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Abstract
Under certain environmental conditions, some varieties of wheat synthesize the enzyme
alpha amylase late in grain ripening, even in the absence of rain or sprouting. The
resulting grain has a sound appearance but can be unsuitable for end-product applications
due to the presence of late maturity alpha amylase (LMA) activity. Reduction of LMA
and the development of cultivars tolerant to boron toxic soils are high priority traits in the
WA wheat breeding program and the use of molecular markers closely linked to these
traits for marker assisted selection (MAS) is highly desirable. The aims of this study were
to take a genomics approach to provide detailed structural information for the region on
wheat chromosome 7BL in which quantitative trait loci (QTLs) for LMA and boron
tolerance (Bo1) have been mapped. Once the structure had been determined, this then
laid the foundation for further studies to investigate the function of putative candidate
genes identified within this region. The research involved the use of bioinformatic tools
and rice/wheat synteny to investigate the structure of this chromosome region, followed
by the use of molecular probes to isolate genomic DNA clones (BAC clones)
corresponding to this region.

A two-step bioinformatics strategy was used, involving (1) alignment of portions of the
wheat and rice genomes, to identify rice genomic regions syntenic to wheat group 7L and
(2) selection of candidate genes from those regions of the rice genome. The selected
candidate genes included an anion transporter, as a candidate gene for boron tolerance,
and GAMYB-like genes, as candidate genes for LMA. The GAMYB class of
transcription factors identified were of particular interest because of published literature
indicating its importance in controlling α-amylase levels in cereal grains. The key
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phenotype of interest in this thesis is LMA and different levels of expression of αamylase are a key feature of this phenotype.

Molecular markers and candidate genes were then used to screen two BAC libraries, one
derived from the French cultivar, ‘Renan’ and the other derived from Aegilops tauschii
(the source of the D genome of wheat). About 300 BAC clones corresponding to the
chromosome region of interest were obtained. Of these, 8 BAC clones (6 chosen through
hybridization to a GAMYB-like probe, and 2 from wheat ESTs anchored to the rice
genome) were selected for sequencing, allowing for the development of new
microsatellite and single-nucleotide polymorphism (SNP) markers and for the discovery
of novel transposable elements that provide a rich source of polymorphism for the
development of additional markers. Novel microsatellite and SNP markers that were
identified from the BAC clone sequence were mapped on the Cranbrook/Halberd doubled
haploid (DH) mapping population. Markers were located to chromosomes 7AL, 7BL and
7DL. New markers derived from the BAC sequence information were used to anchor the
BAC clones to the genetic map and develop a framework physical-genetic map. An
automated annotation pipeline has been established and was used to annotate selected
contigs of the sequenced BAC clones.

A new marker assisted selection strategy, termed Multiplex Trait Signature (MuTs)
analysis, was developed and tested on 39 wheat cultivars of known LMA phenotype.
MuTs provides a graphical genotype of individuals for a particular chromosomal region
and is a convenient tool for interrogating genetic similarity in the individuals surveyed.
Based on assays of 22 markers (12 spanning the LMA QTL on chromosome 7BL and 10
spanning the LMA QTL on chromosome 3BS) on these 39 wheat cultivars, it was found
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that the varieties can be grouped according to pedigree and provides a tool for
interpreting LMA status for a variety. Validation of the 7BL LMA and boron tolerance
(Bo1) QTL regions was achieved using a targeted mapping approach using the doubled
haploid population Pastor/RAC891 using published molecular markers and markers
developed in this thesis. The main outcome of this study is that the genomic organisation
of this region on chromosome 7BL is complex, and that the identification of candidate
genes in wheat controlling 1) tolerance of cultivars to boron toxic soils and 2) pathways
regulating the expression of LMA, is likely to involve the interplay of a network of
regulatory genes.
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Chapter 1 General Introduction

A significant proportion of the world’s population relies heavily on grain, particularly
those of cereal crops, for food. Even in those regions of the world where there is less
direct reliance on grain, seed products such as flour and oils are of considerable
nutritional importance. Wheat was the first domesticated crop and is the youngest
polyploid species among the agricultural crops. In economic terms, wheat occupies
more arable land (17% of all crop area) and possesses more market share (USD$31
billion) than any other cereal crop (Perlack et al., 2005). Australia accounts for between
8% and 15% of world trade in wheat making it one of the four largest wheat exporters in
the world, along with the US, Canada and the EU. The level of Australian wheat
exports is essentially by wheat production with the annual gross value of production
averaging about A$4 billion over five years. With domestic consumption being
relatively stable over time (at about 5.5 million tonnes per annum), any excess
production is available for export with an average of 17 million tonnes per annum
exported over the past five years (http://www.awb.com.au).

Recently, wheat has also been proposed as a major resource for the development of a
sustainable and renewable energy source by the conversion of biomass (wheat, corn and
other small grains) to ethanol based biofuels (Perlack et al., 2005). Energy usage in the
US is expected to rise by 30% over the next 20 years while domestic energy production
is expected to only grow by 25% (DOE-EERE, 2005) and this trend is being duplicated
world-wide. Biomass, and consequently wheat, is the only domestic, sustainable and
renewable primary energy resource that can provide liquid transportation fuels such as
ethanol. Consequently, there are ongoing efforts by plant breeders, and molecular
geneticists, to produce crops with higher yields of grain with improved nutritional,
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quality or commercial value to accommodate all these end-uses of the wheat grain.
Grain production is a cornerstone of agriculture, and knowledge of seed development
and composition is essential to increasing agricultural productivity (Bewley and Black,
1985). This thesis contributes to the understanding of a serious grain defect termed late
maturity alpha amylase (LMA) and the tolerance of wheat cultivars to boron toxic soils
through a detailed structural analysis of the chromosomal regions that contain genes
controlling these traits in wheat.

1.1.

Seed biology

Wheat is one of the primary grains consumed by humans and the storage reserves of
protein, starch, and lipids that are laid down during seed development and maturation
have biological and economic importance. It is a self-pollinated crop, with fertilization
accomplished by direct transfer of the pollen onto the stigma of the flower containing
the ovule. Following fertilization, the embryo and endosperm begin a period of rapid
growth and differentiation, the maturation phase of seed development, culminating in
the mature seed (Tesar, 1984). The maturation phase of seed development is a period of
complex and active biochemical and physiological activity involving both the embryo
and food storage tissues and organs. It involves differentiation to form specialised cells,
tissues and organs and the synthesis and deposition of storage nutrients in the seed
(Bewley and Black, 1985).

Hexaploid wheat (Triticum aestivum) is commonly referred to as common or bread
wheat due to its wide cultivation and use for making bread. Genetically, the wheat grain
itself is rather complex. The embryo cells have the normal complement of 42
chromosomes (21 derived from the egg cell and 21 from the pollen), but the endosperm
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cells have 63 chromosomes (two copies from the maternal parent plus one from the
male). The pericarp and the testa have 42 chromosomes derived directly from maternal
tissue (Figure 1.1) (Flintham and Gale, 1988).

Figure 1.1. Distribution of parental alleles in different tissues of grains derived from
intervarietal hybrids (Flintham and Gale, 1988).

Wheat grain is technically a single-seeded fruit (called a caryopsis) in which the
pericarp (ovary wall) is tightly fused with the seed (Evers et al., 1999). Figure 1.2
shows a cross-section of a mature wheat seed indicating each of the tissue components.
The basic structure of the seed comprises the embryonic axis, scutellum, endosperm,
nucellus, and testa or seedcoat, and it is surrounded by the fruit coat or ‘pericarp’. The
embryo, the result of fertilization of the oosphere (ovum) by a male nucleus, lies
adjacent to the endosperm and consists of the embryonic axis and the scutellum. The
embryonic axis is the plant of the next generation. It consists of several rudimentary
leaves surrounded by a modified leaf, called the coleoptile, and a rudimentary root or
radicle surrounded by a sheath of cells, called the coleorhiza. At the juncture of the
shoot and root there is a very short stem structure that will elongate to form the subcrown internode. The embryonic axis is connected to and couched in the shield-like
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scutellum, which lies between it and the food reserves stored in the endosperm. The
scutellum acts as a secretory and absorptive organ, allowing the transfer of substances
moving from the endosperm to the growing embryo (Bewley and Black, 1978; Tesar,
1984; Evers et al., 1999).

Figure 1.2 Structure of the wheat grain

The endosperm is the largest tissue of the grain and is produced as a result of fusion
between one male generative nucleus and the two polar nuclei to form the triploid
endosperm nucleus. It is composed of an outer layer of cells, the aleurone layer, and the
interior starchy endosperm. The aleurone layer consists of a 1 to 3 layers of thickwalled cells with dense contents and prominent nuclei. The number of layers present is
characteristic of the cereal species, wheat, rye, oats, maize, rice and sorghum having 1
layer and barley having 3 layers. The aleurone cells have a high protein content and are
rich in lipids, but contain little or no starch. They are particularly important in both
grain development, during which they divide to produce starchy endosperm cells, and
during germination, when in most species they are the site of synthesis of hydrolytic
enzymes responsible for solubilizing the reserves. A further function of some aleurone
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cells is the transfer of metabolites into the starchy endosperm during grain maturation.
The cells of the starchy endosperm are filled with starch grains and protein bodies
embedded in a proteinaceous matrix. In all cereals there is an inverse gradient involving
these 2 components, the protein percentage per unit mass of endosperm tissue increasing
towards the periphery with the starch percentage decreasing. Cell size also diminishes
towards the outside and this is accompanied by increasing cell wall thickness (Evers et
al, 1999). At physiological maturity of the cell, the endosperm consists of dead cells
that serve as “warehouses” for the storage of nutrients in the seed during germination,
while the aleurone cells continue to respire, albeit at a very slow rate, for long periods
(Tesar, 1984; Evers et al., 1999). The outermost tissue of the seed is the testa or seed
coat. The testa may consist of 1 or 2 cellular layers. The testa frequently confers the
colour of the grain by the accumulation of corky substances in the testa cells during
grain ripening resulting in the reduction of permeability of the testa. A cuticle, thicker
than that of the nucellar epidermis, is typical, and this also plays a role in regulating
water and gaseous exchange (Evers et al., 1999).

The pericarp, derived directly from maternal tissue, is a multilayered structure
consisting of several complete and incomplete layers. In all cereal grains it is dry at
maturity, consisting of largely empty cells. During development it serves to protect and
support the growing endosperm and embryo. At this time chloroplasts are present in the
innermost layers and starch accumulates as small granules. By maturity all starch has
disappeared and the cells in which it was present are largely squashed or broken down
(Evers et al., 1999).
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1.2. Stages of development in the seed

Grain development can be described in terms of transition points in the accumulation of
total dry matter, starch, protein, and water, that define the stages in grain development
when changes in gene expression and protein accumulation are likely to occur
(Altenbach et al., 2003). Figure 1.3 details the different stages of development in the
seed from the beginning of DNA synthesis, starch accumulation and protein
biosynthesis.

Figure 1.3. Temporal pattern of grain development described by transition points in the
accumulation of starch, protein and water and by the timing of the onset of apoptosis. , fresh
weight; •, dry weight; , water content. Plants were grown under a 24/17C day/night regimen.
(Dupont et al, 2003).

Endosperm development begins with fertilization of a diploid cell, followed by repeated
mitotic division of the triploid nuclei within 3-5h of fertilization (Kiesselbach, 1949).
At 3 days after fertilization, cell walls are developed, and 2 days later partitioning of the
original vacuolated cell into a characteristic cellular pattern is observed (Olsen, 2001).
After endosperm cellularization, the endosperm cell cycle consists of two distinct forms,
namely a mitotic cycle and the endoreduplication cycle. DNA endoreduplication is the
replication of nuclear DNA in the absence of mitosis, and it leads to enlarged nuclei
with elevated DNA levels. The function of the extra DNA synthesis by the
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endoreduplication process is not known, but it has been suggested that it may represent a
means of amplifying genes encoding key enzymes that regulate the deposition of storage
products such as protein and starch. This in turn may make for a more efficient
completion of the programme of deposition of reserves (Bryant, 1984; Kowles et al.,
1992). It has also been reported to influence final grain size in maize (Engelen-Eiges et
al., 2000). The mitotic cycle of development that occurs is a period of further cell
expansion in which water content increases and the synthesis of starch and protein
reserves start to accumulate. It is possible to identify in developing embryos 3 broad
populations of mRNA molecules: (i) the mRNA molecules coding for the working
proteins of the cell, common to both development and germination; (ii) the mRNA
molecules specific to seed development, such as those coding for seed storage proteins;
and (iii) the mRNA molecules which are stored, awaiting use in processes which are
specific to germination, such as the degradation of reserves (Tesar, 1984; Bewley and
Black, 1985).

As the seed continues to develop, cell expansion and the uptake of water stops before
the accumulation of dry matter is complete, starch and protein then replace cell water,
and the kernel begins to desiccate (Berger, 1999; Lopes and Larkins, 1993). Late in
development, the formation of a waxy layer at the chalaza impedes input of sugars and
amino acids into the grain (Sofield et al., 1977), protein and starch deposition cease and
the grain reaches maximum dry weight or physiological maturity. At approximately this
time the endosperm tissue undergoes a form of apoptosis, or programmed cell death
(Beltrano et al., 1994). Cell death progresses gradually throughout the endosperm tissue
and is accompanied by internucleosomal fragmentation of genomic DNA. Only the
aleurone cells remain viable. Finally kernels dessicate rapidly, losing all but 10-15% of
their water content, at which time they are ready for harvest (Dupont and Altenbach,
2003).
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Seeds undergo a period of quiescence prior to germination. Quiescent seeds are resting
organs, generally at a low hydration level, with metabolic activity almost at a standstill
(Bewley and Black, 1985). For germination to occur, quiescent seeds generally need
only to be hydrated under conditions that encourage metabolism, for example, suitable
temperature and in the presence of oxygen. Before germination can occur, some
block(s) that exists within the seed itself must be removed or overcome. Seed dormancy
has been defined as the failure of an intact, viable seed to complete dormancy under
favourable conditions (Bewley, 1997). Dormancy can be divided into (1) seed coat
dormancy, in which the seed is prevented from completing germination because the
embryo is constrained by its surrounding structures, and (2) embryo dormancy, in which
the embryo itself is dormant (Bewley, 1997; Bentsink and Koornneef, 2002). For the
seed to be released from dormancy, it must experience certain environmental factors or
must undergo certain metabolic changes. Hence, the control of germination exists at
two levels. One – dormancy – is due entirely to the state of the seed itself, and the
second involves the operation of environmental factors on both dormancy and
germination (Bewley and Black, 1985). Germination is complete when a part of the
embryo, usually the radicle, extends to penetrate the structures that surround it (Bewley,
1997).

1.2.1.

Protein

From the perspective of protein synthetic activity, the development of wheat seed can be
divided into three broad stages: early development (up to 10-12 days after flowering
(DAF)), mid-development (approximately 12-30 DAF) and late development (30-45
DAF) (Figure 1.3; Dupont and Altenbach, 2003). During early development, the
endosperm and embryo are surrounded by the nucellus, a maternal tissue that provides
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nutrients to the rapidly growing endosperm. The nucellus is the predominant tissue
during early seed development but undergoes a progressive programmed cell death to
provide room for the expanding endosperm tissue. Following 12 DAF, the nucellus is
insignificant and the mass of the seed is dominated by the endosperm and embryo (Le et
al., 1998). The highest level of protein synthetic activity in the seed occurs between 12
and 30 DAF when the bulk of the seed storage protein is synthesized in the endosperm
and stored to provide the nutrients required for germination (Greene, 1983). This
developmental stage is followed by a rapid drop in protein synthesis when the
endosperm undergoes its own programmed cell death and the embryo prepares for
quiescence, a process that continues up to the mature dry stage of the seed by 45 DAF.
Despite the reduced protein synthetic activity after 30 DAF, late embryogenesis
abundant (lea) proteins are synthesized, which are thought to be required for the embryo
to survive dessication during late seed development (Delseny et al., 1994; Cooper et al.,
2003). At maturity, however, the seed is virtually metabolically quiescent, and
translational activity ceases despite the continued presence of the translational
machinery in the embryo. Protein synthesis resumes quickly following the initiation of
germination; formation of polysomes and protein synthesis are detected shortly
following the onset of germination (Le et al., 1998; Potokina et al., 2002).

Mature wheat grains contain 8-20% protein (Dupont and Altenbach, 2003). Seed
proteins can be divided into four classes in relation to their solubility: (1) albumins –
soluble in water and dilute buffers at neutral pHs; (2) globulins – soluble in salt
solutions but insoluble in water; (3) glutelins – soluble in dilute acid or alkali solutions;
(4) prolamins – soluble in aqueous alcohols (70-90%) (Osborne, 1907). Wheat seeds
contain relatively high concentrations of prolamin (gliadins) and glutelins (glutenins)
with much lower concentrations of globulin. The abundant gluten proteins constitute up
to 80% of total flour protein, and confer properties of elasticity and extensibility that are
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essential for functionality of wheat flours (Shewry et al., 1994; Gras et al., 2001). The
gluten proteins consist of monomeric gliadins and polymeric glutenins. The gliadins
constitute from 30-40% of total flour protein and are soluble in 70% alcohol. They
range in size from about 30-60kDa and can be separated into α, γ and ω subgroups, each
containing many closely related proteins (Anderson and Greene, 1997). The glutenin
polymers consist of low molecular weight glutenin subunits (LMW-GS) of about 40
kDa linked by interchain disulphide bonds to high molecular weight glutenin subunits
(HMW-GS) of about 90 kDa. The LMW-GS comprise about 20-30% of the total
protein (Gupta et al., 1992) while the HMW-GS account for about 5-10% of the total
protein (Payne, 1986). Water-soluble albumins and salt-soluble globulins constitute
from 10-22% of total flour protein and are found in the starchy endosperm, aleurone,
and embryo tissues of cereals (Dupont et al., 2003). Albumins are usually more
prevalent than globulins and they are a complex mixture including: metabolic enzymes;
hydrolytic enzymes; enzyme inhibitors; and phytohaemaglutenins (Evers et al., 1999).

The major storage protein genes are expressed specifically in endosperm tissue and are
under strict temporal control. Accumulation of transcripts from the HMW-GS, LMWGS, and α-, γ-, and ω-gliadin gene families occurs early in grain development
(Altenbach et al., 2002). Proteins involved in cellular metabolism and biosynthetic and
regulatory processes during grain development are of low abundance compared to the
storage proteins. Many of these low abundance proteins, such as the enzymes needed
for starch biosynthesis are essential for grain fill (Dupont et al., 2003; Rahman et al.,
1995). Most enzyme activity during seed maturation is concerned with synthesis,
particularly the synthesis of storage products. Some hydrolytic enzymes involved in
breakdown of starch and protein stored in the pericarp are found before maturity and
may persist (Fretzdorf and Weipert, 1990). In the mature grain the enzyme levels are
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relatively low if the grain is sound and dry. On adequate imbibition, germination begins
and the quiescent dry seed rapidly resumes metabolic activity. Respiration, enzyme
activity, RNA and protein synthesis are fundatmental cellular activities reestablished
during germination and are a prerequisite for seedling growth (Potokina et al., 2002).
Genes expressed in both the embryo and scutellum tissues during the onset of
germination include those involved in cell division, protein translation, nucleotide
metabolism, carbohydrate metabolism and some transporters (Cooper et al., 2003).
Furthermore, genes expressed in the endosperm include genes encoding carbohydrate
and amino acid metabolism as well as protease inhibitors and storage proteins (Clarke et
al., 2000; Potokina et al., 2002).

1.2.2. Starch

The principal, most widespread storage carbohydrate of seeds is starch. It is a major
determinant of yield, accounting for 65-75% of the grain dry weight and up to 80% of
the endosperm dry weight (Rahman et al., 2000). Free sugars, starch, and other
polysaccharides reach a maximum concentration in the vegetative parts of the mother
plant around the time of anthesis, after which they start to decrease. Some of this stored
carbohydrate is translocated to the growing grain, and although estimates are variable, it
may provide up to 15-20% of the final dry weight of the grain (Tesar, 1984).

Active photosynthesis by maternal tissue results in the formation of glucose, which is
rapidly converted to sucrose and translocated to the developing seed. The major source
of assimilate for wheat grains is the photosynthesis carried out in the flag leaf, stem, and
ear, these regions making quantitatively different contributions. Sucrose is the
translocated form of sugar from the sites of photosynthesis to the developing seeds and
is the substrate for starch formation (Tesar, 1984). Starch is produced and stored in
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plastids called amyloplasts, nonpigmented, specialized plastids for storing starch. It is
not a single polysaccharide but consists of two broad classes of polymers of D-glucose,
one linear and the other branched. The linear polymer – amylose – is formed from
glucose units joined only by α-1,4 glucosidic linkages and makes up ~30% of starch.
The other polymer – amylopectin – consists of roughly 20 α-1,4 linked glucose residues
joined by α-1,6 linkages to other branches and makes up ~70% of starch. In wheat
amylopectin there is a branch for every 20-25 glucose residues (Martin and Smith,
1995). A series of enzymes synthesize the amylose and amylopectin chains that
comprise starch. Within the amyloplast, ADP-glucose pyrophosphorylase converts
glucose 1-phosphate to ADP-glucose, which then is converted to amylose and
amylopectin polymers by starch synthases and branching enzymes (Rahman et al.,
2000). The starch polymers form layered granules within the amyloplasts and are
classified into two classes: Large type A granules that are initiated about 4-7 days after
anthesis (DPA), and a smaller type B granules that appear around 10-12 DPA (Bewley
and Black, 1984; Dupont et al., 2003).

1.2.3. Mineral matter

Apart from starch and proteins, other chemical components present within the grain as
minor contributers, but with potential for exerting significant nutritional influence, are
phytates and tannins (Evers et al., 1999). Furthermore, minerals present in trace
amounts are important in various processes throughout the plant. About 95% of the
minerals in the actual fruits of cereals are phosphates and sulfates of potassium,
magnesium and calcium. Important minor elements are iron, manganese, and zinc,
present at a level of 1-5mg/100g, and copper about 0.5mg/100g. Besides these, a large
number of other elements are present in trace quantities (Evers et al., 1999). Deficiency
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in any of these micronutrients has a significant effect on plant growth and development.
Among the micronutrients, deficiency of Boron (B) is the most frequently encountered
in the field (Gupta, 1979). Although it has been reported to adversely affect many
processes of wheat growth and development, B deficiency depresses commercial wheat
yield primarily through grain set failure, which is in turn caused by male sterility
(Rerkasem and Jamjod, 2004). However, B is a plant nutrient for which there is usually
a small window between deficiency and toxicity. Whereas B deficiency can be
resolved by application of B-enriched fertilizers, toxicity is a more difficult problem to
manage (Reid et al., 2004).

1.2.3.1

Boron toxicity

Boron (B) is an essential plant micronutrient which can be phytotoxic to plants if
present in soils at high concentration. High concentrations of boron have been recorded
from soils and plant samples collected from widespread regions of the cereal growing
districts of southern Australia and in the medium to low rainfall areas of Western
Australia (Ralph, 1992; Brennan and Adcock, 2004). Boron toxicity has also been
recognised as a problem in the dry regions of West Asia and North Africa and a problem
associated with irrigation water in many other parts of the world (Gupta et al., 1995).
High concentrations of B may occur naturally in the soil or in groundwater, or be added
to the soil from mining, fertilisers, or irrigation water. The dominant form of B in the
soil when it goes into solution is B(OH)3 (boric acid). In soils, this form of B is mobile
and can be taken up by vegetation, held by organic matter, or temporarily adsorbed on
fine mineral fractions (Nable et al., 1997).

In southern Australia it has been estimated that wheat yield losses of up to 11% could be
attributed to B toxicity (Moody et al., 1993). Wheat plants exposed to high
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concentrations of B, under glasshouse conditions, respond with reduced vigour, delayed
development, leaf symptoms which include yellowing of leaf tips of older leaves
followed by non-specific necrosis continuing down the leaves and reduced total dry
matter and grain yield (Paull, 1990).

There is a wide range in genetic variation in response to B toxicity among Australian
wheat varieties released during the twentieth century ranging from very sensitive to
moderately tolerant in comparison to the total range in variation in wheat (Moody et al.,
1988). The genetic control of tolerance to high concentrations of B has been
investigated for several species to enable efficient strategies for breeding of B tolerant
varieties to be adopted. Studies of F2 and F3 populations of bread wheat (Paull et al.,
1991), durum wheat (Jamjod, 1996), barley (Jenkin, 1993) and field peas (Pisum
sativum) (Bagheri et al., 1996) have all identified major genes conferring tolerance to B.
It appears several independent but additive genes occur in each species. In wheat, genes
conferring tolerance to B have been located to chromosomes 4A (Paull et al., 1991) and
chromosomes of homologous group 7 (Jefferies et al., 2000). Specifically, RFLP
marker XksuG10 (Gill et al., 1991) located on chromosome 4A, was identified as linked
to a B response gene by QTL analysis of F7 lines of G61450 x Kenya Farmer (very
sensitive) (Paull et al., 1995). Monosomic analysis has demonstrated the Bo1 gene of
bread wheat (Chantachume, 1995; Chantachume et al., 1995) and BoT1 and BoT2 genes
of durum wheat (Jamjod, 1996) are located on chromosome 7B.

Jefferies et al., (2000) studied a doubled haploid population (161 lines) from a cross
between tolerant cultivar Halberd and the moderately sensitive cultivar Cranbrook to
identify chromosomal regions involved in boron tolerance in wheat. They identified
two QTLs on chromosomes 7D and 7B. The locus on 7D (LOD score of 4.7,
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accounting for 22% variation in leaf symptom expression) was found to be associated
with leaf symptom expression only and the mechanism postulated to involve the
translocation of boron in leaf tissue, which may contribute to differences in leaf
symptom expression. The major QTL identified on 7B (LOD score 35.1, accounting for
64% relative root length variation or 84% of whole shoot boron concentration variation)
appears to be involved in the control of boron accumulation in whole plants or, more
precisely, the control of a B exclusion mechanism determining the relative accumulation
of B in whole plants. Significantly, correlation was observed between the grain yield of
a set of Australian cultivars and both whole-shoot B concentration and grain B
concentration, which is controlled by the locus on 7BL. This locus was transferred from
Halberd to cv. Schomburgk to develop BT-Schomburgk which was shown to have a
grain yield advantage over Schomburgk of up to 11% in several field trials conducted on
soils subject to boron toxicity (Moody et al., 1993). Poor relationships between leaf
symptoms and grain yield response have been reported in both wheat and barley
(Jenkin, 1993; Riley and Robson 1994).

1.3.

Regulation of seed development

Within the seed, complex programs of gene expression control physiological and
biochemical processes, including cell division, water uptake and seed expansion,
accumulation of starch and protein, maturation and dessication. Altenbach et al., (2003)
investigated the effect different environmental regimes, in which temperature, water and
fertilizer levels were varied, had on both the plant and the developing seed. They found
that the different environmental regimes affected all stages of grain development,
including the duration of water uptake and kernel expansion, dry weight accumulation
and kernel dessication, protein and starch accumulation, and the timing of apoptosis.
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However, it was difficult to distinguish the changes in gene expression and protein
accumulation that occur as a normal part of grain development from those that represent
unique responses to environmental variables. The authors stated that while
environmental variables can alter the various stages of grain development, such as starch
and protein accumulation, kernel dessication, and the timing of apoptosis, the
developmental triggers for moving from one stage to another resides within the seed
itself. They suggested it is likely that hormones mediate the effects of the environment
on grain development. While the growing seed is accumulating major storage reserves
during development, changes are also occurring in the content of growth regulators or
hormones of the plant. Cytokinin levels are maximal in grains immediately after
anthesis, followed by peaks of gibberellin (GA) and auxin during the linear growth
phase, and then of ethylene and abscisic acid (ABA) as the grains mature (Dupont and
Altenbach, 2003). These substances are thought to play important roles in the regulation
of certain aspects of seed growth and development, as well as being involved in fruit
growth and certain other physiological phenomena (Bewley and Black, 1985).

Many other compounds produced in roots, leaves and seeds are also candidates for
regulatory compounds that influence grain development. The supply of photosynthate is
a major factor that limits accumulation of dry weight. Sugars and amino acids from the
leaves and stems not only serve as substrates for starch and protein synthesis, but also
interact to regulate gene expression and metabolic pathways (Finkelstein and Gibson,
2002). Sugars act as growth regulators in seeds, although little is known of their role in
regulating endosperm development. The balance between nitrogen, sulphur, and carbon
compounds may be involved in the regulation of amino acid biosynthesis and
catabolism and in protein accumulation. Plant and kernel water status also influence
hormone status, as well as physiological processes during grain fill (Altenbach et al,
2003).
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1.3.1. Hormonal mechanisms regulating the transition from embryo development
to germination
The two major plant hormones, gibberellin (GA) and abscisic acid (ABA), play a key
role in the regulation of gene expression, secretion and cell death in the aleurone (Gilroy
and Jones, 1994). They have provided an ideal model for the study of hormone action
in plants and most of the work has been carried out using the incubation of isolated
aleurone layers in media containing specified concentrations of GA and/or ABA (Gilroy
and Jones, 1994; Jacobsen et al., 1995). Whereas GA has been shown to trigger enzyme
synthesis and secretion and initiates a program that culminates in cell death, ABA
prevents enzyme production and cell death (Lovegrove and Hooley, 2000; Bethke et al.,
2002). The controlling influence of these two hormones on the transition between
embryo development and germination has been established and ABA has been shown to
be a potent inhibitor of germination in many species, whereas GA promotes germination
(Hilhorst and Karssen, 1992; Holdsworth et al., 1998). The major influence of these
hormones on the grain is the mobilization of stored endosperm reserves which provide
the growing seedling with the supply of fixed carbon and reduced nitrogen (Jacobsen et
al, 1987).

1.3.1.1. Abscisic acid (ABA)

ABA is a small, lipophilic plant hormone that modulates plant development, seed
dormancy, germination, cell division and cellular responses to environmental stresses
such as drought, cold, salt, pathogen attack and UV radiation (Rock, 2000). In
developing seeds, ABA levels peak during late embryogenesis, after peak GA levels and
just before the beginning of dehydration, when storage proteins and nutritive reserves
accumulate. Levels of ABA then fall rapidly as the grain dries out (Rock and Quatrano,
1995). The increase in grain ABA levels during development is due to the de novo
17

synthesis of ABA within the grain, and from transport of ABA synthesized in the
maternal tissue into the grain via phloem. The function of ABA in the developing grain
appears to be twofold: the promotion of storage protein synthesis and the prevention of
premature germination (Triplett and Quatrano, 1982). In stressed vegetative tissues,
ABA levels rise severalfold to 40 fold within hours, and decrease after rehydration
(Zeevaart, 1999). The available evidence suggests this modulation is due at least in part
to the transcriptional regulation of the genes for the biosynthesis and catabolism of ABA
(Cutler et al, 1996, Qin and Zeevaart, 1999).

Genetic evidence that ABA enhances seed maturation and represses germination has
been provided by the identification of loci encoding proteins involved in ABA synthesis
and perception (Rock, 2000). Mutations at these loci disrupt embryo maturation
(including accumulation of storage reserves), dessication tolerance and embryo
dormancy (Holdsworth et al., 1998; Figure 1.4). The aba mutants of Arabidopsis and
several viviparous mutants of maize contain low levels of ABA and these loci encode
enzymes involved in ABA biosynthesis. The abscisic acid insensitive (abi) mutants
have normal levels of ABA, but are hypo-insensitive to applied ABA and mutations at
the Arabidopsis ERA1 locus exhibit an enhanced response to ABA, indicating a role for
these loci in ABA signal transduction. The phenotypes of several of these loci, as
revealed by mutant analysis, are specific to the seed (Holdsworth et al., 1998).
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Figure 1.4. Genetic loci involved in the control of embryo maturation and germination in
Arabidopsis. Functional positions of genetic loci as revealed by mutant phenotypes are
indicated. ABA, abscisic acid; GA, gibberellic acid; broken arrow indicates possible
involvement of these loci in this process (Holdsworth et al., 1998).

1.3.1.2. Gibberellins (GAs)

Gibberellins are a class of endogenous plant growth substances that control a wide range
of developmental processes in plants, including germination, stem elongation, and
flower and fruit development (Huttly and Phillips, 1995). There is experimental
evidence to indicate that environmental stimuli, including light and temperature, can
affect plant processes by either changing the GA concentrations and/or altering the
responsiveness to GA (Olszewski et al., 2002). The most well-documented effects of
GA occur in the cells of the aleurone layer of cereal grains (Jacobsen et al., 1995).

Most of the GA present during development is in the endosperm (which includes the
aleurone), testa and inner pericarp (Ritchie and Gilroy, 1998a). As maturation proceeds,
GA levels fall in the endosperm until in the near-mature grain the embryo contains the
greatest amount of GA, although the total GA content of the seed at this stage is only a
few percent of peak levels. Under normal conditions there is very little GA present in
the dry wheat or barley seed (Jacobsen et al., 1995). Although, little is known of the
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exact role of GA during grain development, there is evidence to suggest that the αamylase appearing in the endosperm and aleurone of developing barley grains is
produced in response to locally-synthesized GA (Duffus, 1969). Apart from this
observation, however, there is little to connect GA with any developmental changes
(Jacobsen et al, 1987).

During germination, the cells of the aleurone layer respond to bioactive GAs,
synthesized by the embryo/scutellum, leading to the de novo synthesis and secretion of a
number of hydrolytic enzymes (Lenton et al., 1994). These enzymes are responsible for
the breakdown of proteins, starch, lipids, cell walls and nucleic acids in the endosperm
(Jones and Jacobsen, 1991). In this tissue, therefore, GA acts as a co-ordinating signal
between the embryo and the aleurone, indicating that the embryo is beginning to grow
and requires nutrients (Huttly and Phillips, 1995).

Examination of the expression patterns of the genes involved in GA biosynthesis reveals
the sites of GA metabolism during development and the complex regulatory
mechanisms by which endogenous developmental cues and light control the
concentrations of bioactive GAs (Olszewski et al., 2002). The biosynthesis of GA in
higher plants can be divided into three stages: (1) biosynthesis of ent-kaurene in
proplastids; (2) conversion of ent-kaurene to GA12 via microsomal cytochrome P450
monooxygenases; and (3) formation of C20- and C19-GAs in the cytoplasm (Figure 5)
(Olszewski et al., 2002).

Early responses to GA include the activation of G proteins, increased cGMP and
cytoplasmic Ca2+ concentrations, resulting in the induction of transcription factor,
GAMYB (Gubler et al., 1995; Jones et al., 1998; Penson et al., 1996; Ritchie and
Gilroy, 1998b). This promotes the expression of genes, such as high and low pI α20

amylases, proteinases, and β-glucanases by binding directly to the promoter GA
response element, which has been shown to be essential for the GA induction of these
genes (Gubler et al., 1995; Lanahan et al., 1992; Zentalla et al., 2002).

The antagonism between remnant ABA levels in the dry seed, and GA levels and
perception on imbibition have been shown to contribute to the developmental decision
between dormancy or germination (Holdsworth et al., 1998; Chrispeels and Varner,
1996). ABA promotes quiescence and establishes dormancy during embryo maturation,
whereas GA breaks dormancy and induces germination. The ratio, rather than the
absolute amounts, of GA and ABA is an important factor in determining the
developmental state of maturing seeds (White et al., 2000; Rock and Quatrano, 1995).

1.4.

Alpha amylases in the Triticeae

The enzyme α-amylase is important to both the agricultural (germination of cereal
grains) and brewing (malting quality) industries (Mitsui and Itoh, 1997). Alpha
amylases play a key role in plant metabolism, as they are responsible for starch
hydrolysis and, therefore, mobilization of the major carbohydrate storage reserve in
most plants. Within 24 hours of imbibition starting, the embryo begins to metabolise
the stored carbohydrate and gibberellin released from the embryo induces the aleurone
layer to undergo a series of metabolic changes which result in the release of α-amylase
(along with a number of other hydrolases) into the endosperm, where they degrade the
starch reserves stored therein (Fincher, 1989). This is accomplished primarily through
the 1,4-α endoglycolytic cleavage of amylose and amylopectin, the principal
components of starch granules in plant cells (Huang et al., 1992). Protein sequence
comparisons of α-amylases from plants have revealed seven highly conserved domains
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that correspond to sites necessary for enzyme structure and/or function. This indicates a
common ancestry for the α-amylases and conservation of critical sequences over
evolutionary time (Nakajima et al., 1986; O’Neill et al., 1990).

Cereal α-amylase genes fall into two major classes (AmyA and AmyB) and three
subfamilies (Amy1, Amy2 and Amy3). Wheat α-amylase genes fall into two classes:
AmyA (consisting α-Amy1 and α-Amy2) (Lazarus et al., 1985) and AmyB (α-Amy3)
(Baulcombe et al., 1987). The gene families locate to the long arms of the group 6
(Amy-1A, Amy-1B, Amy-1D), the group 7 (Amy-2A, Amy-2B, Amy-2D) chromosomes
and the group 5 (Amy-3A, Amy-3B, Amy-3D) chromosomes. These 2 groups of
amylases from the AmyA class have been studied the most in the literature and have
similar actions on starch, but can be readily separated by electrophoresis, show distinct
differences in tissue distribution and patterns of synthesis, and are genetically distinct
(Jacobsen and Higgins, 1982; Huang et al., 1992). The different isozyme groups can be
separated by iso-electric focusing on the basis of their different iso-electric points (pI).

α-Amy1 and α-Amy2 are expressed in the seed aleurone during germination and they
encode high and low pI isoforms of the enzyme, respectively (Sargeant, 1980; Jacobsen
and Higgins, 1982). They are not expressed in cultured de-embryonated seeds, but can
be induced in such seeds by treatment with gibberellic acid, indicating that their
expression in whole seeds is dependent on the production of GA by the embryo. αAmy2 is also expressed in developing grain along with α-Amy3 (Baulcombe et al., 1987;
Huttly et al., 1988; Laurie et al, 2003).

The α-Amy-2 isozymes are also termed ‘green’, ‘pericarp’ or ‘low pI’ amylases and are
primarily found in high concentrations in the pericarp of immature grains (Mrva and
Mares, 1996). These enzymes are usually progressively degraded in grain development
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and are usually below detectable levels in the pericarp at maturity. During the later
stages of the germination process, this subset is again synthesized, this time in the
aleurone and possibly the scutellum, followed by other low pI isozymes that are not
found in developing grains. Low pI isozymes are inevitably at a lower concentration
than the high pI components (Mrva and Mares, 1999).

The α-Amy-1 enzymes, also termed the ‘malt’, ‘germination’ or ‘high pI’ amylases are
the primary product of germination and ‘pre-harvest sprouting’, but may also form
without visible sprouting (Mrva and Mares, 1996). The α-Amy-1 are usually absent in
developing grain but are the major isozymic form during germination (Sargeant, 1980).
The scutellar epithelium is the first tissue in which the gene is expressed early in
germination (24h after imbibition). Later, after 48h of germination, α-Amy-1 is
observed predominantly in the aleurone layer (Cejudo et al, 1995). This indicates that
there is both spatial and temporal control of the expression of α-Amy-1 genes during
wheat seed germination. It has been demonstrated that there is a gradient of mRNA
expression along the aleurone layer, with higher α-Amy-1 expression in cells proximal
to the embryo than in distal cells (Cejudo et al., 1995). This is consistent with the site of
synthesis of gibberellin that is known to control α-Amy-1 gene expression (Baulcombe
and Buffard, 1993). GA is synthesized in the embryo from which it diffuses through the
starchy endosperm and subsequently stimulates the aleurone cells proximal to the
embryo to express α-Amy-1 (Cejudo et al., 1995).

1.4.1. Transcriptional regulation of alpha amylase genes

It is well established that GAs and ABA regulate alpha amylase synthesis in the cereal
aleurone layer (Appleford and Lenton, 1997). It appears that the regulation of α-Amy1
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and α-Amy2 genes involves the interplay of several classes of trans-acting factors that
bind to the cis-acting elements within the α-amylase gene promoters. The GA response
element (GARE) has been identified as a 21-nucleotide region in both α-Amy1 and αAmy2 gene promoters that contains the sequence TAACAA/GA (Gubler and Jacobsen,
1992; Gubler et al., 1999). A number of transcription factors have been identified that
are induced in response to GA and regulate α-amylase expression via binding to the
GARE complex in the α-amylase promoters. One such transcription factor is GAMYB,
which is induced in response to GA and binds to the GARE complex resulting in the
expression of the α -Amy genes (Gubler et al., 1995). Another transcription factor
identified in barley, HRT (for Hordeum repressor of transcription, a zinc finger-like
DNA binding factor), has been reported as a potential negative modulator of the
expression of the α -Amy genes due to its interaction with the GARE complex (Raventos
et al., 1998). Thirdly, the transcription factor, BPBF (barley prolamin-box binding
factor, a GA-upregulated DOF transcription factor), has been identified that binds to
pyrimidine boxes from α-amylase promoters and has been shown to be a repressor of αamylase transcription (Mena et al., 2002). Thus, it has been suggested that the ratio of
these transcription factors, HRT, BPBF and GAMYB, could be important for the
regulation of α -Amy gene expression (Raventos et al., 1998). Furthermore, a putative
negative regulator of GA signalling is the protein encoded by the Slender1 (SLN1) gene
(Chandler, 1998). The slender mutation in barley is a single-locus recessive mutation
that leads to pleiotropic phenotypes, such as rapid elongation of stems and leaves,
sterility, and high α-amylase production, even in the presence of GA biosynthesis
inhibitors (Foster, 1977; Chandler, 1988; Lanahan and Ho, 1988). This phenotype is
observed despite the fact that endogenous levels of active GA are lower in the slender
mutant than in the wild type (Croker et al., 1990). Thus, SLN1 is probably involved in
the repression of the GA signal transduction pathway (Chandler et al., 2002). The only
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known ortholog of these genes in wheat are the Rht genes, orthologs of the barley SLN1
gene (Boerner et al, 1997; Peng et al., 1999).

Several biochemical studies indicate that GA is perceived at the plasma membrane
(Hooley et al., 1991; Gilroy and Jones, 1994) and that increased levels of cytosolic
calcium (Gilroy, 1996) and calmodulin (Schuurink et al., 1996) are early events in
signal transduction. In addition, it has been reported that heterotrimeric G proteins are
also implicated in gibberellin induction of α-amylase gene expression in wild oat
aleurone (Kuo et al., 1996; Jones et al, 1998). Penson et al., (1996) determined that
cGMP is an important component in the transduction of the GA signal. They showed
that cGMP levels increased in response to GA treatment in barley aleurone layers and
that the presence of a guanylyl cyclase inhibitor, LY83583 (LY), blocked the GAinduced accumulation of a α-amylase and GAMYB transcripts. However, cGMP alone
was not sufficient to increase either of these transcripts (Penson et al., 1996).

The ABA signal transduction pathway in aleurone layers is largely unknown (Leung and
Giraudat, 1998; Lovegrove and Hooley, 2000). Both plasma membrane and internal
receptors have been postulated (Gilroy and Jones, 1994; Gilroy, 1996). The levels of
cytosolic calcium decrease in response to ABA treatment (Gilroy, 1996), suggesting a
possible role of calcium as a second messenger. Phospholipase D has been proposed as
an intermediate in the propagation of ABA signalling (Ritchie and Gilroy, 1998). Also,
the expression of a serine/threonine protein kinase PKABA1, has been shown to be
induced by ABA treatment of wheat and barley aleurone (Gomez-Cadenas et al., 1999)
and in scutellar, root and shoot tissues (Holappa and Walker-Simmons, 1995). As ABA
levels increase in drying seeds, PKABA1 transcript levels increase, reaching their peak
at seed maturity. PKABA1 transcript levels remain high in ABA-treated aleurone layers
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but decrease below detectable levels in GA-treated aleurone (Gomez-Cadenas et al.,
2001).

Reversible protein phosphorylation is a universal signal-transducting mechanism and
there is molecular evidence for the involvement of protein kinase cascades in GA and
ABA action (Gomez-Cadenas et al., 1999). Specifically, it has been demonstrated that
ABA’s induction of genes such as HVA1 (a late embryogenesis abundant protein) and
suppression of α-amylase genes diverge in two different signal transduction pathways,
with the induction branch being sensitive to a protein phosphatase 2C (Sheen, 1996) and
the suppressive pathway being modulated by PKABA1 (Anderberg and WalkerSimmons, 1992; Gomez-Cadenas et al., 1999).

Although the GARE complex plays a central role in GA activation of α-amylase gene
expression, additional cis-elements are associated with the GARE. The additional
elements act as enhancers within a GA-response complex (GARC) that mediates GAand ABA-responsive expression in both high and low pI α -amylase promoters. In
barley α -Amy1 genes, it is thought that the GARE and TATCCAT box comprise the
GARC. In α -Amy2 genes the GARC is thought to comprise the GARE and Box 2
(Gubler and Jacobsen, 1992; Willmott et al., 1998). Box 2 binds two members, ABF1
and ABF2, of the WRKY family of DNA-binding proteins (Rogers et al., 1994; Rushton
et al., 1995). ABF1 proteins are a class of ABA/stress inducible bZIP transcription
factors that bind to abscisic acid responsive elements (ABREs) following induction by
ABA in response to certain environmental stresses. ABF1 expression is induced by cold
whereas ABF2 is induced by high salt (Choi et al, 2000).
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Figure 1.5 displays a model of interaction between the ABA and GA signal transduction
pathways involved in the regulation of α-amylase gene expression. Gomez-Cadenas et
al., (2001) suggest that the point of interaction between these two signal transduction
pathways occurs downstream of the action of SLN1 but upstream of the action of
GAMYB. They postulated that because the slender mutation is recessive, it is likely
that SLN1 encodes a repressor and that the role of GA is to inhibit the repressive action
of SLN1, thus allowing the downstream signalling to proceed, similar to what has been
proposed for the action of GAI and RGA in Arabidopsis (Peng et al., 1999; Sun, 2000).
The model also includes the involvement of cGMP as a second messenger in the GA
signal transduction pathway. Other factors, such as Ca2+ and calmodulin, could possibly
act in cooperation with cGMP in the GA regulation of α-amylase synthesis.
Experimental evidence suggests that SLN1 acts upstream from or at the same level as
guanylyl cyclase(s) in GA signal transduction. However, ABA treatment does not
modify the steady state levels of cGMP in aleurone layers. Therefore, Gomez-Cadenas
et al., (2001) speculate that ABA (and PKABA1) blocks the GA signalling cascade
downstream of the point of action of cGMP.

ABA

HVA1

PKABA1

cGMP
GA

SLN1
Ca2+
Cal

GAMyb
HRT
BPBF

α-amylase

Figure 1.5. Diagram summarizing the molecular events involved in the interaction between
ABA and GA signal transduction pathways leading to the expression of α-amylase genes in
barley (Gomez-Cadenas et al., 2001). GA – gibberellin; SLN1 – Slender1 gene; PKABA1 –
ABA-responsive serine/threonine protein kinase; ABA – abscisic acid; HVA1 – late
embryogenesis abundant protein; HRT – Hordeum repressor of transcription transcription factor;
BPBF – barley prolamin-box binding factor; Cal – calmodulin.
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Furthermore, the ratio of transcription factors GAMYB, HRT, and BPBF, also have an
effect on the expression of α-amylase (Gubler et al., 1995). This model highlights the
complex network that exists between the ABA and GA signal transduction pathways
that lead to the expression of α-amylase in the cereal grain and that there are numerous
points which could all have an effect (Gilroy, 1996).

