWHT2046 indicated a significant
difference between the parents of the Carnamah/WAWHT2046 doubled haploid population at each field
site. SE denotes standard error.
Flour colour b*

Xanthophyll content (436nm)

Field site
Carnamah

WAWHT2046

2002 Wongan Hills

11.46

10.93

2003 Wongan Hills

11.82

2003 Merredin

11.70

SE

Carnamah

WAWHT2046

SE

0.443036

0.0936

0.0861

0.007852

10.61

0.472055

0.0770

0.0690

0.007385

11.16

0.51294

0.0806

0.0814

0.008573

A high correlation was observed between b* at each site, xanthophyll content at each
site

and

between

b*

and

xanthophyll

content

Carnamah/WAWHT2046 population (Table 4.6).

at

each

site

for

the

The correlation between b* and

xanthophyll content in different environments ranged from 0.7332 to 0.7874. The
correlation of b* varied from 0.8022 to 0.8607 in different environments and similarly,
xanthophyll content correlation varied from 0.6255 to 0.7859.
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Fig. 4.2 Histograms of frequency distribution of b* values and xanthophyll in Carnamah/WAWHT2046
doubled haploid population from the 2002 and 2003 sites of Wongan Hills and Merridan. The average
b* and xanthophyll values for Carnamah and WAWHT2046 at each site are shown in brackets and
arrows indicate their distribution within the population.
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Table 4.6 Pearson’s correlation coefficient, r, for phenotypic values of b* and xanthophyll content for
the Carnamah/WAWHT2046 population. All values were significantly correlated and greater than zero
(P<0.0005). Correlations between b* and xanthophyll content are shown in bold.
2002 Wongan Hills

b*

b*

xanth

b*

xanth

-

0.7332

0.8607

-

0.8549

-

-

-

0.6884

-

0.7859

-

0.7510

0.8022

-

-

-

0.6255

-

0.7874

xanth
b*
2003 Wongan Hills
xanth
b*
2003 Merredin
xanth

4.3.2.1

2003 Merredin

xanth

2002 Wongan Hills

4.3.2

2003 Wongan Hills

b*

-

QTL analysis
Ajana/WAWHT2074 population

The results of QTL analysis using composite interval mapping of b* and xanthophyll
content in Ajana/WAWHT2074 are summarised in Table 4.7. The graphical display of
composite interval mapping across the whole genome (Fig. 4.3) assisted in focusing on
particular linkage groups detected as having QTLs for b* and xanthophyll content. A
major QTL controlling b* was identified on the long arm of chromosome 7A between
markers Xgwm282 and Xgwm344 covering a genetic distance of 40.2 cM (Fig. 4.4,
Table 4.7). In the same region, a QTL controlling major variation in xanthophyll
content was detected (Fig. 4.4, Table 4.7). Composite interval mapping of chromosome
7A confirmed that the b* and xanthophyll QTLs are co-located between markers
Xgwm282 and Xgwm344 and the parent WAWHT2074 was the major allele donor
providing an additive phenotypic effect (Fig. 4.4, Table 4.7). The b* and xanthophyll
content QTLs on 7A were expressed at each site. The amount of variation detected by
marker interval Xgwm282-Xgwm344 ranged from 27% to 37% for b* and 22% to 32%
for xanthophyll content across sites.
The region between markers Xgwm5 and Xwmc155 on chromosome 3A covering a
genetic distance of 43.7 cM co-located QTLs for b* and xanthophyll content expressed
at all sites (Fig. 4.5, Table 4.7). The amount of variation controlled by the b* QTL on
chromosome 3A ranged from 9% to 15%. Similarly, the xanthophyll content QTL
detected in the same region was responsible for 13% to 26% of the variation. A region
on chromosome 3B contained a b* QTL responsible for 6% variation was only detected
at the Merredin site in 2003, indicating environmental influences on the expression of
this QTL.
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A number of b* and xanthophyll content QTLs were identified in regions other than
group 3 and 7. A QTL for b* was detected on chromosome 2D from the 2003 Wongan
Hills site which accounted for 16% variation (Fig 4.6). Composite interval mapping of
this region determined that xanthophyll content was not significantly involved (Fig. 4.6,
Table 4.7). A region on chromosome 4D was responsible for 6% variation in b* at the
2002 and 2003 Wongan Hills sites and the same region was involved in xanthophyll
content at the 2002 Wongan Hills site. Analysis of chromosome 5B using composite
interval mapping detected a minor QTL for b* from the 2002 Wongan Hills site
responsible for 6% variation (Table 4.7).

A minor QTL for xanthophyll content

controlling 5% variation was identified on chromosome 6A from the 2002 Wongan
Hills site (Table 4.7). Although QTLs for b* and xanthophyll content on chromosomes
3A and 7A were expressed at all sites tested, the other regions on 2D, 4D and 5B where
QTLs are not expressed at all sites or co-located indicates the complex genetic control
of b* and xanthophyll content in flour colour determination.
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Table 4.7 Summary of QTL analysis using composite interval mapping of b* and xanthophyll content in Ajana/WAWHT2074 doubled haploid population. LOD
threshold values were calculated using permutation testing for 1000 reiterations at either P<0.001 or P<0.05 significance level. LOD thresholds are denoted as * and
** for significant (P<0.05) and highly significant (P<0.001), respectively.

Trait

Chromosome

Allele donor

Marker interval

Composite interval mapping

Distance (cM)

