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Abstract

FROM INTIMATE CHROMOSOME
ASSOCIATIONS TO WILD SEX IN WHEAT

(TRtflCUM AESTTVUM)

by Ryan Whitford

Meiosis occupies only a short period of the life cycle of higher plants but it is a

crucial process ensuring the correct passage and maintenance of genetic

information from parent to offspring. The ability of allohexaploid bread wheat

(Triticum aestivum L.) to act as a diploid, although it consists of three closely

related genomes, at meiosis makes it an ideal organism for the study of the

mechanisms which ensure correct homologous chromosome pairing at early

prophase of meiosis l. Wheat contains several diploidising systems, which act to

restrict chromosome pairing to homologous chromosomes. One of these genes,

and the one which this study addresses, is termed Ph2 (Pairing flomeologous),

a dominant gene that is located on the short arm of chromosome 3D (3DS). Ph2

is believed to be one of the principal genes responsible for the diploid like

behaviour of L aestivum, acting to prevent pairing between homeologous

chromosomes of different genomes and also in inter-specific and inter-generic

hybrids.

Several approaches have been taken in this study to isolate and analyse genes

expressed at early meiosis which may play a role in homologous chromosome

pairing.

The first approach was the structural analysis of lVheat &feiosis I (WM1) gene

family in relation to its localation within the region deleted in the ph2a wheat

mutant. This work has resulted in the isolation of a cluster of nine, predominantly

type la plasma membrane-anchored leucine rich repeat-like receptor genes that

are predominantly expressed in floral tissue at early meiosis. lmportantly, these

genes have been identified, sequenced and located in the region of lhe Ph2

gene.



The second approach in the systematic analysis of potential meiosis genes was

an attempt at the functional analysis of the Wheat /Vfeiosis 5 (WM5) gene

through biolistic transformation of wheat. Successful transformation of four

wheat genotypes showed that antisense and overexpression of the WM5 gene

showed no significant observable phenotype in the To and Tr generations as

compared to the controls. Analysis of GFP and GUS reporter genes across all

26 independent transgenic wheat lines suggested that the WM5 gene is under

complex transcriptional control and further research with respect to promoter

analyses needs to be performed to elucidate this complex control.

The final approach undertaken in identifying the genes controlling chromosome

pairing and recombination was comparative mapping among the grasses. This

approach used the available rice genome sequence to identify those genes that

may represent the Ph2 gene. Comparative mapping of the rice region

homologous to that deleted in the ph2a mutant highlighted two clear candidate

genes that are likely to explain the Ph2 phenotype. These genes encode a rice

Asyl (Arabidopsrs asynaptic mutant 1) protein homologue and a mismatch

repair protein (Arabidops,s AtMSHT) homologue.

Through the structural, functional and comparative analysis of genes within the

grasses, this study aimed to increase our awareness of grass genome structure

and draw attention to those genes likely to control the process of chromosome

pairing and recombination during meiosis.
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1 Chapter

LITERATURE REVIEW

1.1 General introduction
The dynamic cellular processes within higher eukaryotic organisms remain

largely unknown. Our growing awareness of cellular development including

mitosis and meiosis often results in a tendency to manipulate these processes

for further understanding and ultimately for economic and sociological benefit.

The pursuit for understanding the mechanisms controlling the developmental

process of meiosis is of crucial importance given that it is the basis of sexual

reproduction. ln bread wheat (Triticum aestivum), sexual reproduction followed

by fertilisation results in the formation of seed, Derivatives of this seed forms the

foundation of the staple diet for the much of the world's population.

Model organisms such as yeast (Saccharomyces cerevrseae) have provided

valuable insight into the genetic control of meiosis, more specifically

chromosome pairing and recombination. However, it is still largely unproven

whether there is strict commonality in fundamental mechanisms controlling

meiosis among all eukaryotic organisms. The polyploid nature of wheat poses

an added level of complexity when trying to understand the mechanisms of

chromosome pairing. This literature review explores classical views of meiosis

through understanding in model organisms and endeavours to shed light on the

genetic control of meiosis in polyploid organisms, specifically the control of

chromosome pairing and recombination in bread wheat (T. aestivum).

Additionally, it aims to highlight the importance of manipulating chromosome

pairing and recombination with respect to wheat breeding.
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1.2 Mitosis and meiosis

Mitosis and meiosis represent two fundamental processes in eukaryote cell

division.

Mitosis constitutes a phase in the cell cycle, alternating with interphase that

combines two growth periods (G1 and G2), between which the chromosomes

replicate (S phase). Following the second growth period, the cell enters the

mitotic phase (M) (Figure 1).

Meiosis shares many corresponding steps to the events in mitosis. However,

meiosis is the essential complement to the genome doubling at fertilisation that

occurs in sexually reproducing organisms, as it provides a mechanism to reduce

the genome size in half. For the daughter cells and products of fertilisation to be

viable, this must be a precise reduction into two functionally equivalent halves -

each cell must possess a full haploid genome complement. The way this is
achieved by the great majority of organisms is the pairing of homologous

chromosomes during prophase of the flrst meiotic division. When homologous

chromosomes are paired, they are able to orient their kinetochores in opposite

directions so that at anaphase, half of the chromosomes are pulled to each

spindle pole (Figure 2). This simple description of pairing belies a cell biological

process of immense complexity.

Two important properties distinguish meiosis from mitosis:

1. ln meiosis, the homologous chromosomes pair lengthwise and their

chromatids exchange genetic material by crossing-over.

2. The sister chromatids, which are not identical after crossing-over, do not

separate from one another in the first nuclear division, and the chromosomes do

not replicate between the two nuclear divisions.

(Raven & Johnson,1992)
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Figure 1: Mitosis. The photographs show nuclei of root tip cells of Lilium
regale. Modified from (Grimes ef a/., 2001; Mcleish & Snoad, 1958).
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Figure 2: Meiosis. The photographs are of Lilium regale. Note: For simplicity,
multiple chiasmata are drawn as involving only two chromatids; in reality, all four
chromatids can be involved. Modified from (Grimes ef al., 2001; McLeish &
Snoad, 1958).
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The meiosis specific mechanism of genetic recombination or crossing over is

the exchange of DNA sequences on maternal and paternal chromatids resulting

in new combinations of genes. This provides a mechanism for generating

genetic diversity beyond that achieved by the independent assortment of

chromosomes.

1.3 Model organisms for the study of meiosis

The budding yeast S. cerevrseae has been extensively studied in relation to

meiosis largely due to its ease of manipulation (eg. mutagenesis), availability

and production of developmentally defined material, and the availability of whole

genome sequence information. Through the use of S. cereviseae as a model

for the genetic control of meiosis, molecular mechanisms underlying

chromosome pairing and recombination are outlined and compared with plant

systems.

1.3.1 Chromosome pairing

The literature provides us with an intense debate on the sequence of events

surrounding chromosome homology recognition, alignment, synapsis and

synaptonemal complex formation (Bennett, 1984; Loidl, 1990; Moens, 1994).

Does it follow this particular sequence, another Sequence, or does it occur

simultaneously? How do homologous chromosomes recognise each other?

Chromosome pairing is generally agreed to be the close association of

homologous or homeologous chromosomes at late leptotene in wheat. This

chromosome pairing and subsequent chiasmata formation is the mechanism by

which genetic information is exchanged between homologous or homeologous

chromosomes resulting in new gene combinations.

Meiotic homologues come into homology-directed physical contact with one

another no later than leptotene. ln yeast, homologues put side by side prior to

meiotic S-phase are dislocated during S-phase, and then re-established towards

the end of S-phase or directly thereafter (Scherthan et al., 1994; Weiner &
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Kleckner, 1994). Whether all monocots conform to this generalisation remains

to be determined (Franklin et al., 1999).

ln yeast, homologues identify one another in the apparent absence of any

chemical interruptions in their DNA, not only during somatic pairing but also

during meiotic prophase (Loidl et al., 1994; Nag ef a/., 1995; Weiner & Kleckner,

1994). This homologue recognition seems to be independent of recombination

(Loidl et al., 1994; Weiner & Kleckner, 1994). Chromosome pairing has been

associated with heterochromatic regions, along with specific or specialised

chromatin structures or compartments in plants, humans and Drosophila. Many

hypotheses attempting to explain this process occur in the literature. lt has been

suggested that pairing contacts are unstable and it is expected that there is

necessity for the synergistic cooperation of multiple elements to stabilise the

contacts. This is likely to be associated with the number and proximity of

interacting copies, receptiveness of underlying DNA sequence to DNA/DNA

interactions and suitable "stickiness" factors (Zickler & Kleckner, 1999). Certain

sequences at the DNA level have been implicated directly in homologous

interactions (Zickler & Kleckner, 1998). However, aside from homology at the

DNA level, pattern recognition has also been implicated in chromosome pairing

(Albini & Jones, 1987; Chandley, 1986).

1.3.2 Homologous recombination
Recombination is any process generating new combinations of pre-existing

genetic material. Homologous recombination is specifically homology

dependent, but not sequence-dependent, so any two DNA molecules of related

sequence can undergo recombination by this process.

The isolation of S. cerevrsrae mutants defective in DNA damage repair, and

blocked during meiosis has been useful for the identification of recombination

genes. Recombination repair is any DNA repair or damage tolerance tactic

involving homologous recombination.

There are two substrates for homology dependent recombination repair: double

strand breaks (DSBs) and single strand gaps. Figure 3 outlines mechanisms
10



involved in this homology dependent recombination repair. lnterestingly,

comparable mechanisms form the basis for both double strand breaks and

single strand gaps. Described below is the molecular basis for double strand

break repair.

1.3.2.1 Double strand break repair

Recombination at the molecular level is a result of a specific pathway involving

the processing of DNA double-strand breaks (DSBs) (Game et a1.,1989; Sun ef

a/., 1989). These DSBs are site-specific and take place during early to mid

prophase (Padmore et al., 1991). They are also accountable for much or all-

meiotic recombination in yeast (Sun ef a/., 1989). DSBs are 5'resected leaving

3' ssDNA of about 600 nucleotides in length (Weiner & Kleckner, 1994).

Meiosis-specific DSBs have been shown to arise prior to or at the same time as

the synaptonemal complex formation. Ensuing stable joint molecules take

shape (Schwacha & Kleckner, 1994) and recombination is achieved by the end

of pachytene (Padmore et al., 1991). Such a process would suggest that a

RecA-like protein (functions in pairing homologous DNA molecules and the

subsequent exchange of DNA strands in Eschersha colíl would bind to the

ssDNA and assist in the homology searching. However, meiotic homologue

pairing transpires in the absence of all four RecA homologues (Kleckner, 1996).

lnstead the Rad52 epistasis group of genes from yeast have been shown to be

involved in recombination repair (Cameriniotero & Hsieh, 1995). Rad51

(inducible by DNA damage) is the major gene of the group with homologues

having been isolated from many eukaryotes. Other genes from the Rad52

epistasis group have mutant phenotypes, which implicate them in having roles in

both mitosis and meiosis.

Other genes have been observed to be involved in recombination repair with six

genes accepted to be meiosis-specific and involved specifically in this DSB

establishment. These consist of Spol1, Me14, Mer2, Rec102, Rec104 and

Rec114. There are also three required for the repair of DSBs in non-meiotic

cells. These include Rad50, Mre11 and Xrs2 (Keeney et a1.,1997).
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Figure 3: Homologous recombination as a mechanism to repair damaged DNA.

Rãpair of single-strand gaps (a) and double strand breaks (b) involves new

replication acóss the lesion using a strand from the undamaged duplex as a
template. Completion of the replication is followed by strand ligation, forming
Holliday junctions, which can be resolved as shown in Figure 4. Recombination
involving a partial chromosome (c) generates a Holliday junction intermediate,
which ið resolved as a replication fork. Arrows represent the direction of new

DNA synthesis (Twyman, 1998). Outlined on the left are those genes of yeast
found ío be involved in the recombination process (Zickler & Kleckner, 1998;

Zickler & Kleckner, 1999).
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Mechanistically these double strand breaks occur at hotspots of recombination

and are made, in conjunction with other proteins, by the Spo11 protein, which

becomes covalently attached to the 5' ends at the break. Progressive

shortening of the 5' - ended strands, perhaps by the Rad50-Mre11-Xrs2

complex, exposes 3' - ended single strands (Figure 3) (Davis & Smith, 2001).

Assisted by Rad51, Dmcl and other strand exchange proteins, these single

strands are believed to invade homologue duplex DNA to form a displacement

loop (D-loop). D-loop joint molecules are altered into Holliday junctions, which

are then transformed into recombinant molecules with either a cross-over or

noncrossover configuration (Figure 4) (Davis & Smith, 2001). The heteroduplex

DNA formed in the Holliday junction is typically corrected by the mismatch repair

system.

1.3.2.2 Mismatch repair sysfem

The yeast mismatch repair system is understood to be involved in meiotic

recombination through the processing of non-homologous ends during double-

strand break-induced recombination (Sugawara et a|.,1997). A mismatch repair

protein complex, MSH2-MSH6, has also been observed to bind to Holliday

junctions during meiotic recombination (Alani et al., 1994; Marsischky et al.,

l eee).

The affinity of the MSH2-MSH6 complex for Holliday junctions was shown to be

at a level comparable to that as for mispaired bases (Marsischky et al., 1999).

Apart from mismatch correction, MSH2, MSH3 and MSH6 additionally play a

role in inhibiting recombination between divergent DNA sequences (Chambers

et al., 1996; Chen & Jinks-Robertson, 1998; Datta ef a/., 1996; Hunter et al.,

1996; Selva et al., 1997; Selva et al., 1995; Sugawara et al., 1997). The

suppression of homeologous recombination mediated by the mismatch repair

system is believed to be through the detection of mispairs within the

recombination intermediates and the prevention of processing of these

recombination intermediates (Baker et a1.,1995; de Wind et a|.,1995; Edelmann

et a\.,1996).
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Figure 4: Resolution of the Holliday junction in either of two planes (a) and (b),
generating different products. Only one resolution pathway generates a
molecule, which is recombinant for flanking markers A and B, although both
pathways generate a region of heteroduplex DNA (Twyman, 1998).
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Consequently the mismatch repair system plays a crucial role in maintaining

genetic stability by recognising and processing mismatched nucleotides that

may occur during DNA replication, genetic recombination and some types of

chemical damage to DNA.

Chromosome associations instigated through DSBs and the mismatch repair

system result in the formation of the long "ribbon-like" synaptonemal complex

(Figure 5). The synaptonemal complex is a meiosis specific proteinaceous

structure (Klein, 1994), which initiates at late leptotene and degrades by early

diplotene. This synaptonemal complex is termed the chaperone of crossing

over and is characterised by a tripartite structure consisting of two lateral

elements, a central element and a complex array of transverse filaments

(Hasenkampf, 1996). The synaptonemal complex is absolutely crucial in

fastening the pairing chromosomes together and mediating the resolution of

homologous recombination.