1.4.2. Factors causing an abnormal elevation of alpha amylase activity in grain

Excess alpha amylase activity impairs wheat grain quality since enzymatic hydrolysis of
starch during food manufacture can lead to processing problems and unsatisfactory endproducts (Lund et al., 2001a; Orth and Moss, 1987; Mrva and Mares, 2001b).
Assessment of alpha amylase activity is commonly measured by the Hagberg falling
number (HFN) test (Hagberg, 1960). This test records the time in seconds for a plunger
to fall through a gelatinised wholemeal paste in hot water after a standard mixing time.
In grain samples of low alpha amylase activity, HFN is high (400s or greater) whereas
an excess of alpha amylase activity causes low HFN, with a minimum value of 62s.
Minimum HFN values are required for specific uses in Australia. To meet the wide
quality requirements of national and overseas markets, the Australian Wheat Board
(AWB) segregates wheat into 9 grades. Acceptance into a class or grade is determined
by variety and the specific characteristics measured when delivering to a receival point
(http://www.awb.com.au). The following Table shows the minimum falling number
required for each of the 9 wheat grades.
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Wheat categories

AH

APW

APWT

ASW

ASWN

ASFT

AUH

AGP

FEED

Falling number
(seconds)

300

300

300

300

300

300

250

200

No limit

Table 1.1. Minimum (seconds) Falling number for each grade of wheat as specified by the
Australian Wheat Board (AWB) wheat receival standards 2002/2003 (http://www.awb.com.au). AH
– Australian Hard; APW – Australian Premium White; APWT – market specific segregation for
varieties Cascades, Halberd, Gutha and Nyabing; ASW – Australian Standard White; ASWN –
ASW Noodle; ASFT – Australian Soft; AUH – Australian Utility Hard; AGP – Australian General
Purpose.

Low falling number germplasm has now been identified in the UK, South Africa, North
America, Japan and Mexico. The major cause of excess alpha amylase activity and low
HFN in these countries is ‘preharvest sprouting’ (PHS) when ripe grain starts the
process of germination in the field in wet weather due to a lack of dormancy. The
predominant α-amylase isozymes formed during this process are the high pI αamylases, α-AMY-1 isozymes. However, in recent years three other origins of high αamylase activity or low falling number have been recognised that have a serious impact
on grain quality (Olered and Jonsson, 1970; Flintham and Gale, 1988). These are due to
processes that occur early in grain development before preharvest sprouting. The first
route for accumulation of alpha amylase early in grain development leading to low HFN
is termed retained pericarp alpha amylase activity (RPAA). In the U.K., commercial
wheat samples with green grains containing high pericarp alpha amylase activity are
normally rejected, as they represent unacceptable impurities. Pericarp amylases have
not been thought important as they were judged to be inactivated in the hightemperature HFN test due to a greater thermal instability than α-AMY-1 isozymes.
However, it has demonstrated that α-AMY-2 activity does lower HFN (Lunn et al.,
2001b). Therefore, if pericarp alpha amylase activity remained after the disappearance
of the green colour from grains, it could lower HFN in commercial samples.

The second route of alpha amylase activity is not as well recognised, having been
reported only rarely in the literature and only twice in the U.K. in the last 30 years
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(Flintham and Gale, 1988). This process, pre-maturity sprouting (PrMS), involves
germination early in development when the wheat grains are still of high moisture
content, normally above 35%. Although PrMS and PHS appear to form a continuum,
with expression of the same suite of alpha amylase isozymes and a similar appearance
of sprouted grains, they are distinct processes due to the unique factors that appear to
affect PrMS. Specifically, for the purposes of discrimination, ‘maturity’ is defined as
35% grain moisture. Below this moisture content, uptake of exogenous water is
necessary for germination as occurs in PHS (Flintham and Gale, 1988).

The final route of alpha amylase activity in the mature grain is due to the deposition of

α-AMY-1 isozymes in the endosperm cavity of the grain in particular genotypes, in
certain environments. This syndrome is variously termed in the literature as prematurity alpha amylase activity (PMAA), late-maturity endosperm amylase (LMEA) or
late maturity alpha amylase (LMA). A number of factors, including grain size and
genotype, and environmental factors such as grain drying rate and temperature shocks
are thought to induce or modify the phenomenon (Lunn et al., 2001a; Evers et al., 1995;
Bingham and Whitmore, 1966; Kettlewell and Cashman, 1997; Gold et al., 1990). The
occurrence of LMA is a major concern for Australian wheat breeding programs (Mrva
and Mares, 1996).

1.5.

Late maturity alpha amylase

Late maturity alpha amylase (LMA) is the term used to describe the synthesis of alpha
amylase which occurs under particular environmental conditions during the later stages
of grain ripening in particular environments in the absence of rain or sprouting (Mrva
and Mares, 1996a). Cultivars affected by LMA result in severe grain quality defects
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that result in the downgrading of quality and substantial economic losses. LMA is
completely independent of preharvest sprouting and can be expressed in sprouting
tolerant or dormant genotypes. Some caution is required in interpreting high amylase or
low falling number as indicative of LMA or preharvest sprouting, since changes in these
parameters can also be caused by post-maturity preharvest sprouting, prematurity
sprouting, or retention of pericarp amylase from early grain development (Mrva and
Mares, 2000; Lund et al., 2001).

The α-amylase isozyme patterns observed in grains affected by LMA are very similar to
the early stages of germination, consisting predominantly of high pI isozymes. In LMAaffected grains, high pI α-amylase isozymes are synthesized in the aleurone and
released into the adjacent endosperm (Mrva and Mares, 1999). This contrasts markedly
with the pattern of enzyme production during germination or sprouting. In germinating
grains, the scutellum is the site of α-amylase synthesis over the initial 2-3 days, and it is
only later in germination that the aleurone system is activated. It is assumed that the
traces of low pI isozymes present in both sound and LMA-affected grains represent
remnants of the pericarp enzyme as there is little evidence of new synthesis of low pI
isozymes during the expression of LMA (Mrva and Mares, 1999). This has been
observed by Lunn et al (2001a) and they have termed this phenomena, retained pericarp
α-amylase activity (RPAA).

1.5.1. Late maturity alpha amylase in Australian wheat breeding programs

Cultivars and advanced breeding lines showing LMA have been identified in wheat
breeding programs throughout Australia (Mares et al., 1994) and overseas (Lunn et al.,
2001a). In the UK, LMA is referred to as prematurity α-amylase and was originally
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identified by Bingham and Whitmore in 1966 in the cultivar, Professeur Marchal (Gale
et al., 1983). Early work in Australia by Mares and Gale, (1990) focused on two
cultivars, Spica and Lerma52 that maintained low falling numbers over several seasons
(1982-1988) in northern NSW in trials where there was no sprouting and in glasshouse
experiments. Changes in α-amylase activity were followed over the course of grain
development and ripening and results indicated that there was a period of new enzyme
synthesis in Spica beginning approximately 40 days after anthesis, corresponding to
grain moisture content of 35-40%. Control cultivars, by comparison, maintained very
low levels of grain α-amylase from 30 days until harvest ripeness (Mrva and Mares,
1996b; Figure 1.6)

Figure 1.6. Changes in α-amylase activity during grain development in the wheat
cultivar Spica grown in three different environments (N/87 – warm to hot, N/88 – hotter
than average, UK/87 – cool), compared to control cultivar, Kite. (Mrva and Mares, 1996b).

1.5.2. Influence of the environment on the expression of LMA

A comparison of LMA production across sites and years has revealed that there is a
strong interaction with the environment (Mares et al., 1994). Both the amount of
enzyme produced and the activation of gene expression in most genotypes appears to be
controlled by temperature. In certain cultivars (eg Spica and Lerma52), the expression
of LMA is consistent across environments although the amount of enzyme synthesized
increases with decreasing temperature. Other genotypes (eg BD159) only respond if
cool temperatures are experienced during the mid-stage of grain development (Mrva and
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Mares, 1996b). Therefore, the trait can be ‘masked’ in certain environmental conditions
and its effects only surface once the environmental conditions are favourable for its
expression.

To further define the phase in grain development in LMA-prone cultivars that are
sensitive to cool temperature, Mrva and Mares (2001a) conducted a series of
experiments using whole plants and detached tillers grown in a series of temperature
regimes at different stages of grain development. Measurement of α-amylase activity in
the grain was measured using the megazyme assay kit and the α-amylase isozymes
induced by the cold treatment were separated by isoelectric focusing (IEF). They found
that plants grown in the glasshouse, plants grown in the field and transplanted to the
glasshouse after flowering, and tillers taken from field or glasshouse grown plants all
responded in a similar manner. The cool temperature treatment (13o-18oC) was
effective when applied continuously from shortly after flowering until near-ripeness, or
when limited to the phase of grain development (26-35 days after anthesis) in LMAprone genotypes that appears to be most sensitive to cool temperature. Interestingly,
only 20-60% of the grains within the treated spike contain higher levels of α-amylase
and even within this fraction the magnitude of response covered a wide range. The
reason for this wide variation in responses is unknown but further complicates the
screening of cultivars for LMA.

A detailed study by Lunn et al (2001b) investigated the frequency and mechanisms of
alpha amylase accumulation in respect to LMA (or pre-maturity alpha amylase
(PMAA)) in U.K. wheats in field and laboratory experiments. In a series of field
experiments with four cultivars (prone to LMA expression) grown at up to four sites
over four years (1994-1997), the Hagberg Falling Number (HFN) of crops was recorded
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and the occurrence of α-amylase activity was assessed using a number of biochemical
methods. In addition, glasshouse experiments were conducted whereby the same four
cultivars at anthesis were grown in two temperature controlled cabinets, one at 16/10oC
and the other at 26/20oC with relative humidity maintained at 85% (+/- 15%) in both
cabinets to establish slow grain drying-rates throughout the experiment. A series of
transient (72h) reciprocal transfers between growth cabinets were made before 45%
grain moisture, to test the hypothesis that a transient increase or transient decrease in
temperature during grain development would stimulate LMA expression. In contrast to
Mrva and Mares (2001a), a transient increase in temperature (from a cool 16/10oC to a
warm 26/20oC temperature regime) before 45% grain moisture stimulated expression of
high pI alpha amylase in 31.6% of plants transferred. Lunn et al., (2001) found that
only one of the 12 cultivar x time of transfer combinations (cv. Pastiche transferred at
28% grain moisture) led to a significant increase in LMA expression at a cool
temperature transition. This contradicts the work of Mrva and Mares (2001a) that found
that a cool temperature treatment during the mid-stages of grain development did result
in the expression of LMA. However, the effect observed in the glasshouse experiments
of Lunn et al., (2000) was variable and not consistently repeatable, the authors
suggested that some other pre-conditioning factors could be involved in promoting
LMA.

1.5.3. Distribution of α-amylase within grains

The distribution of α-amylase activity within the grain is quite distinct and in most cases
can be used to differentiate LMA from preharvest sprouting; namely, in material from
field trials with low falling number but no physical sign of preharvest sprouting. It has
been shown that genotypes, such as Spica, that produce LMA in response to a cool
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temperature treatment, demonstrate an even distribution of α-amylase between the distal
and proximal halves of the grain. Often, distal halves of the grains have a higher αamylase activity compared to the corresponding proximal halves. This pattern is in
marked contrast to germinated grains where the α-amylase is concentrated in the
embryo or proximal portion of the grain (Mrva and Mares, 2002).

Mrva and Mares (2002) have developed a phenotypic test to screen for lines that possess
LMA by exploiting this differential pattern of expression in the grain. This method is
based on detached tillers or whole plants subjected to a cool temperature treatment and
grains subsequently analysed for LMA expression using a high pI alpha amylase
specific ELISA based test. Plants are grown in the field or glasshouse, spikes tagged at
anthesis and at 26 days after flowering, primary tillers are cut below the third internode
(retaining the flag leaf) and the stems placed in deionised water in a refrigerated water
bath (10oC) in a controlled environment growth room. The ears are exposed to a
temperature range of 13-18oC and after 7-10 days detached tillers are transferred to a
similar water bath in a warmer glasshouse to complete ripening. A total of 20 grains per
plant are collected and then alpha amylase detected in each grain (either whole grain or
half grain) using an ELISA microplate kit, specific for the high pI α-amylase isozymes
(typical of LMA). A positive response in the ELISA test (darker green colour) and
optical density greater than for the control non-LMA cultivar indicates the presence of
high pI α-amlyase and therefore LMA.

1.5.4. Mapping of Quantitative Trait Loci (QTL) for LMA

The ability to track the expression LMA in wheat breeding populations is a key aim for
wheat breeders. The screening test developed by Mrva and Mares, (2001a) has many
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limitations, as pointed out by the authors, such as the inability to distinguish
heterozygotes from homozygous low amylase genotypes, variability in expression of
LMA, the multi-step screening protocol and the time required for amylase assays of
large numbers of grains. The use of molecular markers linked to the trait has been
advocated as a highly efficient alternative because it offers rapid and precise selection of
the target gene (Tanksley et al., 1989), without the need to wait for phenotypic
expression (Eagles et al., 2001) and can produce reliable results on a single plant basis.
As LMA is a complex trait, the first step in identifying molecular markers linked to
LMA is to identify the number, location and genetic effects of QTLs responsible for the
expression of LMA in a doubled-haploid population.

Mrva and Mares (2001b) identified QTLs controlling the expression of LMA in the
doubled haploid population derived from cultivars Cranbrook (LMA source) and
Halberd (non-LMA source). They mapped a significant QTL to the long arm of
chromosome 7B (accounting for 31% of the genetic variation) and another QTL close to
the centromere of chromosome 3B (accounting for 13% of the genetic variation).

1.5.5. Genetic control and biochemical mechanisms involved in the expression of
LMA
The synthesis of α-amylase and a number of other enzymes by the aleurone cells during
germination is stimulated by gibberellin produced in and released from the growing
embryo (Cejudo et al., 1995). In grains affected by late maturity α-amylase, however,
there is no evidence that the embryo is involved or has been stimulated in any way.
Indeed it is not yet clear whether LMA is the result of specific activation of the αamylase genes, the inactivation of inhibitory mechanisms that normally prevent α-
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amylase synthesis during grain ripening, or is the result of a more general stimulation of
the aleurone (Mrva and Mares, 1999).

The semi-dwarfing genes, Rht-B1b (Rht1), Rht-D1b (Rht2) and Rht-B1c (Rht3), are
associated with gibberellic acid-insensitivity of the vegetative structures of the wheat
plant and, at least in the case of Rht-B1c, the grain aleurone tissue. Rht-B1b and RhtD1b are semi-dominant, altered function (rather than loss of function) mutant alleles of
the Rht-1 height-regulating genes of wheat (Boerner et al, 1997). These mutant alleles
reduce plant height, reduce responses to gibberellin and increase in planta gibberellin
levels. A reduction in plant height improves lodging resistance and partitioning of
assimilates to the developing grain (Evans, 1993). The large increases in yield that
followed the introduction of these dwarfing genes led to widespread adoption of the
dwarfing genes throughout the world (Gale and King, 1988). Rht-B1/Rht-D1 are
orthologues of the Arabidopsis gibberellin insensitive (GAI) gene, a de-repressible
modulator of gibberellic acid (GA) response (Peng et al., 1999) and the SLN1 gene in
barley (Chandler, 1998). These genes encode proteins that resemble nuclear
transcription factors and contain SH2-like domains and display other features of STATs
(signal transducers and activators of transcription) and may participate in gibberellic
acid signalling (Peng et al., 1999).

Mrva and Mares (1996) studied the effect the Rht genes had on the expression of LMA
in populations with two LMA cultivars, Spica and Lerma52, crossed with a set of four
near-isogenic lines carrying the tall (rht) allele or one of the dwarfing genes, Rht-B1b,
Rht-D1b or Rht-B1c. They found that the dwarfing genes did reduce the expression of
LMA in Spica and Lerma52. The effect was most dramatic in the case of Rht-B1c
where expression appeared to be almost completely inhibited. Rht-B1c has also been
shown to cause a marked reduction in the rate of α-amylase synthesis during
37

germination (Flintham and Gale, 1982). The Rht-B1b and Rht-D1b genes had a less
pronounced effect but still significantly reduced the expression of LMA. The authors
suggested that this indicates that gibberellic acid is involved in LMA either directly, via
increases in gibberellin concentration or sensitivity to this hormone, or via a reduction in
mechanisms which prevent grains from responding to gibberellins prematurely. In
addition to involving gibberellins in late maturity α-amylase, the effects of the Rht
genes suggests that this genetic defect is a result of a general, germination-like,
stimulation of the aleurone tissue and not a specific effect on the α-amylase structural
genes or controlling elements (Mrva and Mares, 1996).

The major QTL for LMA located on chromosome 7BL is distal and genetically
independent from the α-Amy-2 gene associated with the α-amylase (low pI isozymes) in
developing grains or later stages of germination. Previous investigations (Mares and
Gale, 1990) suggested that the LMA gene was located on the long arm of chromosome
6B. Further studies with Spica, an LMA-susceptible genotype genetically-unrelated to
Cranbrook (Mares and Gale, 1990; Mrva and Mares, 1996), suggested that the LMA
gene coordinates the gibberellic acid dependent synthesis of high pI α-amylase by αAmy-1 genes on 6A, 6B and 6D and that a similar gene or alternate allele is necessary
for the normal stimulation of high pI α-amylase synthesis in aleurone catalyzed with
exogenous gibberellic acid (Mrva and Mares, 2002).

1.6.

Wheat genomics

Hexaploid wheat is a disomic allohexaploid (2n=6x=42) with 1C content of 17,300 Mb
and three diploid sets of seven pairs of chromosomes, each set derived from the three
different homoeologous genomes, A, B and D (Zonneveld et al., 2005). Approximately
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0.5 million years ago (Huang et al., 2002), the diploid wheats T. urartu (2n=2x=14, AA
genome) and Aegilops speltoides (2n=2x=14, SS, most closely related to the B genome)
hybridized to form the tetraploid wheat T. turgidum. About 8,000 years ago (Nesbitt
and Samuel, 1996), T. turgidum growing as a crop hybridized with the wild diploid
goatgrass Ae. tauschii (2n=2x=14, DD genome) to form hexaploid wheat (MacFadden
and Sears, 1946). The ploidy level, size, and repetitive nature of the genome has
impeded wheat genomics research. However, cytological and genetic data have
demonstrated the existence of “gene islands” distributed in the wheat genome (Werner
et al., 1992; Faris et al., 2000; Sandhu et al., 2001). These gene-rich islands contain little
or no repetitive DNA (Feuillet and Keller 1999), whereas neighbouring gene-poor
regions are highly repetitive. These observations support molecular evidence of genome
expansion mechanisms through retroelement insertion and recombination events
(Shirasu et al., 2000; Wicker et al., 2001). Wheat genome analysis at the DNA
sequence level for agronomically important loci is feasible if “gene-rich” islands are
targeted for analysis (Brooks et al., 2002).

Due to the level of polyploidy, the genome of wheat is very plastic and can tolerate
major chromosomal rearrangements and deletions, or even the loss of complete
chromosomes. Sears (1954) exploited this plasticity of the wheat genome to classify the
21 pairs of bread wheat chromosomes into seven homoeologous groups. The aneuploid
stocks Sears developed from T. aestivum cultivar Chinese Spring are either deficient of
an entire chromosome pair (nullisomics) or chromosome arm (ditelosomics) or have
extra chromosomes in a specific homologous group (tetrasomics). Sears also developed
a set of compensating nullisomic-tetrasomics in which a specific chromosome pair is
missing and is replaced by a homoeologous chromosome from another genome (Sears
1966). Technical advances in chromosome identification and the discovery of a genetic
system for chromosome breakage to produce an unlimited number of deletion stocks
39

opened the era of sub-arm localizaiton of genes to specific chromosome segments (Endo
and Gill, 1996). Because of genetic triplication in wheat, multiple fragments are
detected in Southern blots by probe hybridisation. Genes and/or markers are most
efficiently mapped by the use of deletion stocks in which DNA fragments are assigned
to a chromosome region on the basis of their presence or absence. Deletion bin maps
with over 1,500 marker loci have been constructed for all 21 wheat chromosomes
(Werner et al., 1992).

Over the past few years, extensive genetic resources have been developed such as large
insert libraries, EST (expressed sequence tag) collections
(http://wheat.pw.usda.gov/NSF) , physical maps and gene targeting systems in grass
species with large genomes such as maize, barley and wheat (Feuillet and Keller, 2002).
For example, an international initiative (ITEC: http//wheat.pw.usda.gov/genome/) was
launched in 1998 to increase the number of ESTs from approximately five in 1999 to
more than 600,205 in wheat today (dbEST release 012006) and another ~450,000 ESTs
available from other Triticeae species (barley, rye, T. monococcum, T. turgidum,
Aegilops speltoides), resulting in >1M total Triticeae ESTs (Perlack et al., 2005). In the
TIGR Wheat Gene Index, 580,155 ESTs and 2, 027 mRNAs/genes in GenBank were
clustered/assembled to generate a set of 122,282 unique sequences (Release 10, January
14, 2005 44,954 tentative consensus sequences (TCs) and 77,328 singletons;
http://www.tigr.org/tigr-scripts/tgi/T_index.cgi?species=wheat). Also, recent NSFfunded deletion bin maps consisting of 18,785 EST loci anchored to the sequenced
genome of rice have proven to be a pivotal resource for the wheat genetics community
(Perlack et al., 2005) (http://www.tigr.org/tdb/e2k1/tae1/wr_figureview.shtml).

Arrayed libraries of large genomic DNA fragments are also indispensable tools for
genomic research. Of several large-insert cloning systems that have been developed,
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bacterial artificial chromosomes (BACs) are the most versatile and currently are the
most extensively used. The benefits of the BAC cloning system are the relative ease
with which BAC genomic libraries can be constructed, the stable maintenance of the
large DNA inserts in the BAC vector, the easy arraying of libraries and screening, and
the easy manipulation of clones using conventional molecular techniques (Luo et al.
2003). In wheat and its close relatives, BAC libraries have been reported for the diploid
Aegilops tauschii (D genome; Moullet et al., 1999; Akhunov et al., 2005), for the diploid
Triticum monococcum (Am genome: Lijavetzky et al., 1999) and diploid T. urartu (A
genome; Akhunov et al., 2005), for the diploid A. speltoides (S genome, progenitor of
the B genome from hexaploid wheat; Akhunov et al., 2005), for the tetraploid T.
turgidum (AB genome; Cenci et al., 2003), and for the hexaploid T. aestivum (ABD
genome) using the genotypes ‘Hartog’ (Ma et al., 2000), ‘Glenlea’ (Nilmalgoda et al.,
2003), ‘Renan’ (Chalhoub et al., 2004) and ‘Chinese Spring’ (‘CS’; Allouis et al., 2003;
Shen et al., 2005). Recently, chromosome specific BAC libraries based on Chinese
Spring have also been reported (Janda et al., 2004; Šafàř et al., 2004).

1.6.1. Comparative genomics in Grasses

In order to identify genes of agronomic interest in the grasses, comparative genomic
analysis has become the cornerstone of in silico-based approaches to understanding
biological systems and processes across cereal species such as rice, wheat and barley
(Bellgard et al., 2004). Comparative mapping in plants has provided evidence for a
remarkable conservation of marker and gene order (colinearity) and has allowed rice to
be promoted as the model genome for grasses, leading to large projects such as the
International Rice Genome Sequencing Project (Feuillet and Keller, 2002; IRGSP;
http://rgp.dna.affrc.go.jp/Seqcollab.html). This valuable resource has enabled rice to act
as the anchor genome in order to define syntenic relationships between the genome
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sequences as well as structural and functional features in the wheat and barley genomes
(La Rota and Sorrells, 2004). Recently, detailed studies at the microsyntenic level
comparing DNA sequence across species, synteny has been shown to be interrupted.
For example, the order of Sh2-X1-X2-A1 genes on rice, sorghum and maize
chromosomes was conserved but there appeared to be a breakdown in gene order on
wheat chromosomes (Li and Gill, 2002; Civardi et al., 1994; Yao et al., 2002; Chen et
al., 1997) reflecting that chromosome synteny may not be readily transferable between
grass genomes. This shows the limitations of using a single model genome to isolate
orthologous genes in grasses and demonstrates the necessity of further molecular work
on grass species other than rice (Feuillet and Keller, 2002).

The aim of this thesis was to gain an understanding of the genetic mechanisms
controlling the expression of traits of agronomic importance in wheat breeding through
a detailed structural analysis of relevant regions on chromosome 7BL. The two major
traits of interest were late maturity alpha amylase (LMA) and boron tolerance (Bo1).
Previous studies have identified QTLs for LMA on chromosomes 3B and 7BL (Mrva
and Mares, 2001) and QTLs for boron tolerance on chromosome 7BL and 7DL
(Jefferies et al., 2000). Based on the co-location of the LMA and boron tolerance QTLs
on 7BL, the terminal region of this chromosome was targeted to identify putative
candidate genes controlling these traits and develop molecular markers linked to these
genes. A genomics approach was taken to investigate the genetic information
underpinning the identified QTLs located on chromosome 7BL for these traits. The first
stage involved determining the structure of this region using the syntenic relationship
between rice and wheat, and the second phase involved the isolation of BAC clones to
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this region using molecular probes. Once the structure had been determined, this then
laid the foundation for further studies to identify genes for developing molecular
markers linked to pathways controlled by genes on 7BL regulating the expression of
alpha amylase in wheat and thus involved in determining LMA, and for elucidating the
mechanism for the tolerance of wheat to boron toxic soils. To confirm the location of
these genes, chromosomal mapping was done using nullisomic-tetrasomic lines with the
aim of determining if the putative candidate genes were co-located with the QTLs
identified for LMA.

The specific aims of the thesis are as follows:
1. Define in detail the structure of chromosome regions controlling LMA and Bo1.
2. Identify candidate genes underpinning the functions contributing to LMA and
Bo1.
3. Determine diagnostic fingerprints for QTL/chromosome regions for
introgression in wheat breeding.

This study was intended to increase the knowledge of the structural organisation of the
terminal region on chromosome 7BL, containing the QTLs for boron tolerance (Bo1)
and LMA, in an effort to further refine the QTL in this region and/or identify candidate
genes controlling the pathways for these traits. Due to the complexity of LMA and the
variation that exists within the phenotypic screening method used to assess if a cultivar
possesses LMA, it is difficult for breeders to predict the presence of the LMA allele(s)
and/or variation that exists between cultivars carrying the gene. The reduction of LMA
and an increase of boron tolerance in wheat germplasm is an important breeding target
in wheat breeding programs throughout Australia and this study was designed to assist
breeders with the ability to predict a varieties propensity to possess the LMA and boron
tolerant allele(s). Genome-level structural analyses and a new marker assisted selection
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strategy were used to interrogate the chromosome region on 7BL to identify specific
genes controlling these complex traits and provide a way for breeders to select against
the LMA allele(s) and for boron tolerance allele(s) in their germplasm.
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Chapter 2

2.1.

Identification of candidate genes for LMA and
boron tolerance using synteny with rice

Introduction

Rice (Oryza sativa) is a model species for monocotyledonous plants, especially for
members of the grass family (Poaceae), and can provide a basis for identifying genes
within wheat, based on synteny between the genome of these two cereals (Moore et al.,
1995). An international effort (International Rice Genome Sequencing Project (IRGSP);
http://rgp.dan.affrc.go.jp/Seqcollab.html) has sequenced O. sativa spp. Japonica var
“Nipponbare”. The finished quality sequence covers 95% of the 389Mb genome of rice
and has revealed that cereal genomes comprise a total of 37, 544 non-transposableelement-related protein-coding genes, providing the foundations for discovering the
function, evolution and diversity of cereal genes (IRGSP, 2005; Goff et al., 2002; Yu et
al., 2002). The Gramene (http://www.gramene.org/) database has established a
comparative genome database for cereal crops and a community resource for rice. It
contains annotated rice genomic sequence data and associated biological information
including molecular markers, mutants, phenotypes, polymorphisms and Quantitative
Trait Loci (QTL) (Ware et al., 2002). The entire sequence of the rice genome has been
annotated and assembled into 12 large pseudomolecules in the TIGR database
(http://www.tigr.org/tdb/tgi/plant.html).

In wheat, a National Science Foundation (NSF) initiative in the USA developed a public
database containing over 100,000 wheat Expressed Sequence Tags (ESTs) freely
accessible to the scientific community (http://wheat.pw.usda.gov/wEST). These ESTs
were generated from a number of cDNA libraries derived from a range of tissue types
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under biotic and abiotic stresses, and various developmental stages of plant growth. By
February 2004, these ESTs had been grouped into clusters relating to unique genes to
create a unigene set (approximately 42,000 unique, non-redundant contig and singleton
sequences) and 4485 of these had been mapped in the wheat genome by hybridization to
a set of wheat chromosome line stocks, placing the ESTs in chromosome bins (Qi et al.,
2003). These wheat chromosome line stocks were developed from the wheat cultivar,
‘Chinese Spring’, which are either deficient of an entire chromosome pair (nullisomics)
or chromosome arm (ditelosomics) or have extra chromosomes in a specific
homologous group (tetrasomics) (Sears, 1954). Sears also developed a set of
compensating nullisomic-tetrasomics in which a specific chromosome pair is missing
and is replaced by a homoeologous chromosome from another genome (Sears, 1966).
The availability of these wheat chromosome stocks, which now include sub
chromosome deletion stocks produced by Endo and Gill (1996), has enabled scientists to
efficiently map genes and/or markers by assigning DNA fragments to a chromosome
region on the basis of their presence or absence (reviewed in Francki and Appels, 2002).
The scientific community has used this publically available genomic DNA and EST
sequence data in rice, wheat and other cereals to undertake a number of comparative
genomic studies in cereals to identify candidate loci for key traits of interest (Li et al.,
2004; Francki et al., 2004; Sorrells et al., 2003).

In previous studies, the relationship between rice and other grass genomes was
determined by the mapping of common DNA markers to similar locations across the
genomes (Van Deynze et al., 1995; Gale and Devos, 1998). Through the use of crossspecies RFLP mapping studies it was found that the genomes of related grass species,
such as wheat, barley, rice, rye, maize and sorghum, revealed a high level of marker
order conservation within large chromosomal segments of the genomes, commonly
referred to as macrosynteny (Moore et al., 1995; Devos and Gale, 1997; Dunford et al.,
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1995). Macrosynteny was apparently retained despite large differences in genome sizes
among the cereal genomes (eg rice is diploid with genome size 4.3 x 108 bp; wheat
polyploid with genome size 1.7 x 1010bp; Argumuganathan and Earle, 1991; Goff et al.,
2002). The observed macrosynteny among the grass family genomes is consistent with
the concept that all grass species derived from a common ancestor (Moore et al., 1995).
Conservation of gene content and order at the macrosyntenic level is critical for efficient
utilization of model species for positional gene cloning, development of molecular
markers, and for identifying the region in the model species that might contain candidate
genes responsible for a trait of agronomic importance (Sorrells et al., 2003). More
recent mapping work has indicated that this synteny may not be as conserved in certain
genomic regions (reviewed in Appels et al., 2003; Sutton et al., 2003; Singh et al.,
2007). For example, several resistance gene analogs (RGAs) and resistance genes are
not well conserved among the grass genomes (Leister et al., 1998; Gallego et al., 1998),
indicating that for rapidly evolving genes it may be difficult to use synteny among grass
genomes for comparative analysis studies. Other studies have also shown that at the
microsyntenic level a large degree of genomic rearrangements (inversions,
translocations and insertions) have occurred especially between wheat and rice genomes
during the evolution of these two cereal species (Francki et al., 2004; La Rota and
Sorrells, 2004). A review by Bennetzen and Ramakrishna (2002) showed that in
comparisons between regions sequenced for maize, rice, sorghum, wheat and barley, a
number of small gene rearrangements were observed. Most of the detected
rearrangements are small, involving the inversion, duplication, translocation or deletion
of DNA segments that contain only 1-3 genes. The authors indicate that that thousands
of small genetic rearrangements have occurred in several grass lineages since their
divergence from common ancestors. These rearrangements have largely been missed by
genetic mapping and will both complicate and enrich the use of comparative genetics in
the grasses (Bennetzen and Ramakrishna, 2002). Despite these genomic rearrangements
47

the complete genomic sequence of rice is still valuable for comparative genomic studies
with wheat to identify candidate genes controlling key agronomic traits. For hexaploid
wheat, it may be useful to use the complete sequence of rice with the more closely
related species such as Brachypodium, Triticum monoccocum and Triticum tauschii for
comparative genomic studies.

This present study describes the detailed analysis of the syntenic relationship that exists
between wheat and rice using wheat ESTs that have been deletion mapped to the long
arm of the group 7 chromosomes (long arm, referred to as 7L) and rice BAC/PAC
sequences. The work from this thesis contributed to the publication of Francki et al.,
(2004). A two-step bioinformatics strategy was used to align the wheat and rice
genomes. In the first stage, a wheat-rice approach was taken in which wheat ESTs were
compiled into contiguous sequences and compared to the rice genomic sequence using
BLASTN. This identified orthologous rice BAC/PAC clones aligned to the wheat group
7L chromosomes. The second stage involved a rice-wheat approach where the
TBLASTX of these rice BAC/PAC clones assigned to the mapped wheat EST
sequences was used to validate and confirm the assignment of the orthologous
sequences. This revealed breaks in the defined macrosyntenic wheat-rice subunits as a
result of combinations of intrachromosomal and interchromosomal rearrangements
involving syntenic units and single orthologous genes that map elsewhere in the wheat
genome and other rice chromosome groups. Once cohesive syntenic units were defined
between wheat and rice, putative candidate genes that may be involved in the regulation
of alpha amylase expression in wheat and boron tolerance were identified through the
investigation of the annotated rice genes on the rice BAC/PAC clones as well as
identification of wheat ESTs that had not been deletion mapped.
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2.2. Methods

2.2.1. Retrieval of DNA sequences from wheat EST and rice genomic databases.

For this analysis, wheat EST sequences mapped to all homoeologous loci of group 7L in
all bin locations were retrieved from the NSF wheat EST mapping project in Graingenes
(http://wheat.pw.usda.gov/west/binmaps/Chrom7.html). These sequences were compiled
into a local database developed by the Centre for Comparative Genomics (CCG,
Murdoch University), containing wheat EST contig assemblies obtained from the NSF
wEST initiative. Consensus sequences were generated for each wheat EST via a
BLASTN search against the wheat EST contig assemblies and the sequences were
assembled into a NOTEPAD file in FASTA format for further analysis.

The sequence of the rice genome used throughout this study corresponds to the first
rough draft that was made available by the IRGSP (http://rgp.dna.affrc.go.jp/IRGSP) in
mid-December 2002, the majority of which was in phase 2. The accession numbers for
all these clones were obtained from the tables at the IRGSP webpage and the individual
BAC/PAC clone sequences were downloaded from NCBI’s GenBank. All subsequent
BLAST searches were done using BLAST programs available at the Institute for
Genome Research (TIGR; http://www.tigr.org/) and Gramene databases
(http://www.gramene.org/index.html) that contained all the BAC/PAC clone sequences
generated from IRGSP.
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2.2.2. Sequence comparison with rice and wheat DNA sequences.

The aim of this analysis was to establish the level of synteny that exists between rice
and the orthologous region on the group 7L chromosomes of wheat. At the time of this
analysis, the lack of detailed sequence annotation at the protein level in the rice genome
6 and 8 prevented the detection of orthologous sequences to wheat group 7L using
BLASTX. In this instance, the group 7L wheat EST consensus sequences were used in
searches at the nucleotide (BLASTN) level using standard default parameters in the first
stage. Given that wheat ESTs are derived from cDNA sequences, the EST sequence
may match and align to several contiguous but interrupted regions in the rice genomic
sequence indicating the presence of intron(s) in the aligned region. Consequently, the
statistics from the BLASTN algorithm such as total alignment length and percent
identity in the total matched region of all the high-scoring pairs (HSP) for any given
query-subject pairs were calculated and summarized. Results of the BLASTN searches
were analysed and the most significant similarity with rice BAC/PACs were selected for
further analysis based on a minimum of 50% sequence identity for at least half the
length of the wheat EST consensus sequence, an e-value <e-10, and greater than 200
bases in length.

2.2.3. Anchoring the rice genome to the long arm of group 7 chromosomes.

Wheat ESTs mapped to bin locations were used as anchoring points to align the wheat
and rice genomes. Wheat EST consensus sequences and their homoeologous rice
BAC/PAC clones were aligned according to bin assignments on 7AL, 7BL and 7DL and
contiguous segments on the rice physical map in the Gramene database. The order of
the BAC/PAC clones was established via CMAP software in the Gramene database that
anchors rice BAC/PAC clones to the rice genetic map (JRGP RFLP map 2000;
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Harushima et al., 1998). Further information on the ordering of BAC/PAC clones in
relation to the rice genetic map was established using information available from the
TIGR database. This then enabled the predictive ordering of the wheat EST consensus
sequences within the deletion bins of the group 7 chromosomes of wheat. This
approach provided a framework of syntenic units between the rice and wheat
chromosomes where a syntenic unit was defined as at least two contiguous rice
BAC/PAC clones confirmed by overlapping BAC sequence, where the distal clones
were anchored to similar regions of wheat 7L. The second step involved the rice
framework BACs/PACs anchored to wheat group 7L in syntenic units and TBLASTX
alignments using consensus sequences harbouring all mapped wheat ESTs to validate
and identify breaks within syntenic units. A break in a syntenic unit was identified by
alignment of wheat EST consensus to rice contigs having a significant hit based on
TBLASTX searches and unambiguously mapped to other regions of the wheat genome.

2.2.4. Validation and identification of additional wheat ESTs on rice BAC/PAC
clones.
The contiguous rice segments anchored to wheat 7L based in a wheat-rice approach
were used to align all mapped wheat ESTs. The first stage involved the identification of
rice orthologs using the wheat EST consensus sequences in BLASTN alignments
against rice BAC/PAC clones, a wheat-rice approach. The next stage required the
confirmation of the alignment of contiguous rice clones with wheat 7L and also the
identification of wheat orthologs that map elsewhere in the wheat genome, a rice-wheat
approach. This was achieved via the contiguous rice segments anchored to wheat 7L
identified in the wheat-rice approach to align all mapped wheat ESTs. BLASTN
alignments were based on a threshold e-value of <e-10 and localisation of ESTs in wheat
deletion lines identified through a link to graingenes-SQL
(http://wheat.pw.usda.gov/cgi-bin/westsql/map_locus.cgi).
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Subsequently, all identified mapped wheat ESTs and their consensus sequences derived
from EST contigs were used in TBLASTX searches against rice clones to confirm
alignment of contiguous rice clones with wheat 7L and identify wheat orthologs that
map elsewhere in the wheat genome. Orthologous sequences were selected based on
hits >50% amino acid identity for at least 50% of the EST or consensus length and an evalue of <e-35 but not less than 200 bases.

2.2.5. Analysis of GenBank rice annotations for genes related to α−amylase
pathways and boron tolerance and alignments with wheat ESTs.
Predicted open reading frames (ORFs) and potential exon/intron boundaries for the rice
chromosome 6 BAC clones were obtained from the TIGR automatic annotation
(http://www.tigr.org), GRAMENE (http:www.gramene.org) and KOME
(http://cdna01.dna.affrc.go.jp/cDNA) databases. The annotated rice BAC clones were
investigated for putative genes that may be potential candidates for regulating the
expression of late maturity α-amylase and boron tolerance phenotypes in wheat. The
identification of the putative rice candidate genes in wheat was initiated by searching for
wheat ESTs from the region of interest that were homologous to the rice clones using
TBLASTN searches in the GENBANK T.aestivum EST database (25th November 2005;
600, 568 entries). To ensure the identification of all potential genes that may have been
missed by the automated annotation software programs in the rice databases, the entire
genomic sequence of the identified rice BAC/PAC clones was used in a BLAST 2.0
BLASTN (Altschul et al., 1997) search of the GENBANK T.aestivum EST database to
identify orthologous wheat ESTs exhibiting significant similarity. ESTs were selected
as orthologs based on the E-value of the match and length of the HSP (high scoring pair
value) (i.e. an e-value of <e-35, with hits of at least 40% of the length of the EST).
Selected wheat ESTs were used in BLASTX searches of GENBANK non-redundant and
SwissProt databases to investigate putative function.

Amino acid alignments were
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carried out using CLUSTALW and displayed using PrettyBox programs. All data
management for the DNA sequence retrieval, BLAST searches and alignments were
done using the integrated bioinformatics workspace, BioManager, accessed via the
Australian National Genomic Information Service (ANGIS; www.angis.org) website.

2.3.

Results

2.3.1. Identifying putative orthologs for comparative genome analysis.

As of June 2003, a total of 506 mapped wheat ESTs from chromosomes 7L were used in
the searches. The criteria used in the methods to select the most significant TBLASTX
and BLASTN hits identified a number of putative rice orthologs. Interestingly, 31% of
wheat ESTs from 7L did not have significant BLAST hits with rice sequences (Table
2.1). A significant proportion of hits were with rice chromosomes 6 and 8 (28% and
14% respectively), indicating a syntenic relationship with these two chromosome groups
as previously detailed (Van Deynze et al., 1995; Sorrells et al., 2003). The remaining
ESTs (27%) mapped to other chromosome groups, indicating considerable breaks in
syntenic units and microrearrangements.

2.3.2. Identifying syntenic units between wheat and rice chromosomes.

The two-step strategy for identifying syntenic units and breaks in synteny is shown in
the wheat-rice and rice-wheat figures for each of the group 7L chromosomes (Figure
2.1). In the first step, wheat ESTs mapped across bin locations in the group 7L
chromosomes were used to identify putative orthologs and their physical location to
contiguous BAC/PAC clones (macrosyntenic units). As can be seen in Figure 2.1, large
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syntenic units were established with rice BAC/PAC contiguous clones containing
identifiable orthologs with the group 7L wheat ESTs, consistent with previous published
research (Sorrells et al., 2003; Li et al., 2004). However, within these large syntenic
units there are a number of contiguous rice BAC/PAC clones that did not contain
identifiable orthologs within the mapped group 7L wheat ESTs. In this instance, these
BAC/PAC clones were used in the second stage to align all mapped wheat ESTs to
validate alignments in the first stage. As demonstrated in the rice-wheat Figure 2.1, this
caused a break within large syntenic units when the BLASTN search of the rice
BAC/PAC clones identified a significant hit with an additional wheat EST sequence that
unambiguously mapped to another wheat chromosome group. This shows that
contiguous rice clones initially identified using wheat ESTs are broken into two,
sometimes three smaller (microsyntenic) units. Therefore, a syntenic unit between
wheat and rice was defined as having at least two wheat ESTs mapped to the same or
adjacent bin locations with putative rice orthologs on either the same or contiguous rice
clones. Contiguous clones within syntenic units that did not contain identifiable
orthologs remained in the syntenic unit.

2.3.3. Structural organization of wheat chromosome group 7L in relation to rice
chromosomes.
The wheat-rice and rice-wheat approach detailed in Figure 2.1 was used to determine
the structural organisation of the syntenic units between wheat chromosome group 7L
and rice chromosomes. Although the order of ESTs within a specific bin of wheat is
random, a tentative order of genes was predicted within the respective chromosomal
bins based on alignment of the syntenic units from the rice physical map aligned to the
rice genetic map. However, it is evident that this is likely to be an over-estimate of the
gene order in wheat and the identification and mapping of additional unique wheat
ESTs, their relative order, and a complete ordering of the entire rice genome sequence is
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required to provide a more accurate estimate of both gene content and colinearity
(Sorrells et al., 2003). The results from the wheat-rice and rice-wheat approaches
indicate that at the macrosyntenic level, there is significant synteny of wheat 7AL, 7BL
and 7DL to the long arm of rice chromosome 6 and rice chromosome 8 as previously
reported (Van Deynze et al., 1995; Van Deynze et al., 1998; Gale and Devos, 1998).
However, the group 7L chromosomes contain more complex rearrangements relative to
the rice genome, identifying smaller syntenic units and interchromosomal arrangements
involving rice chromosome 2. This is most apparent in wheat 7BL, in contrast to 7DL
and 7AL where at the macrosyntenic level, the syntenic units appear in two large blocks
of synteny with rice chromosome 8 near centromeric regions and rice chromosome 6
across the remaining bins.

Mapping ESTs across bin locations in wheat 7L and aligning them with rice contigs
across wheat deletion breakpoints enabled the identification of intrachromosomal
rearrangements involving rice 6 and 8 syntenic units. For example, in wheat 7BL, the
order of the syntenic units in the interstitial region (across 7BL0.33-0.63, 7BL0.63-0.78,
7BL0.78-1.00) appears to be inverted with respect to the physical location of contigs on
rice 6. Similarly in wheat 7AL, the order of the syntenic units in the distal region
(across bins 7AL0.71-0.74, 7AL0.74-0.86, 7AL0.86-0.90 and 7AL0.90-1.00) appears to
be inverted with respect to the physical location of these rice contigs on rice 6. There
were no inversions detected in wheat 7DL. However, it is difficult to detect inversions
between syntenic units within a wheat deletion bin unless the syntenic unit spans a
deletion breakpoint. Duplicated syntenic units (green arrows in Figure 2.1) were also
detected in all three group 7L chromosomes, whereas additional translocation events
(pink arrows in Figure 2.1) were only detected in groups 7AL and 7DL.
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Although a proportion of EST sequences also showed significant hits with orthologs on
different rice chromosomes, analysis of the adjacent BAC/PAC clones did not identify
syntenic units involving other wheat chromosome groups. Table 2.2 shows the number
of wheat ESTs that align as singletons to the rice genome, the most significant hits were
with rice chromosomes 6 and 8 with the remainder of the hits evenly spread amongst the
remaining rice chromosome groups. Therefore, it is likely that the comparative
organisation consists of the compilation of intrachromosomal rearrangements together
with insertions involving rice 2 syntenic units and single gene orthologs from other rice
chromosome groups. The wheat-rice syntenic relationships for wheat 7L are clearly
more complex than originally proposed (Van Deynze et al., 1995; Van Deynze et al.,
1998; Gale and Devos, 1998; Wilson et al., 1999).

Table 2.1 Percentage of ESTs mapped to wheat 7L with significant
similarity to putative orthologs on rice chromosomes, generated by
BLASTN searching against the rice genome sequence. Note the
highest percent synteny is with rice groups 6 and 8 as discussed.
(highlighted in red).

___________________________________________________
Rice chromosomes
% Wheat group 7L
___________________________________________________
1
3.0
2
7.0
3
4.0
4
3.0
5
2.0
6
28.0
7
3.0
8
14.0
9
2.0
10
2.0
11
1.0
12
2.0
No significant hits
31.0
Total
100.00
___________________________________________________
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Figure 2.1. Alignment of syntenic units between wheat chromosome 7AL, 7BL, and 7DL and various
rice chromosomes. The C-banded karyotype of chromosomes is shown in the centre of the Figure and the
position of the deletion breakpoints and denoting bin locations are indicated. GenBank accession
numbers representing ESTs assigned to bin locations are shown with dashed lines connecting to their rice
orthologs on BAC/PAC clones. Syntenic units with rice chromosome 6 are shown to the right of the
Figure by solid light green bars with their genetic map location (JRGP RFLP 2000 genetic map
downloaded from GRAMENE (derived from Harushima et al., 1998); thick horizontal light green bar
labelled ‘C’ indicates position of centromere on rice genetic map). Interchromosomal rearrangements
involving syntenic units with rice chromosomes 2 and 8 are shown to the left of the Figure, denoted by
pink and solid grey bars, respectively. Green arrows indicate duplications, pink arrows indicate
translocations. Inverted regions are indicated by crossing over of dashed lines.
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Table 2.2. Wheat ESTs that did not form part of a syntenic unit (ie singletons) and individually aligned to
rice BAC/PAC clones. Note the highest percent synteny is between rice groups 6 and 8, highlighted in
light blue and grey respectively, across all 7L deletion bins as detailed in the text.
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Figure 2.2. Alignment of QTLs for A) Boron tolerance (Bo1) (Jefferies et al., 2000) and B) LMA (Mrva
and Mares, 2001b) to bin locations on chromosome 7BL. The dashed blue line indicates the position of
the Bo1 QTL in relation to the wheat cytogenetic map. The actual orientation of the markers on the
Jefferies et al (2000) Bo1 QTL map is flipped in relation to the Mrva and Mares (2001) LMA QTL map,
however, the order of the markers is the same and shows that the Bo1 and LMA QTLs are completely
overlapping and located to the terminal bin of chromosome 7BL. The size in cM is indicated on the LMA
QTL map (Figure B).