LOD threshold

Max LOD

R2

3A

WAWHT2074

Xgwm5 – Xwmc155

43.7

6.0**

11.2

0.15

b*

4D

Ajana

Xwmc52 – Xbarc334

20.7

2.9*

4.5

0.06

2002 Wongan Hills

5B

WAWHT2074

Xbarc4 – Xwmc376

17.6

2.9*

4.3

0.06

7A

WAWHT2074

Xgwm282 – Xgwm344

40.2

6.0**

19.7

0.35

2D

Ajana

Xgwm261 – Xgwm484

46.7

3.0*

5.9

0.16

b*

3A

WAWHT2074

Xgwm5 – Xwmc155

43.7

5.1**

6.3

0.09

2003 Wongan Hills

4D

Ajana

Rht2 – Xwmc48B

30.9

3.0*

3.5

0.06

7A

WAWHT2074

Xgwm282 – Xgwm344

40.2

5.1**

15.5

0.27

2D

Ajana

Xgwm261 – Xgwm102

52.8

3.0*

3.7

0.05

3A

WAWHT2074

Xgwm5 – Xwmc155

43.7

5.3**

6.8

0.09

b*
2003 Merredin

3B

WAWHT2074

Xbarc73 – Xgwm108

25.4

3.0*

3.4

0.06

7A

WAWHT2074

Xgwm282 – Xgwm344

40.2

5.3**

20.4

0.37

3A

WAWHT2074

Xgwm5 – Xwmc155

43.7

4.6**

19.0

0.26

xanthophyll content

4D

Ajana

Rht2 – Xwmc48B

30.9

2.9*

5.4

0.08

2002 Wongan Hills

6A

WAWHT2074

Xbarc3 – Xgwm427

36.4

2.9*

3.2

0.05

7A

WAWHT2074

Xgwm282 – Xgwm344

40.2

4.6**

21.8

0.32

xanthophyll content

3A

WAWHT2074

Xgwm5 – Xwmc155

43.7

4.7**

9.7

0.13

2003 Wongan Hills

7A

WAWHT2074

Xbarc108 – Xgwm344

74.5

4.7**

17.9

0.32

xanthophyll content

3A

WAWHT2074

Xgwm5 – Xwmc155

43.7

4.1**

8.8

0.15

2003 Merredin

7A

WAWHT2074

Xgwm282 – Xgwm344

40.2

4.1**

10.2

0.22
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4.3.2.2

Carnamah/WAWHT2046 population

QTL analysis using composite interval mapping of b* and xanthophyll content in
Carnamah/WAWHT2046 is summarised Table 4.8. Figure 4.9 provides an overview of
the composite interval mapping across the whole genome for b* and xanthophyll
content traits. A major QTL controlling b* was identified on chromosome 7A between
DArT markers wPt-4220 and wPt-5533 covering a genetic distance of 2.4 cM and
accounted for 12%-19% of the variation at all sites (Table 4.8). Composite interval
mapping confirmed a co-located QTL controlling major variation of 15%-18% in
xanthophyll content was detected from the 2002 Wongan Hills and 2003 Merredin sites
(Table 4.8).
In addition to variation on chromosome 7A, QTLs for b* and xanthophyll content
accounting for 15% and 13% respectively, were also detected on the short arm of
chromosome 7B between the marker interval 9AcAg-1 – Xgwm537 spanning 47.8 cM in
distance from the 2002 Wongan Hills site (Fig. 4.10, Table 4.8). Within the same
region, b* QTLs controlling minor variation were detected in the 2003 Wongan Hills
and Merredin sites indicating consistent expression across all sites tested. Composite
interval mapping of the long arm of chromosome 7B determined co-located b* and
xanthophyll content QTLs from the 2003 Wongan Hills and Merredin sites (Fig. 4.11).
An environmental effect on xanthophyll variation was indicated by the lack of QTLs
consistently expressed across all environments (Table 4.8).
Analysis of the 2002 Wongan Hills site determined that a region of 39.8 cM on
chromosome 4D was involved in variation for xanthophyll content and composite
interval mapping detected a b* QTL was in the same region defined to a genetic
distance of 23.1 cM (Fig. 4.12, Table 4.8).

Although this QTL co-located with

xanthophyll content in data from the 2002 Wongan Hills site, the inability to detect the
same QTL indicates the lack of reliable expression across all sites.

Similarly,

xanthophyll content QTLs were detected on chromosome 1A from the 2003 Merredin
site, chromosome 2A from 2002 and 2003 Wongan Hills sites and chromosome 4A
from 2002 Wongan Hills (Table 4.8). However, b* variation was not co-located with
these QTLs indicating that there is no direct evidence that xanthophyll variation is
contributing to flour colour.
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Table 4.8 Summary of QTL analysis using composite interval mapping of b* and xanthophyll content in Carnamah/WAWHT2046 doubled haploid population. LOD
threshold values were calculated using permutation testing for 1000 reiterations at either P<0.001 or P<0.05 significance level. LOD thresholds are denoted as * and
** for significant (P<0.05) and highly significant (P<0.001), respectively.
Trait

b*

Chromosome

Allele donor

Marker interval

Distance (cM)

4D

WAWHT2046

Rht2 – Xwmc331

23.1

7A

WAWHT2046

wPT-4220 – wPt-5533

2.4

7BS

Carnamah

9AcAg-1 – Xgwm537

47.8

7A

WAWHT2046

wPT-4220 – wPt-5533

2.4

7BL

Carnamah

wPt-1069 – wPt-4393

26.4

7BS

Carnamah

Xstm521acat-1 – Xgwm537

20.4

7A

WAWHT2046

wPT-4220 – wPt-5533

7BL

Carnamah

7BS
2A

LOD threshold

Max LOD

R2

3.0*

5.1

0.13

6.8

0.19

6.8

0.15

4.1

0.13

6.2

0.16

2.9*

4.0

0.09

2.4

3.0*

3.9

0.12

wPt-0185 – wPt-4393

15.5

3.0*

4.4

0.10

Carnamah

506acag – Xgwm537

23.9

3.0*

3.8

0.08

Carnamah

Xwmc149 – Xbarc309

35.4

2.9*

3.7

0.09

4.2

0.16

5.9

0.14

6.1

0.18

5.4

0.13

2002 Wongan Hills

b*
2003 Wongan Hills

b*

Composite interval mapping

3.0*
5.9**
3.0*
5.9**
2.9*
2.9*
5.0**

2003 Merredin

xanthophyll content

4A

Carnamah

wPt-4660 – Xgwm165B

37.2

4D

WAWHT2046

Rht2 – 12AcAg

39.8

7A

WAWHT2046

wPt-4220 – wPt-5533

2.4

7BS

Carnamah

9AcAg-1 – Xgwm537

47.8

2002 Wongan Hills

2.9*
4.4**
2.9*
4.4**
2.9*
4.4**
2.9*
4.4**
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Trait