1.4 Meiosis in allohexaploid wheat

1.4.1 Genome organisation
The common bread wheat, T. aestivum, is generally considered as an

allopolyploid. Bread wheat being an allohexaploid (2n - 6x = 42) consists of

three separate genomes, the A, B and D genomes, which seem to have arisen

by two successive hybridisation events. The A genome arising from Triticum

uratu (2x = 14)i the B genome from Aegilops spe/fordes (2x = 14) (Blake et al.,

1 998); and the D genome from Triticum tauschii (2x = 14) (Sears, 1976).

Chromosomes from each of the separate genomes are termed homeologues

whilst those chromosomes within each genome are termed homologues.

Although homeologues share extensive sequence homology, hexaploid wheat

behaves in a diploid manner where pairing is strictly between true homologues.

Even in haploids very little homeologous chromosome association is observed

(Riley, 1960). Consequently homeologous chromosomes do not recombine with

each other and this helps maintain genome stability.
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Figure 5: The synaptonemal complex (SC). (a) Longitudinal section of B/aps
cribrosa SC with clear scalariform central element (CE) and two lateral elements
(Karpen et al., 1996) surrounded by chromatin (ch). (b) Cross section showing
the complex four layered CE. (c) Lateral section with three of the CE layers
indicated by arrows (the round dark ball on top of the layers is a recombination
nodule). (d) Three-dimensional model of the central region in B. cribosa. The
multilayered CE are in purple, the flanking LEs in pale yellow (indicated as
plates), the transverse filaments (TF) crossing the central region in red, and the
surrounding chromatin is in grey. Directions of views indicated F, frontal, L,
lateral, C, cross-sectional view. Bar = 50 nm (Schmekel et a|.,1993).
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At meiotic prophase bread wheat undergoes a two-phase pattern of

synaptonemal complex associations. Firstly, a complex network of synaptic

interactions establishes at zygotene and early pachytene (Holm, 1986; Holm &

Wang, 1988) meaning homology detection and synaptonemal complex

formation is taking place between homeologues as well as homologues.

Synapsis is progressively limited to homologues by the end of pachytene

(Holm, 1986) and by metaphase l, only chiasmate bivalents are present,

meaning that crossing over has occurred strictly between homologues and not

between homeologues (Feldman & Avivi, 1988; Holm, 1988a; Holm, 1988b;

Holm & Wang, 1988; Martinez-Perez et a/., 1999; Mikhailova et a1.,1998; Sears,

1976). lt seems as though chromosome synapsis in bread wheat undergoes a

corrective or adjustment step at mid-pachytene to allow only homologous

chromosome pairing.

Most allopolyploids, whether natural (Sci//a autumnalis, Avena sativa, Avena

maroccana, Aegilops biuncialis) or hybrids (Lolium spp.), seem to behave like

bread wheat (Cunado et al., 1996; Jenkins & Jimenez, 1995; Jenkins et al.,

1988; Peterson et al., 1996; Thomas, 1990). Synapsis is confined mainly to

homologues even as early as zygotene, before the corrective phase of mid-

pachytene, as observed in wheat.

Chromosome pairing in autopolyploids is greatly different. Autopolyploids stem

from from the multiplication of a single genome. This consequently causes

multivalent associations at prophase and metaphase l. Associations between

these homologous chromosomes are still mediated by crossovers and

synaptonemal complexes (Sherman et al., 1989; Vincent & Jones, 1993).

Multivalent formation in autopolyploids often results in reduced fertility.

1.4.2 Ghromosome pairing and recombination

Homologues seem to find their counterparts in a very short time; in wheat this is

in a matter of hours. This is such a remarkable process considering the nucleus

is crowded with chromosomes, which are entangled. ln wheat these

chromosomes contain large stretches of repeated sequences of which all
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homeologous chromosomes share. How each homologous chromosome

recognises each other at the molecular level considering these adversities

remains a mystery.

It is interesting that plant breeders have been unable to create synthetic

allopolyploids that undergo regular bivalent formation as seen in wheat and oats

(Benavente & Orellana, 1991). This suggests that the naturally occurring

allopolyploids or progenitors must have evolved special mechanisms for

determining stringency control in chromosome pairing so as to promote viability.

Genetic determinants have been found that manage the stringency of

chromosome pairing in allopolyploids. A complex group of genes have been

defined that control the level of pairing between homologous and homeologous

chromosomes. These genes have been studied in detail for many decades

(Driscoll, 1972; Driscoll, 1973; Feldman, 1966; Riley & Chapman, 1958; Riley ef

a/., 1966; Sears, 1976; Sears, 1977; Sears, 1982; Sears & Okamoto, 1958).

These lairing F{omeologous (Ph) genes were described based on wheat

euploid and mutant lines that had varying abilities to promote or suppress

pairing between homeologous chromosomes. Other factors that have been

found to regulate chromosome pairing in allopolyploids and amphiploids include

heterochromatic B chromosomes. The heterochromatic B chromosomes affect

the regularity of chiasmatic associations within complex genomes (Sears, 1976).

1.4.2.1 Suppressors of homeologous chromosome pairing

Suppressors of chromosome pairing act to restrict chiasma formation strictly to

homologous chromosomes resulting in strict bivalents forming at metaphase l.

The gene expressing the strongest influence on the suppression of

homeologous chromosome pairing has been localised to the long arm of

chromosome 5 (5BL) and has been termed Ph1 (Okamoto, 1957; Riley &

Chapman, 1958; Sears & Okamoto, 1958). Minor suppressors have been found

on 3DS and 3AS. The gene located on 3DS, termed Ph2, is a stronger

suppressor of pairing than the gene located on 3AS (Cuadrado ef al., 1991,

Driscoll, 1972; Mello-Sampayo, 1971; Mello-Sampayo & Canas, 1973; Uphadya
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& Swaminathan, 1967). An even weaker suppressor of pairing has been

located on chromosome 4D (Driscoll, 1973). These suppressors of

homeologous chromosome pairing have primarily been identified through

euploid wheat lines or mutagenesis.

1.4.2.1.1 The mechanistic action of Ph genes

There have been many proposals for the mechanism controlling the actions of

the Ph genes. One of the earliest models, suggested that pairing involved the

ratio of DNA to histones during synapsis (Ansley, 1958). lt was found that cells

undergoing synapsis had a low ratio of DNA to histones. How this affected the

stringency of chromosome pairing was unknown at the time. Ansley's model

was superseded by Feldman and colleague's (Avivi & Feldman, 1973a; Avivi &

Feldman, 1973b; Feldman & Avivi, 1973) who suggested that Ph genes

regulated chromosome proximity. Studies were based on the effect of Ph gene

dosage and colchicine treatment on somatic chromosome associations. lt was

proposed that pairing suppressors destabilised the interaction between

chromosomes and both the microtubules and spindle, whereas the pairing

promoters stabilised these interactions. Studies on chromosomes from early

meiotic prophase showed that the chromosomes lie closer together in the

absence of a certain Ph gene, whilst when there are six copies of the same Ph

gene, chromosomes lie nearly at random. Driscoll et al. (1979) on the other

hand hypothesised that there is an enzyme system affected which allows pairing

events to proceed to chiasma formation. Recently Liu ef a/. (1998) suggested

that homology search and initiation of pairing is controlled both on the genic

level (ie Ph genes) and by homeologous differentiation. Homeologous

differentiation is based on low-copy, non-coding, chromosome specific

sequences (CSSs) that are clustered in interstitial, subterminal and terminal

(subtelomeric) regions of the chromosome.

The debate on the mode of action of Ph genes has been raised since the 1960's

and to date still continues.
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1.4.2.1.2 Pairing Homeologous gene 1 Pfi)
Taking lairing flomeologous gene 1 (Ph1) as an example, phllphl mutant

wheat lines (eg phlb, phlc) and those euploid wheat lines missing both copies

of chromosome 58L, chiasma formation is no longer strictly between

homologues. Both homologous chromosome synapsis and multivalent

formation is observed, which is associated with a decrease in the total number

of chiasmata (Holm & Wang, 1988; Vega &.Feldman, 1998a). Conversely, six

copies of Ph1 by way of multiplication of 5BL, results in primarily univalent

arrangement at metaphase I with a reduction in the levels of chiasmata, even

between homologues. lt has been shown however that the chromosomes are

still interacting, even with high levels of interlocking homeologues (Feldman,

1966; Feldman &Avivi, 1988; Holm, 1988a; Holm, 1988b; Holm &Wang, 1988;

Luo ef a/., 1996; Sears, 1976; Yacobi et al., 1982). These interlockings, which

may represent first stages of homology searching, do not result in the formation

of chiasmata. This suggests that the dosage effect of Ph1 results in a loss in the

discrimination between homologues and homeologues. Too many (six copies)

or too few Ph1 (zero copies) ultimately results in lower levels of chiasmata both

between homologues and between homeologues. Such variations in chiasmata

formation are directly reflected in the formation of the synaptonemal complex.

Either zero or six copies of Ph1 results in incomplete synaptonemal complex

formation along with a greater number of multiple homologous and

homeologous synaptic associations (Holm, 1988a; Holm, 1988b; Holm & Wang,

1e88).

Recent studies using fluorescent in situ hybridisation on mutant lines of Ph1

have helped our understanding of the mode of action of the Phl gene. Findings

suggest that mutants oÍ Ph1 have altered chromosome/chromatin organisation

and compaction, not only in meiotic cells but also in somatic cells (Aragon-

Alcaide et al., 1997; Mikhailova et al., 1998; Vega & Feldman, 1998b). There

seems to be a premature separation of sister chromatids and extension of the

centromeric chromatin in univalents at anaphase L Observations also show that

there is breakage of centromeres such that the two arms of a chromatid (or

chromatid pair) are estranged from one another (Aragon-Alcaide et al., 1997;
20



Vega & Feldman, 1998b). Phl mutants also seem to have alterations in the

relative arrangement of homologous chromosomes both in meiotic and somatic

cells (tapetal cells) (Mikhailova et al., 1998). This alteration occurs in meiotic

cells from pre-meiotic interphase. lt seems that Ph1 specifies or affects some

basic component of chromosome structure.

1.4.2.1.3 Pairing Homeologous gene 2 Pn2)
fairing flomeologous gene 2 (Ph2) is a minor suppressor of homeologous

chromosome pairing as compared to Phl, which is located on chromosome

3DS. An X-ray induced deletion of the Ph2 gene, ph2a (Sears, 1977) and a

point mutation, ph2b (Wall ef al., 1971), reveal that the removal of the gene

induces higher levels of homeologous chromosome pairing in wheat hybrids

with alien species, but does not effect chromosome pairing in wheat itself

(Sears, 1977).

Ph2 being a minor suppressor of homeologous chromosome pairing as

compared lo Ph1 holds true when comparing metaphase I pairing associations

within wheat x rye hybrids. The X-ray deletion mutant, ph1b, has an average of

10.71 chiasmatic associations per cell, whilst ph2b has an average of 3.43

chiasmatic associations per cell. This compares to 1.36 chiasmatic associations

in wild-type Ph1Ph2 wheat (Benavente et al., 1998). ln the same study it was

suggested that whatever the meiotic mechanism actually affected by a mutation

at the Ph2locus, the ability to discriminate chromosome similarity among related

partners seemed not to be influenced. The greater pairing promotion effect of

lhe phlb mutation appears to be relatively more on distant homeologous partner

metaphase I associations, whereas the lower promoting effect of ph2b is evenly

distributed among all types of homeologous associations. lt is also suggested

that the resolution of wheat x rye metaphase I associations into wheat x rye

recombination events in ph2b is lower than that for phlb. This finding reveals

that distinct mechanisms are involved in the control on homeologous synapsis

and/or chiasma formation by the two Pf¡ genes (Benavente et al., 1998).
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More detailed ultrastructural analysis comparing phlb and ph2b illustrates that

only a few nuclei accomplish synapsis (synaptonemal complex formation) in the

ph2b genotype, whereas most nuclei completed synapsis in the wild type and

phlb genotypes (Martinez et a1.,2001). Results of this study suggest that

neither Phl or Ph2 affect synaptic restriction to bivalents at early prophase but

do have a different effect on later synaptic behaviour. This result further

illustrates that Phl and Ph2 bring about diploidisation of allohexaploid wheat by

different mechanisms. Ph2 seems to affect synaptic progression, probably in a

similar way to a diploid species. lt has been suggested that Ph2 itself may not

represent a pairing homeologous (Ph) locus but a synaptic (Syn) locus (Martinez

et a\.,2001). This raises the question of whether homeologous chromosome

pairing as phenotypically determined through analysis of the Ph2 locus is a

consequence of asynapsis?

It is also interesting that less attention has been paid to the effect of ph2lph2in

wheat x alien hybrids, even though its intermediate level of promotion of

homeologous chromosome pairing is thought to be more appropriate for genetic

transfers from closely related species (Sears, 1982). lf Phl and Ph2 do indeed

represent different mechanisms influencing homeologous chromosome pairing,

further understanding of these mechanisms at a molecular level may help in

their synergistic integration to produce wheat lines,of increased homeologous

chromosome pairing and recombination capacity.

1.4.2.2 Promoters of homeologous chromosome pairing

Unlike the suppressors of pairing, Ph3, which is located on 5BS is a promoter of

pairing (Sears, 1972). Other promoters of pairing have been located on

chromosomes 3DL (Driscoll, 1972; Mello-Sampayo & Lorente, 1968), 3BL

(Kempanna & Riley, 1962; Sears, 1954), 3AL (Mello-Sampayo & Canas, 1973),

SDL (Feldman, 1966; Feldman, 1968; Mello-Sampayo, 1972; Riley ef a/., 1966),

and SAL (Feldman, 1966; Feldman, 1968; Riley ef a/., 1966). These studies

revealed that promoters of homeologous chromosome pairing increase levels of

multiple chromosome associations. However, there are no proportional
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correlations between dosage of suppressors or promoters. More detailed

ultrastructural analysis using electron microscopy illustrated that altering the

balance of promoters and suppressors causes synapsis arrest in both wheat

itself and in interspecific hybrids (Holm & Wang, 1988).

1.4.2.3 Molecular models of chromosome pairing in wheat

Recent studies have increased basic understanding of the mechanistic action of

Ph genes on chromosome behaviour in allohexapoid wheat. Of particular

interest is the recent comparison of Ph1 to Ph2, suggesting two different

mechanisms resulting in homeologous chromosome pairing (Martinez et al.,

2001). Accordingly several hypotheses have progressed to explain the

observed chromosome behaviour.