61

40

2.3.4. Analysis of GenBank rice annotations on rice 6-wheat 7BL syntenic units
and identification of putative candidate genes for LMA and boron tolerance
(Bo1).
The alignment of the rice sequence with chromosome 7L was instigated to provide a
template from which to identify rice orthologs that can be correlated with traits of
interest in wheat. While the complete sequence of the rice genome has been generated,
the annotation of the rice genomic sequence, of which features are noted on the genome
sequence, is a dynamic and iterative process (Yuan et al., 2005). The rice annotation
data has been generated using a series of bioinformatic processes initially developed for
annotating the Arabidopsis genome (Wortman et al., 2003) that have been modified for
use with the rice genome (Yuan et al., 2005). These processes result in the
identification of genes (using ab initio gene finder programs such as FGENESH),
determination of gene structure (BLAST searches against Fl-cDNA and EST rice
sequences), identification of domain and motif composition (using Pfam database
(Bateman et al., 2002); and InterPro databases (Mulder et al., 2003)), construction of
paralogous families (BLAST searches to other TIGR plant gene indices), and
assignment of gene function (based on sequence similarity with known proteins or
through presence of protein domains with known function, facilitated by use of gene
ontologies through The Gene Ontology Consortium (2000)).

Figure 2.2 shows the region on 7BL known to account for a large proportion of
phenotypic variation for LMA and boron tolerance (Bo1) as previously described (Mrva
and Mares, 2001b; Jefferies et al., 2000). Comparative in silico mapping in this present
study identified 24 rice BAC/PAC clones located in the rice chromosome 6 long arm
region, and 10 rice BAC/PAC clones located in rice chromosomes 8 and 2 syntenic to
this region on chromosome 7BL. Distinguishing gene candidates for LMA and Bo1
among the genes identified from this region requires knowledge of the phenotypes and
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how genes at these loci may contribute to the expression of these traits in particular
wheat varieties. The precise mechanisms remain elusive for each of these traits.
However, by combining the information on annotated rice genes identified in this
wheat-rice syntenic region with knowledge of the expression of these traits, possible
mechanisms can be postulated. Automated gene prediction software programs available
at TIGR and GRAMENE databases revealed the presence of approximately 533
potential coding sequences within these 34 rice BAC/PAC clones. Approximately 37%
of the annotated genes could not be assigned a putative function and were classified as
hypothetical or expressed proteins. Of the remainder, genes encoding metabolic
enzymes (21%); genes encoding cellular or structural elements (10%); proteins involved
in ligand binding or carrier functions and transport processes (5%); signal transduction
pathways and transcriptional regulation (15%); and retrotransposable elements (13%)
are well represented and account for the majority of annotated functions. Analysis of
the rice sequence annotations aligned to the proximal region of 7BL identified a number
of putative candidate genes for the traits of interest as detailed in Table 2.3.

From this table, seven annotated genes were chosen as candidates for further
investigation (highlighted in grey in Table 2.3). This selection process involved the
manual inspection of the automated rice annotation pipeline for these genes to review
the evidence for assigning gene function and included: 1) BLAST searches of putative
gene(s) to GenBank non-redundant database and TIGR Plant Gene Indices with
minimum cutoff criteria of ≥70% identity over ≥40% length (monocot sequence) and
≥20% length (dicot sequence); 2) investigation at the proteome level for domains and
motifs including Pfam domains (Bateman et al., 2002), transmembrane domains (Krogh
et al., 2001), signal peptide motifs (Nielsen et al., 1997) and signal anchor motifs; 3)
search gene models using the TIGR Oryza Repeat Database (Ouyang and Buell, 2004)
to determine if any annotated genes are transposable element (TE)-related , and 4)
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assignment of gene ontology molecular function through BLASTP searches of the
predicted rice proteome against the TIGR Arabidopsis GO-curated proteins
(www.geneontology.org). Once this criteria had been assessed for a particular
annotated gene of interest it was chosen for further investigation. For Bo1, the major
QTL identified on 7BL conferring tolerance to boron toxicity in certain wheat varieties,
appears to be involved in the control of a B exclusion mechanism determining the
relative accumulation of B in whole plants (Jefferies et al., 2000). This suggests the
possibility of the involvement of an anion transporter (boron is found in the soil in the
form of an anion, B(OH)3 -) in the mechanism of boron tolerance in wheat (Hu and
Brown, 1997). Therefore, 25 transporter-like genes were identified from the rice
BAC/PAC clone gene annotations broadly syntenic to the region on chromosome 7BL
of wheat with one gene chosen for further investigation, Nramp1 metal transporter, as
this was the only anion transporter gene detected in this rice region (highlighted in grey
in Table 2.3). For LMA, this trait involves the expression of high pI alpha amylase in
certain wheat genotypes during the mid-stages of grain development under certain
environmental conditions (Mares and Mrva, 2001a). The pathway for the GA-induced
expression of alpha amylase in barley has been well defined (Figure 2.3) and the genes
involved in this pathway have been identified via functional studies with isolated
aleurone layers in barley (Gubler et al., 1995; Gubler et al., 1999). A number of
regulatory genes that could conceivably have a function in the broad spectrum of
molecular events associated with LMA expression were selected from the rice
annotation for further investigation (Table 2.3).
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Table 2.3. Rice BACs pseudogenes annotated as regulatory and transporter candidate genes syntenic to
distal region of group 7BL. For the LMA trait, MYB-like genes are highlighted in grey. For the Bo1 trait,
an anion transporter gene is also highlighted in grey. Rice BACs are in the same order as in the wheatrice comparative map in Figure 2.1.

BAC/PAC

Annotated gene

Regulatory candidate genes
Group 6
BACs
AP003523
AP004008

AP003517
AP005453

AP003565
AP003579
AP004744

AP003628

AP003633

AP003635

AP004989
AP003723
AP004797
AP005395
AP003935

AP003770

AP004278

AP003726
AP004685

AP005750

PX domain containing protein, expressed (transcription factor)
Protein kinase domain containing protein, expressed
Homeobox protein knotted-1-like 3, putative, expressed (transcription factor)
myb-like DNA-binding domain, SHAQKYF class family protein (transcription factor)
WRKY2 protein, putative, expressed (transcription factor)
WD40 associated region in TFIID subunit family protein, expressed
Phospholipase D. Active site motif family protein, expressed
DnaJ domain containing protein (protein folding)
protein phosphatase type-2C, putative, expressed
DNA-directed RNA polymerase 3, chloroplast precursor, putative, expressed
WD-repeat protein 57, putative (G-protein)
Protein kinase domain containing protein
CONSTANS-like protein CO6, putative (transcription Factor)
bZIP transcription factor family protein, expressed (transcription factor)
Leucine Rich Repeat family protein (serine/threonine kinase activity)
Protein kinase APK1B, chloroplast precursor, putative, expressed
serine/threonine protein kinase, putative, expressed
SBP domain containing protein (transcription factor)
protein kinase, putative, expressed
myb family transcription factor-related protein, putative, expressed (transcription factor)
F-box domain containing protein (transcription factor)
zinc-binding protein, putative, expressed (transcription factor)
Zinc finger, C3HC4 type family protein, expressed (transcription factor)
Leucine Rich Repeat family protein, expressed
CCAAT-box binding factor HAP5 homolog, putative, (transcription factor)
MADS-box protein ZMM17, putative, (transcription factor)
BTB/POZ domain containing protein (transcription factor)
BTB/POZ domain containing protein, expressed (transcription factor)
BTB/POZ domain containing protein (transcription factor)
PAP/25A associated domain containing protein (nucleic acid binding)
myb-like DNA-binding domain, SHAQKYF class family protein, expressed (transcription
factor)
myb family transcription factor, putative, expressed (transcription factor)
Zinc finger, C3HC4 type family protein, expressed (transcription factor)
NAC-domain containing protein 21/22, putative, expressed (transcription factor)
GAMYB-like DNA-binding domain containing protein, expressed (transcription factor)
dnaK protein (ATP binding)
zinc finger family protein, putative, expressed (transcription factor)
Zinc finger, C3HC4 type family protein, expressed (transcription factor)
F-box domain containing protein (transcription factor)
Protein kinase domain containing protein, expressed
Protein kinase domain containing protein, expressed
AP2 domain containing protein, expressed (transcription factor)
Zinc finger, C2H2 type family protein, expressed (transcription factor)
Protein kinase domain containing protein
Protein kinase domain containing protein, expressed
Ser/Thr protein phosphatase family protein, expressed
Mitogen-activated protein kinase homolog NTF3, putative, expressed
CCT motif family protein (transcription regulator)
Eukaryotic initiation factor 4A, putative, expressed
CW-type Zinc Finger family protein, expressed (transcription factor)
G2/mitotic-specific cyclin 2, putative, expressed
Zinc finger, C2H2 type family protein, expressed (transcription factor)
serine/threonine-protein kinase Cx32, chloroplast precursor, putative, expressed
zinc finger family protein, putative (transcription factor)
DNA-binding protein MNB1B, putative, expressed
myb-like DNA-binding domain, SHAQKYF class family protein, expressed (transcription
factor)
PINHEAD protein, putative (translation initiation factor)
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Gibberellin regulated protein, expressed
PHD-finger family protein, expressed (transcription factor)

Group 8
BACs
AP005730
AP004254
AP005505
AP004632

Protein kinase domain containing protein, expressed
Protein kinase domain containing protein
Protein kinase domain containing protein
F-box domain containing protein (transcription factor)
bZIP protein, putative, expressed (transcription factor)
ARP2/3 regulatory protein subunit NAPP, putative, expressed (transcriptional activator
activity)
TCP family transcription factor containing protein, expressed (transcription factor)
AP2 domain containing protein (transcription factor)
AP2 domain containing protein (transcription factor)
F-box domain containing protein (transcription factor)

Group 2
BACs
AP004126

AP005002
AP005287
AP004125

SNF2 domain-containing protein, putative, expressed (transcription factor)
TATA-binding-protein-associated factor 172, putative, expressed (transcription factor)
Leucine Rich Repeat family protein
Leucine Rich Repeat family protein (serine/threonine protein kinase)
Beige/BEACH domain containing protein (signal transduction)
Zinc knuckle family protein, expressed (transcription factor)
Cyclin-dependent kinase inhibitor family protein, expressed
Zinc finger, C3HC4 type family protein (transcription factor)
PHD-finger family protein, expressed (transcription factor)
Protein kinase domain containing protein, expressed

Transporter candidate genes
Group 6
BACs
AP003523

AP004008
AP005453
AP003565
AP003628
AP004797

AP004989
AP003766
AP003935
AP004278
AP003726

Protease inhibitor/seed storage/LTP family protein, expressed (lipid transport)
Haemolysin-III related family protein, expressed (channel protein)
Pyrophosphate-energized vacuolar membrane proton pump, putative, expressed
ATP synthase delta chain, mitochondrial precursor, putative, expressed (H+ transporter)
magnesium transporter CorA-like family protein, putative, expressed
Haemolysin-III related family protein (channel prot)
Haemolysin-III related family protein, expressed
Copper-transporting ATPase RAN1, putative, expressed
Plastocyanin-like domain containing protein (electron transporter, copper ion binding)
Protease inhibitor/seed storage/LTP family protein (lipid transport)
Protease inhibitor/seed storage/LTP family protein (lipid transport)
Metal transporter Nramp1, putative, expressed (anion transporter)
Protease inhibitor/seed storage/LTP family protein (lipid transport)
Cadmium/zinc-transporting ATPase HMA1, putative, expressed
Cadmium/zinc-transporting ATPase 4, putative, expressed
beta-lactamase family protein, (transporter)
Cation transport protein, expressed
high-affinity sodium transporter, putative, expressed

Group 8
BACs
AP005505
AP004632
AP004163

Auxin Efflux Carrier family protein, expressed
ABC transporter, putative, expressed
MATE efflux family protein, expressed
Protease inhibitor/seed storage/LTP family protein (lipid transport)
UBX domain containing protein (vesicle mediated transport)

Group 2
BACs
AP004126
AP004125

early salt stress and cold acclimation-induced protein 2-1, putative (electron transporter
activity)
emp24/gp25L/p24 family protein (intracellular protein transport)
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2.3.4.1

GAMYB as a candidate gene for LMA

The GAMYB class of transcription factors was of interest, as described below, because
of published literature indicating its importance in controlling α-amylase levels in cereal
grains (Gubler et al., 1999; Woodger et al., 2003). The key phenotype of interest in this
thesis is LMA and different levels of expression of α-amylase are a key feature of the
phenotype (Mrva and Mares, 2001a).

Gα protein
GMPOZ

GAMYB gene

regulatory genes:
KGM, BPBF, HRT

Figure 2.3 Model of GA regulation of High pI α-amylase expression in cereal aleurone cells. The model
is adapted from the molecular events involved in the GA signal transduction pathway leading to the
expression of High pI α-amylase in barley. GA – gibberellin; HRT – Hordeum repressor of transcription
transcription factor; BPBF – barley prolamin-box binding factor; GMPOZ – GAMYB-associated POZ
protein; KGM – Kinase associated with GAMYB (Figure adapted from Gubler et al., 1995; GomezCadenas et al., 2001 and Woodger et al., 2003).

The major steps and regulatory genes involved in the GA-induced pathway for high pI
α-amylase gene expression in barley aleurone cells are summarised in Figure 2.3. As
can be seen from Table 2.3, analysis of the rice sequence annotations aligned to the
proximal region of 7BL identified a number of regulatory candidate genes. Of these
regulatory genes, transcription factors accounted for the majority of genes annotated
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(55%; of the 15% of genes in this class of annotated genes). Of particular interest
amongst the putative transcription factors, were the myb transcription factors for their
involvement in diverse physiological processes, including the regulation of the alpha
amylase pathway in barley (Petroni et al., 2002; Gubler et al., 1999). Using homology
search in the GenBank non-redundant database and the motif identification programs in
the InterPro database, one MYB protein was classified as a “R2R3 repeat MYB” protein
(GenBank accession AP003723, annotated gene “GAMYB-like DNA binding domain
containing protein”; PFAM accession PF00249, 1.3e-9 aa28-75; 2.3e-6 aa81-126); one
MYB protein was classified as “1RMYB repeat, SHAQFYK class protein” (Genbank
accession AP004685) and the remainder of the MYB proteins were classified as “1R
repeat MYB” proteins (Genbank accessions AP003628, AP003635 and AP004008)
(Figure 2.4).

The putative transcription factor that was annotated as a GAMYB-like protein,
(annotated gene P0003H08.13, identified in rice clone AP003723 located on rice
chromosome 6) was identified as a candidate of interest because of the biological
significance of GAMYB as a central element in the control of alpha amylase gene
expression in barley (Gubler et al 1999). The GAMYB-like gene was located on rice
chromosome 6 in a region that was broadly syntenic to the location of the LMA QTL on
7BL (Mrva and Mares, 2001b). As such, this gene will be referred to as “GAMYBgp7” in this thesis from this point on to refer to the syntenic position of this gene on
wheat chromosome 7BL.
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Figure 2.4. Comparison of amino acid sequences of the DNA-binding domains of the putative MYB
proteins identified in the rice-wheat synteny analysis (from rice BACs: AP004685, AP003628,
AP003635, AP004008 and AP003723; see Table 2.3) and other MYB-related proteins. The amino acid
sequences of the 1R domains were derived from the DNA binding domains of the following sources: A)
OsMYBS1, OsMYBS2, and OsMYBS3 from rice (Genbank accessions AAN63152, AAN63153,
AAN63154, respectively; Lu et al., 2002); AtMYBCCA1 from Arabidopsis (Genbank accession
AAB40525; Wang et al., 1997). 1R repeats B) AtMYBF from Arabidopsis (Genbank accession Q700D9;
Gong et al., 2004). The amino acid sequences of the R2 (Figure C) and R3 (Figure D) domains were
derived from the DNA binding domains of the following sources: OsGAMYB from rice (Genbank
accession CAA67000; Gubler et al., unpublished ); HvGAMYB from barley (Genbank accession
CAA61021; Gubler et al., 1995); AsGAMYB from maize (Genbank accession CAB40189; Rollason et
al., unpublished); AtMYB101 from Arabidopsis (Genbank accession AAL58845, Gocal et al., 2001). The
amino acid residues conserved within 1R, R2 and R3 repeats are highlighted in black.

The BLASTP search of the protein sequence for the rice GAMYB-gp7 gene (nucleotide
P0003H08.13, protein Genbank accession BAD45478) returned sequence similarities
for rice putative transcription factor GAMYB (Oryza sativa (japonica cultivar-group))
(GenBank accession CAA67000; e-value3e-47) of 553 amino acids with hsp of 70%
identical in 116 residues, and barley GAMYB (GenBank accession CAA610021; e-value
3e-41) of 553 amino acids with 65% identical in 117 residues. The Arabidopsis
homologue, MYB101, (Genbank accession AAL58845) and Avena sativa homologue
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(Genbank accession CAB40189) were 70% identical in 119 and 122 residues
respectively. Figure 2.5A shows the amino acid sequence alignment of the rice,
Arabidopsis, barley and maize GAMYB proteins where the functional binding domains
are highlighted. The molecular characterizations of the residues known to be involved
with functional domains in GAMYB shown in Figure 2.5A were assigned using the
barley GAMYB model (Gubler et al., 1995; Gubler et al., 1999). Specifically, the Nterminal region of HvGAMYB contains a typical helix-loop-helix R2R3 region that has
been found to be important for DNA-binding in plant and animal MYB proteins (Ogata
et al., 1994). Also, two transcriptional activation domains spanning the regions in
HvGAMYB from amino acid positions 150 to 230 (TAD1) and 356 to 490 (TAD2)
were identified through functional studies including the analysis of a series of Cterminal HvGAMYB deletions co-expressed in barley aleurone with α-amylase
promoter-GUS fusions, and the observed activity of a series of C-terminal HvGAMYB
deletions in a yeast one-hybrid system (Gubler et al., 1999).

The multiple sequence alignments of the GAMYB proteins identified in this study
showed conservation of the R2R3 DNA-binding functional domain in the region of
residues, spanning amino acids 41-150, between all plant species (Figure 2.5A).
Homology was also conserved across the entire amino acid sequence, including the
transcriptional activation domains TAD1 and TAD2, for the GAMYB proteins of
barley, maize and rice (Genbank accessions CAA61021, CAB40189 and BAD68205,
respectively). For the rice GAMYB-gp7 protein (Genbank accession BAD45478) and
Arabidopsis GAMYB proteins (Genbank accession AAL58845), homology is conserved
across the DNA-binding functional domains only and is variable across the remainder of
the amino acid sequence.

70

A phylogenetic tree (Figure 2.5B) was constructed based on the amino acid sequence
alignment done using CLUSTALW software and it was found that the rice GAMYB
sequence (GenBank accession CAA67000) grouped together with the barley and maize
GAMYB sequences (Genbank accessions CAA61021 and CAB40189, respectively)
whereas the rice GAMYB-gp7 gene (GenBank accession BAD45478, located to syntenic
region on chromosome group 7) sequence grouped together with the Arabidopsis
GAMYB homolog (MYB101, Genbank accession AAL58845).

To identify any other orthologous GAMYB genes other than the GAMYB-gp7 gene
identified on rice chromosome 6 (rice BAC clone AP003723), the barley GAMYB gene
(HvGAMYB, GenBank accession CAA61021), was initially used in a BLASTX search
against GenBank non-redundant databases and returned similarities to the rice GAMYB
gene (GenBank accession BAD68205, e-value=0.0) of 553 amino acids with hsp of 85%
in 471 residues located on rice BAC AP003247 on rice chromosome group 1. This rice
GAMYB gene located on rice BAC AP003247 is identical to the rice GAMYB gene,
Genbank accession CAA67000, that was used in the alignment in Figure 2.5A. The
rice chromosome group 1 has been shown to be syntenic to wheat group 3 chromosomes
(Francki et al., 2004; La Rota and Sorrells, 2004). To identify the syntenic wheat
ortholog of the GAMYB gene and establish a putative chromosomal location, the rice
GAMYB gene was used in a BLASTN search of all deletion mapped wESTs contained at
NCBI database. This returned similarities to a wheat EST (Genbank accession
BE424200, e-value=0.0) of 569 nucleotides with hsp 97% in 553 nucleotides. This
wEST was deletion mapped to wheat chromosome group 3 (deletion bins: 3AL3-0.420.78 and 3DL2-0.27-0.81). This GAMYB gene will be referred to as the GAMYB-gp3
gene to distinguish this ortholog from the GAMYB-like gene on rice group 6, which has
been termed GAMYB-gp7.
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-----------SPPLINQNYPLLNQMQGLQLLHLANHQQAPPPQQQQQQQPAFHHHHDGGGGGGFVSSGLPPLPN
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AAL58845
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SHAFLNGTFSTSRTINGP--LKMELPSLQDTESDPNSWLKYTVAPAMQPTELVDPYLQSPTATPSVKSECASPRN
SHAYLNGTFSASRSTNGP--LKMELPSLQDTESDPNSWLKYTVAPTMQPTELVDPYLHSPAPTPSVKSECASPRN
SHAFLNGNFSASRPTSGP--LKMELPSLQDTESDPNSWLKYTVAPALQPTELVDPYLQSPAATPSVKSECASPRN
ISENSDTRNTNKKDIDAMSYSSLLMGDLEIRSSSFPLGLDNSVLELPSNQRPTHSFSSNPIIDNGVHLEPPS-GN
RPRELPSNQFETATSGGGGGCDALLESLLLGDDHLLPRPNPAMLRVGSMPELMYREPSSSHVLHGG---------
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SGLLEELLHEAQGLRSGKNQQLSVRSSSSSVSTPCDTTVVSPEFDLCQEYWEER-----LNEYAPFSGNSLTGST
SGLLEELIHEAEALRSGKNQQPSVRSSSSSVSTPCDTTVVSPEFDLCQEYWEEHPSTMLVQEYAPFSG---TEST
SGLLEELIHEAQTLRSGKNQQTSVISSSSSVGTPCNTTVLSPEFDMCQEYWEEQHPGPFLNDCAPFSGNSFTEST
SGLLDALLEESQALSRG-GLFKDVRVSSSDLCEVQDKRVKMDFENLLIDHLNSS--------------------H
----------------GGGGGASDSDVTSQYPPGEEDPHYGGRWDFIFEDVKPK---------------------

:
:
:
:
:

443
441
446
383
365

CAA61021
CAB40189
CAA67000
AAL58845
BAD45478

:
:
:
:
:

APMSAASPDVFQLSKISPAQSPSLGSGEQAMEPAYEPGAGDTSSHPENLRPDAFFSGNTADSSVFNNAIAMLLGN
APASAASPDVFQLSKISPAESHSLGSGEQVMEPSYEPGAGDTPPHPENLRPDAFFSGNTSDSSLFNNAIAMLLGN
PPVSAASPDIFQLSKVSPAQSTSMGSGEQVMGPKYEP--GDTSPHPENFRPDALFSGNTADPSVFNNAIAMLLGN
HSSLGANPNIHNKYNEPTMVKVTVDDDDELLTSLLNNFPSTTTPLPDWYRVTEMQNEASYLAPPSGILMGNHQGN
RKAASAVEEISGMFGIAPGSIPGEWFNPGGVGSAAAAAGGSSAPSPGPSSVVTTDDDFTLEMQQIMSSLPLLQPE
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----DMNTECKPVFGDGIMFDTSVWSNLPHACQMSEEFK
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----DLSIDCRPVLGDGIMFNSSSWSNMPHACEMS-EFK
GRVEPPTVPPSSSVDPMASLGSCYWSNMPSIC--------------------------EHHNWNA------------
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Figure 2.5. A) Amino acid sequence alignment of protein GAMYB for rice (GAMYB-gp7, GenBank
accession BAD45478 and GenBank accession CAA67000; Gubler et al., unpublished), Arabidopsis
MYB101 (GenBank accession AAL58845; Gocal et al., 2001), barley (GenBank accession CAA61021;
Gubler et al., 1995) and maize (GenBank accession CAB40189; Rollason et al., unpublished). Black
shading denotes residues that are conserved between all species, dark grey shading denotes residues that
are conserved between 4 species; light grey shading denotes residues conserved between 3 species. R3R3
myb domains highlighted in red, regularly spaced tryptophan residues (W) highlighted in blue,
transcriptional activation domains (TAD1 and TAD2) highlighted in green, characteristic of GAMYB
proteins (Gubler et al., 1999). B) A phylogenetic tree was constructed based on the amino acid sequence
alignment from (A) using CLUSTALW software (http://www.ebi.ac.uk/clustalw/).
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2.3.4.2.

Anion transporter as a candidate gene for boron tolerance (Bo1)

For the boron tolerance trait, putative transporter-like genes were targeted and have
been defined by BLAST homology to known transporter genes and the presence of
transmembrane domains (InterPro database) in the rice genomic sequence as detailed in
Table 2.3. One annotated gene of particular interest, is the metal transporter Nramp1
gene (GenBank accession B1153E06.4; full-length cDNA GenBank accession
AK070574) located on rice BAC AP004989 on rice chromosome 6, broadly syntenic to
the boron tolerance (Bo1) QTL on wheat chromosome 7BL. The BLASTP search of the
protein sequence for the rice transporter gene (GenBank accession BAD45911) returned
sequence similarities for rice Nramp1 protein (Genbank accession, AAF18493, e-value
2.4e-177) of 498 amino acids with hsp 78% identity in 388 residues, and Arabidopsis
metal transporter Nramp1 (Genbank accession Q9SAH8, e-value 3.7e-268) of 532 amino
acids with hsp 73% identity in 387 residues (see Figure 2.7 for alignment).

2.3.5. Alignments of wheat ESTs to rice BAC/PAC clones and alignments to rice
GenBank annotations.

The preliminary characterisation of rice sequences that may be related to genes involved
in alpha amylase expression and boron tolerance provided a target for identifying
markers controlling alpha amylase expression and tolerance to boron toxicity in wheat.
Although the rice automatic annotation highlights potential coding sequences in rice,
there is no evidence that these orthologous genes will be present in wheat. To identify
orthologous genes in wheat, the rice BAC/PAC sequences containing the candidate
genes of interest selected from Table 2.3 were used in TBLASTN searches to identify
wheat ESTs exhibiting significant similarity. For the LMA trait, a TBLASTN search of
the EST database using the rice GAMYB-gp7 protein (GenBank accession BAD45478)
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returned a 596-bp wheat EST (GenBank accession BE637817; e-value 4e-70) from a
wheat pre-anthesis spike cDNA library. To assign potential function to the ESTs
identified, BLASTX searches were carried out against GenBank non-redundant and
SwissProt databases. The BLASTX search for BE637817 (translated, 169 residues)
returned sequence similarities for rice putative GAMYB-gp7 transcription factor (Oryza
sativa (japonica cultivar-group)) (GenBank accession BAD45478; e-value4e-62) of 447
amino acids with hsp of 73% identical in 156 residues, and barley GAMYB (GenBank
accession CAA610021; e-value 9e-48) of 553 amino acids with 72% identical in 112
residues. The alignment of the translated wheat EST to the rice GAMYB-gp7 gene is
shown in Figure 2.6.

R2 Domain
W
W
BAD45478 : MARSGGGNGGGEGGGGGGNGGGGGGLKKGPWTQAEDKLLVDHVRRHGEGNWNAVR :
BE637817 : MPRSGVGEGGG-----------GGGLKKGPWTQAEDQVLLDHVRRHGEGNWNAVR :

55
44

R3 Domain
W
W
BAD45478 : RETGLQRCGKSCRLRWANHLRPDLRKGPFSPDEERLILRLHGLLGNKWARISSYL : 110
BE637817 : RETGLQRCGKSCRLRWANHLRPNLRKGPFSPEEERLILRLHGLIGNKWARISTHL : 99
W
BAD45478 : HGRTDNEIKNYWNTRLKRRVRAGLTPYPPEIEREIAHLRAQNLNLSAEGGGGGGG : 165
BE637817 : PGRTDNEVKNFWNTRLKRRQRAGQSLYPPDVEREIALMRAQNINPFADADG---N : 151

BAD45478 : MLPPPLLLDPSNPFALQQAPVVAPSPSASQANSPPLINQNYPLLNQMQGLQLLHL : 220
BE637817 : TVASPFLG----PFALPPRP---PS------------------------------ : 169

Figure 2.6. Amino acid alignment of rice GAMYB-gp7 gene (GenBank accession BAD45478) and the
Triticum aestivum cDNA clone GenBank accession BE637817 with 80% identity in 169 residues. Black
shading denotes residues that are conserved between both sequences. R2R3 myb domains highlighted in
red, and regularly spaced tryptophan residues (W) highlighted in blue, characterize GAMYB proteins.

For the boron tolerance trait, a TBLASTN search of the EST database using the rice
putative anion transporter protein (GenBank accession BAD45911) located on rice BAC
AP004989 on rice chromosome 6, broadly syntenic to the boron tolerance (Bo1) QTL
on wheat chromosome 7BL, returned similarities to two non-overlapping ESTs, a 685bp wheat EST (GenBank accession CJ656303; e-value 5e-105) and a 836-bp wheat EST
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(GenBank accession CK201146) across the length of the Nramp1 gene. These two
wheat ESTs are sequences from two different wheat cDNA clones and libraries,
CJ656303 is from a abiotic stressed anther at meiosis cDNA library (Mochida et al.,
2006) and CK201146 is from a salt stressed root cDNA library (cDNA library
FGAS009665). To assign potential function to the ESTs identified, BLASTX searches
were carried out against GenBank non-redundant and SwissProt databases. The
BLASTX search for CJ656303 (translated, 227 residues) returned sequence similarities
for Arabidopsis metal transporter Nramp1 gene (GenBank accession Q9SAH8; e-value
2e-77) of 532 amino acids with hsp of 65% identical in 149 residues, and the BLASTX
search for CK201146 (translated, 278 residues) returned sequence similarities for rice
putative Nramp1 protein (GenBank accession NP_911790; e-value 2e-102) of 538 amino
acids with hsp of 73% identical in 202 residues. The alignment of the translated wheat
ESTs to rice Nramp1 gene (GenBank accession BAD45911) is shown in Figure 2.7.
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TM1

BAD45911 : MSGPMQRSSQPQFISSVERNNQSNGPGTPLIDSIDVDQIVIPEKNSWKNLFSYIGP :
CK201146 : -----NRYSLRPIPVTYNKFVQK----SRLVPVRNSRDIVDP-RVRWKRFLSHVGP :

56
46

TM2

BAD45911 : GFLVSIAYIDPGNFETDLQAGAQYKYELLWIILIASCAALIIQSLAARLGVVTGKH : 112
CK201146 : GFMVSLAYLDPGNLETDLQAGANHRYELLWVILIGLVFALIIQSLAANLGVVTGKH : 102
TM4

TM3

BAD45911 : LAEHCRAEYPKATNFILWILAELAVVACDIPEVIGTAFALNMLFKIPVWCGVLITG : 168
CK201146 : LAEICKSEYPKPVMICLWLLAEVAVIAADIPEVIGTAFAFYLLFRIPVWIGVLITG : 158
TM5

BAD45911 : LSTLMLLLLQQYGVRKLEFLIAILVSLIATCFLVELGYSKPNSSEVVRGLFVPELK : 224
CK201146 : SSTLLLLGLQRYGVRKLEFLISMLVFVMAACFFGELSIVKPPAKEVPQGLFIPKLK : 214
TM7

TM6

BAD45911 : GNGATGLAISLLGAMVMPHNLFLHSALVLSRKVPRSVHGIKEACRFYMIESAFALT : 280
CK201146 : GNGATGDAIALLGALVMPHNLFLHSALVLSRKTPSSGRGIXDAC------------ : 258
TM8

BAD45911 : IAFLINISIISVSGAVCGSDNLSPEDQMNCSDLDLNKASFLLKNVLGNWSSKLFAV : 336
CJ656303 : ----------------------------------------LVKNVLGNWSSKVFAI : 16
Transporter motif

TM9

BAD45911 : ALLASGQSSTITGTYAGQYVMQGFLDLRMTPWIRNLLTRSLAILPSLIVSIIGGSS : 392
CJ656303 : ALLASGQSSTITGTYAGQYVMQGFLDLRMTPWLRNLLTRSLAIVPSLIVSLIGGSS : 72
TM11

TM10

BAD45911 : AAGQLIIIASMILSFELPFALVPLLKFTSSRTKMGQHTNSKAISVITWGIGSFIVV : 448
CJ656303 : AAGKLIIIASMILSFELPFALVPLLKFTSSKTKMGPHTNSRFIAVLTWAIGSFIMV : 128
TM12

BAD45911 : INTYFLITSFVKLLLHNGLSTVSQVFSGIFGFLGMLIYMAAILYLVFRKNRKATLP : 504
CJ656303 : INIYFLITSFVRLLLHSGLSTVSQVFSGIFGFLGMLIYIAAILYLVFRKNRKCTLP : 184

BAD45911 : LLEGDSTVRIVGRDTATEGEGSLGHLPREDISSMQLPQQRTASDLD : 550
CJ656303 : LLESDAKLGDAG---HTEGEGSLGHLPREDISXMQLPHQRAASDLD : 227

Figure 2.7. Amino acid alignment of rice Nramp1 gene (GenBank accession BAD45911) and the
Triticum aestivum cDNA clones (GenBank accessions CK201146 and CJ656303), with 73% identity in
202 residues and 65% in 149 residues, respectively. Black shading denotes residues that are identical
between sequences. The 12 putative transmembrane domains (TM) are highlighted by a red line above
the sequence which includes the orientation relative to the membrane (arrowhead). The putative
transporter-motif region is highlighted by a green line above the sequence. Domain regions identified
from Cellier et al., (1995).
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2.4 .

Discussion

In the present study, publicly available EST and rice genomic sequence, wheat deletion
mapping, and rice physical and genetic mapping information was used in a
bioinformatics approach to obtain a more detailed analysis of synteny between the
wheat group 7L and rice chromosomes. Rice annotations were also used to identify
sequences that could be used to identify genes for late maturity alpha amylase (LMA)
and boron tolerance (Bo1) in wheat. It was shown that the synteny between wheat 7L
and rice chromosomes is more complex than originally proposed, and involves small
syntenic units interrupted by individual genes or units from other chromosome groups in
a complex rearrangement of interchromosomal and intrachromosomal rearrangements
(reported in Francki et al., 2004). The data indicates that instead of genomes coevolving as large chromosomal segments from a common Triticeae ancestor, there are
small rearrangements that break chromosomal segments into smaller syntenic units.
This would also suggest that the evolution of the cereal chromosomes appears to be
more dynamic than previously considered.

Comparative genome analysis relies on the identification of gene orthologs that can be
used as anchoring points to align two or more genomes (Francki et al., 2004). Initial
mapping studies aligned the wheat and rice genomes via hybridization of rice DNA
markers to wheat DNA (Van Deynze et al., 1995; Van Deynze et al., 1998; Gale and
Devos, 1998). It is difficult in these studies to get an accurate indication of the
proportion of sequence identity that exists between wheat and rice, as it relies on the
interpretation of the hybridization signal intensity of the rice DNA probe to wheat DNA.
In the present study, mapped wheat ESTs sequences were used in extensive BLAST
searching of the rice genome databases to identify chromosomal “anchors” with which
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to align the wheat and rice chromosomes. Through this approach, a large proportion of
wheat ESTs for 7L (69%) showed significant matches with rice sequences. Similarly, a
recent study has shown a large proportion of wheat ESTs for the group 7S chromosomes
showed significant matches (64.5%) with rice sequences (Li et al., 2004). This is higher
than earlier reports that showed approximately 50% of rice cDNAs used in comparative
mapping share homology with wheat (Van Deynze et al., 1995; Gale and Devos, 1998).

When performing cross-species DNA sequence comparisons, it was found to be
important to distinguish between orthologous sequences and paralogous sequences
(Frazer et al., 2003). Orthologs are defined as homologous genes in different species
that are derived from the same gene in the last common ancestral species, and thus
usually have similar functions. Paralogs can be defined as homologous genes that have
been duplicated and diverged to typically have different functions (Frazer et al., 2003).
In the present study, putative orthologs are identified by comparing the sequences of
wheat and rice in a pairwise, reciprocal fashion using the following criteria; 1) e-value
of the BLAST match; 2) percent identity across the entire gene (ie high scoring pairs,
HSP, calculated and summarized i.e. a minimum of 50% sequence identity for at least
half the length of the wheat EST consensus sequence, an e-value <e-10, and greater than
200 bases in length.) and, 3) the intron-exon structure. In this analysis, comparisons are
between wheat cDNA sequences and rice genomic sequences and it is difficult to
determine the intron-exon structure between the orthologous pairs. However, the
position of ESTs on the same or adjoining rice PAC/BACs and similar bin locations in
wheat provide a degree of confidence that the criteria used to interpret results of BLAST
searches (ie e-value and HSP) identified true orthologs. Based on bin mapping of ESTs,
rice orthologs could be traced to BAC/PAC clones and used to align rice contigs with
chromosomal regions in wheat.
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Previous comparative mapping revealed wheat group 7 chromosomes are largely
syntenic with rice chromosome 6 and 8 (Van Deynze et al., 1995; Gale and Devos,
1998; Sorrells et al., 2003). It was expected that a significant proportion of ESTs
mapped to wheat group 7L chromosomes would have orthologs on rice 6 and to a lesser
extent on rice 8. However, the analyses also showed that a portion of wheat group 7L
ESTs have orthologs from other rice chromosomes comprising small syntenic units at
the distal end in some regions of 7L. Also, a study by Li et al. (2004) showed that the
detailed comparison between wheat chromosome group 7S and rice chromosome groups
6 and 8 (Li et al., 2004), resulted in a low level of synteny (31.4%) and a high level of
chromosome rearrangements (68.6%). The detailed results of this chapter and the
identification of units syntenic with at least four rice chromosomes in some regions of
7L do not agree with the hypothesis that ancestral chromosome segments are large basic
units representing conserved linkage groups across cereal chromosomes (Devos and
Gale 1997). It is possible that rice 6 and wheat 7 may have originally derived from an
ancestral chromosome as proposed by Moore et al. (1997); chromosome structure was
maintained but further evolved during or after speciation whereby multiple small
rearrangements formed the present day wheat homoeologous group 7 chromosomes.
This hypothesis would account for the large degree of macrosynteny from early
evolutionary events and also account for the multiple rearrangements during or after
divergence of wheat and rice revealed by extensive EST-based analysis in this study and
more recent syntenic studies (Sorrells et al., 2003; La Rota and Sorrells, 2004; Francki
et al., 2004; Li et al., 2004).

Recently, it was proposed that wheat group 7 was composed of one rice chromosome
(rice group 8, R8) inserted into another (rice group 6, R6) to make up the ancestral
wheat chromosome (La Rota and Sorrells, 2004). Specifically for wheat group 7L, the
long arm of R6 and the short arm of R8 matched the long arm of wheat group 7.
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Similarly, in this study the architecture of the syntenic relationship between wheat 7L
and rice appears to be the same. However, the exception is wheat group 7BL where
synteny with the rice genome is much more complex. Synteny with wheat 7BL occurs
with rice group 8 in the proximal region, while synteny with rice group 6 occurs across
the remaining bins interspersed with syntenic units with rice 8 and rice 2. This
degradation of synteny is also apparent when observing the wheat EST single-bin genes
homologous with rice chromosome groups (Table 2.2). An average of 73% of the
single-bin wheat genes (averaged across all wheat bins) matched rice chromosomes
other than the most significant ones for wheat 7BL. The difference in complexity of the
syntenic relationship shown between the different wheat homoeologous chromosomes
and rice may be indicative of the evolutionary history of the homoeologous genomes of
wheat. Hexaploid wheat arose from three diploid ancestors that had diverged and
coevolved from a common ancestor ca. 2.5 to 6.5 million years ago (Huang et al. 2002;
Devos et al. 2005). Approximately 0.5 million years ago (Huang et al. 2002), the
diploid wheats T. urartu (2n=2x=14, AA genome) and Aegilops speltoides (2n=2x=14,
SS, most closely related to the B genome) hybridized to form the tetraploid wheat T.
turgidum. This event, coupled with the fact that Ae speltoides is an outcrossing species,
could be an explanation for the higher level of recombination seen in the B and A
genomes compared to the D genome. The number of hybridization events of the
ancestral A and B genomes to form the tetraploid wheat, T. turgidum, would have
occurred more often than hybridization of the D genome which is a more recent
introduction. About 8,000 years ago (Nesbitt and Samuel, 1996), T. turgidum growing
as a crop hybridized with the wild diploid goatgrass Ae. tauschii (2n=2x=14, DD
genome) to form hexaploid wheat (Kihara, 1944, MacFadden and Sears, 1946). This
timeline of evolution is supported in this present study which shows the number of
recombination events (inversions, translocations and duplications), in relation to synteny
with rice chromosomes, occurs in the order of wheat 7BL, 7AL and then 7DL.
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However, for a small number of syntenic units within the same bin location, the
approach used in this present study was unable to detect rearrangements such as
inversions, duplications or small translocations. This may be overcome by further
analysis using deletion lines containing additional breakpoints within existing bin
locations or comprehensive genetic mapping of ESTs. Nevertheless, this present study
shows that there are a number of intrachromosomal rearrangements that occurred during
evolution, highlighting another dimension of the complexity and syntenic relationships
between the wheat and rice genomes. Recent studies have also highlighted that there is
a mosaic chromosome structure in wheat when the wESTs from chromosome 7 were
used for comparison with rice chromosome sequence (Sorrells et al., 2003; La Rota and
Sorrells, 2004). However, the detail presented in this present study shows the types of
intrachromosomal rearrangements (such as inversions, duplications and small
translocations) that have occurred in wheat due to the identification of small syntenic
units relative to the rice genetic and physical maps and anchored by wheat ESTs across
different bin locations.

The investigation of synteny between wheat chromosome groups 7L and rice was
instigated to obtain a more detailed view of the genomic architecture of the region
containing QTLs for LMA and boron tolerance (Bo1) located on the terminal region of
chromosome 7BL, as well as identify potential candidate genes that can be related to the
LMA and boron tolerance phenotypes. The complete rice sequence and information on
annotated genes can provide a reference for the location and cloning of candidate genes
in wheat (Yan et al., 2003). However, given the interchromosomal and
intrachromosomal rearrangements for 7L described in this present study, genes in
chromosomal regions controlling traits in rice may not be readily transferable to
comparable regions in wheat. In some studies, the application of a syntenic approach
has been successful due to the location of target genes in a small syntenic unit. Sutton et
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al., (2003), identified genes involved in meiotic pairing on rice chromosome 1 through a
detailed syntenic study of a 6.58-Mb rice contig with the distal region on wheat 3DS
known to contain the ph2 locus. The region targeted in the present study encompasses
approximately 25cM on the terminal region of chromosome 7BL (Mrva and Mares,
2001b). The detail provided in this present study allows for the prediction of synteny
levels between wheat and rice genomes depending on chromosome position, and
whether breaks in synteny have occurred in the target region of interest. For wheat 7BL
(deletion bin 7BL10-0.80-1.00) synteny occurs with rice group 6 interspersed with
syntenic units with rice 8 and rice 2. The rice BAC/PACs that comprise these syntenic
units were used to identify potential candidate genes for the traits of interest.

The annotation pipeline for the rice genomic sequence (detailed in Yuan et al., 2005) is
highly automated. Manual curation is considered critical to inspect and review the
evidence used to support the gene model created through the automatic process, but has
not been completed on most of the rice annotated genes (Yuan et al., 2005). As a result
of the incomplete manual curation of the automated rice gene annotations, the rice gene
used to identify candidate genes in wheat need to be manually inspected to ensure
accurate assignment of gene function. Analysis of the automated gene predictions
(TIGR and GRAMENE databases) from the rice BAC/PACs syntenic to wheat ESTs
deletion mapped to the LMA and Bo1 QTLs, indicated the presence of approximately
533 coding sequences from the genomic sequence of the syntenic rice BACs.
Distinguishing gene candidates for LMA and Bo1 among the genes identified from this
region requires knowledge of the phenotypes and how genes at these loci may contribute
to the expression of these traits in particular wheat varieties. The precise mechanisms
remain elusive for each of these traits. However, by combining the information on
annotated rice genes identified in this wheat-rice syntenic region with knowledge of the
expression of these traits, possible mechanisms can be postulated. Further experimental
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evidence is required to accurately assign function of these genes to controlling the
expression of these traits and may include 1) expression studies through the use of
transgenics 2) RNAi to knock out the messenger RNA of the gene to elucidate function.

LMA involves the expression of high pI alpha amylase in certain wheat genotypes
during the mid-stages of grain development under certain environmental conditions
(Mares and Mrva, 2001a). The pathway for the GA-induced expression of alpha
amylase in barley has been well defined (Figure 2.3) and the genes involved in this
pathway have been identified via functional studies with isolated aleurone layers in
barley (Gubler et al., 1995; Gubler et al., 1999). A number of regulatory genes that
could conceivably have a function in the broad spectrum of molecular events associated
with LMA expression were selected from the rice annotation for further investigation
(Table 2.3). From these annotated genes, the MYB domain transcription factor proteins,
were of particular interest as they are abundant in plants and have been implicated in a
range of physiological processes, including the regulation of the alpha amylase pathway
in barley (Figure 2.4; Petroni et al., 2002; Gubler et al., 1999). The annotated gene on
rice BAC AP003723 (Genbank accession BAD45478), was highlighted as a potential
candidate gene for involvement in the LMA trait as this gene had been classified as a
GAMYB-like gene (BAD45478), which has been termed in this thesis as GAMYB-gp7.
It exhibited 70% identity at the amino acid level to the conserved DNA-binding domain
of the GAMYB gene in barley (Gubler et al., 1999), and comparable levels of similarity
to other characterised and putative homologues from other species (Figure 2.5).
GAMYB is a member of the MYB family of proteins that all share a conserved MYB
DNA-binding domain that comprises up to three imperfect repeats, each forming a
helix-turn-helix structure of about 53 amino acids. Three regularly spaced tryptophan
residues, which form a tryptophan cluster in the three-dimensional helix-turn-helix
structure, are characteristic of a MYB repeat (Stracke et al., 2001). The GAMYB
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proteins form a separate sub-group within the MYB domain protein family and they
have been shown to be a central element in regulating the expression of high pI alpha
amylase gene (Figure 2.3) (Woodger et al., 2003). The rice GAMYB-gp7 gene identified
in this present study showed high levels of homology across the conserved GAMYB
DNA-binding domain, including the regularly spaced tryptophan residues that are
characteristic of GAMYB proteins. However, lower levels of homology (27%) were
displayed across the remainder of the amino acid sequence. This has also been
demonstrated in other homologous GAMYB proteins such as the Arabidopsis GAMYB
proteins (Stracke et al., 2001). Unlike barley which contains only one known GAMYB
gene, Arabidopsis has a small family of GAMYB-like genes (MYB33, MYB65, MYB97,
MYB101, MYB120) of which MYB33, MYB65 and MYB101 have been shown to
functionally substitute for HvGAMYB in transactivation of the α-amylase promoter in
barley aleurone (Gocal et al., 2001). Through the use of a transient expression assay, it
was shown that co-bombardment of barley aleurone tissue with either the MYB33,
MYB65 and MYB101 effector plasmids and a barley low pI α-amylase promoter βglucuronidase (GUS) reporter plasmid, lead to the strong induction of the barley low pI
α-amylase promoter. The increase in GUS activity in response to AtMYB33,
AtMYB65 and AtMYB101 was similar to that observed with HvGAMYB (Gocal et al.,
2001).

Similar to the rice GAMYB-gp7 gene identified in the present study, the Arabidopsis
GAMYB-like genes have very strong amino acid identity with HvGAMYB in the R2R3
domain with identity dropping off dramatically outside this region (>37% identity)
(Woodger et al., 2003). Phylogenetic analysis of the protein sequences of the GAMYBlike genes from barley, rice and Arabidopsis, revealed that the rice GAMYB-gp7 gene
identified in the present study is more similar to the Arabidopsis GAMYB-like gene than
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the barley or rice GAMYB homologs (Figure 2.5b). Whether the GAMYB-gp7 gene
(rice GenBank accession BAD45478 syntenic to wheat EST GenBank accession
BE637817) is the correct candidate gene for the LMA trait will be discussed in Chapter
4.