Chromosome

Allele donor

Marker interval

Distance (cM)

xanthophyll content

2A

Carnamah

wPt-1368 – Xwmc149

2003 Wongan Hills

7BL

Carnamah

xanthophyll content
2003 Merredin

Composite interval mapping
LOD threshold

Max LOD

R2

33.9

2.9*

4.8

0.13

wPt-0185 – wPt-9813

11.4

2.9*

5.9

0.17

1A

Carnamah

wPt-2818 – 658AcAg

16.2

3.0*

3.9

0.14

7A

WAWHT2046

wPt-4220 – wPt-5533

2.4

3.0*

4.0

0.15

7BL

Carnamah

wPt7108 – wPt-4393

18.4

3.0*

3.6

0.10
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4.4 Discussion
The general aim of this chapter was to further investigate sources of variation in b* and
xanthophyll content in germplasm adapted to Western Australian environments. In
support of the study by Mares and Campbell (2001), a region on the long arm of
chromosome 7A involved in major variation of b* as well as xanthophyll content was
identified in Ajana/WAWHT2074 and Carnamah/WAWHT2046 confirming the colocation of b* and xanthophyll QTLs identified in Sunco/Tasman (Mares and Campbell
2001). Similar to the QTLs detected in Sunco/Tasman (Mares and Campbell 2001), the
b* and xanthophyll content QTLs detected in Ajana/WAWHT2074 were responsible for
the majority of the variation and were consistently expressed across sites. This study
has validated previous work on the location of QTLs on the long arm of homoeologous
chromosome 7 in addition to identifying regions where QTL expression is influenced by
the environment.
Until now, all QTLs for flour colour or xanthophyll content were detected on the long
arms of chromosomes 7A and 7B (Elouafi et al. 2001; Ma et al. 1999; Mares and
Campbell 2001; Parker et al. 1998). In addition to the long arm of chromosome 7A,
this project found evidence for regions of variation in b* on the short arm of
chromosome 7B in the Carnamah/WAWHT2046 population that had not been identified
in previous studies. Along with region on the short arm of chromosome 7B (7BS), a
region on the long arm (7BL) was also involved in variation. The b* QTL on 7BS was
detected across all sites but the b* QTL on 7BL was only identified from the 2003
Wongan Hills and Merredin sites. Similarly, within the same regions, xanthophyll
content QTLs were detected on 7BS and 7BL. The xanthophyll content QTL on 7BS
was detected at the 2002 Wongan Hills site only, whereas the 7BL xanthophyll content
QTL controlled variation at the 2003 Wongan Hills and Merredin sites only. The
alternating expression of the 7BS and 7BL b* and xanthophyll content QTLs may be
due to environmental influences.
Within group 3, previous studies have identified co-located b* and xanthophyll content
QTLs on the short arm of chromosome 3B in the Sunco/Tasman population (Mares and
Campbell 2001), a b* QTL on chromosome 3A in the Yarralinka/Schomburgk
population (Parker et al. 1998) and a b* QTL on the short arm of chromosome 3A in the
CD87/Katepwa

population

(Mares

and

Campbell

2001).

However,

the

Yarralinka/Schomburgk and CD87/Katepwa populations were not measured for
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xanthophyll content and therefore the co-location of b* and xanthophyll content QTLs
on 3A was unknown. However, in the Ajana/WAWHT2074 population, this study
found that b* and xanthophyll content QTLs were co-located in the same region on the
short arm of chromosome 3A and that a minor QTL for b* existed on the short arm of
chromosome 3B, confirming that xanthophyll content QTLs are not always co-located
with b* QTLs. Interestingly, there were no b* and xanthophyll content QTLs identified
on homoeologous group 3 in the Carnamah/WAWHT2046 population further
demonstrating the complexity of flour colour in WA germplasm due the genetic control
of b* by different alleles.
Co-located QTLs for b* and xanthophyll content identified on chromosome 4D from
Ajana/WAWHT2074 and Carnamah/WAWHT2046 were associated with the perfect
marker for Rht2, a dwarfing gene controlling a portion of plant height (Ellis et al. 2002;
Rebetzke et al. 2001). Similarly, Mares and Campbell (2001) found an association
between b* and plant height near the Rht2 gene on the long arm of chromosome 4B in
Sunco/Tasman (Kammholz et al. 2001). The dwarfing genes Rht1 and Rht2 have been
associated with increased wheat yields in Australia and worldwide (Perry and
D'Antuono 1989; Slafer et al. 1994; Waddington et al. 1986). The influence of plant
height on grain development processes, such as grain filling, may have an indirect effect
on flour colour requires further investigation. The relationship, if any, between flour
colour and plant height needs to be further investigated to determine if there is an
association between these two traits or if b*/xanthophyll content and plant height are
controlled by linked but independent genes. Regions on chromosomes 2D and 5B were
found to be involved in b* variation from Ajana/WAWHT2074 similar to those
detected on chromosome 2D in CD87/Katepwa and chromosome 5B in Sunco/Tasman
(Mares and Campbell 2001). Previously, an association has been found between b* and
PPO on chromosome 4D in CD87/Katepwa and Sunco/Tasman, respectively (Mares
and Campbell 2001). Future work is required to determine the location of regions
controlling PPO activity in the Ajana/WAWHT2074 and Carnamah/WAWHT2046
populations and to investigate if there is an association between b* and PPO. Also
worth considering is that Katepwa is a red-grained variety (Kammholz et al. 2001) and
an association between flour colour and the red grain locus has not been investigated.
QTLs for xanthophyll content were found on chromosomes 1A, 2A and 4A in
Carnamah/WAWHT2046 and chromosome 6A in Ajana/WAWHT2074.

Further

investigation of these xanthophyll content QTLs not expressed in all environments
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could provide a novel approach of studying genes sensitive to environmental influences.
A previous study by Ma et al. (1999) found that homoeologous group 1 contained a b*
QTL. Using the bioinformatic strategy in Chapter 2, it is possible to predict candidate
genes to the regions identified as xanthophyll content QTLs. For example, GGPPS is a
possible candidate gene for the xanthophyll content QTL on homoeologous group 1
because the nearest EST mapped to the long arm of chromosome 1D.

Potential

candidates for investigating variation controlled by Group 2 are the genes LEC, VDE,
ZE, ZDS and PYS. The Group 4 candidates are LBC, PDS and PYS and possible
candidate genes for group 6 include GGH, ZE, RGGT-A, GGPPS, PYS, NS and BCH.
The results of this chapter are consistent with the difficulty in predicting sources of
variation in flour colour in the breeding program at DAWA (Barclay I, Wilson R and
McLean R, personal communication). The locations of QTLs for flour colour b* and
xanthophyll content vary between populations making it difficult for breeders to reliably
predict sources of variation based on known regions in other populations. An example
of the unpredictability of regions controlling b* and xanthophyll content is the lack of
QTLs detected in the Carnamah/WAWHT2046 population on homoeologous group 3
which have been detected in all other populations studied. Further complicating the
predictability of b* and xanthophyll content is that the QTLs for these traits are not
always located together suggesting that other genes may influence flour colour and
xanthophyll accumulation. This study has demonstrated that the genetic control of b*
and xanthophyll content is complex and that the genetic analysis of populations is
essential to breeding strategies due to the unpredictable nature of these traits.
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Chapter 5. General Discussion
5.1. Overview
The aims of this thesis were to develop molecular markers for genes encoding enzymes
of the carotenoid biosynthetic pathway involved in xanthophyll accumulation and to
identify quantitative trait loci of flour colour (yellowness; b*) and xanthophyll content
in germplasm adapted to Western Australian environments. A bioinformatics approach
to identify orthologues targeting individual genes of the carotenoid biosynthetic
pathway in rice was used to develop molecular markers for tracking variation in
xanthophyll content and b*. The bioinformatic strategy was a novel approach using the
nearest neighbour contig analysis of rice genomic sequence with annotations resembling
genes of the carotenoid pathway to predict the location of orthologues in wheat and
confirmed by deletion line mapping. This approach was different to previous studies
because it considered the location of genes related to the xanthophyll pathway in rice
and used the nearest mapped wheat EST to predict likely orthologues in the wheat
genome.