1 .4.2.3. 1 Spatial distribution of chromosolnes

Feldman and colleague's (Feldman & Avivi, 1988) have suggested that

homologous chromosomes pair up before the onset of meiosis (described in

Section 1.4.2.1.1). Discrimination between homologues and homeologues

occurs prior to meiosis via effects on somatic pairing related to spatial

distribution within the nucleus. lt is anticipated that the Ph genes directly or

indirectly influence this spatial distribution and therefore chromosomes would

not be completely dispersed within the nucleus. ln a haploid cell the

chromosomes would be spatially separated, lying side by side or around each

other (Schwarzacher, 1997), unlike a diploid cell where the homologues and

homeologues would be associated and have relatively fixed positions in relation

to each other (Flavell et al., 1987). lt was also suggested that there may be

"elastic connectors" controlling the position of chromosome homologues or

homeologues (Maguire, 19771. This has led to suggestions of the possible

presence of intranuclear fibrillar material that has the same influence on the

positioning of the chromosomes (Bennett & Smith, 1979). This is certainly the

case for dipterans such as Aedes aegypti and some higher plants such as

maize (Maguire, 1983). However, this is untrue for plants such as Lilium (Del

Fosse & Church, 1981; Walters, 1970). Weiner and Kleckner (1994) have

observed in yeast, pre-meiotic homologous chromosome associations but these
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weaken as DNA replication commences. As these cells undergo meiosis the

chromosomal associations re-establish. Wheat has been shown to behave

slightly differently to other eukaryotes in that centromeres of homologous

chromosomes become associated first during floral development. At pre-meiotic

interphase over 90% of homologues are already completely associated with

their pairing partner (Moore, 1998). Somatic chromosome disposition seems to

vary among eukaryotes and no strict rule applies to all.

1.4.2.3.2 Timing of chromosome interactions

Hobolth (1981) and Von Wettstein et al., (1984) suggest that timing of

crossovers and chromosome exchanges after diploidisation is the key factor

controlled by the Ph genes. Hobolth (1981) observed that multivalent

synaptonemal complexes regularly form at zygotene but become corrected into

strict bivalents at pachytene in euploid wheat. However, with six copies of Phl
(trisomic 5BL) the number of multivalents increased. Following these

observations, Hobolth believed that with two copies of Ph1 (wild type), crossing

over is delayed until after multivalents are corrected into bivalents. However,

with six copies of Ph1 crossing-over is delayed until diplotene when the

synaptonemal complexes begin to degrade and when the condition for

recombination has become sub-optimal. Holm and Wang (1988) disagree with

this mechanistic model for Ph1 based on obseruations in monosomic SBL and

occasionally in euploid wheat, where multivalent associations sometime persist

through the crossing-over interval yet chiasmata are not formed between

homeologues. Holm and Wang (1988) also argue that it is expected that there

would be a reduction of chiasmata in trisomic 5BL, however there is pairing

arrest.

1.4.2.3.3 Stringency of both synapsrs and homologous exchanges

It has been proposed that the observed chromosome behaviour of mutants at

Ph loci is a result of alterations in the control of stringency of both synapsis and

homologous exchanges (Holm & Wang, 1988). lt was also proposed that the

control is likely to lie within the DNA mismatch repair system (Holm & Wang,

1988) as crossover suppression in bread wheat can be attributable, at least in
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part, to the fact that homeologue DNA affects the basic biochemistry of the

recombination process. This is supported by the fact that recombinant

chromosomes containing homeologous or alien segments, upon undergoing

synapsis, have a reduced number of chiasma between the homologous and

homeologous/alien segments (Liharska et al., 1996; Luo ef a/., 1996). This

suggests that homology is processed along the entire length of the

chromosomes yet there is disruption at specific sites where there are likely to be

recombination interactions.

1.4.3 lmprovement of wheat breeding by the control of the Pfi genes

Plant breeding essentially relies on and makes use of genetic variation, which

occurs naturally within and between members of a family, a genus, a species or

a subspecies, or through the introduction of genes from other organisms, which

may or may not be related to the host plant.

From a plant breeder's perspective, the limits of homeologous recombination

define a genetic barrier to the introduction of new and desirable traits into

existing plant varieties. This means that land races and related species such as

rye are hard to use for wheat improvement. Problems with chromosome pairing

and recombination limit the ability of breeders to exploit useful genes through

introgression. Homeologous recombination is thus of great importance for plant

breeding. Accordingly there is a need for a process of enhancing the frequency

of homeologous recombination in plants. ln particular, there is a need for a
process of increasing homeologous recombination to significantly shorten the

length of breeding programs by reducing the number of crosses required to

obtain an othenrvise rare recombination event.

Understanding the action of the Ph2 gene for alien gene introgression aims to

help increase the frequency of recombination between the genomes. The Ph

genes of L aesfivum maintain a strong barrier to gene flow between crossable

species having homeologous chromosomal relationships (Ceoloni & Donini,

1993). lncreasing the frequency of recombination will reduce capital costs for

wheat breeding programs by reducing the numbers of plants required within
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breeding populations. The introduction of alien traits into T. aestivum would help

increase the genetic base from which breeders can work.

Breeders currently use ph1b, a deletion mutant at the Phl locus of Chinese

Spring (Sears, 1977) in their alien gene introgression crosses. The

effectiveness of the phlb mutant has been demonstrated in wide crosses (Gale

& Miller, 1987) but in some cases it's usefulness is limited. With crosses

between wheat (lacking Phl locus) and rye, as well as crosses between wheat

and barley, desired levels of pairing and recombination are laborious and difficult

to obtain (lslam & Shepherd, 1988; Koebner & Shepherd, 1985). To solve the

problem of such crosses their needs to be an understanding of the molecular

mechanisms involved in chromosome pairing and recombination. Once

understood, the system can then be manipulated to increase the efficiency of

alien gene introgression.

1.5 Aims of this study
This study primarily aims to outline a systematic method for the analysis of

genes likely to be involved in meiosis, in particular, those genes that could

possibly represent the Ph2 gene. Specifically structural analysis of the Wheat

/Vfeiosis 1 (WM1) gene family in relation to its localition within the region deleted

in the ph2a wheat mutant was examined. ln addition, an attempt at functional

analysis of the Wheat &feiosis 5 (WMí\ gene through the use of biolistic wheat

transformation was conducted. Finally comparative mapping among the

grasses aims to use the currently available rice genome sequence to identify

those genes that may represent the Ph2 gene. Through the structural,

functional and comparative analysis of genes within the grasses, this study aims

to increase our awareness of grass genome structure and meiosis.

What are the gene(s) controlling the lairing flomeologous (Ph) phenotype and

how do they work? This question has been studied for 40 years and it is
anticipated that the approaches taken in this study will shed light on this

unanswered question.
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2 Chapter

GENERAL MATERIALS AND METHODS

2.1 Materials

Materials used in this study are listed below, together with the suppliers' names.

All chemicals for in vitro use were at least analytical grade. Where appropriate,

solutions were prepared using Mill¡Q HzO, and subsequently autoclaved.

Descriptions of RFLP clones and genetic material used in this study can be

found in the individual chapters.

2.1.1 Chemicals

Bovine serum albumen (BSA) fraction V, spermidine, ampicillin, kanamycin,

salmon sperm DNA, N-(2-hydroxyethyl) piperazine-N'-(2-ethane-sulfonic acid

(HEPES), Tris (hydroxymethyl) amino-methane (trizma base), ethidium bromide,

poly vinyl pyrillidone (PVP, 40,000 molecular weight), Eschericia coli I-RNA,

salmon sperm DNA, dithiothreitol (DTT): Sigma Chemicals (USA).

Dextran sulphate, ficoll400: Pharmacia (USA)

Phenol: Wako lndustries (Japan)

NaCl, NaOH, Na2EDTA, MgCl2, potassium acetate (KOAc), sodium acetate

(NaOAc), urea, sucrose, glucose, ethanol (EtOH), iso-propyl alcohol, iso-amyl

alcohol, chloroform, bromophenol blue, HCl, glacial acetic acid, sodium dodecyl

sulphate (SDS): BDH.

Xylene cyanol: Ajax Chemicals

Oligodeoxyribonucleotides: Synthetic oligodeoxyribonucleotides were either

made on an Applied Biosystems (USA) Model 3808 DNA synthesiser by Neil

Shirley in the Department of Plant Science, University of Adelaide or through
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Parallel Array Synthesis (lnvitrogen, Australia) comprising of standard

cyanoethyl phosphoramidite chemistry. Subsequently oligonucleotides were

purified by ion exchange HPLC using a MonoQ column (Pharmacia, USA).

Nucleotides and Radionucleotides: Ultrapure nucleotide triphosphates (NTPs)

and deoxynuclotide triphosphates (dNTPs) were obtained from Pharmacia. [o-
32P1 dnTP (10 pCi/pl), and [o-t'P] dcTP (10 pCi/pl), were obtained from

Bresatec and Amersham (Australia).

2.1.2 Enzymes

Mung bean nuclease: New England Biolabs.

Calf intestinal alkaline phosphatase (CIAP): Boehringer Mannheim (Germany).

Pancreatic RNase A: Sigma (USA).

Iag DNA polymerase, Klenow fragment (large fragment of Escherica coll DNA

polymerase l), Thermoscript and Superscript Reverse Transcriptase: Life

Technologies (Rockville, MD, USA).

Pfu DNA polymerase: Stratagene (La Jolla, CA)

Restriction enzymes: Bresatec (Australia), Boehringer Mannheim (Germany),

New England Biolabs and Promega (USA).

2.1.3 Molecularweight markers and cloning vectors

¡" DNA cut with Hind llland À DNA cut with Bsf ElllSal L

pBluescript SK(+) : Stratagene (USA).

Bacterial strains: Escherichia coli DH5c¿: Stratagene (USA)

Bacterial media ingredients: bacto-agar, bacto-tryptone and yeast extract: Difco

Laboratories (USA).
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2.',.4 Agaroses

Low melting point agarose: BRL (USA).

Other agarose (NuSeive GTG grade): FMC Bioproducts (USA).

2.1.5 Kits
Bresa-Clean: Bresatec (Australia).

Qiagen tip-20: Qiagen (Australia)

Qiagen gelextraction kit: Qiagen (Australia)

Qiagen PCR clean-up kit: Qiagen (Australia)

2.2 Methods

Methods were carried out according to standard procedures (Sambrook et al.,

1989) or using manufacturers specifications (except where cited in text).

Methods used routinely throughout this study are described below. Speciflc

methods that were used only in particular parts of this study are described in the

individual chapters.

2.2.1 Plant growth conditions

Potting soil was prepared by the plant growth facility at the Waite lnstitute

(University of Adelaide). Unless othenruise stated, recycled soil made from

discarded soil and plant material was used. UC (University of California) soil mix

consisting of four parts washed river sand and three parts (dry volume) moss

peat was used when a more consistent soil was required. Both types of soil

were steam treated to reduce the viability of contaminating seeds and

microorganisms. Unless othen¡rrise stated, plants were grown in 13 to 25 cm

pots in the glasshouse, at 18 to 25oC.

2.2.2 Growth of bacteria

Cultures of E. coti bacteria were grown overnight at 37oC, using solid or liquid

media. Solid media was prepared by dissolving bacterialogical agar (1 .5% wlv)
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in boiling LB broth (1.0o/o (w/v) bacto-tryptone, 0.5% (w/v) yeast extract, 1.0%

(w/v) NaCl, pH 7.0). Liquid cultures were grown in 10 mL tubes containing 3.0

mL LB broth or 2YT broth (1.60/0 (w/v) bacto-tryptone, 1,0% (w/v) yeast extract,

0.5% (w/v) NaCl, pH 7.0). Each liquid culture was inoculated using a single

bacterial colony or a scraping from a frozen glycerol culture, and grown on a

rotator. The antibiotic ampicillin or kanamycin was added to bacterial growth

media at concentrations of 100 pg mL-1 or'50 pg mL-1 respectively.

2.2.3 Transformation of E. coli with plasmids by electroporation

Procedures used to prepare electrocompetent cells were those supplied with the

Gene-Pulser (Bio.Rad, USA). One litre of LB culture was inoculated using 10

mL of an overnight culture of E. coli strain DH5c (BRL, USA), grown to an

optical density (À600) of 0.9) with the flask chilled on ice for 15 to 30 min. The

culture was transferred to 200 mL tubes and the cells pelleted in a GSA rotor at

3,000 rpm for 15 min at 4oC. The supernatant was discarded and the cells gently

resuspended in 0.5 L of ice-cold 10o/o glycerol solution. The cells were then

pelleted as above, the supernatant discarded, and resuspended in 20 mL of ice-

cold 10% glycerol solution. Cells were transferred to 30 mL tubes, pelleted in a

HB4 rotor at 4,000 rpm for 15 min at 4oC, and resuspended in 2.0 mL of ice-

cold, 10% glycerol solution. The electrocompetent cells were transferred to 1.5

mL Eppendorf tubes in aliquots of 140 pl, snap frozen in liquid nitrogen, and

stored at -80oC until use.

Transformation of electrocompetent cells with plasmids was performed

according to the recommendations supplied with the Gene-Pulser.

Electrocompetent cells (40 pl) were combined with 1.0 pL MilliQ H2O containing

5.0 ng of plasmid DNA or 60 ng of DNA from a ligation reaction. The mixture

was transferred to an ice-cold, disposable electroporation cell (0.1 cm electrode

gap, supplied with the Gene-Pulser), and subject to electroporation using a

Gene-Pulser (Bio-Rad), set at 1.8 kV, 125 ¡tFD and 200 C). lmmediately

following electroporation, the cells were mixed with 1.0 mL LB broth without

antibiotic, and grown at 37oC in a 1.5 mL Eppendorf tube for t hr on a shaker.
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Two-hundred pL aliquots of culture were then plated onto solid media containing

antibiotic, and grown at 37oC overnight.

2.2.4 Mini-preparation of plasmid DNA

The protocol used for plasmid DNA isolation was essentially the procedure

described by Sambrook ef a/. (1989) for the small-scale isolation of plasmid

DNA by alkaline lysis. All steps were performed at room temperature unless

othenrise stated, and centrifugations were performed in an Eppendorf 5415C

bench centrifuge. Liquid culture of plasmid-containing bacteria was used to fill a

1.5 mL Eppendorf tube and the cells pelleted by centrifuging at 14,000 rpm for

30 sec. The supernatant was discarded and the cells resuspended in 100 pL

ice-cold Plasmid I buffer (50 mM glucose, 25 mM Tris-HCl, 10 mM Na2EDTA,

pH 8.0) by vortexing for 1 min. Two-hundred ¡rL of freshly made, ice-cold 0.2 M

NaOH, 1.0% SDS was added and mixed in by gentle inversion of the tube. One-

hundred and fifty pL of 3.0 M KOAc, 11.5o/o glacial acetic acid was added to the

lysate and the tube vortexed gently before placing on ice for 3 to 5 min. The tube

was then centrifuged for 5 min at 14,000 rpm and 350 pL of the supernatant

transferred to a new tube. Nucleic acid was precipitated by combining the

supernatant with 35 prl of 3.0 M NaOAc, pH 5.2, and 400 pL ice-cold ethanol,

and pelleted by centrifugation at 14,000 rpm at4oC. Pelletswerewashed in 1.0

mL ice-cold 70% ethanol, dried completely, and resuspended in 20 ¡rL of 10 mM

Tris-HCl, 0.1 mM Na2EDTA, pH 8.0, containing 40 mg mL-1 pancreatic RNase A.