To identify other GAMYB homologs in rice and wheat, the barley GAMYB sequence
was used in a BLASTN search and returned similarities of 85% identity to rice GAMYB
located on rice BAC AP003247 on to chromosome group 1, and 97% identity to wheat
EST BE424200 deletion mapped to wheat chromosome group 3. The barley HvGAMYB
gene was used as a probe in RFLP genetic mapping and was located to chromosome 3H
(close to the centromeric region) of barley (Karakousis et al., 2003). It is significant that
a minor QTL for LMA has also been identified on chromosome 3B, close to the
centromeric region (Mrva and Mares, 2001b). It is believed that this locus acts in an
additive manner with the LMA locus identified on chromosome 7BL (K. Mrva, personal
communication). The wheat GAMYB gene identified in this study, syntenic to the
HvGAMYB gene mapped in barley to chromosome 3H and syntenic to rice group 1, has
been termed GAMYB-gp3 in this thesis.

The major QTL identified on 7BL conferring tolerance to boron toxicity in certain
wheat varieties, appears to be involved in the control of boron accumulation in whole
plants or, more precisely, the control of a B exclusion mechanism determining the
relative accumulation of B in whole plants (Jefferies et al., 2000). This suggests the
possibility of the involvement of an anion transporter (boron is found in the soil in the
form of an anion, B(OH)3 -) in the mechanism of boron tolerance in wheat. The search
of the rice BAC/PAC clone gene annotations broadly syntenic to the region on
chromosome 7BL of wheat, revealed the presence of 25 transporter-like genes. Of
these transporter-like genes, the gene (GenBank accession B1153E06.4) located on
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BAC clone AP004989 and annotated as a metal transporter Nramp1 gene was chosen
for further investigation. The Nramp1 motif sequence (InterPro PF01566) identified in
this annotated gene is characterised by a highly-conserved hydrophobic core (thought to
comprise 10-12 transmembrane (TM) domains), a glycosylated extracytoplasmic loop,
and a possible intracytoplasmic consensus transport signature. These characteristics
have led to speculation that the Nramp polypeptides may form part of a group of
transporters or channels that act on as yet unidentified substrates (Cellier et al., 1995).
Also, to support the possible function of this annotated gene it was classified using the
gene ontology classification (www.geneontology.org) as containing inorganic anion
transporter activity (GO:0015103) (http://www.tigr.org/tigrscripts/osa1_web/gbrowse/rice/?name=LOC_Os06g46310). The BLASTX search of
this gene in the NCBI database resulted in 78% identity at the amino acid level to rice
Nramp1 protein (Genbank accession, AAF18493, e-value 2.4e-177), and 73% identity to
Arabidopsis metal transporter Nramp1 (Genbank accession Q9SAH8, e-value 3.7e-268)
across the entire length of the protein sequence. The transmembrane domains and
transporter motif domain characterized in rice and Nramp1 were also identified in this
annotated gene (Figure 2.7; Cellier et al, 1995). The identification of this putative anion
transporter gene in rice broadly syntenic to the boron tolerance QTL located on
chromosome 7BL, is interesting in the context of the proposed mechanism for boron
tolerance in wheat is believed to be due to the presence of a boron transporter (Jefferies
et al., 2000). Further studies such as expression analysis of the candidate gene in boron
tolerant genotypes and gene knockouts will further elucidate the role of this gene in the
boron tolerant phenotype.
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Chapter 3 Identification of BAC clones from wheat group 7L
using probes from the LMA and boron tolerance
loci
3.1.

Introduction

The cloning and stable maintenance of large (>100kb) fragments of DNA in E.coli has
been made possible by the development of the bacterial artificial chromosomes (BACs)
system (Shizuya et al., 1992). Of the several large-insert cloning systems that have been
developed, BACs are the most versatile and currently are the most extensively used
(Luo et al., 2003). Compared with other large-insert cloning vectors such as Yeast
Artificial Chromosomes (YACs), the BAC system has a low frequency of chimerism
resulting in a dramatic reduction in deletions and/or rearrangements during propagation
(Yim et al., 2002). The stability and ease with which BACs can be manipulated have
made these vectors increasingly popular for creating libraries from microbial, plant, and
animal genomes (Birren et al., 1999). During the last few years, BAC libraries have
been made available from a wide variety of plant species (reviewed by Peterson et al.,
2000). The benefits of BAC libraries (~120-200kb average size for BAC clones) are the
relative ease with which BAC genomic libraries can be constructed, the stable
maintenance of the large DNA inserts in the BAC vector, the convenient arraying of
libraries and screening, the ability to manipulate clones using conventional molecular
techniques and the standard procedures for purifying DNA for sequencing from BAC
clones (Luo et al., 2003; Shizuya et al., 1992). In wheat and its close relatives, BAC
libraries have been reported for the diploid Aegilops tauschii (D genome; Moullet et al.,
1999; Akhunov et al., 2005), for the diploid Triticum monococcum (Am genome:
Lijavetzky et al., 1999) and diploid T. urartu (A genome; Akhunov et al., 2005), for the
diploid A. speltoides (S genome, progenitor of the B genome from hexaploid wheat;
Akhunov et al., 2005), for the tetraploid T. turgidum (AB genome; Cenci et al., 2003),
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and for the hexaploid T. aestivum (ABD genome) using the genotypes ‘Hartog’ (Ma et
al., 2000), ‘Glenlea’ (Nilmalgoda et al., 2003), ‘Renan’ (Chalhoub et al., 2004) and
‘Chinese Spring’ (‘CS’; Allouis et al., 2003; Shen et al., 2005). Recently, chromosome
specific BAC libraries based on Chinese Spring have also been reported (Janda et al.,
2004; Šafàř et al., 2004).

The development of BAC libraries is increasingly being recognized as an essential tool
for a number of genome based studies such as physical mapping (Frengen et al., 1999),
map-based cloning (Faris et al., 2003), high-throughput sequencing projects (Zhang and
Wu, 2001), comparative mapping and genome evolution studies (Dubcovsky et al.,
2001). BAC libraries have also been used for developing polymorphic markers for
targeted genome regions (Shen et al., 2005; Devos et al., 2005). Screening of BAC
libraries is possible either via a PCR- or hybridization-based approach. PCR-based
screening requires pooling of the library into sets of clones (often involving
combinations of plate, row and column pools) such that each clone can be uniquely
identified by its detection in the sets of clones in which it occurs (Green and Olsen,
1990; Bruno et al., 1995). Hybridization-based screening can be performed against
high-density gridded macroarrays of an entire library using radioactively labelled probes
either singly or as groups (Birren et al., 1999).

Bread wheat (Triticum aestivum L. em. Thell.) is one of the most important food crops
in the world. However, the production of wheat is significantly affected by a number of
biotic stresses. Late maturity alpha amylase (LMA) and boron toxicity have a
significant impact on the end-quality of wheat within Australia. LMA is the term used
to describe the synthesis of alpha amylase which occurs under particular environmental
conditions during the later stages of grain ripening in the absence of rain or sprouting
(Mrva and Mares, 1996; see also Chapter 1). Cultivars affected by LMA result in severe
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grain quality defects that result in the downgrading of quality and substantial economic
losses (Mrva and Mares, 2001a). Boron is an essential plant micronutrient which can be
phytotoxic to plants if present in soils at high concentration (Ralph, 1992). Wheat
plants exposed to high concentrations of Boron, under glasshouse conditions, respond
with reduced vigour, delayed development, leaf symptoms which include yellowing of
leaf tips of older leaves followed by non-specific necrosis continuing down the leaves
and reduced total dry matter and grain yield (Paull, 1990). The ability to track the
absence of LMA and boron tolerance traits in a wheat breeding program using marker
assisted selection is a key aim of cereal breeders in Western Australia. The first step in
identifying molecular markers linked to these traits is to identify the number, location
and genetic effects of QTLs responsible for the expression of LMA in a doubled haploid
population. A number of significant quantitative trait loci (QTLs) controlling LMA and
boron tolerance (Bo1) have been detected on chromosome groups 7 and 3 of wheat
using 161 doubled haploid lines derived from a cross between Cranbrook and Halberd
(Mrva and Mares, 2001b; Jefferies et al., 2000; see Figure 2.2, Chapter 2). For LMA, a
major QTL was mapped to the terminal region of chromosome 7BL (accounting for
31% of the genetic variation) and another minor QTL located close to the centromere of
chromosome 3B (accounting for 13% of the genetic variation) (Mrva and Mares,
2001b). For the boron tolerance (Bo1) locus, a major QTL was mapped to the terminal
region of chromosome 7BL (accounting for 64% genetic variation) (Jefferies et al.,
2000). The RFLP probe psr680 has been used for MAS of these traits in breeding
population as this marker showed the most significant linkage to the LMA and boron
tolerance traits. For an up-to-date figure displaying the microsatellite and PSR680
markers targeted to the LMA and Bo1 QTLs in this study see Chapter 5, Figure 5.9.
However, the genes responsible for both these traits have not been identified yet.
Initially, the genomic region near the boron tolerance and LMA loci was targeted by
sequencing the genomic segment of wheat cv. Cranbrook and Halberd that carry the
89

psr680 sequence. Then, to characterize this region for the development of candidate
genes and/or molecular markers, two BAC libraries of Triticum aestivum var. Renan
(AABBDD genome; Chalhoub et al., 2004) and Aegilops tauschii var. AL8/78 (DD
genome; Akhunov et al., 2005) were used. These BAC libraries have a 7x and 8.5x
genome coverage respectively, providing a high probability of recovering the targeted
genes and for the development of novel molecular markers. In this study, two BAC
screening strategies are described 1) a step-wise PCR pooling strategy and, 2) a
hybridization based screening of high-density arrayed membranes to identify BAC
clones and the assignment of these BAC clones to wheat chromosomes.

3.2

Methods

The BAC library analyses reported in this Chapter were carried out by M. Carter
working in the laboratories of Dr Boulos Chalhoub, INRA, France and Professor Jan
Dvorak, UC Davis.

3.2.1. Detailed sequence analysis of psr680 RFLP probe locus from the genomes of
cv. Cranbrook and Halberd
A partial sequence of the RFLP psr680 probe (~600bp) was obtained from Graingenes
and primers designed to amplify and sequence the entire insert (~2.8kbp) from the
RFLP probe that was kindly supplied by Ms Margaret Pallotta, University of Adelaide.
The banding pattern for the PSR680 probe in hexaploid wheat is quite complex and
includes a number of fragments indicating there may be more than one chromosomal
location for the PSR680 locus (Margaret Pallotta, personal communication). This
sequence was then used to design primers and amplify the PSR680 locus in the genomes
of cv. Cranbrook and Halberd. As the probe is 2.8kb in length, 3 sets of primers were
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used to amplify the complete sequence of the PSR680 fragment and these segments of
the amplified locus from Cranbrook and Halberd were cloned into pGEM-T vector
(Promega) according to the manufacturer’s instructions. Individual colonies were
picked from ampicillin (10mg/ml) agar plates and grown in LB medium overnight at
37oC to harvest vector DNA using QIAGEN plasmid purification kit (QIAGEN)
according to the manufacturer’s instructions. At least 5 clones were picked and
sequenced for each amplified fragment from each parent. Sequencing of individual
clones was done using M13F and M13R primers (M13F: 5’TGTAAAACGACGGCCAGT-3’; M13R: 5’-CAGGAAAACAGCTATGAC-3’) using
ABI PRISM BigDye chemistry v3.1 (Applied Biosystems, Foster, CA) and sequencing
reactions run on an ABI Prism 3700 capillary DNA analyser (Applied Biosystems,
Foster, CA). Sequence alignments were done using the CLUSTALW program
contained in integrated bioinformatics workspace, BioManager, accessed via the
Australian National Genomic Information Service (ANGIS; www.angis.org) website.at
the ANGIS website.

3.2.2. BAC libraries

The hexaploid wheat BAC library used in this study was made at INRA, France and
kindly provided for use by Dr Boulos Chalhoub (Meredith Carter spent 6 weeks in the
Chalhoub laboratories to carry out the work reported in this Chapter). It was
constructed using genomic DNA from cultivar ‘Renan’ and cloned into BAC vector,
pIndigoBAC (Caltech) which was developed by Dr Shizuya
(http://www.tree.caltech.edu), utilizing three different restriction sites (BamHI, EcoRI,
and HindIII). The library consists of 1,000,320 clones (7x genome coverage) with an
average insert size of 140kb, stored in 2605, 384 well microtiter plates (Table 3.1). The
entire library was separated into large BAC library pools for PCR-based screening.
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Specifically, approximately 3600 BAC clones were collected in 3ml storage buffer (LB
supplemented with 10mM KCl, 20mM MgSO4/MgCl2, 40mM glucose, 25% glycerol)
and homogenized for 30min at 37oC under gentle agitation (220 rpm). Each of the
resulting 3 ml cultures represent a pool. The pools were then aliquoted into deep well
96-well plate and arranged into superpools according to the grid pattern displayed in
Figure 3.1, 40 pools (arrayed 16x24 pattern) correspond to one superpool. Three copies
of the 4, 96-well plates containing all 7 superpools were made and flash frozen in liquid
nitrogen and stored in separate -80oC freezers. Storage of the pools in a high glycerol
(25%) and glucose-enriched medium allows multiple use of the BAC pools with several
thawing and freezing cyles without loss of viability (Isidore et al., 2005).

Restriction enzyme

Number of clones

HindIII
EcoRI
BamHI
Total

478 840
285 312
236 160
1 000 312

Average and range of
insert sizes
150 kb (70-300 kb)
132 kb (60-320 kb)
122 kb (60-220 kb)

Genome coverage
4x
2x
1x
7x

Table 3.1. Hexaploid wheat BAC library based on cultivar ‘Renan’ (Chalhoub et al., 2004).

The Ae. tauschii BAC library used in this study was made at the University of
California, Davis (UC Davis) and kindly provided for use by Professor Jan Dvorak
(Meredith Carter spent 9 weeks in the Dvorak laboratories to carry out the work
reported in this Chapter).
Aegilops tauschii, the ancestor of the wheat D genome, consists of two genepools, S and
T, loosely affiliated with ssp strangulata and ssp. tauschii (Dvorak et al., 1998). The
library used in this thesis was constructed from five genomic DNA libraries of Ae.
tauschii ssp. strangulata from Armenia (line AL8/78-2-2) constructed in a BAC vector
(pECBAC1) and a plant transformation competent BIBAC vector (pCLD04541)
utilizing three different restriction sites (EcoRI, BamHI, and HindIII) (Xu et al., 2002).
The libraries range in size from 52,224 to 76,800 clones with average insert sizes
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from103 to 125kb. A total of 302,976 clones (~8.5-fold genome coverage) have been
arrayed onto six high-density membranes (Table 3.1) and four of these membranes were
used for hybridization based screening.

Library Code

Library/Vector

061-WHD-RI
062-WHD-BI
063-WHD-BI
064-WHD-H3
065-WHD-H3
Total

EcoRI/pECBAC1
BamHI/pECBAC1
BamHI/pCLD04541
HindIII/pECBAC1
HindIII/pCLD04541

Average insert
size (kb)
118
109
103
123
125
139

Number

Coverage

54,144
59,904
76,800
59,904
52,224
320,976

1.6x
1.6x
1.9x
1.8x
1.6x
8.5x

Table 3.2. Ae. Tauschii BAC and BIBAC library used in the hybridization-based screening (Xu et al.,
2002).

3.2.3. Selection of probes for screening BAC libraries

Four types of probes were used to screen the BAC libraries. The first type consisted of
molecular markers that showed a close association to the LMA and Bo1 traits mapped to
chromosome 7BL and included 6 microsatellite markers (gwm577, gwm146, gwm344,
gwm611, wmc276 and wmc273) and one RFLP marker, PSR680. The second type
consisted of three wheat ESTs that had been deletion mapped to the terminal bin of
chromosome 7BL and annotated as regulatory genes via BLASTX analysis (GenBank
accessions BG607456, BE426802, BE405003). The third type consisted of wheat ESTs
that had been deletion mapped to the terminal bins of chromosomes 7BL and 7DL and a
putative position identified via anchoring of wheat ESTs to rice physical maps as
detailed in Chapter 2 (GenBank accessions BE471173, BG604419, BE473539).
Finally, the fourth type consisted of candidate genes that had been identified in the ricewheat synteny study detailed in Chapter 2 (putative GAMYB-gp7 gene (BE637817),
anion transporter (FL-cDNA, Genbank accession AK070574; located on rice BAC
AP004989), transcription factor (FL-cDNA, GenBank accession AK103280; located on
rice BAC AP004989)). Table 3.3 lists the probes used for the BAC library screening
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and which library was screened by each probe. As can be seen from Table 3.3 not all
the same probes were used in each of the BAC library screenings. This is due to the
different screening strategies used for each library. For the Renan BAC library, a stepwise PCR based strategy was used and linked microsatellite markers to the LMA and
Bo1 QTL were used in the screening. For the Ae. tauschii D genome library, a
hybridization based approach was used and therefore microsatellite markers could not
be used and different probes were sourced as an alternative. The alternative probes
included wheat ESTs that had been that had been deletion mapped to the terminal bins
of chromosomes 7BL and 7DL and a putative position identified via anchoring of wheat
ESTs to rice physical maps as detailed in Chapter 2 and thought to be close to the wheat
ESTs/microsatellites used in the Renan BAC library screen. Also, the analysis to
identify the candidate genes discussed in Chapter 2 had not been done prior to Meredith
Carter going to France to do the PCR based screening of the Renan BAC library, and in
this instance, only BAC library membranes were available to do hybridization based
screening for the GAMYB candidate gene in Australia.

Probe

Probe type

BAC library

Screening strategy

gwm577

Microsatellite

Renan

PCR-based

gwm146
gwm344
Wmc273
PSR680
BG607456

Microsatellite
Microsatellite
Microsatellite
RFLP
Wheat EST

Renan
Renan
Renan
Renan and Ae. tauschii
Renan and Ae. tauschii

PCR-based
PCR-based
PCR-based
Hybridization-based
PCR-based and
Hybridization-based
PCR-based
PCR-based
Hybridization-based
Hybridization-based
Hybridization-based
Hybridization-based
Hybridization-based

BE426802
Wheat EST
Renan
BE405003
Wheat EST
Renan
AK070574
Rice cDNA
Ae. tauschii
AK103280
Rice cDNA
Ae. tauschii
BG604419
Wheat EST
Ae. tauschii
BE471173
Wheat EST
Ae. tauschii
BE637817
Wheat EST
Renan and Ae. tauschii
(GAMYB-gp7)
BE473539
Wheat EST
Ae. tauschii
Hybridization-based
Table 3.3. A list of the probes used (and type of probe) in the screening of the Renan and Ae. tauschii
BAC libraries. The type of BAC library screening strategy is also indicated next to each probe, these
strategies are described in sections 3.2.4 and 3.3.4.
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3.2.4. PCR amplification and screening Renan BAC library pools

PCR primers for wheat ESTs and candidate genes were designed using the Primer3
WWW primer tool (http://frodo.wi.mit.edu/cgi-bin/primer3/primer3_www.cgi). At least
four primers (two forward and two reverse) were designed for each gene to maximize
the probability of amplification success. For the wheat EST sequences, the rice genomic
sequence was used to delineate the intron-exon boundaries via alignment of the wEST
sequence to the rice genomic sequence and to ensure conserved regions were used for
the design of the primer sequences. Primers were designed to avoid the exon-intron
junctions, targeting PCR products in the range of 300 to 600bp, and generally including
at least one intron. All primer pairs were tested on genomic DNA of hexaploid wheat
cultivars, Renan and Chinese Spring and Ae. tauschii cultivar, CPI, before BAC library
screening.

Table 3.4. Primers designed for wheat ESTs for the Renan BAC library screening. Microsatellite primer
sequences were obtained from the following references: 1) Roder MS et al. (1998) A microsatellite map
of wheat Genetics 149:2007-2023 and, 2) Somers DJ et al (2004) SSRs from the Wheat Microsatellite
Consortium. Product size for SSR markers is in a range as the size is dependent on germplasm screened.
Primer name
PSR680F1
PSR680R1
BE426802F1
BE426802R1
BE426802F2
BE426802R2
BE405003F1
BE405003R1
BE405003F2
BE405003R2
BG607456F1
BG607456R1
BG607456F2
BG607456R2
BE518052F1
BE518052R1
BE518052F2
BE518052R2
gwm577F

Sequence (5’→3’)
GCAACTATGTCCGATGACGAA
CCCAATCCGTGTCTGTCTAAC
CATTCTGGTTGACTGGCTGAT
CCACCTCTTCCTCTTCTTTAGC
GCTGCTCTCCTTCTTCCTAAT
ATAAGTTGTCGGTCGGTCAG
ACCTTTTGCTCTGTGATTGC
CAGTTGTCTCCTCTCGTGTA
GCTTTCCTTCTGTTGTTGAGC
TTGGTTGTCTCCATCACCTG
CCTCAAGTTCAGGGGACCAA
GACAGGTACAATGGCAACGA
ATCAGGAAGGGCTGTCATAGG
GGACTTGTAGACTTGGGTGGTG
AATGCTACTCCTCCTCCTTGC
GCTGCTAAAGACGCCATCAT
CGTCGCAAGCATTCAAG
ACCAGCGGCACCATACC
ATGGCATAATTTGGTGAAATTG

Product size
781
752
338
482
331
492
312
519
440

Source
Graingenes
Graingenes
BE426802
BE426802
BE426802
BE426802
BE405003
BE405003
BE405003
BE405003
BG607456
BG607456
BG607456
BG607456
BE518052
BE518052
BE518052
BE518052
Roder et al., (1998)
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gwm577R
gwm344F
gwm344R
gwm611F
gwm611R
gwm146F
gwm146R
wmc273F
wmc273R
wmc276F
wmc276R

TGTTTCAAGCCCAACTTCTATT
CAAGGAAATAGGCGGTAACT
ATTTGAGTCTGAAGTTTGCA
CATGGAAACACCTACCGAAA
CGTGCAAATCATGTGGTAGG
CCAAAAAAACTGCCTGCATG
CTCTGGCATTGCTCCTTGG
AGTTATGTATTCTCTCGAGCCTG
GGTAACCACTAGAGTATGTCCTT
GACATGTGCACCAGAATAGC
AGAAGAACTATTCGACTCCT

155-164
100-121
143-166
174
235, 182,199
292

Roder et al., (1998)
Roder et al., (1998)
Roder et al., (1998)
Roder et al., (1998)
Roder et al., (1998)
Roder et al., (1998)
Roder et al., (1998)
Somers DJ et al (2004)
Somers DJ et al (2004)
Somers DJ et al (2004)
Somers DJ et al (2004)

The 2605 DNA bulks of the Renan BAC library were organized into 7 superpools
including 384 x 384-well plates each, which were further arrayed into 16 rows x 24
columns to reduce the number of PCRs required to screen the BAC library. Individual
clone identification from the positive plates was performed by PCR using a 16 x 24
step-wise PCR pooling strategy as displayed in Figure 3.1. The first step involved the
amplification of the gene of interest from 7 superpools each consisting of 384, 384-well
plates containing individual BAC clones. The BAC plates were pooled into the
superpools according to a 16 x 24 grid layout (step 2, Figure 3.1) and positive plates
were identified using this grid layout. The pools identified in step 2 (Figure 3.1) were
used to reference 384 well plates containing the respective BAC clones. In order to
carry out only a single PCR reaction to confirm the identity of the positive plate, the
DNA from all individual BACs in the respective 384 well plate was checked for the
gene sequence of interest. Specifically, the 384 BAC clones were pooled from the 384
well plate and the cells were precipitated by centrifugation, resuspended into TE 10-10
(10mM Tris-HCl, 10mM EDTA, pH 8.0) and boiled for 5 min at 96oC. The supernatant
was diluted 1/40 in TE 10-0.1 (10mM Tris-HCl, 0.1mM EDTA, pH 8.0) for direct PCR
screening. Once the positive plate was confirmed by PCR, it was replica plated into a
new 384 well plate and individual clones from each 384-well plate were then pooled in
the row (16 minipools) direction using Biomek 2000 robotic workstation (Beckman).
PCR amplification was then directly performed on the resulting row minipool cultures.
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Individual positive clones were then identified by directly performing 24 PCR reactions
on each clone of the positive row.

PCR reactions were performed in a 10ul reaction containing 2ul template (pooled BAC
culture or DNA from the pooled BAC library), 1.6mM MgCl2, 0.5 units AmpliTaq DNA
polymerase (Applied Biosystems, Foster City, Calif.), 1 x Taq polymerase buffer
(Applied Biosystems), 400uM dNTPs and 0.5 uM primers (Table 3.3) and 20% (v/v) of
loading buffer [60% 9p/v sucrose, 5mM Cresol Red in sterile water]. Amplifications
were performed using a GeneAmp PCR System 9700 (PE Applied Biosystems) with the
following cycling conditions: one cycle of 5 min at 96oC; then 15 cycles of 30sec at
96oC, 30 sec at 65oC (touchdown 1oC per cycle), 30 sec at 72oC; then 30 cycles of 20
sec at 96oC, 20sec at 50oC, 30sec at 72oC; a final hold of 4min at 72oC; the program
ended with a 14oC hold.

PCR products were visualized by loading onto a 4% (w/v) MetaPhor (Cambrex Bio
Science Rockland, Rockland, Me.) 1 x TAE agarose gel. Electrophoresis was
performed at 300mA for 45 min at 10oC in 1 x TAE buffer (TAE: 40mM Tris-acetate,
2mM Na2EDTA, pH 8.0). The gels were stained with ethidium bromide (10mg/ml) and
photos were taken using a Gel Doc apparatus (Bio-Rad, Hercules, Calif.).
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The BAC library is divided into 7
superpools, each one corresponding to
one genome equivalent

Each pool is composed of 384
plates that are identified by their
co-ordinates

6

8
16 extractions = 16 PCR

PCR
confirmation

Step 1

G
J

Step 2

24 extractions = 24 PCR

each plate is pooled into 16 lines
containing 24 clones each

Step 3

=> 16 PCR to identify positive line

Once positive line is identified
=> 24 PCR to identify positive BAC

Step 4

Figure 3.1. Schematic representation of PCR screening of the Renan hexaploid wheat BAC library. Each
superpool is a mixture of DNAs from 384 x 384 BAC clones. The positive plates within the superpools
were identified from the other plates by a 24 x 16 pooling strategy. The positive plate was confirmed by
amplification of the bulked DNA. The positive plate was then pooled into 16 lines (containing 24 BAC
clones) and each line amplified. The positive line was then separated into the 24 individual BAC clones
and amplified to identify the unique individual positive BAC clone (figure kindly supplied by B.
Chalhoub).

98

3.2.5. Hybridization of high density Aegilops tauschii BAC library membranes

The screening of the Ae. tauschii BAC library was done by Meredith Carter in Professor
Jan Dvorak’s laboratory at the University of California, Davis. The Ae. tauschii library
made at UC Davis has an average insert size of 139kb with a genome coverage of ~8.5x.
For this present study, only four high-density BAC filters, which provide a genome
coverage of ~2x, were used. The four filters used included the first filter from the
libraries 061WHDRI (EcoRI), 062WHDBI (BamHI), 063WHDBI (BamHI) and
065WHDH3 (HindIII). High-density BAC filters were gridded in double spots using a
4 x 4 pattern with six fields per nylon (Hybond NT, Amersham) filter. Each field
consists of 16 x 24 boxes, and within each box, there are eight independent clones in
duplication. This allows each filter to represent 18, 432 independent Ae. tauschii BAC
clones.

For the development of probes for hybridization based screening of the Ae. tauschii
BAC library, amplification products were cloned into pGEMT vector (Promega) and
sequenced to confirm the correct amplification of the wheat EST/candidate genes. This
pGEMT clone was then used as template to amplify insert DNA for preparation of the
probe. PCR amplification was performed as already described and PCR products were
purified using Wizard PCR preps DNA Purification System (Cat. No A7170, Promega)
according to the manufacturers instructions. . Due to the limited time, the approach
taken was to screen the BAC library using two-dimensional pooling of the probes via
hybridization of high-density arrayed BAC library filters. A total of 9 probes were used
for BAC library screening and were pooled 2-dimensionally according to Figure 3.2.
For each probe, 60ng was aliquoted into a well with a total volume of 30ul. The probes
were then pooled by column and by row and 20ul of the pooled insert was used to label.
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For hybridization, the pooled DNA probes were labelled by the random hexamer
method with [32P]dCTP (Feinberg and Vogelstein, 1983) at 37oC for 1-2h.
Prehybridization and hybridization were performed in a rotary hybridization chamber
(National Labnet Company) at 65oC in a solution containing 0.36M Na2HPO4, 0.14M
NaH2PO4, 7% sodium dodecyl sulphate (SDS), 3 mM EDTA, and 0.1% of sheared
salmon sperm DNA as described in Akhunov et al. (2005). After prehybridization
(50ml) of the membranes at 65oC for 4-6h, the labelled probes were boiled at 95oC for
10 minutes and then added to the hybridization solution (10ml) and allowed to hybridize
for 16-20h. The membranes were washed in a solution containing 2xSSPE/0.1%SDS
20min; 20min 1xSSPE/0.1%SDS; and 10min 0.5XSSPE/0.1%SDS (SSPE: 150mM
NaCl, 10mMNaH2PO4, 1mM EDTA, pH 7; 0.1% w/v sodium dodecyl sulphate).
Membranes were blotted to remove excess buffer on paper towels and then wrapped in
GladwrapTM and exposed to Kodak BioMax MS X-ray films for 16-20h at -70 oC with
an intensifying screen.
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Figure 3.2. Two-dimensional pooling of probe for hybridization based screening of Ae.tauschii
BAC library.

100

3.2.6. Sequencing of BAC probe amplicons and detection of genome specific SNPs

To identify those BAC clones derived specifically from chromosome 7BL from the
Renan BAC library screening, all the positive BAC clones for wheat EST probes
BG607456, BE426802, BE405003 were used as templates for PCR-amplification using
the original sets of primers listed in Table 3.3. The PCR products for the wheat ESTs
were purified using the QIAGEN PCR purification kit and sequenced using BigDye
V3.1 dye chemistry on an ABI 3700 sequencer. The sequences for each BAC clone
were aligned using the CLUSTALW program in the Biomanager workstation accessed
via the ANGIS website. To identify which of the homeologous group 7 chromosomes
each of the BACs belong to, the BAC-derived sequences were compared to sequences
of amplified products of the nullisomic-tetrasomic group 7 lines. This enabled the
identification of genome-specific single nucleotide polymorphisms (SNPs) which was
then used to design genome-specific primers that would amplify from the 7B genome
only. These primers were then tested on two hexaploid wheat genotypes, ‘Cranbrook’
and ‘Halberd’. Markers that detected polymorphism between the two parental
genotypes were further analysed against 172 individuals from the Cranbrook/Halberd
doubled haploid population. Linkage analysis was performed using the MapManager
QTXb20 program (Manly et al., 2001).

3.2.7. Identification of BAC contigs for Ae. tauschii BAC clones

The arrangement of BAC clones into contigs is the first step in physical mapping and
allows contigs to be physically superimposed on a chromosome to form a regional and
global physical map of the chromosome (Luo et al., 2003). A contig is a contiguous,
gap-free order of overlapping clones reflecting the sequence of nucleotides in a
chromosome (Coulson et al., 1986). The entire Aegilops tauschii BAC library has been
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arranged into contigs using the high-throughput fingerprinting method based on the
SNAPshot technology and is described in Luo et al., 2003. The fingerprinted Ae.
tauschii library and contig information used in this present study was generated by
researchers at Prof. Dvoraks laboratory at UC Davis (M-C Luo). Briefly, BAC DNAs
are isolated in a 96-well plate format, simultaneously digested with two 6-base pair (bp)
recognizing restriction endonucleases (EcoRI and BamHI) and one 4-bp recognizing
restriction endonuclease (HindIII) generating 3' recessed ends and one 4-bp recognizing
restriction endonuclease (HaeIII) generating a blunt end. Each of the three recessed 3'
ends of restriction fragments is labeled with a different fluorescent dye and restriction
fragments ranging from 70 bp to 500 bp are sized by a capillary DNA sequencer. The
fingerprint data generated is processed by the computer software package GenoProfiler
(available at http://wheat.pw.usda.gov/PhysicalMapping/). The files generated by
GenoProfiler were used in FPC contig assembly and stored in WheatDB
(http://wheatdb.ucdavis.edu:8080/wheatdb/index.jsp). WheatDB is a web based
physical mapping database which stores all the information relating to the NSF project
"Assessment of the insular organization of the wheat D genome by physical mapping".
Contig information for all the BACs identified in this present study are contained and
downloaded from this website.

3.3 Results

Initially, the genomic region near the boron tolerance and LMA loci was targeted by
sequencing the genome segment of wheat cultivars Cranbrook and Halberd that carry
the psr680 sequence. The psr680 sequence per se provides a good RFLP probe for both
the LMA and boron tolerance QTLs (Jefferies et al., 2000; Mrva and Mares, 2001b) on

102

chromosome 7BL and the insert (2.8kb) from this RFLP clone was sequenced. Primers
designed from this sequence were then used to amplify the PSR680 locus from the
genomes of Cranbrook and Halberd. Initially, the PCR products were sequenced
directly, however, it appeared that there was a mixture of homoeologous sequences from
each parent and therefore the amplified fragments were cloned and sequenced. The
CLUSTALW alignment (see Appendix) of these sequences represents the consensus
sequence for each parent at this locus and revealed the presence of only 21 SNPs, 14 of
these SNPs were polymorphisms between Cranbrook and Halberd, thus, indicating a
high degree of homology exists within the genomic region of the PSR680 locus between
these two cultivars. The subsequent primers designed to these single nucleotide
polymorphisms did not identify any cultivar-specific SNPs for mapping in the
Cranbrook/Halberd mapping population in the target 7BL region and was therefore not
pursued further. This suggested that the polymorphisms seen between the sequences of
these two cultivars were either genome-specific SNPs (ie genome A, B or D SNPs) that
were not identified in the clones sequenced from each cultivar or artifacts caused by
Taq-induced errors during PCR amplification and/or sequencing. Sequencing of cloned
PCR products is known to produce errors due to both single base substitution and
recombination occurring during the PCR reaction (Kobayashi et al., 1999). Instead, a
larger genomic approach was investigated through the use of BAC libraries.

The genome organization at the LMA and boron tolerance (Bo1) loci on the terminal
region of chromosome 7BL, was studied by screening two genomic BAC libraries : 1) a
hexaploid wheat library of the variety ‘Renan’, and 2) the Aegilops tauschii library of
the ssp. strangulata from Armenia (line AL8/78-2-2), with a range of probes that had
been localized to the target region via genetic mapping or comparative mapping.
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The Ae. tauschii BAC library is being used to develop a physical map for the D genome
of wheat. Using a novel high-throughput fingerprinting protocol (Luo et al., 2003) the
entire BAC library has been fingerprinted and arranged into BAC contigs. The Renan
BAC library has not been fingerprinted or assembled into contigs. Due to the extensive
homology that exists between the different homeologous genomes of wheat, it was
intended to use the well characterized Ae. tauschii BAC library as a tool to bridge the
gaps that exist between the Renan BAC clones. The information generated from the Ae.
tauschii BAC library will also assist in the establishment of Renan 7BL BAC contigs
and anchoring of the contigs to the genetic map.

Two different screening methods were used in this study. The first method was a novel
step-wise PCR pooling strategy used to screen the large ‘Renan’ BAC library, and the
second was the use of high-density BAC filter hybridization using pooled probes to
screen the Ae. tauschii BAC library.

3.3.1. Step-wise PCR pooling to identify BACs from Renan BAC library

The screening of the Renan BAC library was done at the URGV-INRA labs in France
under the supervision of Dr Boulos Chalhoub (Meredith Carter spent 6 weeks in the
laboratories as indicated in the Methods). BAC clone identification was done using the
step-wise PCR pooling strategy developed in Dr Chalhoub’s lab and the positive BAC
clones shipped to Australia for further analysis (see Appendix for list of BAC clones).

The first step involved the amplification of the primer combinations listed in Table 3.3
on genomic DNA of cultivars ‘Renan’ and ‘Chinese Spring’ to optimize the conditions
for the PCR screening of the Renan BAC library. For Renan genomic DNA, no
amplification occurred for primer combinations BE405003F1+R1, BE426802F2+R2
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and gwm611F+R. However, amplification did occur in Chinese Spring, indicating
polymorphism in the primer binding sites and/or deletion exists in Renan genomic
DNA. Multiple bands were present for primer combinations PSR680F+R,
WHE0806F1+R1, wmc276 and gwm146 when using Renan genomic DNA as template.
Optimisation of PCR conditions enabled the reduction in number of bands for primer
combinations PSR680F+R and gwm146, however, multiple bands remained for the
primer pairs WHE0806F1+R1 and wmc276. The presence of multiple bands in the PCR
reaction precluded the use of these primer combinations in the BAC screening as it
makes interpretation of the results too difficult.

Figure 3.3 shows the step-wise PCR pooling strategy used for screening the Renan BAC
library using microsatellite marker gwm577. In step 1, the superpools consist of 384 x
384-well plates containing the BAC clones pooled according to a 24 x 16 pooling
pattern (Figure 3.1). The coordinates for the amplified fragments in this example are
row 3, columns A, L (Figure 3.3, step 1). Using the grid pattern described in Figure 3.1,
the possible plates are 3 and 267. The plates were then replica plated and bulked, BAC
DNA extracted and PCR performed on the extracted DNA. Following PCR of the
bulked DNA, the positive plate identified was 267. In step 2, all the positive plates were
then pooled into 16 rows containing 24 BAC clones for each row. In Figure 3.3, step 2
PCR on these pooled rows for plates 647, 1050 and 1195 identified positive rows L, I
and K, respectively. In the final step, the 24 individual BAC clones from each positive
row were amplified to identify the positive BAC. In this example, a positive gwm577
fragment was amplified in column 23 from row I of Plate 1050 (Figure 3.3, step 3) and
therefore the BAC coordinates for this BAC clone are 1050I23.
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controls

3

Columns

A

Rows

L

controls

Step 1: Identification of positive plates from 7 BAC superpools of plates. The control is Renan genomic
DNA. The positive plates are 3 and 267, identified from the coordinates Column 3, Row A and Column
3, Row L, respectively.
Pooled Plate 647

Pooled Plate 1050

Pooled Plate 1195

Step 2: Identification of positive row from 2D pooled positive plates, 647, 1050 and 1195. Each row
contains DNA pooled from 24 individual BAC clones. The positive rows are: Plate 647, Row L; Plate
1050, Row I; Plate 1195, Row K.

Step 3: Identification of positive BAC clone from positive row. Positive BACs are: Plate 1050, Row I,
Column 23; Plate 1452, Row B, Column 23,24. Therefore, the BAC coordinates for these BAC clones
are 1050I23, 1452B23 and 1452B24.
Figure 3.3. Steps involved in identifying a single positive BAC clone from the Renan BAC library using
a step-wise PCR pooling strategy.

The Renan BAC library represents 7x genome equivalents, therefore, each single-copy
sequence should be represented seven times, if all sequences are equally represented in
the library. Table 3.5 shows the BAC clones identified for each probe used to screen the
Renan library. As can be seen for probes gwm146, wmc273 and PSR680, more than
one band size was identified in the Renan BAC library. This could be due to different
alleles identified in Renan due to the three homeologous genomes present in bread
wheat or indicate duplicated loci. For microsatellite wmc273, three loci have previously
been identified and mapped to the three homeologous chromosomes 7AL, 7BL and
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7DL. The identification of 3 bands in the PCR screening of the Renan BAC library
corresponds to the three homeologous loci previously detected in wheat. Similarly for
gwm344, two alleles have been detected for this marker and mapped to chromosomes
7AL and 7BL in wheat. However, in this study only one band size was detected in the
Renan BAC library. This is possibly due to the detection system used to analyse the
PCR fragments and the inability to distinguish the different sized alleles for this marker
(ie agarose based detection system compared to acrylamide based detection system).
The number of BACs identified, 15 BACs, indicate that more than one locus was
amplified.

For RFLP marker PSR680, the minimum number of BAC clones identified was 6. This
is less than the expected number of 7 which corresponds to the number of genome
equivalents estimated for this library based on number of clones and fragment sizes of
the BAC clones. Also, two band sizes were identified for this marker and based on the
number of genome equivalents for the library it is expected that 14 BAC clones would
be identified for each allele. Furthermore, this marker has been mapped to chromosome
groups 7AL and 7BL previously (Chalmers et al., 2001). The variation in the number of
positive BAC clones identified by single-copy probes may be indicative of the effects of
instability of certain sequences in the BAC vector (Yim et al., 2002), the loss of BAC
clones from slow growing colonies during the growing of the initial pools of 384 BACs,
PCR amplification failure, or simply random sampling variation (Cenci et al., 2003).

The copy number of wheat ESTs BG607456, BE426802, BE405003 is unknown. Based
on the results of the PCR screening of the Renan BAC library it appears BE426802 is a
single copy gene, BE405003 is a duplicated loci (15 is close to 14 expected for 2 copy
gene) and BE607456 has multiple loci, approximately 4.4 copies based on 31 BACs
identified.
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Marker
gwm577
gwm146
gwm344
wmc273
PSR680
BG607456
BE426802
BE405003

Marker type
Microsatellite
Microsatellite
Microsatellite
Microsatellite
RFLP
Wheat EST
Wheat EST
Wheat EST

No of bands identified
1
2
1
3
2
1
1
1

Total

BAC clones
7
12
16
20
6
31
7
15
114

Table 3.5. Renan BAC library screening results using 8 probes. The entire Renan library
was screened using a step-wise PCR pooling approach allowing the screening of seven
haploid genome equivalents. See Appendix for full list of BAC clones identified.

In conclusion, this analysis has shown that the number of BAC clones isolated for each
probe used in the Renan BAC library screen was as expected. This indicates that the 7x
genome coverage of this library is adequate to isolate a particular gene of interest from
all the homeologous genomic loci of wheat (ie A, B and D genomes). In addition, the
PCR pooling strategy used was a highly efficient screening protocol for identifying
BAC clones and allowed the use of linked microsatellite markers as probes in the library
screening.

3.3.2. PCR confirmation of positive BAC clones

Following PCR identification of positive BACs with the 8 probes, each positive BAC
was selected from the stock BAC library plates and grown in LB media and transported
to Australia for further analysis. Each BAC clone was then individually plated onto LB
agar plates (18.5ug chloramphenicol) and grown at 37oC overnight. A single colony
was then selected and grown in 4 ml LB media at 37oC overnight. A glycerol stock was
made and PCR confirmation of the BAC clone established using 1ul of culture
suspension in a 10ul PCR reaction. Figure 3.4 displays the amplification of each of the
BAC clones. As can be seen, not all loci amplified using the primer combinations and
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conditions used initially to identify the BAC clones from the Renan BAC library. None
of the BAC clones identified for PSR680 could be re-amplified. This could be due to
sampling error when selecting the individual BAC clones from the 384-well plate or for
the reasons mentioned previously.

BG607456

gwm577

gwm146

PSR680

gwm146

BE405003

wmc273

Figure 3.4. Amplification of individual BAC clones isolated from Renan BAC library using the primer
combinations listed in Table 3.3. DNA marker used is 100bp DNA ladder (Promega).

3.3.3. Sequence and cluster analysis of amplified probes from individual BAC
clones
For wheat ESTs BG607456, BE426802, BE405003, amplified fragments of the probe
sequence were purified and sequenced using BigDye V3.1 dye terminator chemistry.
To facilitate the identification of different homoeologous genome groups of wheat from
the cluster analysis of the BAC sequences, genomic DNA from the nulli-tetrasomic lines
were used to amplify the loci and amplified products sequenced directly. The direct
sequencing of PCR products was efficient in identifying genome-specific and locus-
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specific single nucleotide polymorphisms (SNPs) via viewing the chromatogram traces
of the sequenced probes. This was done to help in subsequently characterizing the BAC
clone sequences and assign each BAC to a chromosome group. Figure 3.5 displays a
chromatogram trace of directly sequenced PCR products of BE405003 from Chinese
spring nulli-tetrasomic lines N7A-T7B and N7B-T7A, and mapping parents Cranbrook
and Halberd. This resulted in the detection of genome-specific and locus-specific SNPs
as indicated by the blue arrows (A and B, respectively) in Figure 3.5. In this example,
the SNP located at arrow A is displayed as an N in the Cranbrook sequence. However,
when this sequence is compared to the sequences of N7A-T7B and N7B-T7A, it is
apparent that both homoeologous copies have been detected in the Cranbrook sequence,
the C nucleotide maps to chromosome 7A and the T nucleotide maps to chromosome
7B. Using this information it was then possible to group the BAC clones to a specific
chromosome group (Figure 3.6). The region displayed in the chromatogram trace in
Figure 3.5 is highlighted in red in Figure 3.6. The haplotype displayed in this region
(highlighted in red) of the BE405003 BAC clones sequence was consistent across the
remaining sequence and enabled the clustering of the BAC clones into their
homoeologous chromosome groups, 7A and 7B.
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A

B

Cranbrook

Halberd

N7A-T7B

N7B-T7A

Figure 3.5. Chromatogram trace of BE405003 amplified from mapping parents Cranbrook and Halberd,
and Chinese spring nulli-tetrasomic lines, N7A-N7B and N7B-N7A. Genome-specific (blue arrow A) and
locus-specific SNPs (B blue arrow) are identified by overlapping nucleotides and comparing each of the
four sequences.

7A

7B

7A

7B

Consensus
239E23
452F18
1938I14
1969A13
1456H2
2198J2
435M3
632O22
667I22
1454G16
1511D3
1796G18
1930D3
2448C12
2519J1

1
GCTTT-CCTT
.....-....
.....-....
.....C..-.
.....C.-..
.....C....
.....C..-.
.....-....
.....-....
.....-....
.....C....
.....C....
.....C....
.....C....
.....C..-.
.....C....

11
CTGTTGTTGA
..........
..........
..........
..........
..........
..........
..........
..........
..........
..........
..........
..........
..........
..........
..........

21
GCTTACAGTG
.....G....
.....G....
.....G....
.....G....
.....C....
.....T....
....CT....
....CT....
....CT....
....CT....
....CT....
....CT....
....CT....
....CT....
....CT....

31
AATGGATGTC
........C.
........C.
........C.
........C.
........C.
...-....C.
...C....C.
...C....C.
...C....C.
...C....C.
...C....C.
...C....C.
...C....C.
...C....C.
...C....C.

41
CTGACCTGGA
..........
..........
..........
..........
..........
..........
..........
..........
..........
..........
..........
..........
..........
..........
..........

51
GAGGATCACC
..........
..........
..........
..........
..........
..........
..........
..........
..........
..........
..........
..........
..........
..........
..........

consensus
239E23
452F18
1938I14
1969A13
1456H2
2198J2
435M3
632O22
667I22
1454G16
1511D3
1796G18
1930P3
2448C12
2519J1

61
GATCTCCCCA
A.........
A.........
A.........
A.........
A.........
A.........
A.........
A.........
A.........
A.........
A.........
A.........
A.........
A.........
A.........

71
ATCTGCAGAA
......G...
......G...
......G...
......G...
......AA..
......A...
......A...
......A...
......A...
......A...
......A...
......A...
......A...
......A...
......A...

81
GCTTACCATC
..........
..........
..........
..........
..........
..........
....T.....
....T.....
....T.....
....T.....
....T.....
....T.....
....T.....
....T.....
....T.....

91
GACAACTGCC
ATG.......
ATG.......
ATG.......
ATG.......
ATT.G.....
AGG.......
ATGT......
ATGT......
ATGT......
ATGT......
ATGT......
ATGT......
ATGT......
ATGT......
ATGT......

101
CAAAGTTGAA
..........
..........
..........
..........
.G........
..........
..........
..........
..........
..........
..........
..........
..........
..........
..........

111
GGTGCTGGAG
......C...
......N...
......C...
......C...
..........
....T.....
..C.......
..C.......
..C.......
..C.......
..C.......
..C.......
..C.......
..C.......
..C.......