Rather than initiating in silico alignments from rice genome sequences,

previous studies have focused on wheat chromosomal regions as a starting point, instead
of at the gene level, to define the syntenic relationship of rice and wheat (Conley et al.
2004; La Rota and Sorrells 2004; Linkiewicz et al. 2004; Sorrells et al. 2003; Yuan et
al. 2001). The bioinformatic strategy developed in this thesis was designed so that it
can be used as a tool for comparative genetic analysis using the vast genomic resources
available for model plant species and its application to wheat improvement.
The main outcome of this study is flour colour and the identification of gene
orthologues in wheat that control xanthophyll accumulation is complex. The most
likely explanation for the complexity of flour colour is the regulation of the carotenoid
biosynthetic pathway and the interaction, either directly or indirectly, with other
biosynthetic pathways. The analysis of whole gene network, rather than single gene,
expression patterns could be considered a key aspect for explaining the complexity of
pathways leading to variation in carotenoid biosynthesis (Benfey 2005; Faccioli et al.
2005).
5.2. Analysis of full length genes and associated molecular processes
A limitation in this study was that only portions of the candidate genes
Geranylgeranyltransferase I β–subunit (GGT-Ibeta), Rab geranylgeranyltransferase
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component A (RGGT-A) and Lycopene β–cyclase (LBC) were amplified and analysed.
This was largely due to the lack of extensive genome coverage by wheat ESTs and full
length cDNAs aligning to selected rice genes. The ability to detect regions of variation
in wheat orthologues could be achieved by sequencing the full length genes, including
the promoter regions and regulatory sequences. One approach is to use techniques such
as chromosome walking, but this can be difficult in hexaploid wheat due to ploidy
levels and large amounts of repetitive DNA. However, in some cases, chromosome
walking has been successful in the diploid wheat Triticum monococcum and anchoring
chromosomal regions on genetic maps of bread wheat (Faris et al. 2003; Stein et al.
2000).

Nevertheless, full length candidate gene sequences for wheat orthologues

encoding enzymes of the xanthophyll pathway would provide detailed information on
sequence differences between varieties that can be exploited as markers for variation in
b* and xanthophyll content by QTL analysis (Fig. 5.1).

Fig. 5.1. Summary of the processes used in this thesis (blue) and additional processes (orange) that can
be used to investigate the regulation of pathways such as carotenoid biosynthesis and their role in
variation of quality traits.

Determining the expression patterns of the selected genes of this study could determine
how these genes are involved in variation of flour colour.

The detection of an

association by gene expression may indicate that the gene or its transcription factors are
candidates for the control of variation. Examining the expression of the selected genes
in the grain at different stages of development from the parental cultivars of
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homozygous populations (Westonia, Janz, Ajana, WAWHT2074, Carnamah and
WAWHT2046) used in this study could determine when they are functionally important
for the accumulation of xanthophyll.
5.3. Gene networks and regulation
The carotenoid pathway in bacteria, fungi, algae and higher plants is part of a large
network known as the isoprenoid biosynthetic pathway that has diverse roles in
development and protection. The isoprenoid biosynthetic pathway produces a number
of molecule types such as the hormones, abscisic acid (ABA) and gibberellin (GA), and
the pigment molecules, chlorophyll and xanthophylls. In plants the isoprenoid pathway
produces molecules such as monoterpenes that, for example, have been found to be
involved in diverse phenotypes such as wound defense from insect infestation
(Bohlmann et al. 1997). Due to its different roles, the regulation of this large network is
complex and the control of specific biosynthetic pathways within the broad isoprenoid
pathway adds to a higher level of complexity. Therefore, the control of the carotenoid
biosynthetic pathway is further complicated by the regulation of the isoprenoid pathway
as well as its normal regulation by numerous stimuli. The regulation of the carotenoid
and broader isoprenoid pathways should be taken into consideration when investigating
the control of flour colour and xanthophyll content. In this study, genes that encode
major enzymes of the carotenoid biosynthetic pathway were examined but the
possibility of genes controlling related pathways cannot be excluded.

The novel

bioinformatic strategy developed in this study can be implemented to identify wheat
orthologues of other genes controlling QTL variation in wheat.
It would appear that there are two carotenoid biosynthetic pathways that operate parallel
to each other, either regulated by light or other stimuli and accumulate in chloroplasts or
in chromoplasts of fruits, seeds and flowers. Both pathways either involve the same
genes or duplicated and/or diverged forms. One of the pathways is regulated by light
and reflects the role of carotenoids as light-harvesting and photoprotection molecules.
This regulation begins when photosynthesis starts in the emerging seedling and
continues until the plant reaches maturity and reproduces.

However, carotenoid

biosynthesis can still occur in the dark and substantial changes in carotenoid levels and
composition occur (Barry et al. 1991; Kruger and Reed 1988), equating to a second
pathway regulated by developmental stimuli.

This pathway is responsible for the
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accumulation of xanthophylls, mainly lutein and lutein esters, non-photosynthetic
endosperm tissue of mature grain.
The regulation of grain development is worthy of further consideration to investigate
changes in flour colour. Comparative studies in other plant species with extreme colour
variation can provide additional knowledge on developmental processes regulating
carotenoid biosynthesis.

For example, there are thought to be at least two signal

transduction pathways that control fruit ripening in tomato. Fruit ripening is a dramatic
developmental change accompanied by changes in gene expression due to the plant
hormone ethylene. The ethylene-dependent signal transduction pathway is involved in
the regulation of transcription and post-transcription of lycopene genes (Theologis et al.
1993). In the late ripening stages of fruits such as tomato, a dramatic colour change
occurs due to a substantial increase in carotenoids accumulating in chromoplasts. This
colour change is due mainly to the accumulation of lycopene in tomato and triggered by
fruit-ripening specific gene phytoene synthase, psy1 (Ray et al. 1992), not activated by
environmental cues such as light or temperature. Interestingly, light and temperature
have an effect on the amount of carotenoids synthesised (Fray and Grierson D 1993).
In tomato, increased levels of phytoene synthase and phytoene desaturase are observed
upon fruit ripening (Fray and Grierson D 1993; Pecker et al. 1996). There are at least
eight main steps in the carotenoid biosynthetic pathway from the formation of
geranylgeranyl pyrophosphate leading to the accumulation of the xanthophyll lutein.
The approach taken in this thesis targeted key enzymes of the carotenoid biosynthetic
pathway, however, there may be genes in other regions that exert control over the genes
on homoeologous chromosomes 3 and 7 analysed in this study.
5.4. Gene duplication, divergence and homoeologous expression
A further complication in the regulation of a biosynthetic pathway is gene duplication
and divergence.