2.2.4.1 PCR amplification of cloned inse¡t DNA

The cloned insert DNA was amplified using the polymerase chain reaction with

M13 forward and reverse primers. The oligonucleotide primers M13 -40P (5'-

CAG GGT TTT CCC AGT CAC GAC -3') and M13 RSP (5'- ACA GGA AAC

AGC TAT GAC CAT G -3') for clones in the plasmid vectors pBluescript SK(+¡,

pUC18, pUC19 and pUC119, or the primers SP6 (5'- GAT TTA GGT GAC ACT

ATA G -3') and T7 (5'- TAA TAC GAC TCA CTA TAG GG -3') for clones in

pGEM-4. These primers were synthesised using an Applied Biosystems 392
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oligonucleotide synthesiser according to the manufacturers instructions. The

reaction mix contained 50 mM Tris HCl, 6.5 mM MgCl2 (25 mM), 48 pM each

dNTP, 0.3 pg each primer, 1 pg plasmid DNA and 1 unit laq polymerase in a

total volume of 50 ¡rl. Temperature conditions for PCR were 95oC for 3 min,

followed by 35 cycles of 96oC for 1 minute, 55oC or 58oC for 2 min, 72oC for 2

min with a final step of 72oC for 5 min and 25oC for 5 min. This reaction was

performed in a PTC-150 Mini Cycler (MJ Research, USA). A MgCl2

concentration of 1.3 mM was effective for the amplification of most inserts,

although inserts larger than 1.5 Kb generally required the MgCl2 corìcentration to

be optimised.

2.2.4.2 Recovery of insert DNA from agarose gels usrng glass-milk and Qiagen

gel extraction kit

Following gel electrophoresis of the PCR product, the required band was

excised from the gel after staining with ethidium bromide and visualising on a

long wave ultraviolet transilluminator (340 nm). The excised agarose block was

transferred to a 1.5 mL eppendorf tube and weighed. The DNA was recovered

according to the standard protocol supplied with the Geneclean kit (Bio 101)

[Bresatec, Australia] or with the standard protocol that was supplied with Qiagen

gel extraction kit (Qiagen, Australia).

2.2.5 Large scale preparations of plasmid DNA

The following method was used to purify large amounts (150 pg) of plasmid

DNA. A plasmid-containing bacterial culture was grown overnight to stationary

phase (-16 hr) in 400 mL of LB containing appropriate antibiotic(s), in a baffled

2litre flask at 37oC. Cells were sedimented by centrifugation (5,000 rpm, 15

min, 4oC, Sorvall GSA rotor) and washed in STE buffer (50 mM NaCl, 1 mM

EDTA, 25 mM Tris-HCl, pH 8.0). The cells were pelleted by centrifugation as

before then resuspended in 4 mL of Plasmid I buffer containing 1 mg mL'1

lysozyme. The resuspended cells were incubated on ice for 10 min, before the

addition of 8 mL of freshly prepared 0.2 M NaOH, 1% SDS, followed by gentle

mixing. After incubation on ice for 10 min the mixture was centrifuged as
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previously except that centrifugation was at 10,000 rpm for 10 min. The

supernatant was removed and strained through four layers of cheesecloth,

before precipitation of nucleic acids by the addition of 12 mL of ice-cold 2-

propanol. The pellet was washed with ice-cold 70% ethanol, after which it was

dried in air at RT before resuspension in 3 mL TE. LiCl (10 M) was added to a

final concentration of 2.5 M to precipitate RNA, and the solution placed on ice for

10 min. RNA was pelleted by centrifugation in a Sorvall HB4 rotor at 10,000 rpm

for 15 min at 4oC. The supernatant was removed and DNA precipitated by

addition of an equal volume of ice-cold 2-propanol, followed by centrifugation as

previously described to pellet DNA. The pellet was washed in ice-cold 70%

ethanol and air-dried at RT. DNA was resuspended in 400 pL TE and

transferred to a micro-centrifuge tube. RNase A was added to 20 ¡rg mL-1 and

the mixture incubated at 37oC for t hr. The solution was extracted twice with

phenol:chloroform (2.2.6), and once with chloroform to remove proteins.

Plasmid DNA was precipitated from solution by the addition of an equal volume

of 13% PEG 8000, 1.6 M NaCl, followed by incubation at RT for 5 min. DNA

was recovered by centrifugation at full speed in a bench micro-centrifuge for 5

min at RT, and the pellet resuspended in 400 pL TE. DNA was again

precipitated from solution by addition of 3 M sodium acetate pH 4.6 to a
concentration of 0.3 M, and 2.5 volumes of ice-cold ethanol. The DNA was

pelleted by centrifugation as previously described, and the pellet washed in 400

¡rL ice-cold 70% ethanol before re-centrifugation. The pellet was dried and

resuspended in 400 pL TE.

2.2.6 Phenol:chloroform extraction and ethanol precipitation of DNA

DNA solutions were mixed with one volume of phenol:chloroform (containing

one volume of redistilled phenol (BDH, Australia) equilibrated in 50 mM Tris-HCl,

pH 8.0, and one volume of chloroform) and centrifuged for 10 min at RT (full

speed in an Eppendorf micro-centrifuge for small quantities, or 10,000 rpm in a

Sorvall HB4 rotor for larger solutions). The aqueous phase was recovered and

the extraction repeated as necessary.
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DNA was routinely precipitated from solutions with ethanol. Briefly, lll}th
volume of 3 M sodium acetate (pH a.6) was added followed by 2.5 volumes of

ice-cold ethanol. The solutions were incubated on ice for 15 min, followed by

centrifugation at high speed at RT for 15 min in an Eppendorf micro-centrifuge

for small volumes, or at 10,000 rpm at 4oC for 15 min in a Sorvall HB4 rotor for

larger volumes. Pellets were washed in 70% ethanol prior to drying in a
speedyvac or on the bench at RT.

2.2.7 Agarose gel electrophoresis
Large-scale agarose gels were cast from 100 mL of 0.9 to 1.3o/o (w/v) molten

agarose solution containing 1 x TAE buffer (0.04 M Tris-acetate, 1.0 mM

Na2EDTA, pH 8.0), using a 15 x 20 cm mould and a comb for making wells of 15

pL volume (for Southern analysis) or 30 to 50 pL volume (preparative

electrophoresis). DNA samples were mixed with 0.2 volume 6 x FLB loading

buffer (15% (w/v) ficoll 400, 0.25% (w/v) bromophenol blue, 0.25o/o (w/v) xylene

cyanol) and electrophoresed overnight at 40 to 50 V and 18 to 50 mA in 1 x TAE

buffer. DNA size markers made from Hind lll cut ¡. DNA or Bsf ElllSal / cut À

DNA (0.2 to 0.5 pg) were run alongside the sample DNAs when needed. Gels

were soaked in 0.5 mg/l solution of ethidium bromide for 10 min, de-stained by

rinsing in waterfor 10 min and photographed forfuture reference using UV light

at3O2 nm (preparative gels) or 260 nm (gels for Southern analysis).

Mini agarose gels were cast by pouring 15 mL of 0.9 to 1.5% (w/v) molten

agarose solution containing 1 x TAE buffer (0.04 M Tris-acetate, 1.0 mM

Na2EDTA, pH 8.0) onto a 6.0 x 7.0 cm glass plate with the appropriate comb set

above it. DNA samples were mixed with 0.2 volumes of 6 x FLB loading buffer

(15% (w/v) ficoll 400, 0.25o/o (w/v) bromophenol blue, 0.25% (w/v) xylene

cyanol) prior to electrophoresis at 80 to 180 mA in 1 x TAE buffer. Mini agarose

gels were stained and photographed as described for large-scale agarose gels.

2.2.8 Polyacrylamide gel electrophoresis
Denaturing polyacrylamide gels were prepared from 50 mL solutions containing

60/o (w/v) acrylamide,0.3o/o (w/v) bisacrylamide, T M urea, and 1xTBE.
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Polymerisation was initiated by the addition of 400 ¡rL freshly prepared 10%

(w/v) ammonium persulfate and 40 pL of TEMED. The polymerising solution

was poured into gels of 20 x 40 x 0.04 cm, with well formation by a shark

toothcomb. Gels were allowed to set for at least 60 min, and then pre-

electrophoresed at 50 W until gel temperature was approximately 50oC. Gels

were electrophoresed at 50oC at constant power after loading and denaturing of

samples in formamide loading solution (95% (v/v) formamide, 0.1o/o

bromophenol blue, 0.1% xylene cyanol, 10 mM EDTA).

2.2.9 Cereal genomic DNA preparation

The method for genomic plant DNA preparation is based on Guidet et al.,

(1991). All centrifugations were performed at 14,000 rpm in an Eppendorf

bench centifuge at RT.

2.2.9.1 Small-scale genomic DNA preparation

The method used for the small-scale extraction of DNA from leaves was

modified from Guidet et al., (1991). A 10 cm long piece of healthy leaf was

placed in a2 mL Eppendorf tube and frozen in liquid nitrogen. The sample was

then crushed with a small pestle to a fine powder after which 600 pl DNA

extraction buffer (1% sarkosyl, 100 mM Tris-HCl, 100 mM NaCl, 10 mM EDTA,

pH 8.5) was added and homogenised with the leaf powder to form a slurry.

Extraction was performed by adding 600 pL of cold phenol solution

(phenol:chloroform:iso-amylalcohol (25:24:1) equilibrated with 1 M Tris-HCl, pH

8.0) and mixing on an orbital rotor for 10 min. The sample was centrifuged for

10 min at20,160 x g and the supernatant transferred to a fresh tube to repeat

the phenol extraction step. After the supernatant was collected, 60 pL of 3 M

NaAc (pH a.8) and 600 pL isopropanol was added and mixed gently at room

temperature to allow the DNA to precipitate. The DNA was then pelleted by

centrifugation for 5 min at 20,160 x g and the supernatant discarded. After

washing the pellet with 1 mL 70% ethanol, the DNA was air-dried and

resuspended overnight at 4oC in 50 ¡rL R40 (40 pg mL-1 RNAse A in TE buffer).
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2.2.9.2 Medium sca/e genomic DNA preparation

For medium scale genomic DNA preparation approximately 2 g of the harvested

leaf material was crushed to a fine powder in liquid nitrogen using a mortar and

pestle. When the powder had partially thawed, 4 mL of extraction buffer was

added and mixed to form a slurry. The slurry was transferred to a 10 mL plastic

tube together with 4 mL of cold phenol solution and mixed on an orbital rotor for

10 min.

After centrifugation for 10 min at 12,900 g the supernatant was dispensed into a

silica matrix tube and re-extracted with 4 mL phenol/chloroform/iso-amylalcohol

(25:24:1). The tubes were centrifuged again for 10 min at 2060 g and the

extraction step repeated. After the third extraction the supernatant was

dispensed into fresh 10 mL plastic tubes to which 400 pL 3 M NaAc (pH a.8)

and 4 mL isopropanol were added. The tubes were mixed gently to precipitate

the DNA and centrifuged for 10 min at 12,900 g to pellet the DNA. The

supernatant was poured off and the pellet washed with 4 mL 70% ethanol, air-

dried and resuspended overnight at 4oC in 350 ¡rL R40 (Guidet et al., 1991).

To calculate the concentration of the DNA, 10 pL of the sample was added to

990 pL TE buffer and vortexed before reading the absorption in a

spectrophotometer at 4260 (concentration ¡rg pL-1 = 4260 x 100 x 50/ 1000).

2.2.10 DNA restriction, electrophoresis and Southern transfer

For RFLP analysis, 7.0 ¡rL of genomic DNA preparation (approximately 3.0 ¡rg

DNA) was digested at 37oC for 3 to 5 hrs in 11 ¡L reactions containing 1.0 mg

ml-r BSA, 1.3 mM spermidine and 1 x concentration of the buffer supplied with

the enzyme. Genomic DNA digests were electrophoresed on 1.3o/o agarose gels

(Section 2.2.7), until the bromophenol blue had run 314 of the gel length. DNA

transfer procedures used were essentially those supplied by Amersham with the

Hybond N+ membrane. Each gel was shaken gently in 300 mL denaturing

solution (1.5 M NaCl, 0.5 M NaOH) for 30 min, rinsed briefly in water, and

shaken gently in 300 mL neutralising solution (1.5 M NaCl. 0.5 M Tris-HCl, 1.0

mM NazEDTA, pH 7.2) for a further 30 min. DNA was transferred from the gels
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to Hybond N+ membrane (Amersham) by Southern transfer (Southern, 1975)

overnight, using 20 x SSC (3.0 M NaCl, 0.3 M trisodium citrate, pH 7.0) as the

transfer buffer. DNA was fixed to the membrane by placing the membrane DNA

side up on a pad made from three sheets of Whatmann 3MM paper, soaked in

0.5 M NaOH. After 20 min, membranes were shaken in a solution of 2x SSC for

at least 5 min.

2.2.11Preparation of 32P-labelled DNA based probes

Radioactively labelled probes were synthesised by random priming (Feinberg &

Vogelstein, 1983). Purified cloned insert DNA (20 ng)was combined with 6.0 ¡rL

random sequence 9-mer oligonucleotide (0.1 mg mL-1), and the mixture

incubated at 95oC for 3 min to denature the DNA. The mixture was cooled on ice

for 5 min and combined with 10 pL probe labelling buffer (0.5 M HEPES, 0.125

M Tris-HCl, 12.5 mM DTT, 12.5 mM MgCl2, 1.0 mg mt'1 esn¡1,2.5 ¡rL dNTP

mixture (0.2 mM dATP, 0.2 mM dTTP, 0.2 mM dGTP), 1.0 U Klenow fragment,

3.0 ¡rL ¡cr-32e1OCTP (10 ¡rCi/¡rl), and enough MilliQ HzO to make the total volume

25 ¡;J-. This mix was incubated for t hr at 37oC and then passed through a

Sephadex G-100 mini-column saturated with TE buffer to separate the labelled

probe from the unincorporated [a-32P]dCTP. A total volume of 200 ¡rL salmon

sperm DNA (5 mg mL-1)was then added to the sample.