111

7A

7B

7A

7B

7A

7B

consensus
239E23
452F18
1938I14
1969A13
1456H2
2198J2
435M3
632O22
667I22
1454G16
1511D3
1796G18
1930P3
2448C12
2519J1

121
TGCATCGCTT
CAT.C....C
CAT.C....C
CAT.C....C
CAT.C....C
CAT.......
CAT.......
C.T.......
C.T.......
C.T.......
C.T.......
C.T.......
C.T.......
C.T.......
C.T.......
C.T.......

131
CACTCGAGAG
..........
..........
..........
..........
..........
.....A....
.T..TG....
.T..T.....
.T..T.....
.T..T.....
.T..T.....
.T..T.....
.T..T.....
.T..T.....
.T..T.....

141
GCTGGTCCTG
..........
..........
..........
..........
....C.....
.T........
..........
..........
..........
..........
..........
..........
..........
..........
..........

151
GAGGATTACA
C.........
C.........
C.........
C.........
..........
.C........
..........
..........
..........
..........
..........
..........
..........
..........
..........

161
TCATGGAAAA
C.........
C.........
C.........
C.........
C.........
CT........
A.........
A.........
A.........
A.........
A.........
A.........
A.........
A.........
A.........

171
CCTCCCAGAA
A.........
A.........
A.........
A.........
A.........
A.........
A.........
A.........
A.........
A.........
A.........
A.........
A.........
A.........
A.........

consensus
239E23
452F18
1938I14
1969A13
1456H2
2198J2
435M3
632O22
667I22
1454G16
1511D3
1796G18
1930P3
2448C12
2519J1

181
TACATGCGAG
..........
..........
..........
..........
..........
.........A
.........A
.........A
.........A
.........A
.........A
.........A
.........A
.........A
.........A

191
ACATAAAGCT
..........
..........
..........
..........
........GC
........GC
.........C
.........C
.........C
.........C
.........C
.........C
.........C
.........C
.........C

201
AAGGCATTTG
..........
..........
..........
..........
..........
...T..G...
..AG......
..AG......
..AG......
..AG......
..A.......
..A.......
..A.......
..A.......
..A.......

211
CAGTTATTCT
..........
..........
..........
..........
..........
..........
..........
..........
..........
..........
..........
..........
..........
..........
..........

221
GCAGGCTATG
..........
..........
..........
..........
......C...
.....G....
..........
..........
..........
..........
..........
..........
..........
..........
..........

231
GTTGCTCTCT
A.........
A.........
A.........
A.........
.C........
.C........
..........
..........
..........
..........
..........
..........
..........
..........
..........

consensus
239E23
452F18
1938I14
1969A13
1456H2
2198J2
435M3
632O22
667I22
1454G16
1511D3
1796G13
1930P3
2448C12
2519J1

241
GCGGTAGCCA
A........G
N........G
A........G
A........G
T.A.....AG
.........G
.T...T...A
.T...T...A
.T...T...A
.T...T...A
.T...T...A
.T...T...A
.T...T...A
.T...T...A
.T...T...A

251
261
TGGGACAATC TGTCACTGAG
C......... ..G.......
C......... ..G.......
C......... ..G.......
C......... ..G.......
CC........ ..G...C...
C.A....... ..G.......
C......... ..G.......
C......... ..G.......
C......... ..G.......
C......... ..G.......
C......... ..G.......
C........... G.......
C......... ..G.......
C......... ..G.......
C......... ..G.......

271
TGGGACAAGT
..........
..........
..........
..........
.T........
..........
..........
..........
..........
..........
..........
..........
..........
..........
..........

281
TCAGCCAAGT
..........
..........
..........
..........
.A........
..........
..G.......
..G.......
..G.......
..G.......
..G.......
..G.......
..G.......
..G.......
..G.......

291
GGAGCATGTC
.A........
.A........
.A........
.A........
..........
..........
..........
..........
..........
..........
..........
..........
..........
..........
..........

Figure 3.6. Diagram displaying sequences of BE405003 BAC clones that have been clustered into their
homeologous chromosome groups, 7A and 7B. The sequence highlighted in red corresponds to the region
displayed in the chromatogram trace in figure 4. The haplotype displayed in this region was consistent
across the remaining sequence and enabled the clustering of the BAC clones into their homeologous
chromosome groups, 7A and 7B.

112

M 1

A)

2

3

4

5

6

7

M

1

2

3

4

B)

Figure 3.7. Locus-specific amplification of BE405003 using primers designed to SNPs detected in the
direct sequencing of this locus. PCR products were electrophoresed on 1% TAE agarose gel and
visualized by staining with ethidium bromide (10mg/ml). Order on gels A) 7AL SNP: M Lambda Pst
DNA ladder; 1 Cranbrook; 2 Halberd; 3 Chinese Spring; 4 N7A-N7B; 5 N7A-T7D; 6 N7B-T7A; 7 N7BT7D lines. B) 7BL SNP: M Lambda Pst DNA ladder; 1 Cranbrook; 2 Halberd; 3 N7B-T7A; 4 N7A-T7B
lines.

Locus-specific primers were designed to amplify the 7A and 7B loci from hexaploid
wheat. Figure 3.7 displays the amplification of a 7A locus-specific SNP which was also
polymorphic between mapping parents, Cranbrook and Halberd. These primers were
then used to screen across the 172 individuals of the doubled haploid mapping
population derived from Cranbrook and Halberd. Linkage analysis was performed
using MapManager QTXb20 (Manly et al., 2001) and the chromosomal location
established. This marker was found to map to the terminal region of chromosome 7AL.
The 7B locus-specific SNP amplified in Figure 3.7 was located to chromosome 7B via
nulli-tetrasomic analysis, however, the exact chromosomal location was unable to be
determined as it was not polymorphic between the mapping parents, Cranbrook and
Halberd.

3.3.4. Hybridization-based screening of Aegilops tauschii BAC library

To begin to provide a framework for anchoring the genetic and physical maps, probes
representing 1) molecular markers mapped to the target region, 2) wheat ESTs that had
been deletion mapped to the target region, and 3) candidate genes that had been mapped
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in silico to the target region on wheat chromosome 7BL were used to screen the Ae.
tauschii genomic library (four filters, representing ~2 x haploid genome equivalents).
The markers used assayed the chromosome region containing QTLs for LMA and Bo1
identified by comparative mapping with wheat and rice (GAMYB-gp7 gene located on
rice BAC AP003723 GenBank accession BE637817; and an anion transporter cDNA
GenBank accession AK070574, and transcription factor cDNA GenBank accession
AK103280 located on rice BAC AP004989; see also Chapter 2). The strategy was to
use the homeologous relationship between the B and D genomes of wheat to allow
information from the D genome to be utilized to help develop a framework for
analyzing the target region on 7BL.

Table 3.6 shows the probes and the pooling pattern used for the screening of the Ae.
tauschii library. Instead of 9 separate BAC library hybridizations, the probes were
pooled into six pools for six BAC library hybridizations. Each probe was quantified
using the fluorometer and 60ng of each probe was combined for each pool, 20ul of this
mix was then used for probe labeling.

AK070574
(exon11-13)
wmc273
BG604419
Pool 1

BG607456

PSR680

Pool A

AK103280
(exon11-12)
BE471173
Pool 2

BE473539

Pool B

BE637817
Pool 3

Pool C

Table 3.6. Two-dimensional pooling design for Ae. tauschii BAC library hybridization-based screening.
9 probes were pooled into 6 pools for probe labeling to be used in hybridization of BAC library
membranes.

Four BAC library membranes were used in the hybridization (~2x haploid genome
equivalents) and the results for each pool are given in Table 3.7. An example of a BAC
library hybridization with [32P]-labeled pooled probe is shown in Figure 3.8. The
positive BAC clones are easily distinguishable from the background level of
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hybridization and easy to score according to the duplicated BAC array pattern as
described in the methods. When wmc273 was included in the probe pools 1 and A, it
resulted in high background and the positive BAC clones were unable to be identified
for these probe pools. This is due to the fact that wmc273 contains a microsatellite
sequence, and as wheat contains a high degree of repetitive sequences, the wmc273
probe bound to multiple regions within the wheat genome. Therefore, wmc273 probe
was excluded from the probe pools 1 and A for hybridization to the BAC library.

Figure 3.8. Autoradiograph image of BAC library membrane hybridized with [32P]-labeled pooled probe.
Positive BAC clones are easily distinguishable from background level of hybridization. BAC clones are
arrayed in duplicate in 4x4 grid pattern and two positive spots indicate one positive BAC clone.

Table 3.7. Results of two-dimensional pooling hybridization of Ae. tauschii BAC library using pools of
probes. BACs highlighted in bold indicate BACs that were identified in more than one probe pool by
hybridization.
Pool
1
1
1
1
1
1
2
2
2
2
2
2
3
3
3
3
3

Membrane
062WHDB1W1
062WHDB1W1
061WHDR1W1
065WHDH3W1
063WHDB1W1
063WHDB1W1
063WHDB1W1
065WHDH3W1
065WHDH3W1
061WHDR1W1
061WHDR1W1
062WHDB1W1
065WHDH3W1
065WHDH3W1
065WHDH3W1
063WHDB1W1
063WHDB1W1

Grid
4
4
3
6
2
4
2
5
1
3
5
2
3
2
2
3
2

Position
L1
F21
D15
H2
C3
A14
C3
E21
C16
K8
K17
J19
P15
J19
E21
G4
J8

Pattern
6
1
3
2
8
8
8
5
3
5
7
6
2
6
8
5
8

Plate
34
4
15
12
44
46
44
29
13
27
41
32
9
32
44
27
44

Probes
AK070574, BG604419
AK070574, BG604419
AK070574, BG604419
AK070574, BG604419
AK070574, BG604419
AK070574, BG604419
BG607456, AK103280, BE471173
BG607456, AK103280, BE471173
BG607456, AK103280, BE471173
BG607456, AK103280, BE471173
BG607456, AK103280, BE471173
BG607456, AK103280, BE471173
PSR680, BE473539, BE637817
PSR680, BE473539, BE637817
PSR680, BE473539, BE637817
PSR680, BE473539, BE637817
PSR680, BE473539, BE637817

BAC
Hl034L1
Hl004F21
Rl020D15
HB012H2
BB044C3
BB046A14
BB044C3
HB029E21
HB013C16
Rl032K8
Rl046K17
Hl032J19
HB009P15
Hl032J19
HB044E21
BB027G4
BB044J8

Probe

BG604419
AK070574

BG607456
BE473539
BE473539
BE637817
BE637817
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3
3
3
3
3
A
A
A
B
B
C
C
C
C
C

061WHDR1W1
062WHDB1W1
062WHDB1W1
062WHDB1W1
062WHDB1W1
062WHDB1W1
061WHDR1W1
063WHDB1W1
065WHDH3-4
065WHDH3-4
065WHDH3-4
063WHDB1
063WHDB1
063WHDB1
063WHDB1

3
2
2
1
5
4
5
2
3
2
6
3
4
2
2

K8
A18
G22
C16
E21
A22
K17
C3
P15
J19
H2
G4
F21
J8
H3

5
4
1
3
5
5
7
8
2
6
2
5
2
8
1

27
20
2
14
29
28
41
44
9
32
12
27
10
44
2

PSR680, BE473539, BE637817
PSR680, BE473539, BE637817
PSR680, BE473539, BE637817
PSR680, BE473539, BE637817
PSR680, BE473539, BE637817
AK070574, BG607456, PSR680
AK070574, BG607456, PSR680
AK070574, BG607456, PSR680
AK103280, BE473539
AK103280, BE473539
BG604419, BE471173, BE637817
BG604419, BE471173, BE637817
BG604419, BE471173, BE637817
BG604419, BE471173, BE637817
BG604419, BE471173 BE637817

Rl032K8
Hl020A18
Hl002G22
Hl013C16
HB029E21
Hl028A22
Rl046K17
BB044C3
HB009P15
Hl032J19
HB012H2
BB027G4
BB010F21
BB044J8
BB002H3

BG607456
AK070574
BE473539
BE473539
BG604419
BE637817
BE637817

There were 32 positive BAC signals from the hybridization results, which translated to
23 positive BAC clones. This was less than expected as duplicate membranes were used
when employing the two-dimensional pooling strategy used in this study. We should
have observed 46 positive hybridization signals as 23 positive BAC clones were
identified (23x2=46). This discrepancy could be due a number of reasons: 1) loss of
BAC clone DNA from membranes due to repeated hybridizations, washing steps 2)
initial spotting error of BAC clones onto membrane due to uneven spotting of Q-bot
robot or uneven/slow growth of some BAC clones containing certain wheat fragments
3) uneven labeling of the probe DNA within each pool, 4) stringency of hybridization
washes and 5) polymorphism between probe sequence and genomic DNA within the
BAC clone. Remaining failures may be attributable to secondary structures occurring
within the probe sequence, preventing hybridization to the BAC clones. Also, there
were more BACs identified in pools 1-3 than there were for pools A-C. The membranes
used for pools A-C were older and had been used a number of times. Therefore, the
most likely reason for the small number of positive BACs identified in pools A-C is due
to the loss of BAC clone DNA from the membranes due to repeated hybridizations and
washing steps. Therefore, the assignment of a positive BAC clone to a particular probe
could not be done for all probe/positive BAC combinations. To assign a positive BAC
clone to a particular probe the BAC library hybridization would need to be repeated for
the unassigned probes using new BAC library membranes, or the unassigned BAC
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clones could be used as template and the all the probes screened against the BAC clones
by PCR.

It is interesting to note that the same BAC clones were identified between probe pools
that did not contain any probes in common (BAC clones highlighted in bold in Table
3.6). This could be due to certain probes being physically close to each other on the Ae.
tauschii genome. This is likely for probes AK103280 and AK070574 as these probes
were designed from putative candidate genes from the same rice BAC clone, AP004989,
through the rice-wheat syntenic study. It appears as though the same gene order is
conserved between wheat and rice in this instance as the same Ae. tauschii BAC was
identified for these two probes. This would have to be confirmed via sequencing of the
Ae. tauschii BAC or genetic mapping of the two candidate genes on wheat genetic map.

It is difficult to determine the copy number of the probes used in the Ae. tauschii BAC
library hybridization due to the inability to unambiguously identify all the positive BAC
clones to a particular probe. Twenty three BACs were identified which is more than
expected for single copy genes, 16 (8 probes x 2 haploid genome equivalents = 16).
This indicated that for some probes the D genome contained more than one loci. From
the Renan BAC library screening it is known that some of the probes have more than
one loci in wheat. For example, when the Renan BAC library was screened with probe
BG607456, 31 BACs were identified. The Renan BAC library has 7 genome
equivalents and contains the three homeologous wheat genomes, and therefore for a
single copy gene 3x7=21 BACs would be identified, 31 positive BACs indicates that
this gene is duplicated in wheat.

For the PSR680 probe, the unambiguous identification of positive BAC clones from the
pooled probe hybridization results was not possible. Therefore, the hybridization was
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repeated for this probe and the positive BAC clones are shown in Table 3.8. Three Ae.
tauschii BAC library membranes were used in this hybridization resulting in the
identification of 9 BAC clones. The use of three Ae. tauschii BAC library membranes
equates to 1.5x haploid genome equivalents, indicating that the PSR680 sequence is
present in the genome in more than one copy. As described in the following chapter
(Chapter 4), none of these BAC clones proved to be useful for providing a genomic
sequence for psr680. This requires further investigation since a good genomic probe for
this marker would be valuable.

Membrane
061WHDR1W1
061WHDR1W1
062WHDB1W1
062WHDB1W1
062WHDB1W1
065WHDH3W1
065WHDH3W1
065WHDH3W1
065WHDH3W1

Grid
2
1
2
4
4
2
2
2
4

Position
H22
G9
H19
I21
E19
H18
H3
H3
A14

Pattern
3
2
8
2
4
8
7
1
8

Plate
44
7
44
10
22
44
38
2
46

BAC
RI019H22
RI012G9
HI044H19
HI010I21
HI022E19
HD044H18
HD038H13
HD002H3
HD046A14

Table 3.8. Hybridization results for screening Ae. tauschii BAC library with probe PSR680.

In conclusion, the hybridization based screening of the Ae. tauschii D genome library
enabled the isolation of BAC clones for the probes of interest. One limitation is that
microsatellite markers used as probes in the Renan BAC library screen could not be
used in the screening of the Ae. tauschii D genome library and alternative probes were
required. Also, the number of BAC clones isolated was less than expected indicating
the Renan BAC library and screening strategy used was more effective in isolating the
BAC clones of interest. However, the Ae. tauschii D genome library has been entirely
fingerprinted and in combination with the Renan BAC library provides an effective
starting point for targeted BAC clone recovery.
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3.3.5. Identification of BAC contigs for Ae. tauschii BAC clones

FPC (Soderlund et al., 2000) is a program that assembles clones into contigs based on
fingerprints and markers. WebFPC (Soderlund et al., 2002) is a Java program that
displays the results of FPC on the Web. The Ae. tauschii library has been entirely
fingerprinted and assembled into contigs using FPC program (by M-C Luo et al, UC
Davis). Of the 8 probes used in this study, 23 BAC clones were identified and assigned
to BAC contigs using WebFPC program available at
http://wheatdb.ucdavis.edu:8080/wheatdb/index.jsp.

The average number of BAC clones per BAC contig was 20 BACs, resulting in a
significant increase in the genome coverage per probe used to screen the BAC library.
As can be seen in Figure 3.9, the BB044J8 BAC clone overlaps with 4 other BAC
clones (HD044H12, HD072B12, HI001N17 and HD090M22). It is evident from Figure
3.9 that if a small probe hybridizes to a part of a BAC clone not present in BACs
identified as part of the contig by fingerprinting, then not all of the BACs in a contig
will be identified by the probe. By integrating the BAC library hybridization results
with the FPC contigs, all possible BAC clones for this region are identified.

Figure 3.9. WebFPC display of contig 2022 for BAC clone BB044J8 (in red box).
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3.4

Discussion

Wheat (Triticum aestivum) has a very large genome size 17,300 Mb and approximately
80% of the genome consists of highly repetitive DNA (Devos and Gale, 2000;
Zooneveld et al., 2005). In recent years, rapid progress has been made in the rice
(Oryza sativa) and Arabidopsis genome projects, making these organisms models for
plant genome research (Bevan et al., 1998; Mozo et al., 1999; Yuan et al., 2000).
Because of its large size, duplication of genomic regions, low percentage of single-copy
DNA, and high content of retroelements, wheat is a challenging target for genome
analysis. However, the development of genetic and physical map resources is making
wheat genomics much easier.

Good genetic maps enable the mapping of QTL or genes without prior knowledge
beyond phenotypic effects (Yim et al., 2002). They also provide a framework for
anchoring the physical map. To facilitate an understanding of the genome sequence, the
gene content, and the structure and function of the wheat genome, it is necessary to
construct integrated genetic and physical maps at all levels of resolution. Successful
construction of an integrated genetic and physical map in wheat relies on the availability
of deep-coverage large-insert genomic libraries (Yim et al., 2002). BAC libraries have
become the tool of choice for genomic research due to the low frequency of chimerism,
high stability of clones and the easy manipulation of clones using conventional
molecular techniques (Luo et al., 2003). The aim of this Chapter was to use the detailed
genetic wheat map (Lehmensiek et al., 2005; Mrva and Mares, 2001b; Jefferies et al.,
2000) and comparative in silico rice-wheat map (Chapter 2) to identify probes linked to
the traits of interest in this thesis, LMA and boron tolerance. These probes were then
used to screen two BAC libraries in an effort to develop a framework integrated genetic120

physical map to elucidate the genomic architecture for the important agronomic region
on the terminal end of chromosome 7BL.

The suitability of a BAC library for positional cloning, physical mapping, and the
ultimate goal of whole-wheat genome sequencing using a minimum tiling path depends
on the ability to recover clones from specific regions by screening (Lijavetzky et al.,
1999). Due to the large size of the wheat genome, many clones are needed to obtain
representative BAC libraries (Moullet et al., 1999; Cenci et al., 2003). The two BAC
libraries reported in this study have a total genome coverage of 15.5-fold, providing an
accessible tool for genome research. The Renan BAC library contains over 1 million
clones with an average insert size of 140kb leading to a genome coverage of 7x. The
library has been pooled to assist in the identification of BAC clones using a highthroughput step-wise PCR pooling approach (Chalhoub et al., 2004; Isidore et al., 2005).
Using this approach, to detect a single copy gene only 540 PCRs were required to screen
1 million BAC clones. The use of robotics and 384-well PCR machines enabled the
screening of the entire Renan BAC library with 8 probes in 6 weeks. The detailed
comparative organization of the terminal region of chromosome 7BL using rice-wheat
synteny detailed in chapter 2 assisted in the selection of probes for the BAC analysis.
Probes for screening the BAC libraries included molecular markers mapped to the target
region and wheat ESTs that had been anchored to this region in the rice-wheat syntenic
study (Chapter 2).

Previous reports have shown that there can be an underrepresentation of certain genomic
regions caused by the use of only one restriction enzyme for BAC library construction
(Frijters et al., 1997). The number of positive BAC clones found with the primers for
microsatellites gwm577, gwm344, wmc273, gwm146 in the Renan hexaploid wheat
library was consistent with the copy number of each marker and 7x genome coverage of
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the BAC library. These results show that for the region of interest the Renan BAC
library is of good quality and allows a high probability of recovery of any specific
sequence of interest. However, it should be noted that to accurately assess the quality of
the Renan BAC library a more extensive analysis is required.

The BAC clones isolated from the Renan BAC library provide a starting point for the
identification of candidate loci controlling traits of interest, and for the development of
useful polymorphic markers. To complement the analysis of the Renan BAC clones
identified on 7BL, a suite of BACs on the homeologous 7DL were identified from a Ae.
tauschii BAC library. The reason for this is that significant gaps exist between the
isolated Renan BAC clones due to the large size of the QTL harbouring the LMA and
Bo1 traits (~25cM, spans deletion bin 7BL10-0.82; Mrva and Mares 2001b; Jefferies et
al., 2000). As such, it will be difficult to isolate candidate loci and further markers for
the fine mapping of this QTL without the isolation of BAC clones that fall within these
gaps. The Ae. tauschii (D genome progenitor of bread wheat) BAC library developed at
UC Davis is at an advanced stage in the establishment of BAC contigs and the
development of a physical map for the D genome of wheat
(http://wheatdb.ucdavis.edu:8080/wheatdb/index.jsp). Novel high-throughput protocols
have been developed to analyse and fingerprint the BAC clones (Luo et al., 2003). Due
to the extensive homology that exists between the different homeologous genomes of
wheat, the Ae. tauschii BAC library was screened to assist in the bridging of the gaps
between the Renan BAC clones.

The Ae. tauschii BAC library contains over 300, 000 BAC clones with an average insert
size of 139kb, arrayed onto 11 high-density BAC membranes. Instead of using the
entire 11 membranes for hybridization based screening of this library, only 4 BAC
library membranes were used. This would increase the throughput of the screening of
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the BAC library with 8 probes. Also, as the entire library has been fingerprinted, the
integration of the BAC library hybridization results with the FPC contigs would increase
the genome coverage significantly due to the identification of overlapping BAC clones
within the BAC contig.

Although insufficient time was available in this thesis, the next stage of this analysis is
the anchoring of the BAC clones to the wheat genetic map, specifically, the region
targeted in this study on chromosome 7BL. The hexaploid nature of wheat makes
individual chromosome identification of the BAC clones isolated from the Renan BAC
library more complicated. For the BAC clones isolated using the microsatellite markers,
chromosomal identification is easily established due to the knowledge of allele sizes for
each homeologous chromosome group using published genetic maps. Some
microsatellite markers, such as gwm577, only map to chromosome 7BL and therefore
all BAC clones isolated using this marker will be anchored to chromosome 7BL. For
the BACs identified using wheat ESTs, one of the possible methods to identify
individual chromosomes is using PCR-amplification, as ‘locus-specific’ PCR primers
are common in wheat (Röder et al., 1998; Somers et al., 2003). This was achieved for
wEST, BE405003, as the amplified products were amenable to direct sequencing.
Clustering of the sequenced BACs into 7A and 7B groups was possible with the
assistance of nulli-tetrasomic lines. The chromosomal location of the 7A BACs was
established via mapping of the locus-specific primers the marker mapped to the terminal
region of chromosome 7AL on the Cranbrook/Halberd doubled haploid population. The
7B BACs were unable to be anchored to the Cranbrook/Halberd doubled haploid
population as the 7B genome-specific SNPs were not polymorphic in the parental lines.
Additional sequence information is required for the 7B BACs to facilitate the
identification of further polymorphisms within this region of chromosome 7BL, to
enable anchoring of these BAC clones to the genetic map. Similarly for wESTs
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BG607456 and BE426802, direct sequencing of the group 7 nulli-tetrasomic, Cranbrook
and Halberd lines was not possible due to amplification of multiple loci in the PCR
product leading to an inability to interpret the mixed sequence chromatogram.
Sequencing of the BAC-derived PCR products was possible and revealed the presence
of a number of SNPs that could be used to cluster the BACs into their chromosomal
groups. Anchoring of these BACs to the chromosome groups will be facilitated through
further BAC sequencing.
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Chapter 4 Identification and isolation of GAMYB genes from
wheat
4.1.

Introduction

The ability to identify and isolate genes underpinning Quantitive Trait loci (QTL) for
key agronomic traits is one of the main objectives of molecular genetics (Pflieger et al.,
2001). Classical methods such as positional cloning (Tanksley et al., 1995) and
insertional mutagenesis (Bechtold et al., 1993) have been used to identify major genes
i.e. genes having a major effect on the phenotypic variation. However, these methods
are limited by genome size and the repetitive DNA sequence in complex genomes such
as bread wheat. An alternative strategy is the use of model species, such as rice and
Arabidopsis, and a candidate gene approach which takes into consideration assumptions
made regarding the biological function of the gene of interest (Bryne and McMullen,
1996). The idea is to propose previously sequenced genes of known function that could
correspond to major loci in wheat and perform a similar function. The candidate genes
may be structural genes or genes involved in the regulation of a metabolic pathway.
The working hypothesis assumes that a molecular polymorphism within the candidate
gene is related to phenotypic variation (Pflieger et al., 2001). For the LMA trait studied
in this thesis, there is no direct evidence that rice displays abnormal expression of αamylase during the mid-stages of grain development. Recently, a study has shown that
in LMA-prone cultivars, the similarity of changes observed in aleurone cells in LMAaffected grains with those in germinating grains suggested that, in each case, the
underlying mechanisms or sequence of events shared many common features (Mrva et
al., 2006). Therefore, the pathway for the expression of high pI α-amylase during
germination was used as a guide for the selection of putative candidate loci for the LMA
phenotype in this thesis.
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Many traits of agricultural significance exhibit quantitative inheritance, which is often
the result of multiple genes influenced by the environment (Tanksley, 1993). The
identification of genes governing these complex traits is often very difficult, as there can
be many genes defining the trait with each having partial effects on phenotypic variation
and their localisation on genetic maps can be imprecise (Pflieger et al., 2001; Bryne and
McMullen, 1996).

The α-amylase isozyme patterns observed in grains affected by LMA are very similar to
the early stages of germination, consisting predominantly of high pI isozymes. In LMAaffected grains, high pI α-amylase isozymes are synthesized in the aleurone and
released into the adjacent endosperm (Mrva and Mares, 1996). This is significantly
different from the spatial pattern of enzyme production typical of germination or
sprouting where the initial enzyme synthesis is concentrated at the embryo end of the
grain (Mares et al., 1994; Mrva and Mares, 1996) adjacent to the site of gibberellin
synthesis. The gene(s) responsible for controlling the expression of high pI α-amylase
in LMA-prone cultivars have not yet been identified. Genetic studies have identified
two independent QTLs associated with variation in the LMA phenotype, one highly
significant (P >0.001) QTL located on the long arm of chromosome 7B and a second
significant QTL (P >0.05) near the centromere on chromosome 3B (Mrva and Mares,
2001b). These QTLs are clearly not linked genetically to the Amy-1 genes on
chromosome groups 6A, 6B, and 6D that encode the sequences for the high pI αamylase isozymes. However, it appears when these alleles on 7BL or 3B are present in
a cultivar, it results in the coordinated expression of the Amy-1 genes.
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Gibberellins (GA) play an important role in mobilization of endosperm reserves
following germination of cereal grains (Jacobsen et al., 1995). Soon after germination,
gibberellins are released from the embryo into the aleurone layer leading to the synthesis
and secretion of a number of hydrolytic enzymes, including α-amylase (Jones and
Jacobsen, 1991). Similarly in LMA-prone cultivars, a recent study has shown that the
similarity of changes observed in aleurone cells in LMA-affected grains with those in
germinating grains suggested that, in each case, the underlying mechanisms or sequence
of events shared many common features (Mrva et al., 2006). A role for GA in LMAprone cultivars, is further supported by previous reports that demonstrate that the
expression of LMA is reduced in the presence of Rht (semi dwarfing)/Gai (GA
insensitivity) genes (Mrva and Mares, 1996).

Many molecular, genetic, biochemical and proteomic techniques have been used to
identify the relevant cis- and trans-acting factors involved in regulating the expression
of α-amylase in cereals (Lovegrove and Hooley, 2000; Olszewski et al., 2002). In
barley, the regulatory elements controlling the normal expression of high pI α-amylase
have been well characterized (Gubler et al., 1999). The figure below displays the main
regulatory elements that have been shown to control the expression of high pI alpha
amylase in cereals. It seems reasonable to postulate that LMA results from the
perturbation of these regulatory elements leading to the expression of high pI α-amylase
during the mid-stages of grain development.

LMA is a high priority trait in the WA wheat breeding program, as well as breeding
programs elsewhere in Australia, and the use of molecular markers closely linked to
these traits for MAS is highly desirable. In this study, a genomics approach has been
used to investigate the genetic information underpinning the identified QTLs located on
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chromosome 7BL for these traits (Mrva and Mares, 2001b; Jeffries et al., 2000). The
first stage involves determining the structure of these loci using bioinformatics tools
such as rice/wheat synteny (Chapter 2) and the second phase involved the isolation of
BAC clones to this region using molecular probes (Chapter 3). Once the structure had
been determined, this then laid the foundation for further studies to investigate the
function of putative candidate genes identified within this region.

Gα protein
GMPOZ

GAMYB gene

regulatory genes:
KGM, BPBF, HRT

Figure 4.1. Model of GA regulation of High pI α-amylase expression in cereal aleurone cells.
Model is adapted from the molecular events involved in the GA signal transduction pathway
leading to the expression of High pI α-amylase in barley. GA – gibberellin; HRT – Hordeum
repressor of transcription transcription factor; BPBF – barley prolamin-box binding factor;
GMPOZ – GAMYB-associated POZ protein; KGM – Kinase associated with GAMYB (figure
adapted from Gubler et al., 1995; Gomez-Cadenas et al., 2001 and Woodger et al., 2003).

The aim of this study is to identify molecular markers closely linked to LMA and/or
candidate genes that can be deployed in the wheat breeding program to select for lines
prone to LMA. In this study, to isolate GAMYB genes from wheat genomic DNA
comparative genomics and BAC analysis were used. Initially, the putative candidate
gene, GAMYB-gp7, identified in Chapter 2 via rice-wheat synteny was isolated from
wheat genomic DNA using two approaches: 1) primers were designed to the putative
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rice GAMYB-gp7 and barley HvGAMYB genes (or ortholog from Chapter 2, GAMYBgp3 gene) and used to amplify orthologous loci from wheat, and 2) the putative rice
GAMYB-gp7 probe was used to screen the Renan and Ae. tauschii BAC libraries.

Bulked segregant analysis (BSA) was also used to associate deletion mapped wheat
ESTs to the pooled DNA samples from the doubled haploid population,
Cranbrook/Halberd, which had been bulked into groups according to LMA phenotype.
Wheat ESTs that showed association to the LMA phenotype were then mapped in an Ae.
tauschii F2 population using RFLP, along with the candidate gene, GAMYB-gp7.
Sequence analysis of 6 BAC clones isolated from the two BAC libraries using the
GAMYB-gp7 gene located on chromosome 7B, revealed the presence of a number of
retroelements as well as putative genes predicted using gene prediction software. Also,
the mapping of these genes located them to regions in the wheat genome that harbor
QTLs for LMA. A discussion on the possible role of these genes in LMA is reported.

4.2.

Methods

4.2.1. Amplification of GAMYB genes – primer design

To isolate the GAMYB gene(s) from wheat, primers were designed to conserved regions
of the wheat BE637817 sequence (GAMYB-gp7) and of the HvGAMYB gene (GenBank
accession AY008692) (GAMYB-gp3). For the GAMYB-gp3 gene, primers were
designed to span an intron of the barley HvGAMYB gene. Figure 4.2 displays the intronexon structure of the HvGAMYB gene and location of primers used for amplification.
The primers and their sequences that were used are listed in Table 4.1.
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Figure 4.2. Diagram showing the intron-exon structure of the barley HvGAMYB gene (GenBank
accession AY008692). The barley HvGAMYB gene sequence was used to amplify the orthologous wheat
GAMYB-gp3 gene. Exons are coloured in blue, promoter region coloured in green. Sizes of exons and
introns are represented in base pairs. Primers used in the amplification of the orthologous loci in the
wheat genome are represented by arrows and numbered 1-8 (see Table for sequence and name). Red bars
represent amplification products using the primers indicated, the expected size of each fragment is
indicated above each bar.

Table 4.1. Primers designed to amplify the GAMYB genes in wheat. Primer number corresponds to the
numbers used in figure 4.1. The expected amplification product size is given in based pairs based on the
sequence of the barley HvGAMYB gene (wheat GAMYB-gp3) and wheat EST BE637817 (wheat
GAMYB-gp7).
Primer number
1
3
2
5
4
7
6
8
9
10
11
12

Primer name
HvGAMYBF1
HvGAMYBR1
HvGAMYBF2
HvGAMYBR2
HvGAMYBF3
HvGAMYBR3
HvGAMYBF4
HvGAMYBR4
BE637817F1
BE637817R1
BE637817F2
BE637817R2

Sequence (5’→3’)
CCCTGAAAATTCTCCGC
GCAGGTACGGATCAACCAAC
GCCATCCTGGTGGACTACG
TGGCAGATAAAGACCATTTC
GCTCCAGCGATTTCAACTG
GCATGTACGGATCAACCAAC
TGATCCGAATAGCTGGCTC
AAGGGTTCTCTAGTTCGAAAC
GAAGAAGGGGCCGTGGAC
AGGCGCGTGTTCCAGAAG
GACGACGGAGGAGTGGTG
CGAACGGGTTGATGTTCTG

Product size (bp)
1170
1334
564
980
480
620

4.2.2. Mapping of GAMYB-gp7 genes in wheat – assigning a chromosomal location
using Chinese Spring nullisomic-tetrasomic lines
DNA from nullisomic-tetrasomic (NT) lines was kindly provided by Margaret Pallotta,
University of Adelaide. PCRs were carried out in a total volume of 20ul of 1 x PCR
buffer containing 100ng of template DNA, 2mM MgCl2, 200 uM dNTPs, 500nM
forward primer, 500nM reverse primer, and 0.8 units of Taq DNA polymerase (Fischer
130

Biotec). PCR conditions consisted of an initial denaturation step of 3 min at 94oC,
followed by 15 cycles of 94oC for 30 s, touchdown from 65oC to 50oC at a rate of 1oC
per cycle, 72oC for 1 min, then 30 cycles of 94oC for 30s, 50oC for 30s, 72oC for 30s,
and a final extension of 3min at 72oC. Amplification products were separated on 1% 1 x
TAE agarose gels (TAE: 40mM Tris-acetate, 2mM Na2EDTA, pH 8.0) and visualized
after staining with ethidium bromide (10mg/ml).
4.2.3. Cloning and sequencing of amplified GAMYB PCR products.
The amplified products using the primer pairs listed in Table 4.1 were purified using
QIAGEN PCR cleanup kit (QIAGEN, Germany) according to the manufacturer’s
instructions. The purified fragments were then electrophoresed on a 2%, 1 x TAE
agarose gel and visualised by ethidium bromide staining to ensure amplification of a
single fragment. Each fragment was quantified using fluorometer and diluted to 50ng/ul
in 1 x TE buffer (10mM Tris-HCl pH 8.0, 1mM EDTA). Direct sequencing was then
done on each fragment using ABI PRISM BigDye chemistry v3.1 (Applied Biosystems,
Foster, CA) in both directions using the forward and reverse primers used to amplify the
PCR product. Completed sequencing reactions were run on an ABI Prism 3700
capillary DNA analyser (Applied Biosystems, Foster, CA). Analysis of the raw
sequencing data was done using SeqEd sequencing software.

Amplified products from the BE637817 primer pairs were cloned into the pGEM-T
Easy Vector System (Promega, USA). Briefly, the BE637817 probe was amplified from
wheat genomic DNA using the BE637817F1/R1 and F2/R2 primers listed in Table 4.1.
The PCR fragment was then ligated into pGEM-T vector according to the
manufacturer’s instructions and transformed into chemically competent E. coli cells
(JM109, Promega, USA) prepared by the method of Hanahan et al. (1983). Positive
pGEM-T clones containing the BE637817 insert were identified by PCR. These clones
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were purified using a QIAGEN Plasmid Purification kit (QIAGEN) and quantified using
the fluorometer and diluted to 50ng/ul in 1 x TE buffer. Sequencing was then done on
pGEM-T BE637817 clones using BigDye chemistry v3.1 in both directions using the
M13 forward and reverse primers. Completed sequencing reactions were run on an ABI
Prism 3700 capillary DNA analyser. Analysis of the raw sequencing data was done
using SeqEd sequencing software.

4.2.4. Bulked Segregant analysis (BSA) of Cranbrook/Halberd doubled haploid
population.
Mrva and Mares 2001b, phenotyped the Cranbrook/Halberd doubled haploid (DH)
population for LMA. Briefly, α-amylase activity was assessed on 22 single grains from
three ripe, treated detached tillers from a replicated sowing (Mrva and Mares, 2001a).
An ELISA highly specific for high pI isozymes was used to detect and quantify LMA
activity. Activity was determined on 7 grains per spike from the first 2 treated tillers
and 8 grains from the third treated tiller. The grains were taken at random from the
tillers and measurements made. Based on these measurements, each line was given an
arbitrary rank of 0 = no ELISA positive grains (no LMA = Halberd), 1 = number of
ELISA positive grains equal to Cranbrook (LMA), and 2 = number of ELISA positive
grains greater than Cranbrook. From the LMA phenotypic data (Mrva and Mares,
2001b), doubled haploid lines were ranked from highest to lowest for LMA in the
Cranbrook/Halberd DH population (ie lines ranked 0 = Halberd were in one bulk, lines
ranked 1 or 2 = Cranbrook, were in the second bulk). From this ranking, the 28 highest
DH lines and 28 lowest DH lines were selected and the genomic DNA from each line
was bulked together in equal proportions to generate 2 bulk samples. Due to the large
genome size of wheat and the complexity of the LMA trait, 28 lines were selected to
include in each bulk. Plant DNA was extracted by an adapted DNA mini-prep method
from young leaf tissue as described by Chalmers et al., (2001). Five restriction
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endonucleases (DraI, HindIII, XbaI, BamHI, EcoRV) were used for the digestion of the
bulked genomic DNA. The 2 bulk DNA samples were incubated with 40 u of an
endonuclease in a final volume of 35ul at 37oC for 5hr. The DNA fragments were
separated on a 1% agarose gel and transferred from gels to Hybond N+ membranes
(Amersham, Germany) according to the manufacturer’s instructions.

4.2.5. RFLP mapping of Ae. Tauschii F2 population.

Fifteen restriction endonucleases (AccI, ApaI, AseI, BamHI, BglII, ChI, EcoRI, EcoRV,
DraI, HindIII, PstI, KpnI, XbaI, XhoI) were used for the digestion of genomic DNA. A
20ug aliquot of total DNA was incubated with 40 u of an endonuclease in a final volume
of 35ul at 37oC for 5hr. The DNA fragments were separated on a 1% agarose gel and
transferred from gels to Hybond N+ membranes (Amersham, Germany) according to the
manufacturer’s instructions. Genetic mapping was done using Kosambi function in
MapManager QTXb20 (Manly et al., 2001).
4.2.6. Southern Hybridization.

Meredith Carter spent 9 weeks in Prof. Dvorak’s laboratory (UC Davis, CA) to do this
work. For Southern hybridization, DNA probes were labelled by the random hexamer
method with [32P]dCTP (Feinberg and Vogelstein, 1983) at 37oC for 1-2h.
Prehybridization and hybridization were performed in a rotary hybridization chamber
(National Labnet Company) at 65oC in a solution containing containing 0.36M
Na2HPO4, 0.14M NaH2PO4, 7% sodium dodecyl sulphate (SDS), 3 mM EDTA, and
0.1% of sheared salmon sperm DNA as described in Dvorak et al. (2004). After
prehybridization (50ml) of the membranes at 65oC for 4-6h, the labelled probes were
boiled at 95oC for 10 minutes and then added to the hybridization solution (10ml) and
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allowed to hybridize for 16-20h. The membranes were washed successively in solutions
containing: 2xSSC/0.1%SDS 20min; 20min 1xSSC/0.1%SDS; and 10min
0.5XSSC/0.1%SDS (SSC: 150mM sodium chloride, 15mM sodium citrate, pH 7; 0.1%
w/v sodium dodecyl sulphate). Membranes were blotted to remove excess buffer on
paper towels and then wrapped in GladwrapTM and exposed to Kodak BioMax MS Xray films for 16-20h at -70 oC with an intensifying screen.

DNA probes used for BSA analysis of bulked Cranbrook/Halberd DH lines are listed in
Table 4.2. These include wheat ESTs that had been deletion mapped to the terminal bin
(7BL10-0.82-1.00) in wheat which harbors the LMA QTL. The DNA probes for the
RFLP mapping study are also listed in Table 4.2 and include probes used to screen the
Ae. tauschii BAC library and probes identified through the BSA analysis.

Table 4.2. Wheat ESTs (GenBank accession) used as probes in 1) BSA analysis of Cranbrook/Halberd
DH lines bulked into 28 low LMA and 28 high LMA phenotypes, 2) RFLP analysis of parents from Ae.
tauschii F2 population for mapping. Note: probes highlighted in grey were used in screening of the Ae.
tauschii BAC library.
Wheat EST
BLASTX (Best Hit)
e-value
Deletion map
1) BSA probes
BE471173

AAK43955 unknown protein (Arabidopsis thaliana)

6e-22

7BL,7DL

BE490643

5e-12

7BL,7DL,7AS,7BS,7DS

BE637476

Q06572 Pyrophosphate-energized vacuolar membrane proton pump
(Hordeum vulgare)
P55307 Catalase isozyme 1 (Hordeum vulgare)

9e-91

7AL,7BL,7DL

BE446552

BAB64669 unknown protein (Oryza sativa)

1e-11

7BL, 1BS

BF293239

NP_195081 putative protein (Arabidopsis thaliana)

0.0006

7BL

BF478838

BAA90798 similar to gene for Pib (Oryza sativa)

0.024

7BL,2AL

BG604641

NP_179485 hypothetical protein (Arabidopsis thaliana)

5e-73

7BL,7DL

BG604419

NP_193348 galactokinase-like protein (Arabidopsis thaliana)

9e-52

7BL,7DL

BE446244

3e-33

7AL,7BL,7DL,3BS

BE494002

AAG12478 putative hsr201 hypersensitivity-related protein (Oryza
sativa)
CAC09353 putative lipase/acylhydrolase (Oryza sativa)

3e-25

7BL,7DL

BE495631

AAL74275 Hypothetical protein (Oryza sativa)

0.007

7BL,7DL

BE605194

NP_178731 putative protein kinase (Arabidopsis thaliana)

1e-21

7AL,7BL,7DL

BF294002

NP_035246 phospholipase D3 (Mus musculus)

5e-06

7AL,7BL,7DL

BG274853

CAA09935 chloroplast protease (Capsicum annuum)

1e-56

7AL,7BL,7DL

BM140366

ZP_00092341 hypothetical protein (Azotobacter vinelandii)

1.1

7AL,7BL,7DL

BM137749

BAB19121 putative cytochrome P450 (Oryza sativa)

5e-87

7AL,7BL,7DL

BF473789

NP_267980 oxidoreductase (Lactocoddus lastis)

1.4

7AL,7BL,7DL

BF473539

NP_173582 unknown protein (Arabidopsis thaliana)

4e-33

7BL,7DL

BF478940

NP_061744 protocadherin gamma subfamily A (Homo sapiens)

1.9

7AL, 7BL, 7DL
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BF291886

NP_172454 putative phosphoribosylglycinamide synthetase
(Arabidopsis thaliana)
CAD40586 unknown protein (Oryza sativa)

1e-98

7BL,4AL,4BL,4DL

7e-67

7AL,7BL,2AL

CAD55506 putative type I polyketide synthase (Streptomyces
coelicolor)
P55307 Catalase isozyme I (Hordeum vulgare)

0.39

7AL, 7BL, 7DL

1e-128

7AL, 7BL,7DL

BE590995

AAM81973 Stem rust resistance protein (Hordeum vulgare)

2e-21

7AL, 7BL, 7DL

BE591497

AAN04985 putative protein kinase (Oryza sativa)

2e-26

7AL,7BL,7DL

BE494484
BG313338

BAC21390 hypothetical protein (Oryza sativa)
NP_193348 galactokinase-like protein (Arabidopsis thaliana)

3e-21
1e-38

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

BG607540

No significant similarity found

-

7AL,7BL,7DL,1A,5AL,6A

BF291886

NP_172454 putative phosphoribosylglycinamide synthetase
(Arabidopsis thaliana)
G86239 unknown protein (Arabidopsis thaliana)

1e-98

7AL,7BL,7DL,4BL

1.2

7AL,7BL,7DL

NP_192809 putative transcriptional regulator (Arabidopsis
thaliana)

3.6

7AL,7BL,7DL

BF291608
BF428699
BE591469

BE591418
BG607456
PSR680

7AL,7BL,7DL

Anionex11-13
BE637817

AAD31395 GAMYB transcription factor (Lolium temulentum)

3e-48

BG607810

NP_196804 callose synthase (1,3-beta-glucan synthase) family
(Arabidopsis thaliana)

8e-08

7AL,7BL,7DL

2) RFLP probes
BE637817

AAD31395 GAMYB transcription factor (Lolium temulentum)

3e-48

BG607456

NP_192809 putative transcriptional regulator (Arabidopsis

3.6

BE497845

NP_568775 putative protein (Arabidopsis thaliana)

4e-65

7BL,7DL

BE446244

3e-33

7AL,7BL,7DL,3BS

BE637853

AAG12478 putative hsr201 hypersensitivity-related protein (Oryza
sativa)
T04123 probable DNA-directed RNA polymerase (Oryza sativa)

0.003

7AL, 7BL, 7DL

BE590995

AAM81973 Stem rust resistance protein (Hordeum vulgare)

2e-21

7AL, 7BL, 7DL

7AL,7BL,7DL

BF473539

NP_173582 unknown protein (Arabidopsis thaliana)

4e-33

7BL,7DL

BE591469

P55307 Catalase isozyme I (Hordeum vulgare)

1e-128

7AL, 7BL, 7DL

BE471173

AAK43955 unknown protein (Arabidopsis thaliana)

6e-22

7BL,7DL

BE494484

BAC21390 hypothetical protein (Oryza sativa)

3e-21

7BL,7DL

Anionex11-13
PSR680

4.2.7. Isolation of GAMYB-gp7 genes from wheat using BAC libraries.

The BE637817 (GAMYB-gp7 gene) sequence was used as a probe to screen the Renan
and Ae. tauschii BAC libraries as described in Chapter 3. Briefly, the BE637817 probe
was amplified from wheat genomic DNA using the BE637817F1/R1 primers. The PCR
fragment was cloned into pGEM-T vector and positive pGEM-T clones containing the
BE637817 insert were identified by PCR. These clones were purified using the
QIAGEN plasmid purification kit (QIAGEN) according to manufacturer’s instructions
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and used as template in a PCR reaction to re-amplify BE637817 which was then labeled
with [32P]dCTP and used for hybridization based screening of both Renan and Ae.
tauschii BAC libraries. PCR-based screening of the Renan BAC library could not be
done due to the inability to amplify BE637817 using the BE637817F1+R1 primer
combination.