Gene duplication is thought to be involved in the synthesis of

secondary metabolites, those that are not synthesised in all plants but are encoded by
duplicated genes of primary metabolism found in all plants (Pichersky and Gang DR
2000). It is possible that gene duplication and diversification may encode different
proteins that have an effect on colour variation. In relation to this study, the duplicated
form of GGT-Ibeta identified in Janz on the short arm of chromosome 3D may explain
the difference in xanthophyll content phenotype observed in comparison to Westonia
that only contains a copy of this gene on the short arm of chromosome 3B.

A
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phenotype of increased yellowness in Janz would be expected due to two copies of
GGT-Ibeta, however Janz is not as yellow as Westonia. A possible explanation for this
is that one of the GGT-Ibeta genes is Janz is non-functional but competes for substrate
and therefore reducing the level of substrate available for the function form of GGTIbeta. Alternatively, GGT-Ibeta may not be involved in the regulation of flour colour.
A recent study of sesquiterpene emission in maize showed that a difference in the level
of emission between two varieties was due to single nucleotide changes in two terpene
synthase genes, terpene syntase 4 (tps4) and tps5 and resulted in a sequence difference
at the catalytic site of the encoded enzymes TPS4 and TPS5 (Köllner et al. 2004).
Sesquiterpenes are biosynthesised by the isoprenoid pathway from farnesyl
diphosphate, the precursor to geranylgeranyl pyrophosphate, produced from the
conversion of geranyl diphosphate into monoterpenes.

Both varieties, B73 and

Delprim, contain both alleles however, B73 contains the functional tps4 and nonfunctional tps5 whereas in Delprim tps4 is non-functional and tps5 is the functional
allele (Köllner et al. 2004). The tps4 and tps5 genes are duplicated and diverged genes
occurring as tandem repeats that have been mapped to the same region on chromosome
10 of maize (Köllner et al. 2004).

Varietal differences in the rate of esterification of

lutein have been identified in previous studies of flour colour in wheat (Kaneko and
Oyanagi 1995). It is possible that intra-varietal polymorphisms identified in this study
may have similar effects in relation to flour colour and should be further investigated at
the molecular level. The sequence difference identified in the partial coding sequence
of GGT-Ibeta from Westonia and Janz may indicate functional and non-functional
copies of the gene on the short arms of chromosomes 3B and 3D.

The

Geranylgeranyltransferase genes operate at the beginning of the carotenoid biosynthetic
pathway and therefore may be important regulatory genes.
In this study, at least two copies of each candidate gene were identified in the wheat
genome from physical mapping and genome-specific single nucleotide polymorphism
(SNP) analysis (Chapter 3) indicating the gene copies were located on homoeologous
chromosome groups. In support of these observations, QTLs were identified in this and
other studies (Mares and Campbell 2001; Parker et al. 1998) for b* and xanthophyll
content in homoeologous regions on the long arms of chromosomes 7A and 7B.
Interestingly, the same region was not detected on chromosome 7D as being associated
with variation in b* or xanthophyll content. A possible explanation for the association
occurring in two genomes and not the third is the down-regulation or shut-down of
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genes. A similar explanation could also apply to the identification of intra-varietal
SNPs detected in two genomes from the partial sequences of RGGT-A and LEC. The
homoeologous expression of genes has been demonstrated in previous studies (Mochida
et al. 2003) and the shut-down of gene expression in the third genome was suggested to
be due to mutations in the promoter region, methylation or gene silencing (Mochida et
al. 2003).
5.5. Degradation of flour colour
The amount of lutein accumulated in mature grain is dependent upon the levels of
substrate and enzymes available during synthesis and the sequestration of these levels
(Fig. 5.2).

Xanthophyll accumulation most likely reaches a maximum at mid

development in the normal life cycle of the wheat grain.

It is not known if the

accumulation of xanthophylls is dependent on the length of the life cycle or if a shorter
life cycle would produce whiter varieties. Apart from the synthesis and accumulation of
xanthophylls it is also important to consider mechanisms that may affect the
degradation of colour. In durum wheat yellowness is an important quality trait for
semolina and lipoxygenase enzymes are known to contribute to a loss of colour by
oxidation of β-carotene (Borrelli et al. 1999). Two homologues of the barley LoxA gene
(van Mechelen et al. 1995) were identified in the A and B genomes of durum wheat and
a significant QTL for lipoxygenase activity was detected on the short arm of
chromosome 4B (Hessler et al. 2002). It is possible that the b* and xanthophyll content
variation detected in the proximal region of the short arm of chromosome 4B in
Westonia*2/Janz (this study) is regulated by lipoxygenase genes.

Although an

association between lipoxygenase activity and flour colour has not been shown, the
evidence from durum wheat suggests that lipoxygenases could have a regulatory effect
on the carotenoid biosynthetic pathway in bread wheat. This knowledge provides
potential candidate genes outside of the carotenoid pathway that could be responsible
for controlling variation in xanthophyll content and b*.

Investigation of barley

lipoxygenase genes using the bioinformatic strategy developed in this study to identify
wheat orthologues could determine if the b* and xanthophyll content QTLs detected on
chromosome 4B are controlled by these genes.
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Fig. 5.2 Synthesis and degradation of lutein relative to the growth cycle of the plant.

5.6. Future work
The analysis of a larger gene network controlling xanthophyll variation will determine
the function of gene products essential in explaining complex traits like flour colour.
The latest advances in high-throughput protein and gene expression technologies are
now more feasible and could enable the identification of critical steps within the
carotenoid biosynthetic pathway controlling flour colour.