2.2.12 Hybridisation and autoradiography
The pre-hybridisation and hybridisation procedures used were based on

protocols supplied with the Hybond N+ membrane (Amersham). Each 10 mL of

pre-hybridisation/hybridisation solution was made by combining 3.0 mL of 5 x
HSB solution (3.0 M NaCl, 0.1 M PIPES, 25 mM Na2EDTA, pH 6.8), 2.0 mL of

50 x Denhardt's solution (2.0% (w/v) BSA, 2.0o/o (w/v) ficoll 400, 2.0o/o (wlv)

PVP), 3.0 mL 25o/o (wlv) dextran sulphate,2.0 mL MilliQ HzO, and 200 ¡rL of 10

mg mL-1 salmon sperm DNA which had been denatured at 95oC for 10 min prior

to its addition. Membranes were placed in hybridisation bottles containing 5.0 to

tThe Tris-HCl and HEPES stock solutions used to make the probe labelling buffer were 1 M, pH 8.0 and 0.8
M, pH 6.6, respectively.
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20 mL of pre-hybridisation/hybridisation solution (up to 10 membranes per

bottle) and pre-hybridised for 3 to 5 hr at 65oC. Following pre-hybridisation, the

probe(s) was denatured by heating for 10 min at 95oC, cooled on ice for 5 min,

added to the hybridisation mixture, and hybridisation performed at 65oC for 12Io
20 hrs. Membranes were then washed (i) three times for 5 min in 2.0 x SSC,

0.1% SDS at 65oC, and then (ii)two times for 10 min in 0.2 x SSC, 0.1% SDS at

65oC. Two final washes of 10 min in 1.0 x SSC,0.1% SDS at 55oC were used

instead of step (ii) when probes derived from non-wheat species were used.

Autoradiography was performed for 5 to 25 days at -80oC with Konica-HR X-ray

film and an intensifying screen.

Following autoradiography, the probes were stripped from the membranes by

placing the membranes in a container with between 0.5 - 1.0 L of boiling 0.1%

SDS solution. The container was left on a shaker at room temperature for at

least 10 min before replacing the solution with fresh 0.1% SDS at room

temperature. Membranes were stored in this solution at 4oC until reused.

2.2.13 Total plant RNA isolation
Total plant RNA was isolated using Trizol reageant (Gibco-BRL, Australia) from

approximately 1 g of tissue according to manufacturers specifications. The

isolated RNA pellet was washed in 70% ethanol and then sedimented, air-dried

and dissolved in 1 x TE buffer. Quality and concentration was determined using

a spectrophotomer and gel electrophoresis.

2.2.14 Northern blot hybridisation
Gel preparation: 2.16 g of agarose was boiled in 156.6 mL of water and cooled

to 60oC. A volume of 5.4 mL 37o/o formaldehyde (BDH, Australia) and 18 mL of

10 x MOPS buffer [0.23 M MOPS (3-N-Morpholino) propanesulfonic acid;

Sigma, Australia) (pH7.0), 0.01 M EDTA and 0.05 M NaACI were then added

before the gel was poured into a gel box (14x2 cm). The running bufferwas 1

x MOPS.
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Sample preparation: 5 pg of RNA, 2.5 ¡L of 10 x MOPS, 4.4 ¡L formaldehyde

and 12.5 ¡L formamide (BHD, Australia) were incubated at 65oC for 15 min. A 5

¡rL volume of formamide loading buffer (FLB: 95% formamide, 20 mM EDTA,

0.5% bromophenol blue, 0.05% xylene cyanol) was then added before loading.

The gel was run at 6 V/cm until the first bromophenol blue was approximately

314 of the gel length.

Northern blotting and hybridisation: Before transfer, the gel was soaked in 10 x

SSC for 15 min. The RNA transfer sandwich consisted of the following layers

(from bottom to top): 4 sheets of Whatmann 3MM pre-soaked with 10 x SSC,

the gel (upside down), the nylon membrane (Hybond N+, Amersham), 2 sheets

of Whatmann 3MM pre-soaked with 10 x SSC and dry paper towels. After

overnight transfer, the sandwich was disassembled. RNA on the membrane

was fixed by UV light (GS Genelinker, BIORAD) and photographed under short

wavelength UV light. Pre-hybridisation was performed at 45oC for a minimum of

I hrs in a bottle containing 20 mL of solution consisting of 3 mL 50 x Denhardts

reagent, 5 mL 20 x SSC, 1 mL 10% SDS, 2 mL carrier DNA (10 mg mL-1) and 9

mL of deionised formamide (BDH, Australia). The hybridisation was performed

at 45oC in a bottle containing 20 mL of hybridisation solution consisting of 2 mL

of 50 x Denhardts reagent, 5 mL of 20 x SSC, 1 mL of 10% SDS, 1 mL of carrier

DNA (10 mg ml-r) and 9 mL of deionised formamide (BDH, Australia) and 2 mL

of dextran sulphate (25%). Membranes where then washed, subjected to

autoradiography and stripped and stored as described for Southern analysis in

Section 2.2.12.

2.2.15 Purification of DNA clone inserts

To excise insert DNA from DNA clones, 10 ¡"rL of plasmid mini-preparation was

digested for 3 hr at 37oC, in 20 pL reactions containing 20 U of the appropriate

restriction enzyme, 1.0 mg mL-1 BSA, 1.3 mM spermidine and 1 x concentration

of the buffer supplied with the enzyme. Alternatively the cloned insert was

amplified via PCR as outlined in Section 2.2.4.1.
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Plasmid digests and PCR reactions were electrophoresed in large scale

agarose gels (Section 2.2.7), the bands corresponding to the insert DNA

excised, and the DNA purified from the gel slices using either Bresa-Clean kit

(Bresatec, Australia) or Qiagen gel extraction kit, according to the

manufacturer's instructions. Samples of the purified clone insert DNA

preparations were electrophoresed on mini agarose gels (Section 2.2.7),

alongside known quantities of DNA markers in order to verify the sizes of the

inserts and to estimate concentration.
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3 Chapter

STRUCTURAL ANALYSIS OF THE WMl GENE FAMILY

3.1 lntroduction
A partial cDNA sequence from wheat meiocytes encoding a leucine rich repeat

(LRR)-containing protein has previously been described (Ji & Langridge, 1994).

This cDNA was termed AWJL3 (Ji & Langridge, 1994) and is now described as

Wheat Meiosis 1.0 (WM1.0). The encoded protein has three 24 amino acid long

leucine-rich repeats at the N-terminus and a leucine-zipper-like domain at the C-

terminus. The WMl.0 cDNA is interesting, as it represents a family of 21 genès

of which certain members have meiosis specific expression (Ji, 1992). The

genes identified by the WM1.0 cDNA clone have been named WM1.1 to

WM1.21 (!!heat Meiosis genes 1.1 to 1.21). A few members of the family have

been mapped to the chromosome groups three and five in bread wheat (L
aestivum L.). These chromosomes are known to contain several genes involved

in the control of chromosome pairing in wheat. The strongest effects on pairing

are shown by Ph1 on the long arm of chromosome 58 (sBL) and Ph2 on 3DS.

Both genes are suppressors of chromosome pairing while Ph3, on 5BS, is a
promoter of pairing (Sears, 1972). The WM1.0 cDNA clone previously identified

three or four genes on the short arm of chromosome 3DS all of which were

found to be missing in wheat lines with a deletion at the Ph2locus (Ji, 1992).

The deletion mutant of Ph2, ph2a, shows altered meiotic chromosome pairing in

interspecific hybrids (Sears, 1982). On this basis it was proposed that one or

more of these genes may represent the Ph2locus (Ji & Langridge, 1994).

This study looks specifically at those WM1 genes that seem to be localised on

chromosome 3DS in the vicinity of the Ph2 locus. Two of these genes are

termed WMl.1 and WMl.2. Earlier RT-PCR studies suggested that WM1.7 and

WM1.2 have peak expression at leptotene and diplotene/diakinesis respectively

(Ji, 1992). The chromosome localisation and expression patterns of putative
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meiosis-spec¡fic genes suggest that they are important in the developmental

process of meiosis. This chapter attempts to describe the structure and confirm

expression of these WM1 family members.

3.2 Materials and methods

3.2.1 Genetic stocks
Seeds of euploid wheat (Triticum aestivum cv. Chinese Spring) and aneuploids

were obtained from Dr Ken Shepherd, Waite Agricultural Research lnstitute.

The ph2a and ph2b mutants were obtained from Prof. Moshe Feldman, Plant

Genetics lnstitute, lsrael.

Plants were grown in a glasshouse and leaves of young seedlings were

harvested for DNA extraction. Plants used for anther collection were kept under

controlled growth conditions with a 1 6 hr photoperiod at 18oC/14oC.

Wheat nullisomic-tetrasomic lines were obtained from Terry Miller (John lnnes

Centre, Norwich). Each nullisomic-tetrasomic line is deficient for one of the 21

wheat chromosomes, with the missing chromosome compensated by the

addition of an extra copy of one of its homeologous chromosomes from a

different genome. Four seeds of each line were grown in small pots in the

glasshouse at 25 oC for several weeks before leaf material was collected for

DNA extraction. The DNA extracted from these lines were used to assign the

WMl gene family members to specific chromosomes.

3.2.2 DNA sequence and partial genomic clones ol WMl genes

The DNA sequence and partial genomic clones for WM1 genes were provided

for this study (Ji, 1992). The genomic clones were isolated from two wheat

genomic libraries using the cDNA clone AWJL? now described as WMl.0 (Ji &
Langridge, 1994), with each library consisting of about 1x106 pfu. Hybridising

clones were subcloned and sequenced with clones being designated WM1.1 to

wM1.21.
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3.2.3 Amplification of WM1.1, WMl.2 and WM1.3 specific sequences

PCR primers were designed based on partial genomic sequence for WM1.l,

WM1.2, WMl.3 and WMl.5 (J¡, 1992). A hypervariable region within the coding

sequence for WM1.1, WMl.2, WM1.3 and WM1.5 was amplified from each of

the respective genomic clones using primers as described in Table 1. These

amplicons were termed a "linket,' based on the deduced structural

characteristics of the peptide sequence in this region. Additionally the whole

putative coding sequence for WMl.l was amplified from Chinese Spring DNA

using primers of the WM1.l ORF (Table 1).

3.2.4 Nullisomic tetrasomic determined chromosome localisation

The WM1 family was mapped using Southern membranes of Chinese spring

and the full set of nullisomic tetrasomic wheat lines (refer to Section 3.2.1). The

DNA on these membranes had been digested with Eco RV and Dra / and were

screened with the WM1.l ORF probe (refer to Section 3.2.3) according to the

procedures outlined in Sections 2.2.9 to 2.2.12. After chromosome localisation,

selected nullisomic tetrasomic, ditelosomic and meiotic mutant wheat lines were

analysed by Southern analysis, using the same restriction endonuclease

digestions, for sub-chromosomal localisation. These membranes were firstly

screened with the WM1.7 ORF probe and subsequentlywith the WMl.l linker,

WM1.2linker, and WMl.3linker probes (refer to Section 3.2.3).

3.2.5 Pulse field gel electrophoresis

Southern membranes of restriction endonuclease digested Chinese Spring DNA

that had been separated by pulse field gel electrophoresis (PFGE) was kindly

provided by Dr Ursula Langridge. All protocols used in DNA isolation, digestion

and PFGE separation are outlined in Sections 3.2.5.1 to 3.2.5.3
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Table 1: DNA sequences of primers designed to amplify hypervariable and coding sequences for members of the WMI gene family

nditions for the polymerase chain reaction are outlined in section 2.2.4.1

TGCCTCGATTATCAGACCTA
TG G GCCTGTAGCATACTCTAGTGT

AGAATTCATATAAGTTG CTG CCCTTT
AGAATTCATATAAGATG TTG TCTTTT

AGAATTCAATACCTCG G CATCTGT
AGAATTCAATACCTTGTCATCTGT
GAG CCACAGTG CAGTTTCTG G
TCATTCAATAG GTTG CAG CAC

WMl.3linker
WMl.I ORF

WM1.l linker
WM1 .2linker

Amplicon Fonryard Primer 5'> 3' Reverse Primer 5'> 3'



3.2.5.1 Protoplasts

HMW DNA was isolated from protoplasts obtained from leaf material of M-day-

old Chinese Spring wheat seedlings (Cheung & Gale, 1990). The leaves were

removed and surface sterilised for 15 min in 10% Domestos, followed by 4

washes in sterile distilled water. Leaves were then transferred to a petri dish

containing 4 mL of protoplast buffer (10 mM CaClz, 1 pM CuSO¿, 0.2 mM

KHzPO¿, 10 pM Kl, 1 mM KNOg, 0.7 M Mannitol,2 mM MES, 1 mM MgSO¿, pH

5.8 with KOH), and 2 mL of enzyme solution. The enzyme solution contained

0.8% Cellulase Onokzuka R-10 (Yakult, Tokyo, Japan), 0.4% Macerocyme

Onokzuka R-10 (Yakult, Tokyo, Japan), and 0.04% Pectoylase Y23 (Seishin,

Tokyo, Japan) made to volume in protoplast buffer. Leaf tissue was sliced

longitudinally into very fine pieces with a scalpel blade and placed in a vacuum

for 20 min at 700 mbar. Petri dishes containing leaf material were then removed

and incubated at normal pressure at 25oC in the dark for 4 hrs for cell wall

digestion. Petri dishes were then transferred to an orbital shaker with gentle

shaking (25 rpm) for protoplast release, which was monitored by microscopic

observation. Tissue was then flushed with 4 mL of protoplast buffer for further

protoplast release, before being sequentially filtered through 40 ¡rm and 20 pm

nylon sieves and then pelleted at 26 x g for 10 min. Protoplasts were then

washed in protoplast buffer before being pelleted again at26 x g for 10 min.

Protoplasts were resuspended at a final concentration of 4.5x106 protoplasts

mL-1, mixed with an equal volume of low melt agarose solution containing 2%

agarose, 0.17 M EDTA, in protoplast buffer, at 45oC. The molten mixture was

aliquoted into plastic moulds (10 mm height x 5 mm width x 1 .5 mm thickness)

and allowed to solidify at 4oC for 30 min. The blocks were incubated for 48 hrs

at 50oC in two changes of lysis buffer (0.5 M EDTA pH 8.0, 10 mM Tris pH 8.0,

1% sarkosyl,2 mg mL-1 proteinase K) followed by 4 washes of 0.5 M EDTA at

50oC. The resulting DNA plugs were then stored at4oC in 0.5 M EDTA.
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3.2.5.2 Restriction enzyme digestion of HMW DNA

Before restriction enzyme digestion, agarose plugs containing HMW DNA were

washed 6 times in 10-20 volumes of ice-cold TE (10 mM Tris-HCl, pH 8.0, 1 mM

EDTA, pH 8.0). The first wash for 2 hrs, the second wash overnight, the

following 4 washes each for duration of 15 min. The plugs were then ready for

restriction enzyme digestion. The agarose plugs were incubated in 500 pL of

restriction digestion buffer at 4oC, in the presence of I mM spermidine and 2 mg

mL'1 of BSA for 2 hrs. Restriction enzyme digestions were carried out in 500 ¡rL

of the same buffer with fresh reaction mix and 20 units of enzyme at

temperatures recommended by the manufacturers, between 4 to 12 hrs.