4.2.8. Sequencing of BE637817 BACs.

Six BACs were chosen from the identified BACs using the BE637817 probe from the
Renan and Ae. tauschii BAC libraries (3 BACs from each). To reduce the chance that
duplicate clones would be selected, the 6 BAC clones were streaked onto
chloramphenical LB agar plates (18.5ug/ml) and single colonies isolated. Shotgun
libraries for each of these 6 BACs were constructed using pCR4-TOPO (Invitrogen)
vector as described. Sequencing of BE637817 BAC clones was carried out by Dr
Xiuying Kong at the Chinese Academy of Agricultural Sciences, Bejing (CAAS).
Subclones were sequenced from both directions using T3 and T7 primers by using ABI
PRISM BigDye Terminator Chemistry 3.1 (Applied Biosystems, Foster, CA) and run on
an ABI3730XL capillary sequencer. The raw sequencing data was sent to the Centre for
Comparative Genomics (CCG) at Murdoch University for assembly into contigs, base
calling and quality assessment were done by using PHRED, and reads were assembled
with PHRAP. The resulting data yielded 4- to 6-fold average sequence redundancy
across the six BACs. The contigs for each BAC were ordered by using CONSED
(David Dunn, CCG, Murdoch University).
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4.2.9. Annotation of BE637817 BACs.

An annotation pipeline has been established for the annotation of raw BAC sequence
(Matthew Bellgard and David Dunn, CCG). The annotation of the BE637817 BAC
contigs was done using this annotation pipeline. The first step in annotating BAC
sequence is to define repetitive elements within the sequence, this includes
microsatellite-like sequence, tandem repeats (longer than microsatellite sequences),
transposon-like sequences (including LTR, MITES, LITEs etc). Once these repetitive
elements have been established the next step is to search for genes within the sequence.

The assembled sequences were blasted against the repetitive element databases,
RepeatMasker (www.repeatmasker.org), TREP and censor
(http://www.girinst.org/censor/index.php), by CROSS_MATCH searches against the
repeat databases of the Poaceae maize, rice, wheat and barley repeat databases to
determine repetitive elements within the sequence. These repeat sequences were
classified as belonging to a certain repeat class if it shared >80% sequence identity over
most of its length to other members of that type. Once repeat elements have been
defined, these repeats will be masked within the sequence for further analysis.

The gene prediction program FGENESH, with the monocot (maize, rice, wheat and
barley) genomic DNA parameters (www.softberry.com), was used to predict coding
sequences (CDS). The entire repeat masked sequence was used in this analysis to
ensure the identification of true genes and that predicted genes were not mis-annotated
as retroelements or other transposable elements. Putative function was determined for
the genes via combination of BLASTP/BLASTX matches to the non-redundant (nr)
database of GenBank and Pfam scores as well as searches of expression databases (ie
ESTs and FL-cDNA). The following guidelines were used for classifying the genes: a)
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known proteins: if the predicted protein matches >90% identity over >90% length of a
characterized protein, the gene should be annotated as that protein, b) Putative protein: if
the predicted protein matches at >30% identity over 30% length to a characterised
protein, the gene should be annotated as “putative”; c) domain containing proteins: if the
predicted protein has a Pfam domain above the trusted cutoff, it should be annotated as
“XXX-domain containing protein”; d) expressed protein: if the predicted protein does
not match a characterised protein in the nr database or a Pfam domain above the trusted
cutoff but does match a wheat EST or full length cDNA at >95% identity over >90%
length of the EST or cDNA, the gene should be annotated as encoding an “expressed
protein”; e) hypothetical protein: if the predicted protein matches at >30% identity over
30% length to a hypothetical or expressed protein, the gene should be annotated as
encoding a “hypothetical protein”. Also, if there are no matches to any database or
matches to Pfam domains, and the protein is solely predicted by ab initio gene finders, it
should be annotated as encoding a “hypothetical protein”.

4.2.10. Anchoring BAC clones to the genetic map – identification of SSR sequences.

The SSRIT program (http://www.gramene.org/gramene/searches/ssrtool/) developed for
characterizing SSR sequences in the rice genome was used for SSR identification and
characterization from the BAC sequences. Microsatellites were categorized into two
groups based on length of SSR tracts and their potential as informative genetic markers:
Class I microsatellites contain perfect SSRs ≥20 nucleotides in length and Class II
contain perfect SSRs >12 nucleotides and <20 nucleotides in length (Temnykh et al.,
2001). Primers were designed to flank the SSR sequence and generate a PCR fragment
between 150-250bp in length to ensure the identification of any polymorphism in the
mapping population. Primers were designed using the Primer3 software program
(http://frodo.wi.mit.edu/cgi-bin/primer3/primer3_www.cgi). .
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The Cranbrook/Halberd DH population was used as the basis for placing microsatellite
markers onto the wheat chromosomes. The latest version of the genetic map reported by
Lehmensiek et al. (2005) included 862 markers (3072 cM) mapped onto this population.
MapManager QTXb20 (Manly et al., 2001) was run on a PC computer using the
Kosambi mapping function to determine the SSR marker location.

4.3.

Results

4.3.1. Isolation of GAMYB genes from wheat genomic DNA.

The comparative genomics study in Chapter 2 revealed the identification of two putative
candidate genes from rice, a GAMYB-gp7 gene (annotated gene P0003H08.13, rice BAC
AP003723) and the GAMYB-gp3 gene (rice OsGAMYB, GenBank accession, X98355),
syntenic to the wheat regions containing QTLs for LMA, 7BL and 3B, respectively
(Mrva and Mares, 2001b). These two putative candidate genes were isolated in this
study through: 1) the syntenic wheat 7BL GAMYB-gp7 gene, wheat EST BE637817,
which contained homology to known GAMYB genes within the motif region only and,
2) the syntenic wheat group 3 GAMYB-gp3 gene, wheat EST BE424200, which was
97% homologous to the barley (HvGAMYB, GenBank accession X87690) and 88%
homologous to the rice (OsGAMYB, GenBank accession X98355) GAMYB genes across
the entire length of the wheat EST sequence (see Appendix for alignment of sequences).
The barley homolog of the GAMYB gene was chosen as a template to design primers to
amplify the entire orthologous gene in wheat due to the high degree of homology
demonstrated between the HvGAMYB gene sequence and the BE424200 wheat EST
sequence compared to the rice OsGAMYB gene. Primers were designed to the rice
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GAMYB-gp7 gene, annotated gene P0003H08.13 on rice BAC AP003723, to amplify
the complete orthologous gene from wheat. However, specific amplification could not
be achieved and only primers designed to the BE637817 sequence enabled amplification
to occur in wheat. In summary, to amplify the orthologous genes from wheat, primers
were designed to the BE637817 and HvGAMYB sequences.

Using the primer combinations listed in Table 4.1, amplification of the expected size
fragment was successfully achieved for the GAMYB-gp3 orthologs in the hexaploid
wheat cultivars, Cranbrook and Halberd (AABBDD) (Figure 4.2). Similarly, for the
GAMYB-gp7 gene located on chromosome 7B, amplification was successfully achieved
for the hexaploid wheat cultivars, Cranbrook and Halberd.
1
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Figure 4.3. Amplification of HvGAMYB (GAMYB-gp3) and BE637817 (GAMYB-gp7) loci from
wheat cultivars Cranbrook and Halberd. Order on gel A) Cranbrook and Halberd amplified with
HvGAMYB primer pairs:1. Cranbrook HvGAMYBF1/R1; 2. Halberd HvGAMYBF1/R1; 3. Cranbrook
HvGAMYBF2/R2; 4. Halberd HvGAMYBF2/R2; 5. Cranbrook HvGAMYBF3/R3; 6. Halberd
HvGAMYBF3/R3; 7. Cranbrook HvGAMYBF4/R4; 8. Halberd HvGAMYBF4/R4. B) Cranbrook and
Halberd amplified with BE637817 primer pairs: 1. Cranbrook BE637817F1/R1; 2. Halberd
BE637817F1/R1; 3. Cranbrook BE637817F2/R2; 4. Halberd BE637817F2/R2.

4.3.2. Mapping of GAMYB-gp7 genes via mapping on Chinese Spring nullisomictetrasomic lines.
Primer pairs listed in Table 4.1 were used for amplification in a set of 21 Chinese Spring
Nullisomic-Tetrasomic (NT) lines. A NT line lacks one chromosome pair and its
absence is compensated by the presence of an extra pair of homoeologous
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chromosomes. Such lines are available for each of the 21 wheat chromosomes. For
BE637817F1/R1 primer pair, two bands were amplified, 1) an amplification product
~50-100bp was achieved for all lines and, 2) an amplification product of ~480bp was
achieved for all NT lines with the exception of the line nullisomic for 7B, indicating that
this amplification product, and thus BE637817, originated from 7B (Figure 4.4). The
50-100bp amplification product was only present in the nulli-tetrasomic lines. This is in
contrast to amplification of the BE637817 locus from the cultivars Cranbrook and
Halberd where only the 480bp band was amplified (Figure 4.3). Due to the small size of
the 50-100bp fragment this band is probably the result of non-specific amplification and
was not investigated further. The four sets of primer pairs designed against the barley
HvGAMYB gene produced amplification products in all NT lines, but failed to reveal the
origin of the homoeologous gene in wheat. This is probably due to all homoeologous
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N2B

N1D

N2A
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M
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loci across the three genomes of wheat being amplified.

500bp

Figure 4.4. An 1% agarose gel (1 x TAE) showing the mapping of the amplification product on a set of
Chinese Spring nullitetrasomic lines using primer pairs BE637817F1/R1. The absence of the fragment in
the line nullisomic for 7B (N7B) allocates BE637817 to chromosome 7B. M: 100bp DNA ladder
(Promega).
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4.3.3. Sequencing of GAMYB genes and identification of Single Nucleotide
Polymorphisms (SNPs).
Each of the amplified fragments for the HvGAMYB (GAMYB-gp3) and BE637817
(GAMYB-gp7) loci were purified using QIAGEN PCR purification kit and direct
sequencing applied using the forward and reverse primers used in the original
amplification. For the HvGAMYB wheat orthologs, direct sequencing of amplification
products and comparison to the barley sequences revealed that the true orthologous
sequences were amplified in wheat. Each sequence was aligned using the CLUSTALW
program in BioManager. As can be seen from the alignment (see Appendix), a high
degree of homology exists across the entire gene. For the Cranbrook and Halberd lines,
only 53 single nucleotide polymorphisms were observed between the two sequences
(3469bp length). This low level of sequence polymorphism between the two sequences
indicates that this gene may be a single copy gene in wheat. To date, single copies of
the GAMYB gene have only been found in barley and rice, whereas three copies of the
orthologous gene have been found in Arabidopsis (Gubler et al., 1995; Gubler et al.,
1997; Stracke et al., 2001). However, a chromosomal location was unable to be
determined using the nulli-tetrasomic lines indicating that there are at least three copies
of the GAMYB gene in wheat (ie A, B and D genomes). The low level of polymorphism
seen in the direct sequencing of the PCR fragments indicates a high degree of
conservation between the A, B and D genome copies of GAMYB in wheat and between
cultivars. Comparison of these sequences to the barley HvGAMYB gene (the wheat
GAMYB-gp3 ortholog) returned similarities of 81.9% (e-value = 0.0). Also, the intronexon structure is conserved between the barley HvGAMYB sequence and the Cranbrook
and Halberd sequences. Figure 4.5, displays the degree of similarity between the intronexons of these sequences. As expected, the intron regions contain the highest degree of
polymorphism between the sequences. However, exon III also displays a high degree of
polymorphism which is a common feature of GAMYB genes (Woodger et al., 2003).
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AY008692
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98.4%

95.5%

72.5%

70%

Wheat GAMYB-gp3
(Cranbrook sequence)

Figure 4.5. Diagrammatical representation of the comparison between the intron-exons of the GAMYB
genes from barley (HvGAMYB, GenBank accession AY008692) and wheat (GAMYB-gp3, Cranbrook
direct sequence of amplification products). Exons are labeled I-III and coloured in blue, promoter region
is coloured green. Percent identity between the barley and wheat intron-exons is displayed between the
two sequences. Note: unable to determine percent identity for 2nd intron (between exons I and II) as
sequencing was incomplete for this section of the gene. The CLUSTALW alignment of each sequence is
displayed in the Appendix.

For the BE637817 (GAMYB-gp7) amplified products, direct sequencing of the
amplification product was not possible due to the presence of mixed template in the
purified amplification product. In this case, the amplified product was cloned into a
pGEM-T vector and clones from 5 separate Cranbrook and Halberd cloning events was
sequenced. The alignment of the Cranbrook and Halberd sequences to the wheat EST
BE637817 is displayed in Figure 4.6. Similarly for the GAMYB sequence alignment, a
high degree of homology exists between the BE637817 sequences. There were only 2
SNPs detected between the Cranbrook and Halberd sequences. A chromosomal location
was established using nulli-tetrasomic lines for the BE637817 locus to chromosome 7B
indicating this locus is unique in Chinese Spring. The presence of mixed template in the
direct sequencing of the BE637817 amplified product indicates the presence of nonspecific amplification of fragments in the PCR reaction of BE637817 loci in Cranbrook
and Halberd. The isolation of a number of clones containing inserts of different sizes to
the BE637817 amplified product from the pGEMT clones of Cranbrook and Halberd
supports this observation (data not shown).
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Cranbrook : --------------------GACGACGGAGGAGTGGTGGGGGGTGACGAAGACGATCGGCTGAGATGGCGACGGCGATGGAC :
Halberd
: -------------------TGACGACGGAGGAGTGGTGGGGGGTGACGAAGACGATCGGCTGAGATGGCGACGGCGATGGAC :
BE637817 : ccaacgacacctcgcgcctCGACGACGGAGGAGTGGTGGGGGGTGACGAAGACGATCGGCTGAGATGGCGACGGCGATGGAC :

62
63
82

Cranbrook : ACGACGATGCCGAGGAGCGGGGTAGGGGAAGGCGGCGGCGGCGGCGGGCTGAAG-AGGGGCCGTGGACGCAGGCGGAGGACC : 143
Halberd
: ACGACGATGCCGAGGAGCGGGGTAGGGGAAGGCGGCGGCGGCGGCGGGCTGAAGAAGGGGCCGTGGACGCAGGCGGAGGACC : 145
BE637817 : ACGACGATGCCGAGGAGCGGGGTAGGGGAAGGCGGCGGCGGCGGCGGGCTGAAGAAGGGGCCGTGGACGCAGGCGGAGGACC : 164

Cranbrook : AGGTGCTGCTCGACCACGTGCGGCGGCACGGCGAGGGCAACTGGAACGCCGTGCGCCGGGAGACGGGGCTGCAGCGCTGCGG : 225
Halberd
: AGGTGCTGCTCGACCACGTGCGGCGGCACGGCGAGGGCAACTGGAACGCCGTGCGCCGGGAGACGGGGCTGCAGCGCTGCGG : 227
BE637817 : AGGTGCTGCTCGACCACGTGCGGCGGCACGGCGAGGGCAACTGGAACGCCGTGCGCCGGGAGACGGGGCTGCAGCGCTGCGG : 246

Cranbrook : CAAGAGCTGCCGGCTCCGGTGGGCCAACCATCTCCGCCCCAACCTCCGCAAGGGCCCCTTCTCTCCCGAGGAGGAGCGCCTC : 307
Halberd
: CAAGAGCTGCCGGCTCCGGTGGGCCAACCATCTCCGCCCCAACCTCCGCAAGGGCCCCTTCTCTCCCGAGGAGGAGCGCCTC : 309
BE637817 : CAAGAGCTGCCGGCTCCGGTGGGCCAACCATCTCCGCCCCAACCTCCGCAAGGGCCCCTTCTCTCCCGAGGAGGAGCGCCTC : 328

Cranbrook : ATCCTCCGCCTTCACGGCCTCATCGGCAACAAGTGGGCGCGCATCTCAACACACGTACGTACCAACGAAACTTAACCTCCTC : 389
Halberd
: ATCCTCCGCCTTCACGGCCTCATCGGCAACAAGTGGGCGCGCATCTCAACACACGTACGTACCAACGAAACTTAACCTCCTC : 391
BE637817 : ATCCTCCGCCTTCACGGCCTCATCGGCAACAAGTGGGCGCGCATCTCAACACAC---------------------------- : 382

Cranbrook : CTCCTTCTTCCATGGATCTTGTGTCGTATGAGTATGATCCATCTCTGACAAGTCACAATGTTGCATGCATGGCGGTGTGTGA : 471
Halberd
: CTCCTTCTTCCATGGATCTTGTGTCGTATGAGTATGATCCATCTCTGACAAGTCACAATGTTGCATGCATGGCGGTGTGTGA : 473
BE637817 : ---------------------------------------------------------------------------------- :
-

Cranbrook : TGGATGAAGCTGCCCGGGAGGACGGACAACGAGGTCAAGAACTTCTGGAACACGCGCCTCAAGCGCCGGCAGCGCGCCGGCC : 553
Halberd
: TGGATGAAGCTGCCCGGGAGGACGGACAACGAGGTCAAGAACTTCTGAAACACGCGCCTCAAGCGCCGGCAGCGCGCCGGCC : 555
BE637817 : ---------CTGCCCGGGAGGACGGACAACGAGGTCAAGAACTTCTGGAACACGCGCCTCAAGCGCCGGCAGCGCGCCGGCC : 455

Cranbrook : AGTCGCTCTACCCGCCGGACGTCGAGCGGGAGATCGCCCTCATGCGCGCCCAGAACATCAACCCGTTCG------------- : 622
Halberd
: AGTCGCTCTACCCGCCGGACGTCGAGCGGGAGATCGCCCTCATGCGCGCCCAGAACATCAACCCGTTCG------------- : 624
BE637817 : AGTCGCTCTACCCGCCGGACGTCGAGCGGGAGATCGCCCTCATGCGCGCCCAGAACATCAACCCGTTCGccgacgcggacgg : 537

Cranbrook : ----------------------------------------------------------- :
Halberd
: ----------------------------------------------------------- :
BE637817 : caacaccgtggcgtcgccgttcttgggcccgttcgcgctgcctcccaggccgccgtcgt : 596

Figure 4.6. CLUSTALW alignment of sequences from clones of Cranbrook and Halberd containing
BE637817F2/R2 amplified genomic products, aligned to wheat EST BE637817. Residues identical
between all three sequences are highlighted in black, residues identical in two sequences are highlighted
in grey, ‘-‘ indicates no sequence available.

4.3.4. Isolation of GAMYB-gp7 genes from BAC libraries.

To isolate the full coding sequence of the GAMYB-gp7 gene from chromosome 7BL, the
BE637817 sequence was used as a probe to isolate BAC clones from two wheat BAC
libraries, the Aegilops tauschii BAC library and the hexaploid wheat BAC library, based
on the French cultivar, ‘Renan’. Screening of both libraries was done via hybridization
due to the inability to amplify this locus in the genomic DNA of Renan. Four highdensity arrayed BAC membranes were used in the Ae. tauschii BAC library, resulting in
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a 2x genome coverage, and four high-density arrayed BAC membranes were used in the
Renan BAC library screening, resulting in a 1x genome coverage.

Six BAC clones were identified from 4 different membranes of the Aegilops tauschii
BAC library. Three BAC clones were selected for high throughput sequencing resulting
in a 4-6x average coverage for each BAC in the size range of 138 to 187 kbp. After
assembly,180kb of sequence with 16 gaps was obtained for BAC HI001O12, ~138kb of
sequence with 29 gaps was obtained for HI139H19, and 187kb of sequence with 29 gaps
was obtained for RI146O12. It has been reported that 3x sequencing coverage of BAC
clones is sufficient to identify >95% of all genes and abundant repeats (Devos et al.,
2005). Hence, the 4-6x coverage in this study was sufficient to establish the repeat and
genic content of each BAC.

HI001O12

HI139H19

Number of reads

RI146O12

Length of reads

Length of reads

Length of reads

Figure 4.7. Graphical display of sequence information for D genome BACs selected with BE637817
probe. 1) RI146O12 BAC sequenced to 6.5x genome coverage to obtain total of 187kb of sequence 2)
HI001O12 sequenced to 6.3x genome coverage to obtain total of 180kb of sequence, and 3) HI139H19
sequenced to 5.4x genome coverage to obtain a total of 138kb of sequence (Data supplied by Dr Xiuying
Kong, CAAS).

Approximately 200 BAC clones were identified in the screening of 4 membranes of the
Renan BAC library (Figure 4.8). This is a much greater number of BAC clones
identified in this library compared to the Ae. tauschii library. The Renan library
contains the two other genomes of wheat, A and B, which would account for the
identification of more BAC clones than the Ae. tauschii BAC library which contains
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only one genome, the D genome. However, it is expected that there would only be 3x
extra the amount of BAC clones identified in the hexaploid wheat BAC library. The
primers used to amplify BE637817 from wheat were designed conserved regions and
spanned the conserved MYB domain (Figure 4.6). In rice, there are approximately 85
putative genes containing the MYB domain (Jiang et al., 2004). The results in the
present study indicate that the BE637817 probe cross-hybridized to other genes that
contain the MYB domain in their sequence. The 200 BAC clones were categorized into
three groups according to hybridization intensity of the probe sequence to the BAC
clones on the membrane and included: 1) High hybridization signal; 2) moderate
hybridization signal; and, 3) low hybridization signal.

Forty of the high hybridization signal BAC clones were selected for further analysis. Of
these forty, 3 were chosen to be sequenced to 5-11x genome coverage for each BAC in
the size range of 78kb to 220kb. Due to limited resources, only 3 BACs were selected
for sequencing. As the BE637817 locus could not be amplified in Renan, the selection
of these 3 BACs for sequencing was based on random selection and could not be based
on the positive amplification of this locus in a particular BAC clone. After assembly,
78kb of sequence with 8 gaps was obtained for BAC Ren-147P05, 103kb of sequence
with 10 gaps for Ren-192J22, and 220kb of sequence with 35 gaps for Ren-218D01.
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1) WMA21 membrane

2) WMB02 membrane

2) WMC02 membrane

Figure 4.8. Renan BAC library membranes hybridized with [32P]-dCTP labeled BE637817 probe. Each
membrane contains 41,472 BAC clones (108 x 384 plates) gridded in a 6x6 array. The membrane was
scanned into a scanning machine and the spots were sorted according to hybridization signal intensity into
4 groups.

Ren-192J22

Ren-218D01

Number of reads

Ren-147P05

Length of reads

Length of reads

Length of reads

Figure 4.9. Graphical display of sequence information for Renan BACs selected with BE637817 probe
(GAMYB-gp7). 1) Ren-147P05 BAC sequenced to 11x genome coverage to obtain total of 78kb of
sequence 2) Ren-192J22 sequenced to 6.6x genome coverage to obtain total of 103kb of sequence, and 3)
Ren-218D01 sequenced to 5.4x genome coverage to obtain a total of 220kb of sequence (Data from Dr X
Kong, CAAS).
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4.3.5. Identification of BE637817 sequence in Renan and Ae. tauschii GAMYBgp7 BAC clones.
The BE637817 sequence was aligned to the sequences of the 6 BAC clones, isolated
using the BE637817 fragment as a probe, using the Multiple Local Pair Alignment
program (Huang and Miller, 1991; Pearson, 1998) available in Biomanager. As can be
seen from Table 4.3, BAC clone Ren_192J22, was the only BAC clone to show
significant homology across the entire length of the BE637817 sequence. This indicates
that the random selection of the 3 BAC clones for sequencing was sufficient to enable
the isolation of the BE637817 sequence from the 40 high hybridization signal positive
BACs. The alignment of BE637817 sequence to the Ren_192J22 BAC clone is shown
in Figure 4.9. Homology of the other BAC clones to the BE637817 occurred across the
conserved MYB domain only.

BAC

contig

Size of contig (bp)

% identity

Ren_192J22
Ren_147P05
Ren_218D01
HI001O12
HI139H19
RI146O12

3
8
14
10
19
26

2319
45305
2574
6079
6079
15903

74%
60.5%
63.3%
72.9%
72.9%
67.4%

Length of
alignment (bp)
525
276
245
255
255
328

E value
6.3e-82
5.7e-11
6.3e-16
1.7e-44
1.7e-44
5.5e-41

Table 4.3. Percent identity scores for sequenced wheat BAC clones aligned to BE637817 (GAMYB-gp7)
nucleotide sequence. Alignment of sequences was done using the Multiple Local Alignment Method
(Huang and Miller, 1991; Pearson, 1998) in the BioManager package available at ANGIS website. The
alignments for each of the BAC clone sequence with BE637817 nucleotide and protein sequence can be
seen in the Appendix.
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192J22
: ACGAGATCATCCGCCTCTCTCCCCCTCTTCTCGATCTCGATCGCATGTAAGCTTTGAGAAGAGGAAGAGGAGGAGAGAGGAG :
Cranbrook : ---------------------------------------------------------------------------------- :
BE637817 : ------------------------------------------CCAACGACACCTCGCGCCTCGACGACGGAGGAGTGGTGGG :

82
40

192J22
: AGGTGAGGCGGATCATTTCACCGGTTCGTCGATCGATCGATGGCTGTGGAGGCGCCTCAGCCtgaacAAGCAGCGGGtgaat : 164
Cranbrook : -----------------------------------------GGCGATGGACACGACGATGCC-----GAGGAGCGGG----- : 31
BE637817 : GGGTGACGAAGA---------CGATCGGCTGAGATGCCGACGGCGATGGACACGACGATGCC-----GAGGAGCGGG----- : 103

BE637817F1
192J22
: ccgtggaGCAGGGTGCGGCGGCgGGCGGCGGCAGACTGAAGAAGGGCCCGTGGACGCCGGATGAGGACCAGCTGTTGGTGGA : 246
Cranbrook : -------GTAGGGGAAGGCGGC-GGCGGCGGCGGGCTGAAGXAGGGGCCGTGGACGCAGGCGGAGGACCAGGTGCTGCTCGA : 105
BE637817 : -------GTAGGGGAAGGCGGC-GGCGGCGGCGGGCTGAAGAAGGGGCCGTGGACGCAGGCGGAGGACCAGGTGCTGCTCGA : 177

192J22
: GCACGTACGGCGGCACGGGGAAGGGAGCTGGAACGCGGTGCGGCGGGAGACGGGGCTGCTGCGCTGCGGCAAGAGTTGCCGG : 328
Cranbrook : CCACGTGCGGCGGCACGGCGAGGGCAACTGGAACGCCGTGCGCCGGGAGACGGGGCTGCAGCGCTGCGGCAAGAGCTGCCGG : 187
BE637817 : CCACGTGCGGCGGCACGGCGAGGGCAACTGGAACGCCGTGCGCCGGGAGACGGGGCTGCAGCGCTGCGGCAAGAGCTGCCGG : 259

192J22
: CTCCGGTGGGCCAACCACCTTCGCCCCAACCTCAAGCGTGGCCCCTTCTCGCCGGAGGAGGAGCGCCTCATCCTCCGCCTCC : 410
Cranbrook : CTCCGGTGGGCCAACCATCTCCGCCCCAACCTCCGCAAGGGCCCCTTCTCTCCCGAGGAGGAGCGCCTCATCCTCCGCCTTC : 269
BE637817 : CTCCGGTGGGCCAACCATCTCCGCCCCAACCTCCGCAAGGGCCCCTTCTCTCCCGAGGAGGAGCGCCTCATCCTCCGCCTTC : 341

192J22
: ACGCGCTCATCGGCAACAAGTGGGCGCGCATCTCTGCACACGTGAGTACCACCgGTCATTcGATCCCTTTACCCCGCCTcGC : 492
Cranbrook : ACGGCCTCATCGGCAACAAGTGGGCGCGCATCTCAACACACGTACGTACCAAC-GAAACT-TAACCTCCTCCTCCTTCT-TC : 348
BE637817 : ACGGCCTCATCGGCAACAAGTGGGCGCGCATCTCAACACA------------------------------------------ : 381

192J22
: CAtTAGAATTTCTTGCCTA----------CCATTGCATTCGACTCTATCGATTGCCTGGTGCTCGATCTGCGtCTGCATGCA : 564
Cranbrook : CA-TGGATCTTGTGTCGTAtgagtatgatCCATCTCTGACAAGTCACAATGTTGCATGCATGGCGGTGTGTG-ATGGATGAA : 428
BE637817 : ---------------------------------------------------------------------------------- :
-

192J22
: GCTGCCGGGGAGGACGGACAATGAGATCAAGAACTACTGGAACACGCGGTTGAAGCGGCGGAAGCGCGCCGGCATGGCCCTG : 646
Cranbrook : GCTGCCCGGGAGGACGGACAACGAGGTCAAGAACTTCTGGAACACGCGCCTCAAGCGCCGGCAGCGCGCCGGCCAGTCGCTC : 510
BE637817 : CCTGCCCGGGAGGACGGACAACGAGGTCAAGAACTTCTGGAACACGCGCCTCAAGCGCCGGCAGCGCGCCGGCCAGTCGCTC : 463

BE637817R1
192J22
: TACCCGCCGGATGTCGAGCGGGAGGTGGCGCTCGTCCGCGCCGGCAAGCTGAGGCCCATCGTCGACGCCGACGGCAACGCCa : 728
Cranbrook : TACCCGCCGGACGTCGAGCGGGAGATCGCCCTCATGCGCGCCCAGAACATCAACCCGTTCG--------------------- : 571
BE637817 : TACCCGCCGGACGTCGAGCGGGAGATCGCCCTCATGCGCGCCCAGAACATCAACCCGTTCGCCGACGCGGACGGCAACACC- : 544

192J22
: GCAGCCTccaagcacCGCTCCTCCTGGACGCGGCCGCggaccaGTTcGCCTGGCCGGCtgCGCCGCCGtTccaccccgccta : 810
Cranbrook : ---------------------------------------------------------------------------------- :
BE637817 : GTGGCGT--------CGCCGTTCTTGGGCCCGTTCGC------GCT-GCCTCCCAGGC--CGCCGTCG-T------------ : 596

192J22
: caacaacgtcgctcctccgc : 830
Cranbrook : -------------------- :
BE637817 : -------------------- :
-

Figure 4.10. CLUSTALW alignment of nucleotide sequences for BAC clone Ren_192J22, Cranbrook
BE637817F2/R2 genomic amplicon and wEST BE637817. Black shading denotes residues that are
conserved between all sequences; grey shading denotes residues that are conserved between two
sequences. Primers BE637817F1/R1 used to amplify the fragment used as a probe in the BAC library
screening are indicated by red arrows. Predicted start codons for Ren_192J22 and BE637817 are
underlined in green.

As can be seen from the alignment in Figure 4.10, a number of features are in common
between the BE637817 and Ren_192J22 sequences. The primers used to amplify the
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BE637817 sequence from genomic DNA are indicated by red arrows. Across this
region, the Ren_192J22 sequence shows 87% homology to the BE637817 sequence
indicating that the true homolog of BE637817 was isolated from the Renan BAC
library. However, this homology is reduced to 74% when the sequences are compared
across the entire BE637817 sequence. The start codons are underlined in green, while
they do not correspond in this alignment, the reading frame for the coding of amino
acids is the same. Both sequences were translated into proteins and the protein
sequences aligned (Figure 4.11) displaying a high degree of homology across the entire
amino acid sequence (75.3% identity).

W

R2 Domain

W

BE637817
: ------MPRSGVGE------GGGGGGLKKGPWTQAEDQVLLDHVRRHGEGNWNAVRRETG :
Ren-192J22 : MAVEAPQPEQAAGESVEQGAAAGGGRLKKGPWTPDEDQLLVEHVRRHGEGSWNAVRRETG :

W

R3 Domain

48
60

W

BE637817
: LQRCGKSCRLRWANHLRPNLRKGPFSPEEERLILRLHGLIGNKWARISTHLPGRTDNEVK : 108
Ren-192J22 : LLRCGKSCRLRWANHLRPNLKRGPFSPEEERLILRLHALIGNKWARISAHLPGRTDNEIK : 120

W

BE637817
: NFWNTRLKRRQRAGQSLYPPDVEREIALMRAQNINPFADADGN--TVASPFLG-----PF : 161
Ren-192J22 : NYWNTRLKRRKRAGMALYPPDVEREVALVRAGKLRPIVDADGNASSLQAPLLLDAAADQF : 180

BE637817
: ALPPRPPS---------------------------------------------- : 169
Ren-192J22 : AWPAAPPFHPAYNNVAPPQPFQFTGNISHNPQALLAAQVPYLHHDEVSAGLGHA : 234

Figure 4.11. Amino acid alignment of FGENESH predicted protein from Ren-192J22 BAC clone and
translated sequence of wheat EST BE637817. Black shading denotes residues that are identical between
the two sequences. R2R3 myb domains highlighted in red, and regularly spaced tryptophan (symbol W)
residues highlighted in blue, characterize GAMYB proteins.

The BE637817 sequence is the 5’-sequence of wheat EST from west-SQL database and
therefore the 3’-end of this sequence is unknown. As such, it is not possible to
determine the end of this putative protein as there is no stop codon or PolyA tail to
indicate the termination of the protein. Similarly for the putative protein from BAC
Ren_192J22, there is no stop codon or PolyA tail as this putative gene is at the end of
contig 3 for this BAC clone. The contigs from BAC Ren_192J22 were assembled into a
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Pseudomolecule using PHRED/PHRAP software programs to determine whether further
sequence information for this gene could be found in the other contigs of this BAC
clone. Figure 4.12 displays the order of the contigs arranged in this Pseudomolecule
and the position of the putative GAMYB-gp7 gene. It is apparent that the 3’ end of this
gene is present within the gap between contigs 3 and 8. Further sequencing is planned
to span the gap between contigs 3 and 8 and subsequently determine the end of this
GAMYB-gp7 gene on BAC Ren_192J22.

BAC Ren_192J22 (Pseudomolecule)
2319
3

13321
8

2221

22206

2

9

4124
5

3366
4

1467
1

34197
10

7019
6

11525
7

GAMYB-7B
gene

Figure 4.12. Pseudomolecule for BAC Ren_192J22 assembled using PHRED/PHRAP. The BAC
contigs are numbered in light blue boxes and size of each contig indicated in base pairs above box. The
position and direction of GAMYB-gp7 gene is shown by red arrow

4.3.6. Annotation of Renan and Ae. tauschii GAMYB-gp7 BAC contigs.

The annotation of the BAC contigs was done using the annotation pipeline detailed in
the methods that was established by the Centre for Comparative Genomics (CCG). The
contigs that showed homology to the wheat EST BE637817 probe (GAMYB-gp7) were
annotated using the parameters specified in the methods. The genic composition of the
annotated BAC contigs were very similar (Table 4.4). Each BAC contig carried one
gene and between 6-56% of the sequence consisted of previously characterized repeats,
mainly members of the LTR retrotransposon families. The LTR retrotransposons found
most frequently on these 6 BAC contigs were WIS, Fatima, Angela and Sabrina. The
most numerous DNA transposons identified were the Mariner and mostly Caspar
CACTA elements that had previously been found to be the most abundant large DNA
elements in wheat (Devos et al., 2005; Wicker et al., 2003).
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Composition
Size (bp)
Genes
Retrotransposons
LTR:
- Copia
- Gypsy
- other
Non-LTR:
- SINE
- LINE
DNA transposons
- CACTA
- STOWAWAY
- TOURIST
- MUTATOR
Other repeats
- Simple repeats
- Low complexity
Uncharacterized
DNA
% genes of total
sequence
Total repeats (bp,
%)

Ren_192J22
contig 3
2319
1 (791bp)

Ren_147P05
contig 8
45305
1 (971bp)

Ren_218D01
contig 14
2574
1 (1794bp)

HI001O12
contig 10
6079
1 (1695bp)

HI139H19
contig 19
6079
1 (1734bp)

RI146O12
contig 26
15903
1 (1810bp)

3 (553bp)

7 (4375bp)
2 (310bp)
3 (151bp)

1 (1053bp)
1 (294bp)

1 (1053bp)
1 (294bp)

2 (399bp)

1 (90bp)

1 (58bp)

1 (58bp)

1 (100bp)
2 (1512bp)

4 (1013bp)

4 (1013bp)

7 (5811bp)

1 (93bp)

1 (20bp)
3 (326bp)

1 (213bp)
1 (126bp)
2 (85bp)

4 (199bp)
2 (150bp)

1 (65bp)

2 (216bp)
3 (457bp)

797bp, 34%

38803, 86%

625, 24%

1966, 32%

1927, 32%

5259, 33%

34%

2%

70%

28%

28%

11%

731, 32%

5531, 12%

155, 6%

2418, 40%

2418, 40%

8834, 56%

Table 4.4. Sequence composition of BE637817 contigs from 6 BAC clones isolated from Renan
(Ren_192J22, Ren_147P05, Ren_218D01) and Ae. tauschii (HI001O12, HI139H19, RI146O12) BAC
libraries using the wheat EST BE637817 (GAMYB-gp7) as a probe.

The remainder of the sequence from the 6 BAC contigs, ranging from 24% for BAC
Ren_218D01 contig 14 to 86% for BAC Ren_147P05 contig 8, had no hits against the
databases used and remained uncharacterized. It is interesting to note, that BAC
Ren_147P05 contig 8 contained the most number of repetitive elements (22) but, in
contrast to the other BAC contigs, ~80% of the DNA remained uncharacterized. This is
similar to what has been observed in the annotation of 4 random hexaploid wheat BACs
by Devos et al. (2005). In this study, the authors observed that a large proportion of a
sequenced BAC clone from hexaploid wheat remained uncharacterized. The authors
hypothesized that the BAC clone carried numerous, as yet uncharacterized, transposable
elements. In this present study, the large amount of uncharacterized DNA in BAC
Ren_218D01 contig 14 may also be due to the presence of unidentified transposable
elements. Further investigation into the remaining sequence of this BAC clone is
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needed to assess whether the large proportion of uncharacterized DNA is unique to this
BAC clone.

A total of 14 genes were predicted by FGENESH and GENSCAN programs to be
present across the six BE637817-containing BAC contigs. Of these predicted genes,
eight matched transposable elements and only six fulfilled the criterion for a “true
gene”. This criterion is homology at the protein level to a predicted or known gene at an
e-value of <e-10. The genes on contigs for BACs Ren-147P05, Ren_218D01,
HI001O12, HI139H19 and RI146O12 have been predicted to be complete genes by
FGENESH and GENSCAN; each contains a promoter region, a start initiation codon, a
terminator codon and PolyA tail. The predicted gene on BAC clone Ren_192J22,
however, is near the end of the contig and lacks an intact 3’ end (no terminator codon
and no PolyA tail). All of these predicted genes were annotated as R2R3-repeat MYB
proteins and showed homology to: A) the transcription factor, GAMYB (Oryza sativa)
for contigs of BACs Ren_192J22 and Ren_147P05; B) transcription factor MYB86
(Arabidopsis thaliana) for contigs of BACs Ren_218D01, HI001O12 and HI139H19,
and, C) transcription repressor MYB4 (Arabidopsis thaliana) for contig of BAC
RI146O12.

BAC
Ren_192J22
Ren_147P05
Ren_218D01
HI001O12
HI139H19
RI146O12

Gene
location
27-818
4608-5579
127-1921
1173-2868
1175-2909
1652-3462

Homology (BLASTp)

e-value

P93417 Transcription factor GAMYB, (Oryza sativa)
P93417 Transcription factor GAMYB, (Oryza sativa)
Q8LPH6 Transcription factor MYB86 (Arabidopsis thaliana)
Q8LPH6 Transcription factor MYB86 (Arabidopsis thaliana)
Q8LPH6 Transcription factor MYB86 (Arabidopsis thaliana)
Q9SZP1 Transcription repressor MYB4 (Arabidopsis thaliana)

4e-50
6e-38
3e-49
8e-42
8e-42
1e-47

Size
(protein)
218
351
292
323
323
311

Table 4.5. Predicted genes in the 6 sequenced BAC contigs from Renan and Ae. tauschii BAC libraries.
Isolated using wheat EST BE637817 (GAMYB-gp7) as a probe (Chapter 3).
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4.3.7. Anchoring BACs to genetic map via sequencing and SSR identification.

To facilitate the anchoring of the BAC clones to the genetic map, the software program
SSRIT (http://www.gramene.org/gramene/searches/ssrtool/) was used for
semiautomated identification of nonredundant SSR loci and primer design as described
in Methods. Figure 4.13 displays the frequency and length distribution of SSRs with
different di-, tri- and tetranucleotide motifs extracted from the six BAC clones
sequenced. A total of 90 SSRs with lengths of 10 nucleotides or longer were identified
in the sequences from the 6 BAC clones sequenced.

Microsatellites were categorized into two groups based on length of SSR tracts and their
potential as informative genetic markers: Class I microsatellites contain perfect SSRs
≥20 nucleotides in length and Class II contain perfect SSRs >10 nucleotides and <20
nucleotides in length (Temnykh et al., 2001). It has been shown that longer perfect
repeats (Class I) are highly polymorphic whereas microsatellites in Class II tended to be
less variable, representing sites where SSR expansion may occasionally occur but its
probability is limited due to a smaller chance of slippage of the DNA polymerase
enzyme over the shorter SSR template (Temnykh et al., 2001; Cho et al., 2000). Of the
total number of SSRs identified in the BAC sequences, 12% (11) were defined as Class
I and 88% (79) as Class II microsatellites. Of the Class II microsatellites, the TA/AT
dinucleotide repeats were most common (30%). This observation is in agreement with
findings in rice, where the poly(AT)n blocks are the most abundant and variable
microsatellite sequences in the rice genome (Temnykh et al., 2001) and in other plant
species (Powell et al., 1996).
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Class I microsatellites

Class II microsatellites
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Figure 4.13. Observed number of microsatellites with di-, tri-, and tetranucleotide motifs in the 6
GAMYB-gp7 BAC sequences using the SSRIT program
(http://www.gramene.org/gramene/searches/ssrtool/) (Temnykh et al., 2001).

Primers were designed to sequence flanking the microsatellite region for the classI
microsatellites for the BAC clones to facilitate anchoring of the BAC clones to the
wheat genetic map. Table 4.6 details of the primer sequences and the type of repeat unit
amplified. Of these primers, only Ren_192J22, Ren_147P05 and HI139H19, RI146O12
amd HI001O12 gave an amplification product in wheat cultivars Cranbrook and
Halberd. Furthermore, only the Ren_147P05 amplification product was polymorphic
between these parental lines and could be mapped in the Cranbrook x Halberd doubled
haploid population. This microsatellite was mapped to the end of the short arm of
chromosome 7D (Figure 4.14). This region is not homoeologous to the region on
chromosome 7BL targeted in this thesis, which is the end of the long arm of
chromosome 7B (see Figure 2.2).

BAC
Ren_192J22
Ren_147P05
Ren_218D01
HI001O12
RI146O12
HI139H19

Repeat type
(CGG)5
(GA)11
(TA)12
(AG)22
(AT)28
11
(AT) AC(AT)29

Primer sequence (5’-3’)
For: GTTACTTGAGGATGGTGTCCTC ; Rev: CCTCCACCTACGACTGAACC
For: GGCAACAAGACAGCACACAC ; Rev: GCGACCTCTCAGTTTCTCTCTC
For: GGGGCGGGTACTCTAACG

; Rev: GAGCTGGTGCTAGGAGTTC

For: TTTTTGTAGCAAGTTTGTGTT ; Rev: TGGATTAGTTGGATTCTCCTAGC
For: GCTCCTGCCGATTCTCATA ; Rev: TGTAGGGTATGCTATGTGATGTG
For: CGCACACACCAAAAACAAAA ; Rev: GGCCAAAAGGATGTGATG

Table 4.6. Primers designed for microsatellites identified from sequenced Renan and Ae. tauschii BAC
clones using the SSRIT program as detailed in the Methods.
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147P05S

M CH

A)

B)

7D

Figure 4.14. Genotyping of the Cranbrook x Halberd DH population with microsatellite marker
developed from sequence of wheat BAC clone Ren_147P05. A) Ren_147P05 SSR amplified on
Cranbrook/ Halberd DH population and electrophoresed on 10% 1 x TBE acrylamide gel at 90V
overnight. M: 100bp DNA ladder (Promega), C: Cranbrook , H: Halberd. Polymorphic band mapped is
indicated by red arrows. B) Genetic map of Cranbrook/Halberd DH population chromosome 7D.
Ren_147P05 SSR is highlighted in blue.

4.3.8. Bulked segregant analysis (BSA) – associating wheat ESTs to LMA
phenotype.
To identify markers linked to LMA we utilized bulk segregant analysis (BSA), DNA
was bulked from 28 segregants with high α−amylase activity and from 28 with a low αamylase activity from the doubled haploid population, Cranbrook/Halberd. A total of
38 wheat ESTs that were physically mapped in the deletion interval 7BL10-0.8-1.0
(http://www.wheat.p-w.usda.gov/index.shtml) by the wheat NSF-EST project were used
in this study. A putative order for these wESTs was inferred from the position of the
corresponding syntenic rice BACs (see Chapter 2) and used as the basis for selecting
these wESTs for the BSA analysis. Also, unique wESTs that had no rice hits were
selected as these sequences may be unique to wheat. Finally, these wheat ESTs were
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chosen by assessing the quality of the images (i.e. number of loci detected, level of
background hybridization, ease of interpretation of the RFLPs between the wheat lines)
of the southern blot deletion mapping gel images available on the NSF website
(http://www.wheat.p-w.usda.gov/index.shtml). The cDNA clones of these wESTs was
kindly made available by Professor Jan Dvorak at UC Davis, CA. The inserts were
amplified using M13F and R primers and the PCR fragments purified and labeled with
[P32] dCTP for hybridization to the Cranbrook/Halberd BSA blots. Of the 38 wheat
EST sequences used as probes in the RFLP analysis, comparison of the DNA samples
uncovered 4 wheat EST probes BE590995, BE494484, BE637853, BG607540,
displaying a difference between the 2 bulks (Figure 4.15).

LMA bulk

Non-LMA bulk

a) BE590995

1

2

3

4

b) BE494484

5

1

2

3

4

5

c) BE637853

1

2

3

4

5

d) BG607540

Figure 4.15. Autoradiographs of Cranbrook/Halberd lines segregated into LMA and non-LMA lines (28
DNA samples each),and probed with [32P]-labelled wEST probes. LMA bulk and non-LMA bulk were
digested with 5 different restriction enzymes DraI, HindIII, XbaI, BamHI, EcoRV. Order on
autoradiograph: For probes BE494484, BE637853 and BG607540, the bulks were electrophoresed as a
pair according to each enzyme (order LMA bulk and non-LMA bulk), lanes on autoradiograph 1: DraI, 2:
HindIII, 3: XbaI, 4: BamHI, 5: EcoRV. For probe BE590995, the bulks were digested with the enzymes
(in the same order as the other probes) and electrophoresed on the gel in separate bulks as indicated. Red
arrow indicates the polymorphic band for each autoradiograph, only the major differences between the
bulks are highlighted .

The wheat ESTs that showed association to the LMA phenotype in the
Cranbrook/Halberd BSA bulks were assessed for synteny to any corresponding rice
genes on rice BAC clones. Table 4.7 displays the wheat ESTs, their putative function
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derived from BLASTN/BLASTX search, and their association to rice BAC clones.
BE446244 and BE494484 showed no significant homology to any known genes within
the NCBI GenBank database using BLASTN/BLASTX searches. Therefore, the
homology to rice BACs was investigated and subsequent putative annotated genes
displayed in the TIGR database assessed. Only one wheat EST, BE590995, showed no
significant homology to any rice BAC clone. The remaining three wheat ESTs,
BE446244, BE494484 and BE637853, were associated with rice BACs AP005831,
AP004010 and AP005453, respectively. Assessment of the automated annotated genes
within these BAC clones revealed a total of 53 annotated genes which were predicted to
encode ‘hypothetical proteins’ (34%), genes encoding metabolic enzymes (22%);
proteins involved in ligand binding or carrier functions and transport processes (4%);
signal transduction pathways and transcriptional regulation (17%); and retrotransposable
elements (13%).