An effective and rapid

method for investigating gene function is virus-induced gene silencing (VIGS)
(Holzberg et al. 2002) using a partial gene sequence as a construct inserted into a vector
such as the tobacco rattle virus (TRV) that is delivered into a host plant via
Agrobacterium infection (Hileman et al. 2005). Importantly for agronomic species, the
delivery of the virus can be directed to particular parts of the plant and at different
developmental stages critical in biosynthetic pathways. The directed delivery of the
virus potentially means that the carotenoid pathway operating in the seed can be
targeted without disrupting the light-harvesting and photo-protective functions in the
whole plant and therefore maintaining healthy growth. The partial sequences obtained
in this study of the GGT-Ibeta, RGGT-A and LBC genes could be used as a construct for
endogenous gene silencing. More importantly, the method can be used to analyse gene
expression in a numerous host plants and would be particularly useful for investigating
breeding populations. In particular, TRV-VIGS would be well suited to examining the
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expression of GGT-Ibeta in varieties used as parents for homozygous populations in this
study.

Since the enzyme GGT-Ibeta catalyses the first step in the carotenoid

biosynthetic pathway prior to any colour formation, this gene would be an obvious first
candidate for functional analysis. Potentially, three constructs based on GGT-Ibeta
could be produced from the partial gene copy identified in Westonia and Janz on
chromosome 3B and the second copy detected in Janz on chromosome 3D to determine
the functional form of the gene.

Providing the endosperm of wheat could be

specifically targeted by TRV-VIGS, identifying the functional GGT-Ibeta gene could
provide a potential site within the carotenoid biosynthetic pathway that could be
targeted in other breeding material for gene silencing to produce premium white flour.
On the other hand, over-expression of GGT-Ibeta may increase yellowness however,
previous studies in Arabidopsis (Roesler et al. 1997) have shown that over-expression
does not necessarily result in an expected phenotype and instead, indicates an
expression pattern of down-regulation.
It is clear that further evidence is required for the key role of GGT-Ibeta in the
carotenoid biosynthetic pathway of wheat. Given the possibility of enzymes from other
pathways (Fig. 5.2) in developing grain impacting on the final levels of carotenoids in
mature grain it would be important to define these enzymes more carefully in cultivars
that differ markedly in flour colour.
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APPENDIX A

ALIGNMENTS OF RICE BAC/PAC CONTIGS
AND MAPPED WHEAT ESTs

134

1. GGPP synthase (rice 1)
8,001,132 bp

Wheat
EST

AP003074

Wheat Location

Total
Length

BM140375

2BS

591

21-590

127/190 (67%)

2e-89

BE518042

4AS, 4DL

463

119-415

62/99 (63%)

2e-37

BE492937

1AS, 1BS,
1DS, 3BS

544

167-457

58/97 (60%)

1e-36

BE637850

3AS, 3BS

529

162-443

53/94 (56%)

9e-36

BF473348

3AS, 3BS, 3DS

526

44-526

65/99 (66%)

1e-43

Wheat
EST

Wheat Location

Total
Length

Hit

Hit Identity

BM140375

2BS

591

21-590

127/190
(67%)

2e-89

BE492937

1AS, 1BS, 1DS,
3BS

544

167-457

60

1e-36

BF473348

3AS, 3BS, 3DS

526

44-526

66

9e-44

BE518142

2BL, 2DL

515

36-429

67

8e-41

BE426763

3A, 3BL, 3DL

658

313-658

60

2e-37

8,080,065 bp
8,091,459- 8,092,028

BM140375

Hit

Hit Identity

E-value

8,123,447
BM140375

8,151,510 bp
8,173,707

AP002865

x
8,200,942
8,201,287

8,203,852 bp

E-value

8,219,463 bp

GGPP synthase (8,187,935-8,189,065 bp)
BE591762
2BL, 2DS

AP001278

TBLASTX result from SOE:
BE404074 (3AS, 3BS, 3DS)
8,193,315 – 8,193,485 bp
8,199,029 -8,199,199 bp

8,365,117 bp

Wheat
EST

Wheat Location

Total
Length

BG262410

1AS, 1BS, 1DS

594

Hit

2-379

Hit Identity

76/126 (60%)

E-value

8e-49

2. GGPP synthase (rice 7)
22,992,701 bp

AP003804

23,104,502 bp

23,105,870 bp

AP004182
23,128,062 bp

23,129,962 bp

Wheat
EST

AP004276

BF483154

Wheat Location

Total
Length

1DL

450

Hit

3-449

Hit Identity

80%

E-value

4e-79

x
GGPP synthase (23,202,089 – 23,213,495 bp)

23,272,541 bp
23,271,530 bp

AP004185
23,296,799 bp
23,295,518 bp
Wheat
EST

AP003747

23,419,304 bp

Wheat Location

Total
Length

Hit

Hit Identity

E-value

BE500260

5BL, 5DL

472

4-435

57%

5e-64

BG607088

2B

372

89-370

72%

1e-65

3. Rab GGtransferase-like protein, GDPS (rice 6)
26,923,488 bp

AP006055

GDPS (27,091,720 – 27,095,805 bp)

26,978,801 bp
26,983,091 bp

TIGR – EST TC153344 weakly similar to Rab GGT-like protein (Arabidopsis)
which is similar to Rab GGT alpha chain (Human)

27,028,973 bp
Wheat
EST

27,047,532
27,048,048
27,061,570

AP004989

Wheat Location

Total
Length

Hit

Hit Identity

BF291337

2BL, 2DL

660

Wheat EST

Wheat Location

Total
Length

BF292987

7BL

BG312637
BF473851

E-value

237-660

36/57 (63%)

3e-43

Hit

Hit Identity

E-value

613

2-523

53/72 (74%)

2e-36

6AS, 6BL

425

9-402

36/61 (59%)

4e-38

2BL, 2DL

579

11-485

49/75 (65%)

2e-51

Wheat Location

Total
Length

27,062,355
27,083,685
27,084,169

x
27,157,775 bp
27,178,054 bp

x
AP003728

27,184,063
27,184,848

AP003723

27,205,186

Wheat
EST

27,205,749

BF292987

7BL

613

2-523

53/72 (74%)

1e-36

BE490152

6AL, 6BL, 6DL

566

99-413

48/85 (56%)

1e-39

BE405646

7AL, 7DL

647

3-418

58/84 (69%)

3e-44

BG262791

2AL, 2BL

578

182-577

72/132
(54%)

5e-37

27,217,443 bp
27,222,617

Hit

Hit Identity

E-value

27,223,017
27,299,042
27,299,534
27,299,922
27,300,317

27,322,237 bp

RGGT-A 27,091,720-27,095,805
GGPPS 27,139,092-27,143,773

4. GGhydrogenase (rice 1)

8,890,028 bp
8,915,879

Wheat EST

Wheat Location

Total
Length

8,924,904

BE406646

3AS, 3BS, 3D

478

94-478

49/67 (73%)

1e-51

8,925,366

BF483101

3A, 3BS, 3DS

525

60-525

77/114 (68%)

1e-37

BE496986

6AL, 6BL, 6DL

554

5-553

54/96 (56%)