Restriction enzymes used for restriction of HMW DNA were Not l, Sma /, and

Xho l. After digestion, the activity of the restriction endonuclease in each

sample was stopped by incubation in 0.5 M EDTA. The agarose blocks were

then ready for electrophoresis and were stored at 4oC.

3.2.5.3 PFGE separation, transfer and hybridisation

The digested HMW DNA was loaded onto a 0.5 x TBE 1% agarose gel and

sealed in position using the same agarose as the gel. Pulsed-field gel

electrophoresis was performed using a CHEF DRll (Bio-Rad, USA) run at 14oC

and 200 volts. Pulse and run times used to separate HMW DNA are presented

in Table 2. The DNA was stained with ethidium bromide, photographed, and

nicked using 60 mJoules of UV light in the GS gene linker (Bio-Rad, USA). The

DNA was blotted onto Hybond-N+ membrane (Amersham, USA) in 0.4 M NaOH

instead of 20 x SSC as described in 2.2.10, 32P labelled probe preparation and

hybridisation conditions were as described in Sections 2.2.11 and 2.2.12

respectively. Kodak double emulsion BIOMAX MS film and a BIOMAX MS

intensifying screen were used for PFGE autoradiography. Filters were exposed

from 24-144 hrs at -80oC.
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Table 2: Electrophoretic parameters used to resolve restricted HMW DNA

30 min 72 hrs 0.60/0,0.5 x
TBE

50v 2.2\\Ab - 4.6
Mb

200 v 220 Kb - 2.2
Mb

60-90 sec 22-24 hrs 1 .0o/o,0.5 x
TBE
1 .Oo/o,0.5 x
TBE

200 v 24Kb-610
Kb

15-50sec 24 hrs

1-12 sec 14 hrs 1 .Oo/o,0.5 x
TBE

200 v 4.36 Kb - 145
Kb

Switch Time Run Time Gel Voltage Resolution
Window



3.2.6 BAC library screening

3.2.6.1 Screening of a barley and wheat bacterial artificial chromosome (BAC)

library

Filters of a 6.5 fold haploid genome equivalent barley BAC library constructed

from barley (Hordeum vulgare) cultivar Morex were imported from the Clemson

University Genomics lnstitute (USA). Tim Sutton performed initial screening of

BAC filters as described in Sections 3.2.6.1 .1 > 3.2.6.1.5.

A 31 fold haploid genome equivalent wheat BAC library, from the diploid D-

genome progenitor of wheat (Triticum tauschii) was kindly screened by Dr E.

Lagudah (CSIRO Plant lndustry, Canberra) (Moullet et a|.,1999).

3.2.6.1.1 Purification of DNA probe template

Wheat and barley BAC clones were isolated by hybridisation with a 3-Kb WM1.1

ORF probe generated by the amplification of a genomic clone from wheat (i-
aestivum cv. Chinese Spring) with primers WMl.l ORF (refer to Table 1). No

vector sequence was present in the probe since this could result in cross-

hybridisation with vector sequence of the BAC vector.

3.2.6.1.2 BAC filter preparation

Barley BAC filters were pre-hybridised in 30 mL of hybridisation buffer (160 mL

of 1 M sodium phosphate pH 7.2 buffer, 112 mL of 20% SDS, 0.6 mL of 0.5 M

EDTA, 330 ¡rL of 10 mg mL-1 denatured salmon sperm and 27 mL MQHzO) at

65oC overnight. The pre-hybridisation solution was then discarded and fresh

hybridisation solution containing denatured probe was added and incubated for

24|'us at 65 "C. Filters were then washed in the bottle twice with 2 x SSC, 0.1%

SDS at RT. Radioactive counts were measured to check signal strength before

subsequent washing down to 0.5 x SSC at 50 'C. Subsequent washes were

undertaken until membrane signal strength was no greater than counts 15

counts/second but not less than 10 counts/second. After washing, filters were

wrapped in plastic film and exposed to Konica-HR X-ray film with an intensifying
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screen at -80 'C for a minimum of 10 days to ensure that background was

sufficiently strong enough to help correctly address positive BAC signals. This

overexposure was used to help with the orientation and identification of

autoradiographs of barley BAC membranes. Barley BAC addresses (positions

on the filter) were identifled according to instructions at the Clemson University

Genomics I nstitute homepage (http://mvlv. genome.clemson.edu ).

Wheat BACs identified, in the primary library screen, to hybridise strongly to

WM1.l ORF were isolated by Dr E. Lagudah (CSIRO, Plant lndustry, Canberra).

3.2.6.1.3 Grovtth of BAC clones

Clones received as stab cultures from CSIRO Plant lndustry (Canberra) and

Clemson University Genomics lnstitute were immediately grown in a liquid LB

broth as described in Section 2.2.2. The antibiotic chloramphenicol was added

to bacterial growth media at 25 pg ml-r. Single colonies were picked and

glycerol cultures made for each clone.

3.2.6.1.4 Mini-preparation of BAC plasmid DNA

A single colony was picked and grown in 1.5 mL of L-broth with 25 pg mL'1

chloramphenicol in a 10 mL cap tube overnight at 37oC on a rotating wheel. The

culture was then poured into an eppendorf tube and the cells pelleted by

centrifugation for 3 min at 14,000 rpm. The supernatant was discarded and the

cell pellet resuspended in 90 ¡rL of TES (25 mM Tris-HCl (pH 8.0), 10 mM

EDTA, 15% wls sucrose) buffer by vortexing. Lysis solution (180 pL)(0.2 M

NaOH, 1% SDS) was added and gently mixed by inversion without vortexing.

One volume of 135 pL 3 M NaOAc, pH 4.6 was added and gently mixed by

inversion. The bacterial chromosome DNA was then pelleted by centrifugation

at 14,000 rpm for 15 min. The supernatant was removed to a fresh tube. A2
pL volume of 10 mg mL-1 RNase A was added at 37 'C for t hr. TE-saturated

phenol (a00 pL) and chloroform (400 ¡rL) were added to samples, and then

gently mixed by inversion. Samples were centrifuged at 14,000 rpm for 5 min

and the supernatant extracted. BAC DNA was then precipitated using 2-3

volumes of -20 oC absolute ethanol for 10 min at RT. DNA was then pelleted at
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14,000 rpm for 15 min before being washed with 500 p,L 70% ethanol. DNA

was resuspended in 20-50 pL of TE (10 mM Tris-HCl, 1.0 mM EDTA) buffer.

DNA was stored at 4oC prior to subsequent analysis.

3.2.6.1.5 Confirmation of BAC clones

To confirm positive identification of barley and wheat BACs imported from

Clemson University and CSIRO Plant lndustry, Tim Sutton performed dot blot

analysis on all BAC clones received. Samples of purified BAC DNA (10 pL)

were incubated at 94 'C for 5 min before being put on ice. Samples (5 pL) were

then spotted on Hybond N* membrane and leftto airdryfor 10 min. DNAwas

then cross-linked to the nylon membrane using 125 mJoules of UV light using a

BIORAD GS gene linker. Membranes were washed three times in 2 x SSC

before being ready for hybridisation. General 32P labelled probe preparation,

hybridisation, and autoradiography were as described in Sections 2.2.12 and

2.2.11.

Hybridising wheat and barley BAC clones were verified with the same 3-Kb

WM1.7 ORF probe used for the initial library screen (Section 3.2.6.1.1).

lndividual members of the WM1 gene family were identified by hybridisation with

PCR amplified probes from linker regions of WM1.1, WM1.2 and WM1.3 (Table

1).

3.2.6.1.6 Southern fingerprint analysis of BAC clones

Purified BAC DNA (10 frg) was digested with Hind lllto release the BAC vector

and digest wheat and barley DNA inserts so BAC clones could be compared

using Southern analysis for common restriction fragment bands of the same

molecular weight that may infer an overlap between two or more different BAC

clones. Dra I and Eco RV restriction endonuclease digests were also performed

in order to determine overlapping BAC clones. Southern transfers were

performed on gels as described in 2.2.10. Membranes were then hybridised

with radiolabelled BAC vector DNA (Section 3.2.6.1.7). PCR amplified WM1.1

ORF, WM1.1 linker, WMl.2linker and WMl.3linker (refer to Section 3.2.3 and
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Table 1) were also radiolabelled and used as probes in Southern analysis to

identify the whole WM1 gene family and it's individual members.

3.2.6.1.7 Preparation of s2P-tabetted totat BAC DNA probes

Total BAC vector DNA (200 ng) nicked with 60 mJoules of UV was radiolabelled

with 32P (Feinberg & Vogelstein, 1983) according to Section 2.2.11.

3.2.6.1.8 Pulsed field gel electrophoresis

Wheat and barley BAC clones containing WMl genes were sized using PFGE

as described in 3.2.5. Purified BAC (15 rrg) was first digested with Nof / to
release the insert and linearise the DNA so it could be sized. All pulse field gels

were run for 22 hrs at 200 volts with a linear ramp of 5-20 sec.

3.2.7 BAC fingerprinting
BAC DNA of clones was isolated by using alkaline lysis procedure (Sambrook ef

â1., 1989). BAC fingerprinting was performed according to procedures

developed by DuPont (Morgante, pers. commun.) and is outlined below.

BAC DNA (500 ng)for clones T1BAC3, TIBAC6, TtBACl T was used as template

for a type ll restriction endonuclease digest according to Table 3. These

individual type ll restriction endonuclease (Table 4) digests were each

performed in combination with a Taq / restriction endonuclease digest. The

addition of Taq FS polymerase using big dye terminators ddATP, ddTTP and

ddGTP and unlabelled ddCTP allowed the specific fluorescent labelling of the

ambiguous restriction sites generated by the type ll restriction enzymes. The

materials for the restriction digests and dye incorporation are outlined in Table 3

and Table 4. Unincorporated dyes were removed from the fingerprinting

reaction through Centrisep clean-up spin columns (pre-warmed before use). The

sample was rehydrated with loading dye (2.5 ¡rl) and Rox500 size standard (0.5

¡rl) and subsequently electrophoretically separated on either an ABI 377 or 3700

(PE Applied Biosystems).
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3.2.8 BAG contig assembly

WM1.7 ORF probed Southerns of Hind lll, Dra /, and Eco RV digested barley

and wheat BACs were analysed manually for common bands inferring overlap.

This was compared to the Nof / digested, PFGE data of the wheat BACs.

This data allowed an approximate physical size to be assigned to component

fragments and overall BAC insert size.

The fingerprinting data from each of T1BAC3, T1BACï and T1BACT 7 generated

from the ABI 377 or 3700 (PE Applied Biosystems) was analysed for

commonality in banding patterns, The analysis performed on the computing

software at DuPont (Morgante, pers. commun.) resulted in a probable contig

assignment of the three wheat BAC clones. The contig generated manually

through Southern analysis was confirmed by the BAC fingerprint analysis.

3.2.9 BAC DNA sequencing

Overlapping clones consisting of T\BAC3, TtBACï and TtBACll were chosen

for complete sequencing (refer to Figure 14). Each of these BAC clones was

sequenced using a shotgun approach (Qiagen, 1998). BAC subcloning and

removal of subcloned vector were performed by Luke Gumaelius (DuPont, USA)

with details outlined in3.2.9.1 and3.2.9.2

3.2.9.1 BAC subcloning

BAC DNA was purified according to manufacturers specifications for the Qiagen

Large-Construct Kit and was sheared by nebulisation (Qiagen, 1998). End

repair was performed by using Pfu DNA polymerase (Stratagene, La Jolla, CA)

treatment according to the manufacturer's directions. DNA fragments were then

size fractionated by gel electrophoresis and cloned into the Sma / site of pUC18

(Amershan Pharmacia Biotech, Piscataway, NJ). Three separate subcloned

libraries were constructed for each individual BAC clone.
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Table 3: BAC fingerprinting reaction components and conditions

BAC DNA template (500 ng)
ddATP (big dye terminator)
ddTTP (big dye terminator)
ddGTP (big dye terminator)
ddCTP
Taq FS (8U/pL)
Type ll restriction enzyme (eg. Earl - 8U/¡rL)
Taq I restriction enzyme
lOxBuffer
ddH2o
Final volume

18 ¡rL
0.5 ¡rL
0.5 ¡rL
0.5 ¡rL
0.5 ¡rL
0.67 ¡rL
1.0 ¡rL
0.5 pL
2.5 pL
0.33 ¡rL
25.0 pL

lncubation at optimal temperature for Type ll restriction enzyme (refer to Table 4)for t hr. For an additional 1

hr the reaction is heated to 72oC for the Taq lrestriction and for laq FS polymerase activity.

Reactant Volume



Table 4: Type ll restriction enzymes and corresponding incubation temperatures used for BAC fingerprinting

370C

370C

370C

500c

550C

650C

370C

370C

5'. . .ACCTGC(N)4V. . .3'
3'.. .TGGACG(N)aV...5'
5'. . .GAAGAC(N)zV. . .3'
3',. . .CTTCTG(N)6V. . .5'
5'...GGTCTC(N)rV...3'
3',. . .CCAGAG(N)sV. . .5'
5'...CGTCTC(N)rV...3'
3'. . .GCAGAG(N)sV. . .5'
5'.. .CCTNNVNNNAGG.. .3'
3'. ..GGANNNVNNTCC. ..5'
5'...GGGAC(N)1sV. ..3'
3'...CCCTG(N)r¿V. ..5'
5'...GCVNGC...3',
3'...CGNVCG...5'
s',...CTCTTC(N)1V. . .3'
3'. . .GAGAAG(N)¿V. . .5'

Bsm Fl

Fnu4 HI

Bsp Ml

Bbs /

Bsa /

Bsb Ml

Eco Nl

Ear I

Enzyme Recognition Site Optimal I ncu bation Temperatu re



Two 1-2 Kb and one 5-6 Kb subclone library was constructed for each BAC

clone through transformation into electrocompetent cells of E. coli DH10B (Life

Technologies, Rockville, MD). For each BAC clone 786 random recombinant

clones were picked from 1-2 Kb subclone library and 384 from the 5-6 Kb

subclone library usi ng a Q-bot (http://www.genetix.co. ukiqbot. html ).