Wheat
EST
BE590995
BE446244
BE494484
BE637853

BLASTX/N (best hit)

E-value

Rice BAC

AY924304 serine/threonine protein kinase,
wheat
No significant hit
No significant hit
AJ507395 rpoT gene for DNA-directed RNA
polymerase, barley

2e-18

No rice hit

6e-21

E-value

chromosome

AP005831
AP004010

6.5e-28
7e-16

7
7

AP005453

7.6e-50

6

Table 4.7. BLASTN/X search results of wESTs from deletion bin (7BL10-0.8-1.0) and syntenic to rice
BACs. These wESTs were found to be associated to the LMA phenotype in BSA analysis of
Cranbrook/Halberd population.

In conclusion, this analysis demonstrates that BSA is a useful tool for identifying further
molecular markers linked to the LMA trait. This assists in increasing the marker density
within the LMA QTL region on chromosome 7BL and the presence of 28 lines in each
bulk is required to identify wheat ESTs that associate with a particular parental type.
These wheat ESTs can now be used as molecular probes to select for breeding lines that
contain the LMA allele(s).
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4.3.9. RFLP mapping of wheat ESTs/candidate genes.

To determine the copy number of the GAMYB-gp7 gene used as a probe in the Ae.
tauschii BAC library screening, the BE637817 sequence was used as a probe in
Southern hybridization of Ae. tauschii mapping parents genomic DNA digested with 15
different restriction enzymes. As can be seen from Figure 4.16, the 7DL GAMYB-gp7
gene is a single copy gene in the Aegilops tauschii genome.

Association of the GAMYB-gp7 gene, BE637817, with the LMA-associated wheat ESTs
identified in the BSA analysis, was established by RFLP mapping of these loci in an Ae.
tauschii F2 population of 180 individuals. Chromosomal location was established using
the Kosambi function in MapManager QTXb20 (Manly et al., 2001). Figure 4.17 shows
that these loci are linked into one linkage group. Each of the wheat ESTs had been
deletion mapped to the group 7L chromosomes in hexaploid wheat (Chinese Spring
deletion lines NSF), and the BE637817 probe had been deletion mapped to chromosome
group 7B in this present study.
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11 12
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14

15

Figure 4.16. Southern hybridization of Aegilops tauschii mapping parents DNA digested with 15
different restriction enzymes and probed with BE637817 (GAMYB-gp7) probe. Order on gel: parental
lines AL8 and AL75/5 digested with the following enzymes and electrophoresed on a 1% 1xTAE gel and
probed with [32P]dCTP labeled BE637817 probe. Restriction enzymes: 1) AccI 2) ApaI 3) AseI 4) BamHI
5) BglII 6) ChI 7) DraI 8) EcoRI 9) EcoRV 10) HindIII 11) KpnI 12) PstI 13) SacI 14) XbaI 15) XhoI.
Polymorphic bands can be seen in lanes 4, 5, 7, 10, 13 and 14.
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BE637817

Figure 4.17. Genetic map of Ae. tauschii F2 population. Mapping was done using interval regression
analysis in MapManager QTXb20 (Manly et al., 2001). Graphical presentation of map was done using
CMap (http://www.gmod.org/cmap).

4.4.

Discussion

The control of alpha amylase activity in cereals is known to involve a large network of
regulatory genes. The gibberellin MYB transcription factor (GAMYB) is an important
regulatory element in the control of the alpha amylase pathway in barley (Gubler et al.,
1999). GAMYB has been isolated from a large number of cereals and shown to display
a high degree of homology across the entire gene, with variability common in the 3’end
of the gene. Recently, other genes have been identified that may interact with GAMYB
to regulate this cascade (Woodger et al., 2003; Lu et al., 2002). One study has shown
that three novel MYB genes (OsMYBS1, OsMYBS2, and OsMYBS3) that share the same
binding motif as GAMYB can interfere with GAMYB binding to the promoter of the
alpha amylase gene to prevent the expression of alpha amylase (Lu et al., 2002).

High pI alpha amylase is expressed in LMA-prone cultivars during the mid-stages of
grain fill resulting in the downgrading in quality of the mature grain due to the reduced
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level of starch in the grain. It is hypothesized that a perturbation in the High pI alpha
amylase pathway leads to the development of the LMA phenotype. It has been reported
that gibberellin plays an important role in this grain defect, and other regulatory genes
such as Rht genes have shown to have a role in moderating the LMA phenotype (Mrva
et al., 2006). As previously mentioned, two significant QTLs were identified for LMA
on chromosomes 7BL and 3B. The major QTL on chromosome 7BL has been the focus
of this thesis and a number of putative candidate genes have been identified from rice,
broadly syntenic to this region in wheat (Chapter 2). Through the use of comparative
genomics and BAC analysis, GAMYB-gp7 and GAMYB-gp3 genes have been isolated
from wheat. Nullisomic-tetrasomic mapping has revealed the chromosomal location of
these genes to chromosome 7B and group 3, broadly syntenic to the LMA QTLs on
group 7BL and 3B.

Two approaches were taken to isolate these genes in wheat. The first approach used the
wheat-rice synteny to identify orthologous genes in rice and barley. Primers were
designed to conserved regions and used to amplify the orthologous genes in wheat. For
the GAMYB-gp3 gene mapped syntenically to group 3 chromosomes in wheat, the
amplification of the gene using the barley GAMYB sequence revealed the identification
of a true orthologous gene in wheat. Alignment of the sequences revealed 81.9%
homology between the barley HvGAMYB and wheat GAMYB-gp3 sequence.
Structurally, the group 3 wheat GAMYB-gp3 gene identified in this study is identical to
barley HvGAMYB containing the conserved R2R3 binding domain and the
QRaGLPxYPx(E/S) motif immediately C-terminal to the R2R3 repeat DNA-binding
domain. In addition, there are regions from amino acid positions 150 to 230
(Transactivational domain 1;TAD1) and 356 to 490 (TAD2), and at the C terminus that
are conserved between cereal GAMYBs. The genomic structure is also conserved with
the location of an intron at the 3’ end of the open reading frame being unique to this
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class of MYB genes (Gocal et al., 2001) ( see Appendix for CLUSTALW alignments).
The identification of the complete sequence of the orthologous barley HvGAMYB gene
in wheat provides a starting point for identifying polymorphisms within the
Cranbrook/Halberd mapping population to enable the establishment of a chromosomal
location for this gene and associating this genetic location with the LMA phenotype. A
putative location for this gene has been identified to homoeologous group 3
chromosomes through rice-wheat synteny and deletion mapping of wheat EST
BE424200, however, this needs to be confirmed through genetic mapping in the
Cranbrook/Halberd mapping population.

For the GAMYB-gp7 gene mapped syntenically to group 7L chromosomes, the sequence
was homologous to barley HvGAMYB gene across the R2R3 repeat domain and across
the conserved motif (QRaGLPxYPx(E/S)) only. In Arabidopsis, three GAMYB-like
genes have been isolated (MYB33, MYB65, MYB101) that have been shown to have
GAMYB-like activity and can be substituted for barley HvGAMYB in transactivating
the barley α-amylase promoter (Gocal et al., 2001). Homology with these GAMYB
genes and the barley HvGAMYB gene has been conserved across the N-terminal region
and then is more variable across the C terminal region. The full genomic sequence of
this wheat homolog could not be isolated using rice genomic sequence. Primers were
designed to the complete sequence of wheat EST BE637817 (GAMYB-gp7) and used to
amplify the orthologous genes in wheat using the wheat cultivars, Cranbrook and
Halberd. Sequence analysis of 10 pGEM-T clones containing the BE637817 amplified
insert from the genomes of Cranbrook and Halberd revealed a high degree of
conservation between the cultivars and the wheat EST sequence (BE637817), indicating
the true homolog had been identified. However, the BE637817 clone represented the 5’
end of the wheat EST sequence only and did not represent the full-length cDNA
sequence of the gene. Therefore, the BE637817 sequence was used as a probe to screen
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BAC libraries in an attempt to isolate the full length gene in wheat. Two BAC libraries
were used in this analysis, a hexaploid wheat BAC library and Ae. tauschii BAC library.
From the BAC library screening, a total of 206 BAC clones were isolated, 6 from the
Ae. tauschii BAC library and 200 from the hexaploid wheat BAC library. Six of these
BAC clones were chosen for high-throughput sequencing. From the analysis of the
BAC sequence, the BE637817 sequence was isolated in only 1 of the BAC clones. The
other BAC clones contained sequences that showed homology to the BE637817
sequence, but the percent homology was too low to indicate that true wheat homologs
had been isolated. BAC clone Ren_192J22 showed 74% homology to the across the
entire length of the BE637817 sequence. Both the BE637817 and the Ren_192J22 were
incomplete. The detailed status of the chromosomal location of the Ren_192J22
sequence in the Cranbrook/Halberd DH mapping population requires further
investigation. The microsatellite identified in the BAC clone sequence was not
polymorphic in this population and further analysis is required to identify polymorphic
sequences between Cranbrook and Halberd. Nulli-tetrasomic deletion mapping also did
not pinpoint a chromosomal location due to a lack of polymorphism using this
microsatellite marker in the Chinese Spring nulli-tetrasomic lines. To determine
whether this GAMYB-gp7 gene isolated from the Renan BAC library is the true homolog
of BE637817, this BAC clone would need to be assigned a chromosomal location via
genetic mapping. The possible roles of the GAMYB genes isolated in this Chapter
(GAMYB-gp7 and GAMYB-gp3) in a hypothetical model for the induction of high pI
α-amylase in LMA-prone cultivars will be discussed in Chapter 6.

Annotation of the BE637817-like contigs of the 6 sequenced BAC clones resulted in the
identification of 6 putative genes predicted using FGENESH and GENSCAN software
programs and 63 repetitive elements. The most common repetitive elements were of the
CACTA-type of DNA transposons (17) followed by the COPIA-type of LTR
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Retrotransposons (14). The high proportion of sequence annotated as repetitive
elements is consistent with previous studies in the Poaceae family (Devos et al, 2005;
Wicker et al., 2003). One exception to this was BAC clone Ren_147P05 contig 14,
which only had 12% of sequence characterized as repetitive elements, with the
remainder of sequence (86%) uncharacterized. The most likely explanation is that this
uncharacterized sequence contains transposable elements that so far have not been
identified or characterized, as previously described elsewhere (Devos et al., 2005). The
current research efforts of the International Wheat Sequencing Consortium, which aims
to sequence gene-rich regions of the wheat genome, should lead to the identification of
further repetitive elements in wheat.

Previous genomic analyses in grasses at the DNA sequence level have described
retroelement insertion events in detail (Wicker et al., 2001; Brooks et al., 2002). All six
of the putative genes identified in the BAC contigs of this present study, were annotated
as R2R3-type MYB proteins and all showed homology to the wheat EST BE637817
(GAMYB-gp7) that was used as a probe to isolate these BAC clones (see Appendix for
alignments). Although 14 genes in total were predicted by the FGENESH and
GENSCAN software programs, eight of these genes were interrupted by repetitive
elements and therefore did not fit the criterion for a “true” gene.

Akhunov et al. (2003) showed that in wheat, relative gene density and recombination
rate increased with the relative distance of a deletion bin from the centromere. Also, it
has been argued that the genome in cereals consist of ‘gene islands’ separated by large
segments of non-coding sequence. Since the majority of markers in the
Cranbrook/Halberd genetic map consist of markers to non-coding regions in wheat
(microsatellite, AFLP and RFLP markers) the use of bulked segregant analysis (BSA)
was explored as a targeted approach to increase the marker density of ESTs in the target
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region of interest. The combination of wheat ESTs deletion mapped to 7BL10-0.82-1.0,
rice-wheat synteny to determine the putative order of wheat ESTs within this bin, and
BSA led to the identification of the ‘gene island’ harboring the gene controlling the trait
of interest. Using this approach, four wESTs were found associated to the LMA
phenotype in the Cranbrook/Halberd DH population. Two of these wESTs were
assigned a putative function of regulatory genes, BE590995 serine/threonine protein
kinase, and BE637853 DNA-directed RNA polymerase. The role of these genes in the
network of genes regulating the expression of high pI alpha amylase in the LMA
phenotype is unknown and requires further investigation. These wESTs were mapped
by RFLP in Ae. tauschii F2 population and resulted in a linkage group with the GAMYBgp7 gene, BE637817, isolated in this study. Therefore, within the Ae.tauschii genome
these genes are linked and located in one linkage group. These wheat ESTs, along with
BE637817, have all been deletion mapped to chromosome 7BL (BE590995, BE637853,
BE446244, BE494484 to deletion bin 7BL10-0.82-1.0; BE637817 chromosome 7B).
Genetic mapping of these wheat ESTs in Cranbrook/Halberd would establish a
chromosomal location in hexaploid wheat.

The latest map of Cranbrook/Halberd contains 832 markers, most of which are AFLP
and RFLP markers, both of these marker types are not amenable to high-throughput
applications in marker-assisted selection, are labororius and time-consuming.
Microsatellites are well suited for marker-assisted selection of target genes because they
are user-friendly, amenable to high-throughput protocols, usually locus-specific, and
display higher levels of polymorphism even between wheat varieties (Plaschke et al.,
1995; Roder et al., 1995; Liu et al., 2005). The region targeted in this thesis, the
terminal end of group 7BL, contains mostly AFLP and RFLP and some SSR markers on
the latest version of the Cranbrook/Halberd genetic map (Lehmensiek et al., 2005). In
this present study, the sequencing of six wheat BAC clones led to the discovery of
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microsatellite sequences using the SSRIT program (Temnykh et al., 2001). A total of 11
class I SSRs were discovered and 79 class II SSRs. Primers were designed to flank the
class II SSRs for the six BAC clones and polymorphism assessed in the mapping
parents, Cranbrook and Halberd. Only one SSR, Ren_147P05 BAC, was polymorphic
and chromosomal location established to wheat group 7DS. However, another 84
potential microsatellite markers could be assessed for polymorphism and mapped in the
Cranbrook/Halberd DH population. Furthermore, other BAC clones isolated in this
thesis were sequenced and microsatellite markers and SNP markers developed from
these sequences (see Chapter 3 and 5), and has therefore further increased the marker
density in this region with more user-friendly marker systems.
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Chapter 5 Multiplex Trait Signature (MuTs) analysis of the
LMA QTLs and validation of the boron tolerance
(Bo1) QTL

5.1.

Introduction

The development of wheat cultivars with tolerance to late maturity alpha amylase
(LMA) has been an objective of several wheat breeding programs within Australia
where LMA is a problem. Many of the wheat lines coming in from the International
Maize and Wheat Improvement Centre (CIMMYT) breeding program (headquarters in
Mexico), carry this grain defect. CIMMYT wheats, however, are well known for their
wide adaptation, high and stable yields across a wide range of environments, good
disease resistance, and abiotic stress tolerance and other quality traits that are of interest
to breeding programs (Reeves et al., 1999). Although it is believed that the CIMMYT
material may be the source for introducing the LMA grain defect into Australian
breeding programs, it is evident that it is a complex character influenced by a number of
genes and also by environmental conditions (Daryl Mares, personal communication).

Currently, the only way to select for lines prone to LMA is through the use of a
screening test developed by Mares and Mrva (2001a). This test is based on detached
tillers or whole plants subjected to a cool temperature treatment during mid-grain
development, with grains subsequently analysed for LMA expression using a high pI
α−amylase specific ELISA test.

The use of marker-assisted selection (MAS) would contribute to overcome some of the
limitations associated with the biological assay for LMA. The limitations of screening
for LMA expression include: the inability to distinguish heterozygotes from
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homozygous low amylase genotypes, variability in expression of LMA, the multi-step
screening protocol and the time required for amylase assays of large numbers of grains.

As mentioned previously, the LMA trait has been located to chromosomes 7BL and 3B
and accounted for much of the variation for LMA in the Cranbrook/Halberd mapping
population (Mrva and Mares, 2001b). While the Cranbrook/Halberd map provides a
framework for MAS of LMA QTLs, the ability to select for favourable alleles within a
breeding population is difficult due to a number of reasons. Firstly, the large size of the
QTL on 7BL (~25cM) limits the use of flanking markers because of the possibility of
double cross-overs occurring within the QTL region and the subsequent loss of the
LMA tolerant alleles(s), as well as the increased chance of linkage drag of undesirable
genes in addition to favourable LMA alleles. Secondly, the exact location of the 3B
QTL is unknown but is thought to be close to the centromeric region which limits the
availability of useful markers due to the low level of polymorphism seen in this region.
Finally, most of the markers located within these QTLs are AFLP markers which are not
easily transferable to easy to use PCR-based markers. The mapping of the LMA QTLs
with SSR markers, which are abundant and polymorphic in wheat and practical for highthroughput analysis, would facilitate MAS.

Additional information on LMA QTLs could be obtained by determining the extent to
which breeders using phenotypic selection for LMA tolerance have incorporated the
LMA QTLs into breeding lines or cultivars. The availability of molecular linkage maps
and pedigree records provides an opportunity to track genomic regions through the
breeding process (Shoemaker et al., 1992). Young and Tanksley (1989) first used DNA
marker-derived graphical genotypes of tomato (Lycopersicon esculentum Mill.) cultivars
to compare the extent of introgression of donor parent genome from the introgression of
Tm-2 for Tobacco mosaic virus. Lorenzen et al. (1995) used graphical genotypes and
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pedigree records to track genomic regions from ancestral soybean genotypes to modern
cultivars.

A genetic linkage map of LMA QTLs consisting of highly informative markers could be
used as a tool to track the QTLs in wheat germplasm and enable an assessment of the
effectiveness of breeding techniques used to develop LMA tolerant lines. By evaluating
genotypes developed by different programs, selection for LMA QTLs can, in retrospect,
be assessed in diverse genetic backgrounds and environments. Such an analysis may
identify the difficulties that have hampered the development of superior LMA-free
cultivars and identify a useful MAS strategy. The objectives of this study were to
develop more useful SSR markers to the LMA QTL regions using a consensus wheat
SSR genetic map (Appels, 2003; Somers et al., 2004) and BAC-derived SSR markers
developed from sequenced BAC clones that had been selected from probes to this
region. These SSR markers were validated by targeted mapping on a doubled haploid
population, Pastor/RAC891, which had been phenotyped for LMA and boron tolerance
(Bo1). Furthermore, these markers were used to generate a graphical genotype or
multiplex trait signature (MuTs) of these regions using cultivars or experimental lines
that have been phenotyped for LMA.

5.2.

Methods

5.2.1. Genetic material

The Cranbrook/Halberd mapping population and phenotypic data from Mrva and Mares
(2001b) were used in this study. The mapping population consisted of 161 lines and
DNA was extracted as described in Chalmers et al., (2001). A doubled haploid
169

population of 89 lines was also developed from lines Pastor (LMA line) and RAC891
(non-LMA line) to validate the 7BL and 3B QTLs identified in the Cranbrook/Halberd
population. Also, a total of 39 wheat lines that had been phenotyped for LMA were
chosen for the MuTs analysis (Table 5.1).

Table 5.1 Cultivars used in the current study along with pedigrees and LMA phenotype according to
screening assay developed by Mrva and Mares (2001a). Phenotyping kindly provided by Dr Kolumbina
Mrva (University of Adelaide, SA).

Cultivar
Ajana
Amery
Brookton
Carnamah

Cranbrook
Datatine
GBA Shenton
Huntsman
Kennedy
Lerma52
Pastor
RAC655
Reeves
Rialto
Super Seri-1 ,
Super Seri-2 a
Westonia

Pedigree
Blade/2*Kulin
Lr 21 - Sr X/2*Shortim//3*Bodallin
Torres/Cranbrook/4/Emblem/P1640//Nuri70(76W:596)/3/Cranbrook
RAC529 1CH(Bolsena)/5/(77W:660)Siete Cerros/3/(XBVT223)Chile1B//Insignia/Falcon(72W05-18)/4/(72W1267)M123/Mexico(AWX011.G.48.2)/3/(XBVT221)Chile1B/Insignia//Falcon
WE/Ciano'S'/Noroeste 66/3/Zambezi
3Ag3/3*Halberd//4*Tincurrin
unknown
Maris Huntsman = ((CI 12633*(Cappelle Desprez)5)*Hybrid
46)*Professeur Marchal
Chanate//Mengavi/Mexico-8156/3/Ciano 'S'/Gallo//Bezostaja2/4/(RAC309S)Raven Derivative
Mentana*3/Kenya 324
Pfau/Seri M 82//Bobwhite
Chanate//Mengavi/Mexico-8156/3/Ciano 'S'/Gallo//Bezostaja2/4/(RAC309S)Raven Derivative
Bodallin//(69W058-6, Hyden Sib)Gamenya/Inia 66
Haven/Fresco

LMA
phenotype
+
+
+
?
+
?
+
+
+
+
+
+
+
+

Seri = Kavkaz/Buho//Kalyansona/Yecora F-70-(Bluebird-2)
Spica/Timgalen(QT2085-20)//Tosca(81R:1052,CO1190203)/3/(84W127-501)Cranbrook//Jacup*2/Bobwhite

+

Veery = Kavkaz/Buho//Kalyansona/Yecora F-70-(Bluebird-2)

+

Veery = Kavkaz/Buho//Kalyansona/Yecora F-70-(Bluebird-2)
Machete/4/(W84-129*504) Gutha/3/Jacup*2//(11thISEPTON135)
Iassul/H567-71
Jabiru/2*Millewa//Dx6-79RR(Millewa'S')/3/Aus10894/4*Condor
Pedigree commercial in confidence
unknown
Three Seas/Kamburico//Pusa 4/Flora
Chinese Spring
Sr9e.3*Warigal..3*Aroona(83Z:1048)/(82W:1097)3Ag3.4*Condor..3*Mi
llewa.3.Bodallin
SUN9E-27*4/3Ag14//WW15/3/3*Cook
Sunelg/2*Blade

-

+

Veery1, Veery7
Veery2,
Veery4, Veery8
Wyalkatchem
BD159
WAWHT2192
GBA Ruby
Spica
Chinese Spring
EGA Bonnie
Rock
Sunco
EGA Eagle
Rock
EGA2248
EGATammarin
Rock

Madden/Bokal(70W18-142Starchy)/3/Lance//Eradu(79W:793)/4/(83W:1087)Matong*2/IRN 75560
Kalannie/Skorospelka.4*Lance:3*Bodallin (81Y:970)

?
+
?
+
+
?
-
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WAWHT2193
Halberd
Kulin
Suneca
Calingiri
Spear

Pedigree commercial in confidence
Scimitar/~Kenya C6042/~Bobin/2/
Bodallin/2/~Gamenya/~Inia66
Ciano//Spica/Amber Mutant Sonora-64
Chino/Kulin//Reeves
Sabre/~Mec 3/2/~Insignia

+
-

5.2.2. Characterisation of LMA phenotype

Phenotyping of the Pastor/RAC891 population for LMA was done by Dr Kolumbina
Mrva, University of Adelaide according to the published method (Mrva and Mares,
2001b). Briefly, a total of 89 DH lines derived from the parental cultivars Pastor and
RAC891 were grown in the field as single rows with 2 replicated entries. As this
population was segregating for the Rht1/Rht2 genes, height measurements of each line
were taken because height has been shown to have a significant effect on the expression
of LMA (Mrva and Mares, 1996). Lines that possessed both genes (Rht1/2; “doubledwarfs”) were not included in the LMA phenotyping experiment because the extreme
dwarf phenotype gives ambiguous LMA assays (K. Mrva, personal communication).
LMA was induced in the remaining DH lines using the detached tiller method (Mrva
and Mares, 2001b) whereby spikes were tagged in the field at anthesis, and at 26 days
after flowering primary tillers were cut below the third internode (retaining the flag leaf)
and the stems placed in deionised water (without sucrose, nitrogen, or antiseptic) in a
refrigerated waterbath (10oC), in the controlled environment growth room with a
temperature range of 13-18oC. After 7 days, the detached tillers were transferred to a
similar waterbath in the warmer glasshouse to complete ripening. Two tillers per line
(including the parent) were used in the assessment of α-amylase. Alpha-amylase
activity was assessed on 22 single grains from the ripe, treated detached tillers. An
ELISA highly specific for high pI isozymes was used to detect and quantify LMA
activity. Activity was determined on 8 grains per spike from the treated tillers and the
grains were taken at random from the spikes. A positive response in the ELISA test
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(dark green colour) indicated the presence of high pI α-amylase and therefore LMA,
measurements of the microplate optical density readings were taken at OD415nm. In the
absence of high pI α-amylase, and in the presence of high or low levels of low pI αamylase, the ELISA produced no colour (K. Mrva, University of Adelaide).

5.2.3. Phenotyping Cranbrook/Halberd and Pastor/RAC891 DH populations for
boron toxicity
The response of the Cranbrook/Halberd and Pastor/RAC891 populations to boron
toxicity was measured using a solution culture assay in which the root length of 20-day
old seedlings grown in a nutrient solution containing toxic concentrations of Boron was
determined (Alan Randell, Department of Agriculture and Food, WA; unpublished
data). Seeds of each of the lines plus control lines, BT-Schomburgk, Tincurrin and
Machete, were pre-germinated on filter paper soaked in water in Petri dishes until the
root lengths are approximately 5mm length (2-3 days). Five seedlings of each line are
then transferred to special seed holding trays (Figure 5.1) and then placed in numbered
10 litre tubs containing a Boron solution. To prevent stagnation in the tubs aeration was
achieved using small aquarium pumps and airstones (2 stones per tub). The seedlings
were grown for 20 days and then scored (Score 1=Tolerant 5=Intolerant). The nutrient
solution in each tub contains 10 litres of distilled water plus – 300mls of boron solution
(28.56 grams of H3BO3 in distilled water and make up to 1 Litre =5,000 PPM B)+ 200
mls of macro (+100 mls of micro nutrient solutions+ 5mls of zinc/boron as above +
50mls calcium nitrate solution).
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A)

B)

Figure 5.1. Screening of Pastor x RAC891 and Cranbrook x Halberd DH populations for boron
tolerance. Five seedlings of each line (2-3days) are placed into seed holding trays (A) and placed in 10L
tubs containing boron solution (B) for 20 days. Root length was then measured and seedlings rated (Score
1=Tolerant 5=Intolerant).

5.2.4. Molecular and genetic linkage analysis

Genetic linkage analysis was used to validate the chromosomal locations of the
previously mapped Bo1 (Jefferies et al., 2000) and LMA QTLs (Mrva and Mares,
2001b) in the Cranbrook/Halberd and Pastor/RAC891 populations. Using the consensus
SSR genetic linkage map of wheat (Appels, 2003; Somers et al., 2004), SSR markers
were chosen that had previously been shown to map on chromosomes 7BL and 3B
within the regions containing the Bo1 and LMA QTLs. A total of 15 SSR markers were
selected near 7BL LMA and Bo1 QTLs, and 10 SSR markers near the 3B LMA QTL.
The primer sequences of each SSR marker are listed in Table 5.2.
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Table 5.2. Microsatellite primers used in the marker mapping and multiplex trait signature (MuTs)
analysis. Microsatellite primer sequences were obtained from the following references Roder MS et al.
(1998) and Somers DJ et al. (2004) Note: the expected size (bp) is based on Chinese Spring deletion
mapping.
Primer

Sequence (5’→3’)

wmc581F
wmc581R
gwm611F
gwm611R
gwm577F
gwm577R
wmc276F
wmc276R
wmc273F
wmc273R

CATGTTGCCATCAAACTCGC
GCTATTGACATGCAACTATGGAC
CATGGAAACACCTACCGAAA
CGTGCAAATCATGTGGTAGG
ATGGCATAATTTGGTGAAATTG
TGTTTCAAGCCCAACTTCTATT
GACATGTGCACCAGAATAGC
AGAAGAACTATTCGACTCCT
AGTTATGTATTCTCTCGAGCCTG
GGTAACCACTAGAGTATGTCCTT

wmc557F
wmc557R
wmc10F
wmc10R
wmc526F
wmc526R
wmc70F
wmc70R
gwm146F
gwm146R
435M3SSRF
435M3SSRR
gwm344F
gwm344R
gwm471F
gwm471R
gwm264F
gwm264R
gwm284F
gwm284R
gwm285F
gwm285R
wmc500F
wmc500R

GGTGCTTGTTCATACGGGCT
AGGTCCTCGATCCGCTCAT
GATCCGTTCTGAGGTGAGTT
GGCAGCACCCTCTATTGTCT
TCCCATTGGTTCACAAACTCG
GATGGTATCGCATTCATCGGT
GGGGAGCACCCTCTATTGTCTA
TAATGCTCCCAGGAGAGAGTCG
CCAAAAAAACTGCCTGCATG
CTCTGGCATTGCTCCTTGG
ACGTGGTCAGGTTTTCTTG
CACCAAAAGCATAGCAAGC
CAAGGAAATAGGCGGTAACT
ATTTGAGTCTGAAGTTTGCA
CGGCCCTATCATGGCTG
GCTTGCAAGTTCCATTTTGC
GAGAAACATGCCGAACAACA
GCATGCATGAGAATAGGAACTG
AATGAAAAAACACTTGCGTGG
GCACATTTTTCACTTTCGGG
ATGACCCTTCTGCCAAACAC
ATCGACCGGGATCTAGCC
ATAGCATGTTGGAACAGAGCAC
CTTAGATGCAACTCTATGCGGT

gwm566F
gwm566R
wmc334F
wmc334R
wmc505F
wmc505R

TCTGTCTACCCATGGGATTTG
CTGGCTTCGAGGTAAGCAAC
CTCGAAGCAGGATGCATTTA
TCAAATTTTGGGATAGCGGG
AGGGGAGGAAAACCTTGTAATC
ACGACCTACGTGGTAGTTCTTG

Chromosomal
location

size
(bp)

7BL

123

7BL

143-

7BL

164

7BL

292

7AL,7BL, 7DL

235,
182,199

7BL

298

7BL

267

7BL

188

7BL

213

7BL

174

7BL

165

7AL, 7BL

121

7BL & 3B
1A, 1B
7B, 3B

130
157
165,

3B

121

3B
1B, 2B
3B, 7B, 4A

222
180,
188,165
,204

3B

131

3B

117

3A, 3B, 3D

115,133
,90

Source
Somers et al, 2004
Somers et al, 2004
Roder et al., 1998
Roder et al., 1998
Roder et al., 1998
Roder et al., 1998
Somers et al, 2004
Somers et al, 2004
Somers et al, 2004
Somers et al, 2004
Somers et al, 2004
Somers et al, 2004
Somers et al, 2004
Somers et al, 2004
Somers et al, 2004
Somers et al, 2004
Somers et al, 2004
Somers et al, 2004
Roder et al., 1998
Roder et al., 1998
BAC Ren_435M3
BAC Ren_435M3
Roder et al., 1998
Roder et al., 1998
Roder et al., 1998
Roder et al., 1998
Roder et al., 1998
Roder et al., 1998
Roder et al., 1998
Roder et al., 1998
Roder et al., 1998
Roder et al., 1998
Somers et al, 2004
Somers et al, 2004
Roder et al., 1998
Roder et al., 1998
Somers et al, 2004
Somers et al, 2004
Somers et al, 2004
Somers et al, 2004
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Data from the polymorphic SSR markers were combined with data from the
AFLP/RFLP markers of the Cranbrook/Halberd mapping population (Lehmensiek et al.,
2004). Marker orders and map distances were determined in MapManager QTXb20 by
the Kosambi map function (Manly et al., 2001). For grouping markers into linkage
groups, a minimum LOD (logarithm of the odds) of 3.0 was used. QTL analyses were
undertaken on the phenotyping data for LMA and boron using interval regression
analysis Map Manager QTXb20. Permutation tests using Map Manager were run for
the data from each replication separately and compared with the marker data for that
population to set a level of statistical significance for the two traits. The permutation
tests were run 1000 times at a significance level of P < 0.001.

5.2.5. Multiplex Trait Signature (MuTs) analysis

The microsatellite markers listed in Table 5.2 were screened against 39 wheat varieties
listed in Table 5.1. DNA was extracted using a high-throughput DNA extraction
method from leaf material of these lines as described in Xin et al., (2003). PCR
reactions were performed in a 25ul reaction containing 2ul template, 2mM MgCl2, 0.5
units AmpliTaq DNA polymerase (Applied Biosystems, Foster City, Calif.), 1 x Taq
polymerase buffer (Applied Biosystems), 400uM dNTPs and 0.5 uM primers (Table
5.3) and 20% (v/v) of loading buffer [60% p/v sucrose, 5mM Cresol Red in water].
Amplifications were performed using a GeneAmp PCR System 9700 (PE Applied
Biosystems) with the following cycling conditions: one cycle of 5 min at 96oC; then 15
cycles of 30sec at 96oC, 30 sec at 65oC (touchdown 1oC per cycle), 30 sec at 72oC; then
30 cycles of 20 sec at 96oC, 20sec at 50oC, 30sec at 72oC; a final hold of 4min at 72oC;
the program ended with a 14oC hold.
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PCR products were visualized by loading onto a 10% Acrylamide (BioRad, 19:1
acrylamide:bis-acrylamide ratio) 1 x TBE gel. Electrophoresis was performed at 90V
overnight in 1 x TBE buffer. The gels were stained with ethidium bromide and photos
were taken using a Gel Doc apparatus (Bio-Rad, Hercules, Calif.). Certain SSRs
contained multiple alleles (Table 5.1). In this instance, the correct allele (ie mapped to
7B or 3B) was determined via amplification of the SSR in Chinese Spring nullitetrasomic lines and chromosomal location of each allele established.

Allele sizes for the 39 lines genotyped with the microsatellite markers were given a
designation A,B,C etc. A and B referred to alleles identical to those of the reference
genotypes Cranbrook (A) and Halberd (B), while other alleles were named as they were
identified. Marker information was recorded in an excel spreadsheet for data
manipulation and colour coded according to allele type. For the Multiplex Trait
Signature (MuTs) analysis, individual microsatellite alleles for each “genotype x
marker” combination was treated as an independent character and binary coded by 1 or
0 for their presence or absence in each genotype. Genetic similarity was computed from
the binary data for all pairwise combinations of wheat genotypes for the selected
microsatellites within the 7BL and 3B LMA QTL regions using the ‘R’ software
package (R Development Core Team, 2006; http://www.R-project.org). Cluster analysis
was based on similarity matrices obtained with the agglomerative hierarchical clustering
algorithm ‘agnes’ available in the ‘R’ statistical software package (http://www.Rproject.org ; Maechler et al., 2005) to estimate the phenograms.
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5.2.6. Polymorphism information content (PIC)

PIC values were calculated as reported by Anderson et al. (1993):
n

PICi = 1 - ∑ p2ij
j=1

where pij is the frequency of the jth allele for marker i, and summation extends over n
alleles. PIC values were calculated for each marker on the 39 varieties listed in Table
5.1. It has been reported that PIC is synonymous with the term “gene diversity” and is
used to determine the value of a microsatellite marker to assess the genetic diversity in a
set of samples (Senior et al., 1998; Agrama and Tuinstra, 2003).

5.2.7. Identification of SSRs from BAC sequences

Microsatellites were identified from BAC clones, Ren_935N19 and Ren_435M3 using
the SSRIT program (http://www.gramene.org/gramene/searches/ssrtool/) as detailed in
Chapter 4. Primers were designed to flank the SSR sequence and generate a PCR
fragment between 150-250bp in length to ensure the identification of any polymorphism
in the mapping population. Primers were designed using the Primer3 software program
(http://frodo.wi.mit.edu/cgi-bin/primer3/primer3_www.cgi).

The Cranbrook/Halberd DH population was used as the basis for placing microsatellite
markers onto the wheat chromosomes. The latest version of the genetic map reported by
Lehmensiek et al. (2005) included 862 markers (3072 cM) mapped onto this population.
MapManager was run on a PC computer using the Kosambi mapping function to
determine the SSR marker location.
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5.3.

Results

5.3.1. Identification of SSR sequences from BAC clone sequence
Two BACs (Ren_435M3 and Ren_935N19 identified using wheat ESTs BE405003 and
BE426802, respectively) were randomly selected from those identified in the BAC
library analysis in Chapter 3 and sequenced in order to develop better markers that could
be used as molecular markers in the genetic analysis in this Chapter. As described in
Chapter 4, microsatellite markers were developed from SSR sequences identified in the
BAC clone sequence using the SSRIT software program. From this analysis, a total of
52 SSRs of 10 nucleotides or longer were identified in the sequence from the 2 BAC
clones (Ren_435M3, 30 SSRs and Ren_935N19, 22 SSRs) sequenced. Of the total
number of SSRs, 11.5% (6) were defined as Class I (SSRs ≥20 nucleotides in length)
and 88% (46) as Class II (SSRs >10 nucleotides and <20 nucleotides in length) SSRs.

Primers were designed to sequence flanking the microsatellite region for the ClassI
microsatellites for the BAC clones to facilitate anchoring of the BAC clones to the
wheat genetic map. Table 5.3 details of the primer sequences and the type of repeat unit
amplified. Each of these microsatellite markers were polymorphic between the wheat
cultivars, Cranbrook and Halberd, and the chromosomal location established via genetic
mapping in the latest map of Cranbrook/Halberd DH mapping population (Lehmensiek
et al., 2005). A microsatellite marker from BAC clone Ren_435M3 (isolated using
probe BE405003; see Chapter 3), amplified two homeologous loci from wheat and was
located to the terminal ends of chromosomes 7AL and 7BL (Figure 5.3), while
microsatellite marker from BAC clone Ren_935N19 (isolated using probe BE426802;
see Chapter 3), amplified a single locus located to the terminal end of chromosome 7AL
(Figure 5.3).
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A) Ren_435M3 SSR

B) Ren_935N19 SSR

Figure 5.2. Genotyping of BAC SSRs A) Ren_435M3, alleles from chromosomes 7AL, 7BL and 7DL
are indicated by arrows and B) Ren_935N19 on Cranbrook x Halberd DH population. PCR products
electrophoresed on 10% 1 x TBE acrylamide gel at 90V overnight. Gels stained in 10mg/ml ethidium
bromide staining solution and bands visualized on BioRad GelDoc apparatus.

BAC
Repeat type
Primer sequence (5’-3’)
For: GTTACTTGAGGATGGTGTCCTC ; Rev: CCTCCACCTACGACTGAACC
Ren_435M3
(CGG)5
For: ACTAGGAAAGGATGAAATTCG ; Rev: GGAGCGATGGTAGTTGGACT
Ren_935N19
(GA)15
Table 5.3 Primers designed for microsatellites identified from sequenced Renan BAC clones,
Ren_435M3 and Ren_935N19, using the SSRIT program as detailed in the Methods.

Figure 5.3. Genetic maps of
chromosomes 7A and 7B from
Cranbrook/Halberd DH population.
Microsatellites Ren_435M3
(435M3b, 7A and 435M3a, 7B) and
Ren_935N19 are highlighted in
blue. SNP marker developed from
BAC Ren_435M3 (Chapter 3) is
highlighted in red.
935N19SSR

435M3SSRa

435M3SSRb
BE405003

7A

7B
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5.3.2. Phenotyping Cranbrook/Halberd and Pastor/RAC891 populations for
Boron tolerance
Root growth was used to score for boron tolerance in the Cranbrook/Halberd and
Pastor/RAC891 doubled haploid populations. Each line was given a score 1-5
(1=tolerant, 5=intolerant) according to the length of the root compared to standard
wheat lines of known boron phenotype (Figure 5.4).

A

B

C

D

E

Figure 5.4. Example of rating system used to score plants for tolerance to boron based
on length of root. A) rating 1, B) rating 2, C) rating 3, D) rating 4, E) rating 5 (Tolerant
lines rated 1, intolerant lines rated 5).

The frequency distributions of root growth for the two populations resulted in a
bimodial distribution consistent with a major gene controlling B tolerance in the
Cranbrook/Halberd population and a skewed distribution for the RAC891/Pastor
population (Figure 5.5). Furthermore, the effect is much larger in the
Cranbrook/Halberd population with the majority of lines (80) showing a high level of
tolerance to boron toxicity. The skewed distribution in the RAC891/Pastor population is
in part due to the pleiotrophic effects of the Rht 1 and 2 genes segregating in the
population.
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It was discovered that there were more than the expected two alleles for certain markers
(ie gwm577) in the mapping for the RAC891/Pastor population, indicating that the
population was essentially two populations with one population consisting of 47 lines
(Population A) and another population consisting of 42 lines (Population B). When the
RAC891/Pastor population was treated as two separate populations the frequency
distributions of root growth were closer to a bimodial distribution, consistent with a
major gene controlling B tolerance in these populations.

B) Pastor/RAC891 (89 lines)

A) Cranbrook/Halberd (161 lines)
Halberd
90

RAC891

25

Pastor

Cranbrook

70

No. of lines

No. of lines

80
60
50
40

20
15
10

30
20

5

10
0

0
1

2

3

4

1

5

2

4

5

D) Pastor/RAC891 population B (42 lines)

C) Pastor/RAC891 population A (47 lines)
RAC891

Pastor
14

18
16
14

12
10

No. of lines

No. of lines

3

Root Length
(rating 1: tolerant -5: intolerant)

Root Length
(rating 1: tolerant -5: intolerant)

12
10
8
6
4
2
0

RAC891

8

Pastor

6
4
2

1

2

3

4

Root Length
(rating 1: tolerant -5: intolerant)

5

0
1

2

3

4

5

Root Length
(rating 1: tolerant -5: intolerant)

Figure 5.5. Frequency distributions of Boron tolerance for individual lines of DH populations derived
from (A) Cranbrook/Halberd and (B) Pastor/RAC891; and for Pastor/RAC891 DH population split into
two populations C) Population A (47 lines) and D) Population B (42 lines). Boron tolerance was scored
as root length after 20 days in Boron treatment. Individual lines were rated for tolerance to boron toxicity
according to length of root (see Figure 5.2). Rating: 1-tolerant, 3-moderately tolerant, 5-intolerant.
Positions of the parent genotypes on the frequency distribution are denoted by arrows in the figure.
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5.3.3. Phenotyping Pastor/RAC891 DH population for LMA
The frequency distributions of expression of high pI alpha amylase for the
Pastor/RAC891 population resulted in a large proportion of the lines displaying a low
level of α-amylase expression (ie skewed distribution; Figure 5.6A). Furthermore,
discrimination of the LMA phenotype between the parental lines was not very effective.
As was done for the boron tolerance phenotype, the Pastor/RAC891 was divided into
two sub-populations according to genotype from gwm577 marker and LMA expression
analysed separately. Population A displayed a similar distribution to when the
population was analysed as a whole. While Population B appeared to display a much
more bimodial distribution, indicating the presence of a major gene effect on the LMA
phenotype, albeit with the majority of lines displaying low levels of α-amylase
expression (ie non-LMA). The latter observation requires further investigation to
determine if there are any other loci with a pleiotrophic effect on the phenotypic
distribution of LMA expression.

The errors associated with the LMA measurements ranged from 0.245 to 0.013 (OD415nm
units), indicating that there was variability in the LMA phenotype for the
Pastor/RAC891 population and that the error rate was quite high for certain lines. This
confirms previous observations in the literature which have shown the high level of
variability for the LMA phenotype (Mrva and Mares, 2001a). Also, due to the
variability of the LMA phenotype and small sample size of the population this may
result in an over-estimation of the significance of the QTL found. It is also difficult to
determine the epistatic interactions that may exist for LMA and to accurately identify all
chromosomal regions associated with the LMA phenotype.
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A) Pastor/RAC891 population (58 lines)
RAC891
20

No. of lines

15

Pastor

10

5

0
0-0.1

0.1-0.2

0.2-0.3 0.3-0.4 0.4-0.5 0.5-0.6 0.6-0.7

0.7-0.8 0.8-0.9

High pI α-amylase(OD415nm )

B) Pastor/RAC891 population A (33 lines)

C) Pastor/RAC891 population B (25 lines)
RAC891

RAC891
12

9

7

No. of lines

No. of lines

Pastor

8

10
8

Pastor

6

6
5
4
3

4

2

2

1
0

0
0-0.1

0.1-0.2

0.2-0.3

0.3-0.4

0.4-0.5

0.5-0.6

High pI α-amylase(OD415nm )

0.6-0.7

0-0.1

0.1-0.2

0.2-0.3

0.3-0.4

0.4-0.5

0.5-0.6

0.6-0.7

0.7-0.8

0.8-0.9

High pI α-amylase(OD 415nm )

Figure 5.6. Frequency distributions for LMA phenotype for individual lines of A) Pastor/RAC891 DH
populations (58 lines) and Pastor/RAC891 DH population split into two populations B) Population A of
33 lines and C) Population B 25 lines. Note: lines that displayed double dwarf phenotype were excluded
from the LMA screening, resulting in a reduction of this population by 31 lines. Position of the parent
genotypes on the frequency distribution are denoted by arrows in the figure.

5.3.4. QTL and linkage analysis

As noted in the preceeding section, during the screening of the Pastor/RAC891
population for polymorphic markers, it was discovered that the Pastor/RAC891 doubled
haploid population consisted of three biotypes instead of the expected two biotypes
derived from the parental lines (Figure 5.7). This was due to the presence of mixed seed
in the RAC891 parental line when the doubled haploid population was developed. This
essentially resulted in the splitting of the Pastor/RAC891 population into two separate
populations (47 and 42 lines each). Linkage analysis was done on the each of the
populations separately. Despite the availability of a large number of SSR markers
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mapped on chromosome 7BL, only wmc276, wmc273, gwm577, wmc10, wmc581,
gwm611, gwm344 and gwm146 were polymorphic and could be mapped in the
Pastor/RAC891 validation population. QTL analysis with the two Pastor x RAC891
populations showed a single major QTL for boron tolerance and LMA mapped to the
same region on chromosome 7B (Figure 5.8) for population B only. No association
could be found for QTL analysis with population A, indicating the parental line used in
this cross did not possess the gene conferring tolerance to boron toxicity or LMA. In the
Pastor/RAC891 population B, this QTL (Likelihood ratio statistic score, LRS = 22)
accounted for 43% of the variation in boron tolerance, and in the Cranbrook/Halberd
population the same QTL had a LRS score of 45.6 and explained ~69% of the variation
(Figure 5.8 and 5.9). Similarly, for the LMA trait, in Pastor x RAC891 population B the
LMA QTL (LRS score= 12.1) accounted for ~19% of the variation in LMA tolerance,
and in the Cranbrook/Halberd population the same QTL had a LOD score of (LOD>3)
and explained 31% of the variation. It should be noted that the very small population
sizes is likely to overestimate the effect of the QTL.

A
C

B

Figure 5.7. Genotyping Pastor x RAC891 DH population with microsatellite marker gwm577. PCR
products run on 10% 1 x TBE acrylamide gel at 80V O/N. Parental lines are indicated P: Pastor, R:
RAC891. Gel photo clearly shows three alleles are amplified in the segregating progeny, separating the
population into two populations of 47 and 42 lines respectively. The different parental biotypes are
indicated by red arrows and named A, B and C.
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significant
significant

A) Boron tolerance QTL

Highly
significant

Highly
significant

B) LMA QTL

Figure 5.8. QTL linkage analysis on the long arm of chromosome 7B associated with A) boron tolerance
and B) LMA in Pastor x RAC891 DH population B. The figure shows the regression analysis scan for
QTL (Map Manager QTXb), and the thresholds for highly significant (p<0.001) and significant (P<0.05)
associations as determined using permutation tests are indicated.