4e-58

BE490147

6AL

636

297-635

71/113 (63%)

3e-65

Wheat
EST

Wheat Location

Total
Length

BE496986

6AL, 6BL, 6DL

BE490147

6AL

8,916,354

8,968,776 bp

AP001383
9,015,171
9,015,872

x

x

9,044,405 bp

AP001080

GGH
BE490147
6AL

Hit

Hit Identity

E-value

Hit

Hit Identity

E-value

554

5-553

54/96 (56%)

4e-58

636

297-635

71/113 (63%)

3e-65

9,097,401 bp
9,120,144 bp

Wheat EST

Wheat
Location

Hit

Hit Identity

∗BE442694

3AS, 3BS,
3DS

588

219-588

87/121 (72%)

1e-42

BE426304

1AL

475

149-475

109/109
(100%)

6e-68

BE495028

1AL, 1BL,
1DL, 3DL

469

143-469

109/109
(100%)

6e-68

BG262527

3BS, 3DS

378

84-377

17/28 (61%)

3e-41

BF428891 (3AS, 3BS, 3DS)
(TBLASTX SOE 2e-36)
9,135,561 – 9,135,788 bp

9,192,557

Total
Length

E-value

9,192,951

AP000969

9,266,055 bp

5. GGhydrogenase (rice 2)
30,699,453 bp

AP004800

NOTE

(173,649 bp)

AP004800 – no significant mapped ESTs
AP005297 - significant mapped ESTs do not lie
within the TIGR Map Assembly 2003
The sequence length of all 3 rice clones shown is
longer than the start – end lengths from TIGR
Map Assembly 2003.

30,791,322 bp
91,869 bp
30,789,938 bp

AP005297
(168,566 bp)
30,834,867 bp

Putative Geranylgeranyl reductase
147496..148944 in 168566 bp
GGH BE490147 6AL

30,895,620 bp
105,682 bp

AP004114

Wheat
EST

Wheat Location

Total
Length

Hit

Hit Identity

E-value

BE496986

6AL, 6BL, 6DL

554

2-283

88%

9e-58

BE490147

6AL

636

197-634

93%

5e-95

Wheat Location

Total
Length

BE496986

6AL, 6BL,6DL

554

2-283

88%

9e-58

BE490147

6AL

636

197-634

93%

5e-95

BG607393

6AL, 6BL, 6DL,
7BS, 7DS

472

112-447

56%

1e-103

(134,464bp)

x

x
Wheat
EST

30,973,091 bp
138,224 bp

Hit

Hit Identity

E-value

6. Phytoene synthase (rice 12)
26,546,588 bp
26,627,168 bp

AL731889

BX000561

Wheat
EST

Wheat Location

Total
Length

BF484620

4AL, 4BS, 4DS,
5DS

528

Wheat
EST

Wheat Location

Total
Length

2BS

591

Wheat Location

Total
Length

5BL

457

Hit

57-368

Hit Identity

69%

E-value

2e-75

26,629,602 bp

26,732,016 bp
26,724,204 bp

x

PSY

AL831803

BM140375

26,803,204 bp

Wheat
EST
BE604419

26,866,573 bp

AC027133

26,962,803 bp

Hit

18-314

Hit

135-401

Hit Identity

58%

Hit Identity

78%

E-value

2e-89

E-value

3e-52

7. Phytoene synthase (rice 9)
1 bp

AP005742

1 bp

AP005564
1 bp

80,653 bp

102,419 bp

Wheat EST

AC137593

x

Wheat Location

Total
Length

Hit

Hit Identity

Evalue

BM140375

2BS

591

58-591

53%

3e-91

BE406507

3A,2DS, 5BL

474

160-474

66%

4e-56

PYS 116,810 – 120,031 bp
175,296 bp

1 bp

Wheat EST

AP005090

90,500 bp

BF145273

Wheat Location
6AL, 6BL, 6DL

Total
Length
528

Hit
152-418

Hit Identity
55%

Evalue
4e-48

8. Phytoene desaturase (rice 3)
4,171,501 bp
Wheat EST

AC126223

4,305,807 bp

AC079633 x

Wheat Location

Total
Length

Hit

Hit Identity

Evalue

BF473441

5AL, 5DL

559

1-339

59/113 (52%)

3e-45

BE442631

4AS, 4BL, 4DL

718

82-707

33/65 (51%)

2e-41

BE494942

2BL

465

123-464

65/114 (57%)

3e-38

BE442706

4DL

527

42-521

41/77 (53%)

6e-49

BE406968

4BL, 4DL

425

1-424

26/44 (59%)

3e-46

Wheat Location

Total
Length

Hit

Hit Identity

Evalue

4,304,560 bp
Wheat EST

Phytoene desaturase
No direct mapping
evidence
4,394,824 bp

BE636954

5AS, 5BS, 5DS

555

45-413

27/41 (66%)

3e-50

BE591739

4BL, 4DL

418

137-409

77/91 (85%)

1e-47

Wheat Location

Total
Length

Hit Identity

Evalue

85/141 (60%)

2e-42

Hit

Hit Identity

Evalue

1-477

47/86 (55%)

6e-44

Hit

Hit Identity

Evalue

4,426,611 bp

AC125471

Wheat EST

BE495361

4,566,265 bp

4AS, 4BL,4DL

425

Hit

1-424

4,559,161 bp

Wheat EST

AC121489

BG606739

Wheat Location

4AS, 4BL, 4DL

Total
Length
477

4,705,912 bp
4,708,054 bp

Wheat EST

AC116604

4,835,569 bp

Wheat Location

Total
Length

BE500260

5BL, 5DL

472

12-469

87/147 (59%)

3e-43

BE495896

5AS, 5BS

517

154-498

54/93 (58%)

7e-37

BG263563

4AL, 4BL, 4DL,
5BL

609

1-609

58/103 (56%)

3e-48

9. ζ–Carotene desaturase (rice 7)
5,233,579 bp

Wheat EST

BM140375

AP005259

Wheat Location

2BS

Total
Length
591

Hit

18-314

Hit Identity

59%

Evalue
1e-71

5,372,899 bp

5,354,475 bp

AP005171
5,407,494 bp

5,405,868 bp
Wheat EST

Wheat Location

Total
Length

Hit

Hit Identity

Evalue

BE426097

1AL, 1BL, 1DL,
2AL, 2B, 2DL

618

187-507

71%

9e-66

BE590506

2DL

504

38-355

69%

8e-41

BE637838

5AL, 5BL, 5DL,
7AL, 7BL, 7DL

525

145-426

71%

2e-56

BE637838 = QTL location

AP004273
ZDS

x

5,545,499-5,550,369
5,568,302 bp

AP003943
5,695,091 bp

5,570,905 bp

Wheat EST

Wheat Location

Total
Length

Hit

Hit Identity

Evalue

BG274878

2BS, 2DS

509

165-503

77%

8e-72

BF482885

3AS, 3BS, 3DS

489

22-489

87%

3e-88

10. β-carotene hydroxylase (rice 10)
19,704,995 bp
Wheat EST

AC091680

19,853,605 bp

Wheat Location

Total
Length

Hit

Hit Identity

Evalue

BE444131

1AS, 1BS, 1DS

534

12-533

24/46 (52%)