3.2.9.2 Removal of subcloned BAC vector

Binary BAC vector pCLD0454 subclones were eliminated from DNA sequencing

through vector hybridisation to clones arrayed on Hybond N+ membranes

(Amersham, UK). Duplicates of each of the 3456 bacterial clones were arrayed

on Hybond N+ membranes utilising a 384 prong high density-replicating tool

(http://www.genetix.co.uk/qbot.html). Bacterial colonies were grown on

membranes at 37oC until the colonies were 1 to 2 mm in diameter. Membranes

were then removed and placed colony side up on a single pad of absorbent

Whatmann filter paper soaked firstly in 0.5 N NaOH, 1.5 M NaCl for 4 min.

Secondly the membrane was placed on soaked Whatmann fllter paper

containing I .5 M NaCl, 1 .0 M Tris-base, pH 7.4 for 4 min. Finally the membrane

was immersed with shaking at 5SoCfor t hrinlo/o sarkosyl, 100 mM NaCl,50

mM Tris-HCl (pH7.4), 50 mM EDTA and 250 pg mL-1 proteinase K. Membranes

were then UV crosslinked and dried at RT. pCLD0454 vector was digoxigenin-

labeled (Boehringer Mannheim, Germany) and mixed with unlabelled pUC18

then hybridised to the Hybond N+ membranes according to manufacturers

specifications. Autoradiography was performed for 10 -15 min as per Section

2.2.12.

The autoradiographs were manually analysed for strong hybridisation signals of

the pCLD0454 vector to individual colonies. Those clones that showed a strong

signal were highlighted and subsequently removed from sequencing by the re-

arraying of the 384-well microtitre plates with only those clones showing no or

weak hybrid isation (http://www. genetix.co. uk/qbot. html ).
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3.2.9.3 DNA sequencing

DNA templates for sequencing were prepared using a 96-well alkaline lysis

miniprep k¡t (Advanced Genetic Technologies Corp, Gaithersberg, MD).

Sequencing reactions were performed by using the ABI Prism Dye Terminator

Cycle Sequencing Ready Reaction kit with FS AmpliTag DNA Polymerase (PE

Applied Biosystems, Foster City, CA) and analysed on both ABI 377 sequencing

gels and by capillary electrophoresis on an ABI 3700 (PE Applied Biosystems).

3.2.9.4 DNA sequence assembly

The sequence data was assembled into contigs by PHRED/PHRAP,

CROSSMATCH software in combination with CONSED (Gordon et al., 1998).

Utilising CROSSMATCH software, vector sequence of the subcloning @UC18)

and BAC vector (cosmid binary vector pCLD0454) was removed from the

alignment. Sequence alignment was cross-checked via CONSED for

misalignment of repetitive sequences (Wolters, pers. commun.).

3.2.9.5 Sequence analysis

3.2.9.5.1 BLAST on non-redundant and EST dafabases

Homology searches against public (ITEC) and private (DuPont Ag

Biotechnology) databases were used to identify candidate genes in the region.

The final sequences of the region were divided into 3-Kb overlapping fragments

and searched for nucleic or protein homologies by using the BLAST 2.0 blastn

program (Altschul et a\.,1997).

3.2.9. 5.2 Gene prediction

The assembled BAC sequence data was analysed using RiceGAAS software

(http://rgp.dna.affrc.qo jp/) for identification of possible coding sequences.

RiceGAAS software bases gene prediction on Arabidopsis thaliana and Zea

mays GENSCAN (Burge & Karlin, 1997; Burset & Guigo, 1996), and Rice HMM

(Sakata et al., 1999) incorporating results from BLAST 2.0 blastn and blastp

(Altschul et al., 1997) searches against the rice EST database (Rice Genome

Project, Japan) and the non-redundant database (NCBI, USA). Rice GAAS
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predicted genes were annotated through the use of Vector NTI Suite Version 6.0

software (Bethesda, MD, USA).

3. 2.9. 5. 2. 1 Signal prediction

TATA-box and poly-adenylation signals were predicted with HcTATA and

HcPOLYA respectively (Milanesi et a1.,1999; Milanesi et a1.,1996). The TATA-

box prediction was performed on the consensus sequence generated from an

AlignX (Vector NTI Suite Version 6.0 software) alignment of 1 Kb of sequence 5'

to the predicted translation start site for each of the predicted WMl genes.

Likewise the poly-adenylation signal prediction was performed on the consensus

sequence generated from the AlignX alignment of 500 bp of sequence 3' to the

predicted translation stop site for each of the predicted WM1 genes.

3. 2. 9. 5. 2. 2 P ro moter pred iction

One kilobase 5' from the precited tanslation start site for each of the predicted

WMl genes was analysed for promoter-like sequences. Promoters were

predicted using the Neural Network Promoter Prediction program

(htto://www.fruitfly.org/seq_tools/promoter. html ).

3.2.9. 5.2.3cis-acting regulatory element binding site prediction

One kilobase of sequence 5' to the predicted translation start site for each of the

predicted WM1 genes, was aligned using AlignX program in Vector NTl. The

consensus sequence was analysed for plant crs-acting regulatory elements

using the PLACE program (Higo et al., 1999; Prestridge, 1991). Transcription

factor binding sites were predicted by the TfSitescan program

(http://www.ifti.org/cgi-bin/ifti/Tfsitescan.pl). Both crs-acting regulatory elements

and transcription factor binding sites were annotated through the use of Vector

NTI.

3.2.9.5.3 ldentification of repetitive elements and sequence charactersistics

For all 270 Kb of genomic sequence, structural (CpG islands) and repetitive

elements such as retrotransposons, and microsatellites were determined by

both REPEATMASKER (http://ftp.genome.washington.edu/.html) and GrailEXP
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(Hyatt et al., 2000a; Hyatt ef a/., 2000b). GrailEXP- and REPEATMASKER-

identified repeat sequences were annotated through the use of Vector NTl.

3. 2. 9. 5. 4 M atri x atta c h m e nt re g i o n p re d ictio n

Matrix attachment regions (MARs) or scaffold attachment regions (SARs) were

predicted by the program MAR-FINDER (http://www.futuresoft.org/). MARs were

annotated in Vector NTl.

3.2.10 Structural analysis of the WM1 predicted peptides

All predicted structural features of the WM1 primary peptides were annotated on

the sequence in Vector NTl. Peptide alignments and phylogenetic analysis

were performed by the use of AlignX within Vector NTI and Megalign program

(DNASTAR, 1997).

3.2. 1 0. 1 Transmembrane domains

For each of the predicted WM1 primary peptides the TMpred program (Hofmann

& Stoffel, 1993) was used to make predictions of membrane-spanning regions

and their orientation for each of the predicted WM1 primary peptides.

3.2.10.2 Leucine zipper and leucine rich repeats

Every predicted WM1 primary peptide was screened against both the PROSITE

peptide motif database (Hofmann ef a/., 1999) and INTERPRO V3.2 (Apweiler

et al., 2001) to identify peptide structural motifs. Leucine zipper motifs from

each of the predicted WM1 primary peptides were compared using AlignX

program in Vector NTl. The leucine zipper consensus of the alignment was then

analysed using HelicalWheel (GCG program, Accelrys lnc.).

3.2. 1 0.3 Signal peptides

SignalP V2.0 (Nielsen ef al., 1997) was used to predict and distinguish between

signal peptides and non-signal peptides as well as the recognition of cleavage

sites and the prediction of their cleavability of all predicted WM1 primary

peptides. Signal peptides and their cleavage were also confirmed with PSORT

(Nakai & Kanehisa,1992; von Heijne, 1986).
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3.2. 1 0.4 Predicted subcellular localisation

Every predicted WM1 primary peptide sequence was analysed with the PSORT

program (Nakai & Kanehisa, 1992). PSORT was used to predict protein

localisation sites in cells. Specific motifs including the tyrosine YXX$

endosomal/lysosomal sorting signal sequences, were determined by manual

analysis of the sequence (Letourneur & Klausner, 1992; Marks et al., 1996).

3.2.11Genes homologous to WMl genes

Each predicted WM1 primary peptide sequence was screened using the BLAST

2.0 blastp program (Altschul et al., 1997) across the non-redundant Genbank

database. Peptide sequences were aligned in AlignX, and annotated within the

Vector NTl.

3.2.12 Northerns oÍ WMl genes

Genomic DNA amplified WM1.l ORF (Table 1)was purified and probed onto a

Northern blot containing total RNA isolated from various wheat tissue as per

Sections 2.2.13 and 2.2.14. The same WMl.7 ORF PCR fragment was used to

probe a Northern blot of 10 pg of polyA isolated mRNA from a young wheat

spike with meiocytes at metaphase L The mRNA was isolated from wheat

meiotic spike total RNA using the Message Maker kit (Gibco-BRL) according to

manufacturers specifications.

3.2.13 RT-PCR of WM1 genes

First strand cDNA was synthesized from 5 pg of total RNA extracted from; root

tissue, young leaf tissue (3 weeks old), and spikes at early meiosis (Chinese

Spring, ph2a and ph2b). Thermoscript reverse transcriptase (Gibco-BRL,

Australia) and WMlFamRT, WMIZFRT, TOLP, WtMSHLoI as the initiation

primers (Table 5)were used for first strand cDNA synthesis. The composition of

each reaction was as follows 20 mM Tris-HCl (pH 8.4), 50 mM KCl, 2.5 mM

MgCl2, 10 mM DTT, 30 ng for each reverse transcrition primer (Table 5), 500

¡rM of each dNTP and 200 units Superscript ll reverse transcriptase. Reverse

transcription was carried out at 45oC for t hr and terminated by heating to 75oC

for 15 min. RNA was degraded by the addition of 2 units of RNase H and
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RNase T1 (Gibco-BRL) and incubation at 37oC for 10 min. cDNA was recovered

by ethanol precipitation and the concentration determined by spectrometric

measurement. Approximately 0.1 pg cDNA was used per PCR reaction.

3.2.13.1 Gene specific primers

Specific WM1 gene family RT-PCR primers were designed from IIBAC DNA

sequence using Vector NTl. Primers were targeted to the non-conserued

regions (refer to Figure 16) of the predicted coding sequences for each member

of the WM1 gene family. Table 5 describes RT-PCR primer sequences for the

WM1 genes and for three control sets; Ihioredoxin H, MSHT (positive controls)

and Glutenin promoter (genomic contamination control). The specific PCR was

performed with the primer pairs as outlined in Table 5 using a Programmable

Thermal Controller (MRJ, USA).

Amplifications were performed under the following conditions: 1 min 94oC, 1 min

annealing temperature2, 1 min T2oCfor 36 cycles and final extension of 10 min

at72oC.

RT-PCR products were electrophoretically separated on 2o/o agarose gel and

blotted onto Hybond-N+ (Amersham). Southern hybridisation was performed

using WM1.l ORF PCR fragment as a probe (refer to Sections 2.2.10 to2.2.12).

3.3 Results

3.3.1 Nullisomic tetrasomic determined chromosome localisation
Southern analysis of WMl.l ORF probe on CS and nulli-tetra lines (Section

3.2.4) shows a high level of cross-hybridisation between different members of

the WM1 gene family given that probe hybridisation was at 65oC and the

washing stringency was 0.2 x SSC. Both the Eco RV and Dra / Southerns

(Figure 6) suggest that there are 14 members in this gene family. Eleven of

these 14 potential genes were located to chromosome 3D.

' Optimum annealing temperature for each primer pair was determined using VectorNTl Suite (V6.0) software
(Bethesda, MD, USA).
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Table 6: RiceGAAS software identified coding sequences from2TO Kb of Triticum tauschii
genomic sequence.

WMl family prote¡ns 7
Putative ripeninq-related proteins from grapevine 3
Bowman-Birk tvpe trvpsin inhibitor proteins 4
Transposable element component proteins with
homology to hypothetical proteins from
Arabidopsís thaliana, Oryza sativa, Triticum
aestivum.

17

Predicted proteins 25
Total 56

Predicted Proteins Number of encoding genes



Figure 6: Chromosomal assignment of the WM1 gene family. Southern
hybridisation of WM1.1 ORF to wheat genomic DNA restriction endonuclease
dlgested with A- Eco RV and B- Dra l. All lines prefixed with NT are nullisomic-
te[rasomics (ie N1A-T1D, nullisomic chromosome 1A, tetrasomic 1D) whilst CS
represents Chinese Spring euploid wheat.
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Figure 6 also showed that a further 3 potential genes were scattered across the

genome with one being located on chromosome 34, one on chromosome 1B

and the last on chromosome 58.

Given that the majority of the gene family was located on chromosome 3D,

Southern analysis on chromosome 3 selected nullisomic tetrasomic, ditelosomic

and meiotic mutants was performed using the WM1.l ORF probe. Results

(Figure I - A and Figure I - B) confirmed that 11 of the 14 potential genes in

the WM1 gene family were located on chromosome 3D. Furthermore

ditelosomic lines allow localisation to the short arm of chromosome 3D and with

the meiotic mutants also showing that all 11 potential WM1 genes on

chromosome 3DS were located within the region defined by the ph2a deletion

mutant. However no restriction fragment length polymorphisms were

observable between the Chinese Spring and the ph2b mutant. Southern

analysis of specific members of the WM1 gene family for which genomic

sequence was available (Ji, 1992), showed that WMl.1, WM1.2 and WMl.3
were all located within the region defined by the ph2a delelion mutant (Figure

8).

3.3.2 Pulse field gel electrophoresis
ln order to determine if the 11 potential WM1 genes were clustered within the

region defined by the deletion in the ph2a meiotic mutant, restriction analysis on

high molecular weight (HMW) DNA was performed.