Figure 5.9. QTL linkage analysis on the long arm of chromosome 7B associated with LMA in Cranbrook
x Halberd DH population B (161 lines). The figure shows the regression analysis scan for QTL (Map
Manager), and the thresholds for highly significant (p<0.001) and significant (P<0.05) associations as
determined using permutation tests are indicated.
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In conclusion, the LMA and Bo1 QTLs that had previously located to chromosome 7BL
in literature (Mrva and Mares, 2001; Jefferies et al., 2000) were confirmed in this study.
For the Pastor/RAC891 population, the population had to be separated into two
populations due to the presence of a third parental allele in the segregating population.
As a result of the small population size, only population A displayed a significant
association to the phenotypes LMA and boron tolerance. However, the validation of
these QTLs in populations with diverse genetic background, such as Cranbrook/Halberd
and Pastor/RAC891, confirms the importance of the QTL located on 7BL. This
highlights the importance of this chromosomal region for identifying genes that regulate
the expression of the boron tolerance and LMA traits.

5.3.5. Multiplex Trait Signature (MuTs) analysis of LMA loci

The 39 wheat cultivars sampled for the MuTs analysis included genotypes from diverse
geographical origin such as CIMMYT, Mexico and Australia (wheat breeding programs
in WA, SA and QLD). Wheat lines were classified as LMA and as non-LMA according
to the phenotyping method of Mrva and Mares (2001a). The number of alleles detected
with the SSRs located to the LMA QTLs on chromosome 7BL and 3B ranged from 2
(wmc557) to 8 (gwm577), with an average of 5 alleles per marker and a total of 89
polymorphic bands scored. This indicates a large degree of genetic diversity among
wheat cultivars genotyped. The distribution of alleles for each cultivar at each locus is
presented in the form of a two-dimensional graph (Figure 5.10). Each allele is coded
with a different colour and loci are ordered into linkage groups (ie 7BL and 3B). Each
SSR is placed in the order as inferred from the Pastor/RAC891 genetic map generated in
this Chapter and the consensus genetic maps of Appels (2003) and Somers et al (2004).
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LMA lines

Non-LMA lines

Figure 5.10. Two-dimensional representation of the distribution of alleles from 19 SSRs across 39 wheat
varieties of known LMA phenotype. The SSRs were chosen based on position within the LMA QTLs
located on chromosomes 7BL and 3B. Each allele is labeled A-H and is colour coded for ease of
interpretation.
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PIC values provide an estimate of the discriminatory power of a locus by taking into
account, not only the number of alleles that are expressed, but also the relative
frequencies of those alleles. PIC values range from 0 (monomorphic) to 1 (very highly
discriminative, with many alleles in equal frequencies) (Smith et al., 1997; Agrama and
Tuinstra, 2003). The PIC values for the SSRs used in this study were quite high and
ranged from 0.26 (wmc557) to 0.88 (gwm611) (Table 5.3). The PIC values, on average,
were higher for the 7BL SSRs compared to the 3B SSRs. A total of 38 haplotypes were
detected with 19 microsatellite markers (Figure 5.10). There were only two wheat lines
that had the same haplotype, Veery 4 and Veery8.

Table 5.4. Polymorphism Index Content (PIC), number of alleles and chromosomal location for each of
the SSR markers used in the Multiplex Trait Signature (MuTs) analysis (based on 39 wheat cultivars).

Microsatellite

Chromosome

Alleles

PIC value

wmc581
gwm611
gwm577
wmc276
wmc273
wmc557
wmc10
wmc526
wmc70
gwm146
435m3
gwm344
gwm471
gwm264
gwm284
gwm285
wmc500
gwm566
wmc505

7BL
7BL
7BL
7BL
7BL
7BL
7BL
7BL
7BL
7BL
7BL
7BL
7BL/3B
3B
3B
3B
3B
3B
3B

4
10
8
8
7
2
4
6
3
4
3
4
3
3
5
6
3
5
6

0.71
0.86
0.84
0.85
0.89
0.26
0.56
0.71
0.54
0.75
0.47
0.69
0.64
0.59
0.58
0.71
0.47
0.66
0.74

Genetic similarities between the wheat cultivars based on SSR data at the LMA QTL
regions on 3B and 7BL are represented by dendrograms in Figures 5.11A and 5.11B,
respectively. Cluster analysis was done with the SSR data from the 3B region and 7BL
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regions and grouped wheat lines with similar microsatellite marker haplotypes (Figure
5.11). The dendrograms based on the SSR marker data clearly discriminated among
genotypes. Some consistency in classification was observed among clusters. For
example, the wheat cultivars Spica and Suneca always grouped together across the 3B
and 7BL clusters. Spica is a parent within the pedigree of Suneca, indicating that at
these loci the genotype of these lines is very similar and that they cluster together
according to their pedigrees. However, there are exceptions to the clustering of lines
according to pedigree. For example, a number of lines cluster together at the 3B and
7BL loci but possess very different pedigrees; for the 3B data, lines Cranbrook and
Kulin appear closely related according to the 3B data but not according to their
pedigree; and for the 7BL data, Wyalkatchem and Reeves cluster together but have very
different pedigrees (Table 5.1).

Also, it can be seen that the germplasm tended to cluster based on the country of origin.
For example, the wheat lines derived from CIMMYT material; the Veery group of lines,
Pastor, Super Seri-1,2, and Kennedy tend to be fully conserved across both clusters,
although, this geographical clustering of genotypes for the wheat lines studied was more
consistent for the 7BL data than the 3B data. One exception to this is Veery1, this line
displays a number of unique alleles (wmc10, wmc70 and gwm344) among the 7BL
genotypes of this group (Figure 5.12). For the 3B data, this geographical grouping for
the CIMMYT derived lines is separated into two groups; one group consisting of lines
Veery 1, 4, 5, 7, 8 and another group consisting of Super Seri 1, 2 and Pastor. The
wheat cultivar, Kennedy, derived from CIMMYT material, is an outlier from these
groups. This demonstrates that the genetic diversity of these lines measured using SSR
loci at 7BL and 3B exhibits a highly significant association with geographic origin
(Table 5.1 for pedigrees).
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A) 3B microsatellite cluster

B) 7BL microsatellite cluster

Figure 5.11. Cluster dendrogram of 39 varieties genotyped with SSR markers mapped to LMA QTLs on
chromsomes 3B (A) and 7BL (B). Dendrogram trees were generated using ‘agnes’ (agglomerative
hieriechal clustering; ) function in the R statistical software package (Http://www.R-project.org). NonLMA lines are highlighted in light blue.
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Figure 5.12. Haplotype profiles for the CIMMYT-derived material (Veery 1,2,4,7,8, Super Seri 1,2,
Pastor, Kennedy) for 7BL and 3B microsatellite data located near LMA QTLs (Mrva and Mares, 2001).
Veery 4 and 8 are the only non-LMA lines in this group.

The genetic relationship based on cluster analysis matched well with their geographic
origins but did not appear to match well with the LMA status of each line (Figure 5.11).
It was not possible to determine a single diagnostic fingerprint for LMA status of a line.
However, when each group within the cluster was considered independently there did
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appear to be a separation of the LMA and non-LMA lines. When the CIMMYT-derived
lines were considered in terms of LMA status, the two non-LMA in this group (Veery 4
and 8) always cluster together in one clade of the dendrogram, indicating that
genotyping at these loci for these lines is an efficient way to distinguish these lines from
the LMA lines of this CIMMYT group (Figures 5.11 and 5.12). Also, it is interesting to
note that WAWHT 2192 and WAWHT2193 have very similar pedigrees (commercial in
confidence, they are sister lines) and yet one is LMA and the other is non-LMA. The
only way to distinguish these lines for LMA is with the 3B genotypic data, indicating
that the 3B LMA locus may be more important in determining the LMA status of these
lines than the LMA locus on 7BL which is unable to discriminate between the two lines.
The different genetic background of each cultivar used in this study needs to be
considered in this analysis as genetic loci on other chromosomes may have epistatic
interactions with the 3B and 7BL LMA loci (ie Rht loci on chromosome 4) and
influence the expression of the LMA trait. The cultivars selected came from four
different breeding programs (CIMMYT – Mexico, WA, SA and QLD) and as such the
different combination of alleles based on the divergent selection history of each line
may lead to better performance of a particular line in certain environments.
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5.4.

Discussion

Using genetic mapping analysis, Jefferies et al., (2000) identified the chromosomal
location of B tolerance genes in wheat derived from the cultivar, Halberd (moderately
tolerant). They found a region towards the terminal end on chromosome 7BL was
associated with the control of boron uptake and with a reduction in the effect of boron
toxicity on root growth suppression (strong correlation between Halberd allele of RFLP
marker, Xpsr680-7BL, and improved grain yield on boron toxic soils). This confirmed
earlier studies, such as Paull (1990) and Chantachume (1995) that proposed that boron
tolerance genes present in Australian cultivars are of common origin on chromosome
7BL tracing to parents of Halberd. Jefferies et al. (2000) proposed that Australian
cultivars carrying the Halberd allele at the Xpsr680-7B locus are likely to be carrying
the identical chromosome region conferring reduced B accumulation. While an RFLP
marker, Xpsr680, had been identified linked to B tolerance genes on chromosome 7BL,
no microsatellite or easy-to-use PCR markers had previously been reported. RFLP
markers are not the marker system of choice for marker-assisted selection in breeding
programs. Identification of a PCR-based marker closely associated with this gene, or
chromosomal region, may have a significant impact on the breeding and selection of Btolerant cultivars in Australia.

In this present study, the location of a major gene controlling B tolerance in wheat on
chromosome 7BL was confirmed in the Cranbrook x Halberd and Pastor x RAC891 DH
populations. The latest version of the Cranbrook x Halberd genetic map (Lehmensiek et
al., 2005) was used to confirm the original location of the B tolerance locus on
chromosome 7BL from the study of Jefferies et al., (2000). Microsatellite markers that
were located to the terminal end of chromosome 7BL by the consensus maps of Appels
(2003) and Somers et al., (2003) were chosen to genotype the Pastor x RAC891 DH
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population segregating for B tolerance. The co-dominant nature of the microsatellite
markers used in this study revealed that the Pastor x RAC891 DH population was
actually two separate populations. During the development of DH populations, the
embryos are selected from individual F1 seeds (each set of DH lines derived from a
single F1 seed are called a subfamily), if the parental seed of one line is mixed, when the
crosses are made to produce the F1 seed it is possible to obtain more than one genetic
type of F1 seed. Therefore, for the population used in this present study when the F1
seed was used to generate the embryos for DH population, three parental biotypes were
contained in the population instead of the expected two. In this study, genotyping of the
complete Pastor x RAC891 DH population (89 lines) with gwm577 revealed the
presence of three alleles, indicating that there were three parental biotypes (resulting
from the mixed seed of one of the parental lines) instead of the expected two parental
biotypes (Figure 5.7). As a result, the population was separated into two populations
according to gwm577 genotype and linkage analysis done separately. From this
analysis, it was determined that population A had no linkage to microsatellite markers
on chromosome 7BL. However, a major QTL on chromosome 7BL was identified in
population B.

Mrva and Mares (2001b) identified two QTLs for LMA on the Cranbrook x Halberd DH
population. A major QTL on the terminal end of chromosome 7BL was identified and
shown to account for 31% genetic variation for LMA in this population, and a minor
QTL on chromosome 3B close to the centromeric region was identified and shown to
account for 13% genetic variation. It has also been shown that the ‘dwarfing genes’ Rht
1, 2 and 3 have an effect on the LMA locus by reducing the incidence of the LMA
phenotype in lines possessing the Rht genes (Mrva and Mares, 1996b). This present
study used the Pastor x RAC891 DH population and a targeted mapping strategy to
show association of certain chromosomal regions to LMA. It was shown that there was
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a significant association between microsatellite markers on chromosome 7BL of Pastor
x RAC891 DH population B and LMA. No association was found between the 3B
markers and LMA. However, it is important to note the high level of error associated
with the phenotypic analysis of this population for LMA. This high level of variation in
the phenotypes of a single line for LMA has been previously reported (Mrva and Mares,
2001a) and highlights the limitation in the current phenotyping test available for LMA.
The variation of the LMA phenotype makes it difficult to accurately predict all
chromosomal regions associated with LMA and determine epistatic interactions and
therefore it is not surprising that the 3B locus was not detected in this population. This
population is also segregating for the Rht 1 and 2 genes and the skewed distribution
shown towards low LMA expression seen in the lines of this population indicate that
these genes are having a pleiotrophic effect on the expression of the LMA gene(s). The
fact that the locus on 7BL was detected in this population, confirming previous
published reports (Mrva and Mares, 2001b), indicates that this is a major locus for LMA
in wheat.

Successful plant breeding relies on the best choice of parents from which to create and
select desirable recombinants (Tanksley and McCouch, 1997). In this context, the
assessment of the genetic diversity that is present in the pool of wheat germplasm that is
available for crossing, is critical in wheat breeding programs. Most modern breeding
programs have emphasized greater adaptation and higher levels of yield and crop
performance on the plant as a whole to make this assessment. As a result, there has
been a gradual reduction in the genetic diversity of the cultivated gene pool, itself a subsample of the total variation in the species (Russell et al., 2000). In this present study, a
collection of LMA and non-LMA germplasm was characterized on the basis of both
LMA phenotype and molecular marker data. A number of important agronomic traits
also map to the same region on chromosome 7BL, such as boron tolerance and flour
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colour (Jefferies et al., 2000; Mares and Campbell, 2001). Important alleles for
agronomic traits on 7BL could limit genetic diversity on the across this chromosome
segment because of selection in breeding programs and genetic linkage. However, data
in this study indicates that wheat cultivars show considerable variability within this
region.

The microsatellite markers used in the genetic linkage study was used in the present
Multiplex Trait Signature (MuTs) analysis. The aim of the MuTs analysis was to
determine if it was possible to delineate a diagnostic fingerprint for LMA status of a
variety according to the genotype at the LMA QTL loci on 7BL and 3B. High levels of
allelic diversity of the SSR markers from the 7BL and 3B regions were observed in this
study (PIC values range from ) and was probably associated with the extensive range of
genetic diversity represented in the panel of wheat genotypes (lines from CIMMYT,
Mexico and Australia, mainly WA and SA and QLD). This demonstrates that for the
selection of non-LMA lines based on QTL marker information it is important to
consider the entire fingerprint spanning the QTL rather than a single marker or flanking
markers. A much higher rate of genetic diversity was observed among the wheat
cultivars for the 7BL microsatellite markers than the 3B microsatellite markers. This is
as expected as it has been shown that there is a higher recombination rate, and thus
higher level of polymorphism, in the ends of chromosomes (7BL) than regions close to
the centromere in wheat (Akhunov et al., 2003). Also, it has previously been shown that
the level of SSR polymorphism is unevenly distributed along chromosomes in rice
(Coburn et al., 2002) and maize (Tanaillon et al., 2001).

Molecular-marker-based cluster analysis has previously been used as a highly reliable
means for estimating the genetic relationships among cultivars, with or without known
pedigrees (Barrett et al., 1998; Yu et al., 2006). The genetic relationships among the 39
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wheat genotypes in this present study were estimated by a cluster analysis of the genetic
similarity matrix based on the microsatellite-derived data from the LMA QTL regions of
chromosomes 7BL and 3B (Figure 5.11). The results indicate that it is easy to
distinguish all the wheat genotypes. By cluster analysis, it was found that the wheat
lines from CIMMYT, Mexico clustered into the same group when all data was
considered across both genomic regions. This indicates that the wheat lines from
CIMMYT, Mexico, based on microsatellite markers to chromosome 7BL and 3B, are
correlated with their geographic distribution. This is in agreement with the results
observed in other haplotype studies of hexaploid wheat accessions resistant to Fusarium
Head Blight (McCartney et al., 2004; Yu et al., 2006).

The genetic relationship based on cluster analysis matched well with their geographic
origins but did not appear to match well with their pedigree information. For example,
the wheat cultivars Kulin (non-LMA) and Reeves (LMA) are two parents of Calingiri
(non-LMA), and Calingiri locates near Kulin, although it appears to share closer genetic
similarity to Chinese Spring. The other parent in Calingiri’s pedigree is Chino
suggesting that Chino may be contributing the other alleles. The only allele that is
shared between Calingiri and Kulin is allele from wmc276. Calingiri possesses 9
unique alleles that are not present in the lines of Kulin or Reeves. Presumably these
unique 9 alleles come from the Chino genetic background. Calingiri shares 7 of these
alleles with Chinese Spring which is also non-LMA, suggesting that source of the nonLMA allele comes from the region on 7BL. It is difficult to determine the source of the
non-LMA allele from Calingiri as the LMA status of Chino and genotype within this
region is unknown.

It can be assumed that wheat lines with the same haplotype spanning an LMA QTL are
more likely to carry that LMA QTL. Wheat lines with a number of alleles in common
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with an LMA QTL haplotype might have similar LMA allele(s). However, caution is
needed in interpreting data as certain lines that differ in LMA phenotype only differ by
one allele (ie Veery4 and Veery8 vary from other Veery lines by a single locus,
wmc276). Therefore, the pedigree of each cultivar needs to be considered as wheat
cultivars with a common ancestor, and the same haplotype for these regions, are more
likely to have the same LMA QTL alleles than those cultivars with an unrelated
pedigree. Fine-scale mapping studies are needed to better resolve the location of LMA
QTLs to improve the accuracy of marker-assisted selection of LMA and to introgress
LMA QTLs with as little linkage drag as possible.

The use of MuTs for this region in wheat has not generated a diagnostic fingerprint for
LMA status of a line. However, it does appear that within a particular genotype group,
there are markers that enable the discrimination of LMA between other members of the
same group. Therefore, to use this fingerprinting approach to assess a line for LMA it
must be done in two stages. Firstly, it must be determined which group a wheat line
belongs to, then within this group the genotype of this wheat line will be compared to
the ‘reference LMA and non-LMA lines’ and LMA status determined.

The phenotyping of lines for LMA status in this study was done using the method of
Mrva and Mares (2001a). Caution is needed in the interpretation of the data in this
study due to the variability in expression of LMA that is seen when using this
phenotypic method. The LMA phenotype of these lines needs to be replicated in a
number of environments to ensure the consistency of the clustering analysis done in this
present study. Also, it is important to consider the effect of other loci on the expression
of this trait, for example, the effect of the Rht1 and Rht2 genes and the 1B/1R rye
segment. It has been shown that each of these loci reduce the incidence of LMA in
certain wheat lines (Mrva and Mares, 1996b). Furthermore, it has been observed that
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certain lines only express LMA under certain environmental conditions (ie “field
expression”), while other lines express LMA under all conditions (Robin Wilson,
unpublished data). In this study, the LMA lines have not been separated into these two
separate groups (ie field expressors and constitutive LMA expressors) and therefore, it is
unclear that the same clustering would occur if the lines were phenotyped according to
the two separate phenotyping methods.

The analysis methods used in this study provided information that led to a further
understanding of genetic relationships among these LMA wheat lines. This study
provided systematic pedigree information and molecular marker profiles for the wheat
lines studied. Therefore, the information from this study will help breeders to select
different sources of LMA resistant materials enlarging the genetic diversity of LMA
resistance in their breeding programs.
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Chapter 6

General Discussion

The aim of this thesis was to gain an understanding of the genetic mechanisms
controlling the expression of traits of agronomic importance in wheat breeding through
a detailed structural analysis of relevant regions on chromosome 7BL. The two major
traits of interest were late maturity alpha amylase (LMA) and boron tolerance (Bo1).
Both traits had been shown to be associated with the long arm of chromosome 7BL
through genetic mapping (Mrva and Mares, 2001b; Jefferies et al., 2000). Genomic
approaches were undertaken in an effort to gain an understanding of the molecular
mechanisms controlling these two traits. The first stage involved a comparative
genomics approach using the genomic sequence of the model cereal species, rice. Using
a bioinformatics approach, a syntenic map was established between wheat and rice for
the wheat group 7L chromosomes. This provided a framework for the identification of
potential candidate genes that may be involved in the LMA and boron tolerant
phenotypes. The second stage involved determining the genetic architecture of the
region on chromosome 7BL through the use of screening BAC libraries with probes that
had been mapped to this region via genetic mapping and comparative in silico mapping.
Two wheat BAC libraries were used in this analysis and included a hexaploid wheat
BAC library and the D genome progenitor of wheat, Ae. tauschii, BAC library. Finally,
through the use of molecular markers and QTL analyses a graphical genotype of the
region was established to determine genetic relationships that exist between wheat
cultivars that express the LMA phenotype. The major outcomes of this work are as
follows:
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•

Gene content and order for wheat group 7L chromosomes is not as conserved as
previously predicted.

•

Chromosome 7L contains syntenic units with rice 6 and 8 but is interrupted by
combinations of intrachromosomal and interchromosomal rearrangements
involving syntenic units and single gene orthologs from other rice chromosome
groups.

•

The rice sequence annotations can be used to identify genes for developing
markers linked to pathways controlled by genes on 7BL involved in alpha
amylase production in wheat and thus involved in determining LMA. Similarly
for boron tolerance.

•

GAMYB-like genes were identified that map to 7B chromosome and the group 3
chromosomes, both of which contain QTLs for LMA and were proposed as
putative candidate genes and likely to be involved in the LMA phenotype.

•

A putative transporter was identified that may be linked to the boron tolerant
phenotype.

•

BAC clones from hexaploid wheat BAC and D genome wheat BAC libraries
were isolated using markers mapped to target regions and candidate genes.

•

High-throughput sequencing of selected BAC clones revealed the identification
of novel genes and new molecular markers that can be targeted to the region of
interest.

•

Multiplex Trait Signature (MuTs) analysis was initiated as a way to interrogate
complex traits for marker assisted breeding.
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6.1

Polyploidization in the Poeaceae

A complication in the identification of putative candidate genes from rice is the different
evolutionary histories of the Poeaceae family. The work presented in this thesis,
highlights that caution needs to be employed when using the rice genome as a template
for identifying genes. This study has shown that instead of large blocks of synteny
existing between wheat and rice, this synteny when looked at in detail, is broken by
intrachromosomal and interchromosomal rearrangements. The region of interest was
the terminal end of chromosome 7BL that contains QTLs for important agronomic traits
such as LMA, boron tolerance and flour colour. It was found that this region of wheat
chromosome 7BL was broadly syntenic to chromosome group 6 of rice as previously
reported (Sorrells et al., 2003; La Rota and Sorrells, 2004). However, the detailed
investigation of this syntenic region in this thesis revealed that there were interruptions
in the synteny with rice group 6 with other rice chromosome groups such as group 8 and
2. It was also shown that the relative gene order within this region between wheat and
rice was complicated due to the presence of translocations, inversions and duplications
as revealed by the identification of small syntenic units relative to the rice genetic and
physical maps and anchored by wheat ESTs across different deletion bins in wheat. It
has previously been reported that these incongruencies in synteny have occurred as a
result of polyploidization in the Poeaceae family followed by differential gene loss in
different taxa (Paterson et al., 2004). Other studies have shown that there is little or no
retention of sequence homology in intergenic spaces but indicate that there is a general
conservation of gene content and order between orthologous genomic segments of grass
genomes (Ma et al., 2005). In the example in this thesis, it can be hypothesized that rice
6 and wheat 7 may have originally derived from an ancestral chromosome that diverged
following speciation whereby small rearrangements (such as duplication, translocations,
deletions) formed the wheat homeologous group 7 chromosomes and thus explains the
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many deviations from colinearity that are seen between wheat and rice in this region in
this present study. The detailed syntenic relationship between homeologous wheat
group 7L chromosomes and rice genome presented in this thesis provides an ideal
framework for the identification of candidate genes controlling traits of interest.

6.2

Identification of the LMA and boron tolerance phenotype in other members
of the Poeaceae family

A limitation in this study was the lack of detailed information of the LMA and boron
tolerant phenotypes in the model grass species, rice, to facilitate candidate gene
identification through comparative genomics. The complete sequence of the rice
genome has led to many comparative genomics studies in the effort to identify and
isolate genes controlling traits of interest in wheat, barley and maize (Feuillet and
Keller, 1999; Laurie and Devos, 2002; Li et al., 2004; Ma et al., 2005). The power of
the complete sequence of the rice genome lies in the high level of synteny that exists
between the different species of the Poeaceae family. Previous studies have shown that
a high degree of similarity exists between members of the Poeaceae family and therefore
rice that would provide a good template for identifying genes of interest (Moore et al.,
1995; Sutton et al., 2003; LaRota and Sorrells, 2004). The ability to detect putative
candidate genes from rice relies on genes controlling the phenotype of interest to be
present in the rice genome.

For boron tolerance, most of the published research is on the identification of boron
tolerant cultivars in wheat and barley (Jeffries et al., 2000; . It is known that rice
displays variation for tolerance to boron toxic soils, yet no chromosomal location has
been identified for the presence of boron tolerant genes (Cayton, 1985; Ponnamperuma
et al., 1981). Also, the mechanism of tolerance to boron toxic soils has not been
elucidated, but a number of studies have indicated that an exclusion mechanism may be
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operating in plants that are tolerant to boron toxic soils (Nable et al., 1997; Reid et al.,
2004). In particular, a study by Hayes and Reid (2004) presented a model that the
tolerance mechanism in the barley cv. Sahara is based on the presence of a borate anion
efflux transporter (Figure 6.1). Therefore, the approach used in this thesis, was to
provide a detailed genomic analysis of the region where QTLs for boron tolerance have
been detected in wheat. This region was then investigated for putative candidate genes
that may be involved in the boron tolerant phenotype, the focus being on transporterlike genes in particular anion transporters. An alternative approach to the one detailed in
this thesis, would be to use genes identified in rice known to be involved in the transport
of boron, regardless of chromosomal position. One such gene is the boron transport
gene Bo3 (GenBank accession AAQ02664), which is an anion transporter involved in
the active transport of boron out of cells. This gene is located on chromosome 12 of rice
(rice BAC AL713908) which has been shown to be broadly syntenic to wheat group 5
chromosomes (La Rota and Sorrells, 2004). It may be possible there are other loci
contributing to the boron tolerant phenotype that have not been studied in this thesis.
For example, Paull (1990) identified a region on chromosome 4A that contained gene(s)
responsible for inferring boron tolerance in certain wheat cultivars.
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Figure 6.1. Two models for boron efflux as the basis of B tolerance in barley (figure from Hayes and
Reid, 2004). The authors proposed that B-sensitive genotypes lack a capacity to efflux B(OH)4- . B enters
rapidly from the external medium and accumulates in the cytoplasm as B(OH)3, which undergoes pHdependent conversion (pKa – 9.25) to B(OH)4- . In model I, efflux of B(OH)4- is driven through an anionpermeable transporter by the negative membrane potential difference and at low external pH by the
outwardly directed concentration gradient. Energy input to the H+ -ATPase is required to prevent
depolarization of the plasma membrane due to anion efflux and to prevent acidification of the cytoplasm.
In model II, B(OH)4- efflux occurs by anion-exchange. If the anion is HCO3- no charge compensation is
needed and pH stability will occur through dissociation into OH- and CO2 in the cytoplasm. Dashed lines
indicated passive fluxes (Hayes and Reid, 2004).

Also, the possibility of alternative mechanisms contributing to boron tolerance in plants
cannot be excluded. Nable et al (1997) has suggested a number of alternative
mechanisms that could lead to the tolerance of plants to boron toxic soils and includes:
1) the secretion of B chelating compounds into the rhizosphere which may reduce the
amount of free B around the root, and thus of B entering the plant. This is similar to the
mechanism described for aluminium tolerance in wheat, in which malate chelates the
Aluminium ion and is removed from the plant via a malate efflux transporter (Delhaize
et al., 2004); 2) changes in the lipid bilayer affecting the transport of B across the plant
membrane. It is known that both major lipid components of plant membranes,
phospholipids and sterols, can affect the transport of other molecules such as water,
glucose and ions across the lipid biloayer; and, 3) B is known to be greatly influenced
by transpiration rates (Raven, 1980). There is a possibility that genotypic differences in
B accumulation are governed by differences in transpiration rates and the transport of B
in the xylem.
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The populations analysed in this study (Cranbrook/Halberd and Pastor/RAC891) only
locate a major QTL for boron tolerance to chromosome 7BL. Furthermore, the bimodial
distribution of the phenotypes indicates the presence of a single major gene. As such,
the focus on the terminal region on chromosome 7BL resulted in the identification of a
putative anion transporter gene in rice (GenBank accession, B1153E06.4; located on
rice group 6 BAC AP004989). The presence of this gene within the rice 6-wheat 7L
syntenic unit broadly syntenic to the boron tolerance QTL on chromosome 7BL
supports the model presented by Hayes and Reid, (2004) that an anion transporter has a
role in inferring boron tolerance in the germplasm that was studied in this thesis.
However, it is interesting to note that the large size and shape of the QTL identified on
chromosome 7BL in the Cranbrook/Halberd DH population may indicate the presence
of more than a single gene for boron tolerance located within this region. It may be
possible that a number of genes acting in an additive manner contribute to the boron
tolerant phenotype seen in this population. The identification of the putative anion
transporter in this study serves as a starting point for elucidating the molecular
mechanisms responsible for boron tolerance in this region on chromosome 7BL of
wheat.

Similarly, for the major phenotype studied in this thesis, LMA, there is no direct
evidence that rice displays abnormal expression of α-amylase during the mid-stages of
grain development. Recently, a study has shown that in LMA-prone cultivars, the
similarity of changes observed in aleurone cells in LMA-affected grains with those in
germinating grains suggested that, in each case, the underlying mechanisms or sequence
of events shared many common features (Mrva et al., 2006). Therefore, the pathway for
the expression of high pI α-amylase during germination was used as a guide for the
selection of putative candidate loci for the LMA phenotype in this thesis.
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The expression of α-amylase genes in cereals is induced by gibberellin (GA). Figure
6.2 details the α-amylase expression pathway in germinating seeds in barley. Upon
seed germination, cereal aleurone cells respond to the phytohormone gibberellic acid
(GA) synthesized by the embryo, by triggering a signal transduction pathway leading to
the transcription activation of a number of hydrolase genes, mainly those for α-amylase
(Cejudo et al., 1995; Gubler et al., 1999; McCubbin et al., 2004; Peng and Harberd,
2002).

Gα protein
Gα
GMPOZ

regulatory genes:
KGM, BPBF, HRT

Figure 6.2. Model of GA regulation of High pI α-amylase expression in cereal aleurone cells. Model is
adapted from the molecular events involved in the GA signal transduction pathway leading to the
expression of High pI α-amylase in barley. GA – gibberellin; HRT – Hordeum repressor of transcription
transcription factor; BPBF – barley prolamin-box binding factor; GMPOZ – GAMYB-associated POZ
protein; KGM – Kinase associated with GAMYB (figure adapted from Gubler et al., 1995; GomezCadenas et al., 2001 and Woodger et al., 2003).

It appears that the regulation of α-amylase genes involves the interplay of several
classes of trans-acting factors that bind to the cis-acting elements within the α-amylase
gene promoters. The GA response element (GARE) has been identified as a 21nucleotide region in both α-Amy1 and α-Amy2 gene promoters that contains the
sequence TAACAA/GA (Gubler and Jacobsen, 1992; Gubler et al., 1999). Functional
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analysis of the promoters of these hydrolase genes has allowed the identification of a
conserved tripartite cis motif, the GA-response complex (GARC) that contains: (i) the
5’-TAACAAA-3’ box or GA-responsive element (GARE); (ii) the pyrimidine box, 5’CTTTT-3’ and (iii) the 5’-TATCCAC-3’ box, all of them necessary for a full GA
response (Rubio-Somoza et al., 2006). A number of transcription factors have been
identified that are induced in response to GA and regulate α-amylase expression via
binding to the GARE complex in the α-amylase promoters. The central transcription
factor in this pathway is the GAMYB protein that has been shown to be induced by GA
in aleurone cells and which through binding to the GARE is essential for the transactivation of high pI α-amylase and a number of other hydrolases (Gubler et al., 1995,
1999). It has been well established that the regulation of GAMYB gene expression is
modulated by the secretion of GA, which in turn can be antagonized by abscisic acid
(ABA) (Jones and Jacobsen, 1991). Two types of GAMYB genes were identified in this
thesis, GAMYB-gp 3 showing high degree of homology to the barley ortholog,
HvGAMYB, and GAMYB-gp 7 that displayed homology to the barley ortholog
HvGAMYB across the R2R3 domain only. Both of these genes were found to be broadly
syntenic to the region containing QTLs for LMA on chromosome groups 7BL and 3B,
suggesting that both may play a role in the regulation of high pI α-amylase genes in
LMA-prone cultivars.

It is evident from the literature (see Figure 6.2), that the interaction of other transcription
factors and regulatory pathways in the control of α-amylase in LMA-prone cultivars
cannot be excluded. Several other transcription factors of the DOF class, able to bind to
the pyrimidine box, have been reported in barley (SAD protein, Isabel-LaMoneda et al.,
2003; Mena et al., 2002) and rice (OsDof1-5; Washio, 2001). Transient expression
experiments in co-bombarded aleurone indicated that some of these DOF proteins were
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activators whilst others were repressors of the GA-inducible activity of certain genes,
including α-amylase genes (Mena et al., 2002; Washio, 2001). It has been proposed that
these DOF proteins can interact with GAMYB to regulate the function of this protein in
controlling the expression of α-amylase genes (Woodger et al., 2003). As described in
detail in Chapter 1, other regulators of this response in cereal aleurone include HRT (for
Hordeum repressor of transcription, a zinc finger-like DNA binding factor that represses
α-amylase transcription); GMPOZ (for GAMYB-associated POZ protein, a BTB/POZ
domain protein that is a GA-inducible activator of GAMYB) and KGM (for kinase
associated with GAMYB, a serine-threonine kinase that represses the transactivation of
GAMYB). A putative serine-threonine kinase (wheat EST, BE590995) was identified
linked to the LMA phenotype via BSA (Chapter 4), suggesting that this gene may also
have a role in the regulation of high pI α-amylase in LMA-prone cultivars.

In relation to the LMA phenotype, it has been shown that the RHT genes (Rht 1, 2 and
3) result in a reduction in LMA in cultivars that possess these genes. It is known that
the GAI/RGA-like proteins such as barley SLN1, rice SLR1 and wheat RHT are
putative transcription factors which function as negative regulators of the GA response
in cereal aleurone. Thus, it is clear that the mechanisms controlling the abnormal
expression of α-amylase in LMA-prone cultivars is likely to involve the interplay of a
number of regulatory pathways, mediated by the GA and ABA phytohormones.

6.3.

Model of a MYB gene cluster involved in the LMA phenotype and the
interplay of other gene networks

As can be seen from Figure 6.1, the expression of α-amylase involves a network of
hormonal, environmental and molecular events (ie transcription factors). Therefore, it is
likely that the molecular mechanism responsible for LMA expression in certain wheat
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cultivars involves the interplay of a network of genes rather than a single pathway
and/or gene(s). MYBs are a group of transcription factors with conserved DNA binding
domains. Common to all MYB gene products is a strongly conserved DNA binding
domain located at the N-terminal end. In plants, this DNA binding domain consists of
two imperfect repeats of ~51 to 53 amino acids each (denoted R2 and R3) with three
highly conserved Trp residues regularly spaced by 18 or 19 amino acids (Martin and
Paz-Ares, 1997; Jin and Martin, 1999). However, MYBs that contain only one repeat
have also been identified in plants. Recently, several genes belonging to the R1MYB
family have been described in plants that have a role in this gene network: (i) transient
expression assays showed that three genes (OsMYBS1-3) from rice cooperate with
HvGAMYB in the transactivation of a low-pI barley α-amylase gene promoter in the
absence of GA (Lu et al., 2002; Figure 6.2); and, (ii) a gene in barley, MCB1, that is
induced by GA and is a transcriptional repressor of α-amylase gene expression in
germinating aleurones (Rubio-Somoza et al., 2006).

Figure 6.3. Proposed roles of OsMYBs in the GA hormone regulation of α-amylase gene expression in
cereals. S1, S2, and S3 indicate OsMYBS1, OsMYBS2 and OsMYBS3, respectively. (figure taken from
Lu et al., 2002).

Six putative MYB genes were identified in the rice genome region on chromosome
group 6 broadly syntenic to chromosome 7BL of wheat in this thesis (Chapter 2). One
MYB gene was identified as a R2R3MYB class (referred to in this thesis as, GAMYBgp 7) while the remainder were classified as R1MYB genes. The R2R3 MYB gene was
classified as “GAMYB-like” due to it’s similarity at the nucleotide and protein level to
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known GAMYB motifs of GAMYB genes from barley, maize and Arabidopsis. The
GAMYB-gp7 gene was used to screen the Renan and Ae. tauschii BAC libraries that
resulted in the identification of a further 6 putative MYB genes with the anchoring of one
to chromosome 7DL (in a region syntenic to the target region on chromosome 7BL).
The location of the remaining 10 MYB-related genes (5 from the syntenic rice region
(Chapter 2) and 5 from the BAC library screening (Chapter 4)) needs to be determined
through genetic mapping to assess their chromosomal location relative to the LMA QTL
on 7BL. A hypothetical model summarizing the signal transduction pathway and a
mechanism of gene regulation for high pI α-amylase in LMA prone cultivars, including
the putative candidate genes identified in this present study, is presented in Figure 6.4.

Figure 6.4. Hypothetical model of the signal transduction pathway and a mechanism of gene regulation
for high pI α-amylase in LMA-prone cultivars. The putative candidate genes identified in this thesis are
highlighted in light orange and include: GAMYB-gp3, GAMYB-gp7, serine/threonine kinase (BE590995)
and a group of MYBR1 transcription factors. See text for explanation of the model.
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In the hypothetical model presented in Figure 6.4, GAMYB (wheat ortholog identified
in this study, GAMYB-gp3) expression involves the positive regulation of GMPOZ,
which is stimulated by GA but repressed by SLN1/RHT and by ABA downstream. The
GAMYB-binding partners BPBF and KGM repress GAMYB-gp3 function at the level
of α-amylase gene transactivation, and HRT is a GARE-binding factor that is also a
potential repressor of α-amylase transcription. The serine/threonine candidate gene
(BE590995) may act on GAMYB-gp3 expression through the
phosphorylation/dephosphorylation of the GAMYB-gp3 protein resulting in the
repression of the transactivation of the high pI α-amylase promoter by GAMYB. The
GAMYB-gp7 may act by competitively binding with GAMYB-gp3 to the GARE
complex in the high pI α-amylase promoter resulting in the transactivation of the high pI

α-amylase gene. Or it may interact directly with the GAMYB-gp3 protein by binding to
the GARE complex that is present in the promoter of this gene, causing the expression
of GAMYB-gp3 and subsequent expression of high pI α-amylase in LMA-prone
cultivars. The R1MYB class of transcription factors identified in literature (OsMYBS1,
-S2, -S3) and in this thesis (Chapter 2 and Chapter 4) are able to recognize another
element, TATCCAC, or the GARC complex and act as positive and negative regulators
of the high pI α-amylase gene. The regulation of this gene by R1MYB transcription
factors may be under the possible scenario where these proteins can compete with the
transcription activator by binding to the same TATCCAC motif. According to this
model, the relative concentrations of R1MYBs, GAMYB-gp3 and –gp7 proteins and
other regulatory elements and their relative binding affinities would direct the overall
effect upon expression of high pI α-amylase in LMA-prone cultivars.

The hormone GA is crucial for seed germination and has recently been shown to be
important in the expression of high pI α-amylase in LMA-prone cultivars as well (Mrva
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et al., 2006). The authors speculated that LMA might be an indication of perturbation in
the normal patterns of GA and ABA synthesis and degradation such that aleurone,
having acquired sensitivity to GA, is exposed to a transient period where GA content
exceeds that of ABA. How the putative transcription factors identified in this thesis
affects the regulatory proteins and interacts with the GA/ABA ratio for α-amylase
expression in this pathway should be explored in the future. Also, the increased
expression of LMA in response to cool temperature stress and the effect that this has on
these transcription factors needs to be investigated. In all possible scenarios, the
combined interactions among the environment, GA/ABA hormones and all the TFs (and
co-factors) expressed at a given time of seed development would result in diverse
programmes of gene regulation in LMA-prone cultivars (Rubio-Somoza et al., 2006).

6.4.

Map-based cloning of QTLs

The two BAC libraries utilized in this thesis have a total genome coverage of 11-fold,
providing an accessible tool for genomic research. The idea was to use both libraries to
provide a framework for determining the genomic architecture of the LMA and
agronomic region on chromosome 7BL of wheat. The D genome library has previously
been completely fingerprinted and assembled into contigs and it was proposed to use
this library to bridge the gaps that exist between the Renan BAC clones and reduce the
redundancy of the Renan BAC clones isolated.

The screening of the two BAC libraries with a combination of microsatellites, RFLP
markers, wheat ESTs and putative candidate genes resulted in the isolation of ~ 300
BAC clones for further detailed analysis of the region on group 7L of wheat. From
these 300 BAC clones, 24 were chosen for high-throughput sequencing. The
sequencing of the wheat BAC clones allowed for the identification of polymorphic
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sequences that could then be used for the development of molecular markers, further
increasing the marker density within this region in wheat. The non-coding and
repetitive regions are commonly used for the development of molecular markers. The
use of the SSRIT program, for the identification of SSR sequences, revealed that BAC
sequence provided a rich source of new markers. Of these SSRs, 4 were developed into
new microsatellite markers and mapped on Cranbrook/Halberd DH population. Another
source of polymorphism for the generation of markers for use in mapping is the
boundaries of transposable elements. It has been demonstrated previously that markers
can be generated from these transposon junctions (Devos et al., 2005). To date, the
BAC clones isolated by SSR markers: gwm577 (7 BACs), wmc273 (20 BACs),
gwm344 (16 BACs), gwm146 (12 BACs); and BAC clones isolated using wheat ESTs:
Ren_935N19 (wheat EST, BE426802), Ren_435M3 (wheat EST, BE405003) and
Ren_147P05 (wheat EST, BE637817) have been anchored to the wheat genetic map.
Figure 6.4 displays the framework physical-genetic map generated in this thesis.
Further work is required to anchor the remaining BAC clones to this map and reduce the
gaps that appear between the BAC clones through a combination of BAC-end
sequencing, BAC fingerprinting and whole BAC sequencing. The use of the D genome
BAC library will facilitate this process as the entire BAC library has already been
fingerprinted (see Chapter 3). This process is termed as gap closure or chromosome
walking (Dunham et al., 1999). The aim of this process was to identify the genes
controlling the expression of the traits of interest through map-based cloning. The
approach investigated in this thesis was to use targeted mapping of candidate genes and
molecular markers linked to the traits of interest to isolate BAC clones. The process of
gap-closure and chromosome walking could then be employed to identify the novel
genes and/or molecular markers that are more tightly associated to the phenotype to be
used for marker assisted selection.
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Figure 6.5. Framework genetic-physical map for chromosome group 7L targeted to the terminal end of
7L containing QTLs for LMA and boron tolerance (Bo1). BAC clones were isolated from Renan and
Ae.tauschii BAC libraries using probes indicated on the terminal bins of homeologous chromosomes 7BL
and 7DL (Chapter 3). The putative order of the probes was inferred by genetic mapping and position of
syntenic units in deletion bins by comparative mapping between rice-wheat (Chapter 2). Probes and BAC
clones that have been anchored to the genetic map are shown by solid black line. Probes and BAC clones
that have not been anchored to the genetic map are shown by dashed red lines.
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6.5.

Multiplex Trait Signature (MuTs) analysis

Complex traits such as LMA are difficult to track in breeding programs using
conventional molecular markers via flanking markers. The QTL identified on
chromosome 7BL is very large (greater than 20cM) and as such the use of flanking
markers to introgress the gene tolerant to LMA is not possible due to the possibility of
recombination and thus loss of the LMA tolerant gene. It has previously been proposed
that breeders introgress large segments of chromosome during the breeding process.
However, the degree of recombination shown in the 7BL region refutes this theory. The
graphical genotypes generated in this thesis clearly demonstrate a high degree of
recombination has occurred during the development of these cultivars. As such, the
choice of markers used to introgress traits of agronomic importance in this region is
critical. Therefore, it has been proposed to use a panel of markers for marker-assisted
selection of lines for introgressing traits of interest. Towards this end, a Multiplex Trait
Signature (MuTs) profile was developed for each of the 39 lines studied in this thesis.
The aim is to group these lines according to the graphical genotype generated for the
7BL and 3B region containing the QTLs for LMA and develop a score for the
propensity of a line to possess the LMA gene(s) according to these groupings. This
presents a new approach for the use of markers to select lines during the breeding
process as it relies on a panel of markers instead of a single linked marker and/or
flanking markers.

6.6.

Conclusions

The results of this study have important implications for the wheat industry given the
widespread incidence of LMA and boron tolerance in germplasm within Australian
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breeding programs. Many of these LMA-prone cultivars have other highly desirable
agronomic traits that make them attractive parents. It is clear from the research in this
thesis that the analysis of a larger gene network controlling α-amylase variation will
determine the function of gene products essential in explaining complex traits like
LMA. The identification of GAMYB genes broadly syntenic to regions on chromosomes
7BL and 3B containing QTLs for LMA provides a starting point for elucidating the
molecular mechanisms responsible for the regulation of high pI α-amylase in LMAprone cultivars. The generation of a physical map to this region will facilitate the
identification of further genes that play a part in this regulatory network through the
isolation, sequencing and annotation of BAC clones linked to LMA. Finally, the
generation of Multiplex Trait Signatures for LMA-prone cultivars will allow breeders
the ability to select for genotypes that do not contain the LMA allele(s) within their
breeding program.

6.7.

Future work

This thesis has provided a structural analysis of the region controlling the expression of
high pI α-amylase in LMA-prone cultivars. Further characterization of the gene
networks involved in high pI α-amylase expression as discussed in this thesis will assist
in the understanding of the molecular basis of LMA and identify new targets for
manipulating these processes in LMA-prone cultivars. Expression profiling is a new
technique that has been used to identify the expressed portion of genes responsible for
controlling certain pathways (Xue et al., 2006; Alba et al., 2004). A variety of methods
have been developed for investigating the differential expression of genes in plants that
could be used to elucidate the mechanisms responsible for the LMA phenotype and
includes: cDNA-AFLP (Alba et al., 1998), transcriptome profiling via microarray
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analysis (Hazen et al., 2003) and a relatively new technique, eQTL analysis, that
assesses global expression analyses between genotypes for the identification of natural
variation (Hazen et al., 2005).

To determine the roles of the putative candidate genes identified in this thesis,
functional analysis needs to be done. Mutational studies in barley and Arabidopsis have
led to the identification of the regulatory genes responsible for controlling the
expression of alpha amylase, in particular HvGAMYB (Gubler et al., 1999; GomezCadenas et al., 2001). In rice, loss-of-function mutants of the OsGAMYB gene have
been isolated and shown to possess an altered phenotype (Kaneko et al., 2004).
OsGAMYB mutants in this study showed that no α-amylase expression was induced in
the endosperm in response to GA treatment. This indicates that a disruption in the
regulatory high pI alpha amylase pathway had occured. To determine the role of
GAMYB in LMA-prone cultivars, similar mutational studies such as transient silencing
of the GAMYB-gp7 protein through RNA-interence (RNAi) technology may implicate
the role of GAMYB-gp7 in the high pI α-amylase expression pathway for LMA-prone
cultivars.

Also, the identification of DNA-binding sites of transcription factors is important for
predicting their roles in gene regulation (Xue, 2005). Recently, a novel method to
characterize the DNA-binding sequence specificity of plant transcription factors has
been developed in an effort to elucidate their role in gene regulatory networks of plants
under abiotic stress (Xue, 2005). Elucidation of the binding sites of the putative
candidate genes identified in this thesis using this approach will allow the determination
of the target downstream genes within the high pI α-amylase expression pathway.
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Finally, transgenic approaches used as a tool to investigate the genes controlling high pI
α-amylase expression in LMA-prone cultivars offer a powerful means of gaining
valuable information to better understand the mechanisms governing LMA tolerance. It
also allows scientists to simplify studies on the mechanisms governing tolerance to a
particular abiotic or biotic stress by transferring a single gene into plants and observing
the phenotypical and biochemical changes before and after a specific stress treatment
(Bajaj et al., 1999). For LMA, the transfer of the GAMYB gene(s) identified in this
thesis into plants and observation of the phenotypical and biochemical change before
and after induction of LMA phenotype would enable an assessment of the role of these
genes in LMA.
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