1e-36

BM138536

1AL, 1BL,1DS

632

180-533

61/106 (58%)

1e-36

BE591173

6AL, 6BL

577

234-575

65/114 (57%)

3e-36

BE405692

1AL, 1BL,1DS

556

16-555

41/82 (50%)

9e-36

BE490186

4AL, 7AS, 7DS

380

55-345

19/29 (66%)

1e-36

BM140375

2BS

591

18-591

79/136 (58%)

6e-38

Wheat Location

Total
Length

Hit Identity

Evalue

AC113948
19,970,768 bp

Wheat EST

20,029,915 bp

AC092389

x

AC092697

β-carotene
hydroxylase

20,135,755 bp

20,165,129 bp

Hit

BE444131

1AS, 1BS, 1DS

534

36-374

68/113 (60%)

5e-43

BE493794

6AL, 6BL

559

9-228

75/91 (82%)

1e-41

BE490565

6AS, 6BS, 6DS

487

23-301

59/93 (63%)

8e-51

BE405167

1AL, 1BL, 1DL

499

242-499

34/35 (97%)

9e-52

BG607860

2BS, 5AS

606

2-487

64/79 (81%)

2e-40

BE637867

1AL, 1BL, 1DL,
4AS, 4BL

575

1-430

82/143 (57%)

2e-39

BE492937

1AS, 1BS, 1DS,
3BS

544

170-544

32/62 (52%)

2e-46

11. Zeaxanthin epoxidase (rice 4)
21, 180,569 bp

AL731593

21,299,528 bp

AL606448 x

Wheat
EST

Wheat Location

Total
Length

BF478535

2AL, 2BL, 2DL

570

92-391

32/36 (89%)

9e-53

BM138368

6D

541

188-460

76/91 (84%)

6e-48

BE499696

3AL, 3BL, 3DL

569

92-406

89-105 (85%)

2e-55

Hit Identity

E-value

Wheat
EST

Wheat Location

Total
Length

BF428799

2AL, 2DL, 4AS,
4AL, 4BL, 4DS,
4DL, 5BL, 5DL

591

2-590

104/157
(66%)

3e-61

BF292396

Not mapped

676

19-360

77/114 (68%)

2e-41

BG263703

6AL, 6BL, 6DL

568

7-435

43/86 (50%)

1e-42

BE403166

2BS

436

2-346

71/115 (62%)

4e-42

Wheat
EST

Wheat Location

Total
Length

BE403826

4AL, 7AS, 7BL

462

76-432

9/13 (69%)

6e-55

BE517844

7AS

408

112-408

9/13 (69%)

2e-41

BM137722

2AS, 2BS, 2DS

369

76-369

64/98 (65%)

6e-46

BF293311

6AL, 6BL, 6DL

566

2-566

8/14 (57%)

4e-84

21,299,527 bp

Zeaxanthin
epoxidase
approx. 21.395Mb

21,446,741 bp

Hit

Hit

Hit Identity

E-value

21,446,742 bp

AL606615

21,614,367 bp

Hit

Hit Identity

E-value

12. Violaxanthin deepoxidase (rice 4)
17,398,164 bp

Wheat
EST

AL607003

Wheat Location

Total
Length

Hit

Hit Identity

E-value

BE517630

Not mapped

564

56-349

22/26 (85%)

1e-42

BF473833

Not mapped

680

93-520

22/34 (65%)

3e-68

Wheat
EST

Wheat Location

Total
Length

BE496996

1BS, 3AS, 4B,
5AL, 5BL, 6DS

594

20-587

19/59 (32%)

9e-36

BE498691

2AL, 2B, 2DL

610

21-342

31/42 (74%)

5e-37

17,518,733 bp
17,531,576 bp

AL731623

17,632, 063 bp
17,641,880 bp

AL662977

17,911,246 bp

Hit Identity

E-value

VDE
17,662,664-17,664,323 bp

x

Wheat
EST

AL607000
17,750,791 bp

Hit

17,762,972 bp

Wheat Location

Total
Length

Hit

Hit Identity

E-value

BE471045

3BL

389

69-386

92/106 (87%)

6e-60

BE498599

2AL, 2BL

561

279-560

86/94 (91%)

2e-55

13. Violaxanthin deepoxidase (rice 4)
2,328,654 bp
Wheat
EST
BM140375

Wheat Location

Total
Length

2BS

591

Wheat Location

Total
Length

2BS

591

Hit

18-590

Hit Identity

88/176 (50%)

E-value

8e-40

AL731603

2,504,246 bp

2,503,441 bp
Wheat
EST
BM140375

Hit

Hit Identity

156-590

88/145 (61%)

Hit

Hit Identity

E-value

3e-68

AL662943
Violaxanthin deepoxidase
(position unknown because BAC
not annotated)
2,664,007 bp

2,673,440 bp

Wheat
EST

AL663004

2,734,818 bp

2,805,941 bp

AL662951
2,899,911 bp

BM140375

Wheat Location

Total
Length

2BS

591

18-591

92/182 (51%)

E-value

1e-40

14. Neoxanthin synthase (rice 10)
4,343,432 bp

Wheat
EST

AC090488

Total
Length

Hit

Hit Identity

E-value

BF473448

1AS, 1BS

613

277-612

60%

2e-37

BM140375

2BS

591

55-591

53%

3e-91

Wheat
EST

Wheat Location

Total
Length

BF478389

6AL, 6BL, 6DL

560

Wheat
EST

Wheat Location

Total
Length

BE591237

2BS, 5D

529

BE590637

1AL, 1BL, 1DL

505

BE592027

6AS, 6BS, 6DS

BM140375

2BS

4,471,819 bp

4,457,677 bp

AC074355

Wheat Location

Hit
149-559

Hit Identity
56%

E-value
7e-76

x

NS

4,603,186 bp

4,578,996 bp

AC113337

4,714,871 bp

Hit

Hit Identity

E-value

SOE result

1e-41

82-411

52%

8e-41

469

4-378

57%

9e-49

591

18-590

70%

7e-93