Restriction endonucleases (Sma l, Not / and Xho l) known to cut at low

frequency were used to yield large fragments of DNA (between 40 and 600 Kb),

Southern analysis of Chinese Spring HMW DNA restricted with Sma l, Nof / and

Xho land probed with WM1.l linker, WM1.2 linker and WM1.3 linker probes

(refer to Section 3.2.3) showed that WMl.l and WM1.3 members of the WMl

gene family were not co-localised on restriction fragments greater than 100 Kb

(Figure 9). Because of the reduced resolution in size of bands less than 100 Kb

(Xho I digest) co-localisation of WMl.1, WM1.2 and WM1.3 genes could not be

deciphered (Figure 9).
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Figure 7: Sub-chromosomal arm assignment and localisation of WM1 gene
family members within the region deleted in the ph2a mutant. Southern
hybridisation of WM1.1 ORF to wheat genomic DNA restriction endonuclease
digested with A- Eco RV, B- Dra / and C- Eco Rl, Bam HI, Hind lll, Dra I and
Eco RV. All lines prefixed with NT are nullisomic-tetrasomics (ie N1A-T1D,
nullisomic chromosome 1A, tetrasomic 1D), DT are ditelosomic (ie DT3AS,
ditelosomic short arm of chromosome 3A), whilst CS represents Chinese Spring
euploid wheat and ph2a and ph2b are the deletion and point mutant lines for the
Ph2locus in euploid wheat.
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Figure 8: Sub-chromosomal arm assignment of WM1 gene family members
WUt.1, WMl.2 and WMl.3. Southern hybridisation of WM1.1 linker, WMl.2
tinker and WM1.3 linker to wheat genomic DNA restriction endonuclease
digested with A- Eco RV and B-Dra /. All lines prefixed with NT are nullisomic-
teirasomics (ie N1A-T1D, nullisomic chromosome 14, tetrasomic 1D), DT are
ditelosomic (ie DT3AS, ditelosomic short arm of chromosome 3A), whilst CS
represents Chinese Spring euploid wheat and ph2a and ph2b are the deletion
and point mutant lines for the Ph2locus in euploid wheat.
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Figure 9: Physical linkage between WM1 gene family members WM1.1 , WM1.2
and WM1.3. Southern hybridisation of WM1.1 linker, WM1.2 linker and WMl.3
linker lo wheat high molecular weight (HMW) genomic DNA restriction
endonuclease digested with Sma /, Nof / and Xho l. All genomic DNA is derived
from Chinese Spring euploid wheat. Each hybridising band size is estimated
based on long-range l, concatemer DNA ladder (Marker - New England
Biolabs).
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3.3.3 BAC library screening

Fourteen individual barley BAC clones were isolated from the preliminary H.

vulgare library screen whilst 20 individual wheat BAC clones were isolated from

the preliminary T. tauschiilibrary screen.

The barley clones have been described as Hordeum vulgare BAC clone

numbers I to 14 (HvBACl)14)

The wheat clones have been described as Triticum tauschii BAC clone numbers

1 to 20 (TtBACl )20).

3.3.3.1 Southern fingerprint analysis of BAC c/ones

Hind Ill, Dra l, and Eco RV restriction endonuclease digests and subsequent

Southern analysis was performed in order to determine overlapping barley and

wheat BAC clones. Both barley and wheat membranes that were hybridised

with radiolabelled total BAC DNA (barley - Figure 10 - A, wheat - Figure 10 - B)

showed numerous common bands suggesting overlap between barley clones

and overlap between wheat clones.

Further Southern analysis of the wheat BAC clones with WM1.l ORF (Figure

11), WM1.l linker (Figure 11), WM1.2 linker (Figure 11) and WM1.3 linker

(Figure 11) (refer to Section 3.2.3 and Table 1) probes showed the WM1 gene

family cluster in wheat. lt is anticipated that there is approximately 11 genes

located within the region. Only an estimate can be made as it is unknown

whether or not multiple Hind lll, Dra I or Eco RV restriction sites within the

coding sequences for individual WM1 genes are causing duplication of bands.

Such an analysis in barley could not be performed due to the sequence

specificity for wheat for each of the linker probes from WM1.1 , WM1.2 and

WM1.3 (data not shown). However, probing barley BAC clones that had been

digested with Hind ///, with WMl.l ORF suggests that a similar gene cluster is

present in barley (Figure l2).
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Figure 10: Determination of overlapping barley and wheat BAC clones through
commonality in banding patterns. Commonality in banding patterns as
determined by Southern hybridisation of total BAC DNA to restriction
endonuclease digested barley (A- Hind lll) and wheat (B - Eco Ry) BAC DNA.
For both Panels A and B each separate lane corresponds to an independent
BAC clone labelled either HvBAC# (Hordeum vulgare BAC clone number #) or
TTBAC# (Triticum tauschiiBAC clone number #). Lanes labelled marker contain
Bst Ell/Sal/ restriction endonuclease digested l. DNA.
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Figure 1l: Co-localisation of WMl gene family members on overlapping wheat
BAC clones. Physical co-localisation of WMl genes as determined by
Southern hybridisation of WM1.l linker, WM1.2 linker and WM1.3 linker to
restriction endonuclease digested wheat (A - EcoRV, B - Dra I and C - Hind lll)
BAC DNA. For panels A, B and C each separate lane corresponds to an
independent BAC clone labelled TTBAC# (Triticum tauschii BAC clone number
#). Lanes labelled Marker contain Bst Ell/Sa/ / restriction endonuclease
digested ¡. DNA.
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Figure 12: Co-localisation of homologues to the WM1 gene family members on
ovèdapping barley BAC clones. Physical co-localisation of barley homologues
to the WMl gene family as determined by Southern analysis using A- total BAC
DNA and B - WM1.l ORFprobes on Hind lll restriction endonuclease digested
barley BAC DNA. For Panels A and B each separate lane corresponds to an
independent BAC clone labelled HvBAC# (Hordeum vulgare BAC clone number
#). Lanes labelled Marker 1 and Marker 2 contain Hind lll and Bsf Ell/Sal I
restriction endonuclease digested À DNA respectively.
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Southern analysis on barley BACs suggests that there are 4 or 5 genes

comprising the WMl gene cluster in barley as opposed to the anticipated 11

genes in T. tauschii. Observations on commonality in Southern banding

patterns for each of the wheat BAC and each of the barley BAC clones suggests

that the insert DNA sequence was derived from two different regions of the

genome in wheat whilst in barley it was from one region.

3.3.3.2 Pulsed field gel electrophoresis

Figure 13 illustrates the PFGE separated BAC DNA that has been probed with

WM1.l ORF and illustrates that the insert sizes for the BAC clones range from

36 Kb to 92 Kb. Given that Nof / cuts DNA in GC rich sequences, the multiple

banding patterns in Figure 13 show the region harbouring the cluster of WM1

genes is likely to contain GC rich DNA sequences.

3.3.4 BACfingerprinting
The fingerprinting data from each of TtBAC3, T\BACï and T\BACTl generated

from the ABl377 or 3700 was analysed using the computing software at DuPont

(Morgante, pers. commun.). The raw fingerprinting data for each of the eight

type ll restriction endonuclease digests (Table 4) was firstly converted into the

three classes based on the type of ddNTP big dye terminator incorporated into

the ambiguous type ll restriction endonuclease site. Each restriction fragment

for each BAC clone was then assigned a size (bp) based on the Rox500 size

standard. Band sizes and ddNTP classes were analysed for each BAC clone

and commonality in banding patterns was deciphered (data not shown).

3.3.5 BAG contig assembly

WM1.l ORF probed Southerns of Hind lll, Dra /, and Eco RV digested barley

and wheat BACs were analysed manually for commonality in banding patterns

inferring overlap. The results were compared to the Nof / digested, PFGE data

of the wheat BACs. This allowed an approximation of physical size to be

assigned to component fragments and overall BAC insert size.

71



Figure 13: Pulsed field gel electrophesis (PFGE) separated wheat BAC DNA of
nine overlapp¡ng clones known to encode WM1.1 , WM1.2 and WM1.3. Each of
the nine overlapping BAC clones is restriction endonuclease digested with Nof /
to release insert DNA and size separated by PFGE (Panel A). Panel B shows
Southern hybridisation of WM1.1 ORF to the size seperated BAC DNA for each
of the nine BAC clones. Lanes labelled marker contain low range À concatomer
DNA ladder (New England Biolabs).
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Based on commonality in banding patterns between BAC clones for individual

fingerprints (Section 3.3.4) a probable contig assignment of the three wheat

BAC clones is illustrated (Figure 14). The contig generated manually through

Southern analysis was confirmed by the BAC fingerprint analysis.

3.3.6 BAG sequence analysis

Sequence data generated from BAC subclones minus the BAC vector

subclones (refer to Sections 3.2.9.1 to 3.2.9.3) for each of T1BAC3, TIBACï and

TtBACll were compiled through the use of the bioinformatic software available

at DuPont. Computer programs PHRED/PHRAP, CROSSMATCH and

CONSED generated 46 independent stretches of DNA from 272617 bp of DNA

sequence. Orientations of the DNA stretches were determined by comparison

of the DNA sequence to Southern analysis data (3.3.3.1 and 3.3.3.2) and a

database of barley and wheat transposable and repetitive elements (Wicker ef

a1.,2001). Gaps in the sequence were predominantly caused by (G)" repeats (n

= -20 bp). Other gaps were caused by misalignment of DNA sequences

encoding the long terminal repeats (LTR) of transposable elements. Figure 15

displays the predicted gene content within a 226 Kb subfragment from lhe 270

Kb of DNA sequence derived from TtBAC3, T\BAC6, and TIBAC11.

Of the total 56 coding sequences predicted from the 270 Kb of sequence, 17

were component genes of transposable elements. This demonstrates a gene

density of one gene every 19 Kb excluding transposable element coding

sequences and predicted proteins with no homology to Genbank.
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Figure 14: Physical alignment of insert DNA of three overlapping wheat BAC
ctoìes (TtBAC3, TIBACï and TtBACll) based on Southern hybridisation,
pulsed field gel electrophoresis and fingerprinting data. Physical location of
WMl.1, WM1.2 and WM1.3 to individual Nof / restriction fragments within the
BAC contig is illustrated.
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Figure 15: Predicted gene content and structure of a 226 Kb DNA subfragment
within 270 Kb of DNA sequence derived from Triticum taushii BAC clones
TtBAC3, T\BAC6, TtBACl 1 .

Panel A - Diagramatic representation of the transposable and unclassified
repetitive element distribution as determined by homology to a characterised
transposable element database (Wicker, pers. commun.).

Panel B - Diagramatic representation of the RiceGAAS
(http://rgp.dna.affrc.go.jp/) predicted genes, minus those genes with homology
to transposable elements and predicted matrix attachment regions. Gaps in the
DNA sequence are labelled as GAP.

Panel C - Diagramatic representation of the microsatellite distribution as
determi ned by both RE P EATMASKE R (http ://ftp. genome.washington.ed u/) and
GrailEXP (Hyatt et a\.,2000a; Hyatt ef a/., 2000b).
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Table 6 lists the predicted gene content from the three BAC clones

3.3.6.1 WM1 genes

Seven WM1 genes (WM1.1-1.3, WM1.7 and WM1.10-12) were predicted in the

270 Kb of T. tauschri DNA (Figure 16). Four (WM1.1, WM1.2, WM1.7 and

WM1.10) of the seven WM1 genes have a single open reading frame

suggesting that they do not contain introns.

The three remaining WM1 genes (WM1.3, WMl.11, and WM1.12)have multiple

stop codons within what seemed to be an original single open reading frame,

3.3.6. 1.1 Prediction of transcription regulatory elements

The promoters of class ll genes, such as the WMl genes, can be subdivided

into the basal promoter located at the transcriptional start site and the upstream

promoter elements, comprising of consititutive and regulatory motifs. Alignment

of approximately 1 Kb of 5' DNA sequence to the predicted coding regions of the

WMl genes and analysis of the resulting consensus sequence highlights the

common location of the predicted basal promoter (Figure 17 - A and B). Within

the basal promoter there is a TATA-box, which is expected to be at a position -
25 from the transcription start site (Figure 17 - A). Neural Network Promoter

Prediction of this region including a CDFI-RS binding signature (Figure 17 - A
and B), found to bind to basal promoters of chloroplastic genes (Lam et al.,

1988) helps support the hypothesis that this region is responsible for RNA

polymerase ll binding. Figure 17 - B shows that this basal-like promoter region

also posesses a binding signature for plant specific Dof transcription factors

(Yanagisawa, 1997; Yanagisawa, 1998; Yanagisawa, 2000; Yanagisawa &

Schmidt, 1999; Yanagisawa & Sheen, 1998). lt is anticipated that CDFI-RS
proteins represent basal transcription initiation factors and will form a part of the

pre-initation complex at the basal promoter. This is a likely requirement for RNA

polymerase binding and subsequent activity.
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Table 6: RiceGAAS software identified coding sequences from270 Kb oÍ Triticum tauschii
genomic sequence.

WMl family proteins 7
Putative ripening-related proteins from grapevine 3
Bowman-Birk type trypsin inhibitor proteins 4
Transposable element component proteins with
homology to hypothetical proteins from
Arabidopsis thaliana, Oryza sativa, Triticum
aestivum.

17

Predicted proteins 25
Total 56

Predicted Proteins Number of encoding genes



Figure 16: Diagram of the predicted nucleotide coding sequence for seven
members of the WMl gene family. For each predicted coding sequence
(orange arrows), green arrows outline open reading frame maps and blue
arrowé designate the relative position of RT-PCR primers used to distinguish the
different members of the gene family.
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Figure 17: Promoter and terminator analysis of the predicted WM1 gene family.

A - Prettybox alignment of DNA sequence 5' to the predicted coding regions for
each of WM1.1, WM1.2, WMl.7, WMl.10-12. Highlighted by a red line is the
predicted basal promoter; a blue line, the predicted TATA-box; in green letters is
the predicted binding site for the CDFl-RS cis-regulatory element and red
letters, the predicted transcription start site.

B - 1. Diagram of the predicted crs-acting regulatory element binding sites on
WMl gene family promoter consensus sequence. The consensus sequence
produced by an AlignX alignment of 1 Kb of DNA sequence 5'to the predicted
coding regions for each of WMl.1, WM1.2, WMl.7, WM1.10-12.

C - Prettybox alignment of 500 bp of DNA sequence 3'to the predicted coding
regions for each of WMl.1-3, WM1.7, WM1.10-12. Predicted A and T rich poly-
adenylation signals are highlighted by red lines.
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The prediction of the basal promoter is supported by the identification by BLAST

2.0 blastn program (Altschul et a1.,1997), of an Expressed Sequence lag (EST)

from a bread wheat endosperm, 8-12 days post anthesis, cDNA library. This

EST encodes the very 5'end of the coding sequence for WM1.ll, which

initiates 7 base pairs 3'to the TATA-box (Figure 17 - A and B).

The 5' consensus sequence for the predicted WMl genes does not clearly

identify any unique regulatory element-binding sites upstream from the predicted

basal promoter. lnstead many regulatory element-binding sites were predicted

(Figure 17 - B). Localisation of these regulatory element-binding sites suggests

that the predicted WMl genes are likely to possess a collection of upstream

promoter elements.

3. 3. 6. 1 . 2 P rediction of poly-ade nylation signals

Most RNA polymerase ll transcripts are processed by 3' cleavage and

polyadenylation, however the intrinsic termination of transcription is unclear. lt is

expected that polyadenylation signals play a crucial part in transcription

termination. The 3' consensus sequence for the predicted WM1 genes clearly

possesses two poly-adenylation signals (Figure 17- C).

3.3.6.2 WM1 predicted primary peptide structure

RiceGAAS predicted primary peptides for the WM1 genes show high levels of

sequence homology (Table 7). Primary polypeptide comparisons show that the

WM1 proteins have between 70.5% and 85.9% similarity, with sequence

divergence between 13.8Vo and 31.6%. The predicted phylogenetic

relationships between WM1 predicted proteins illustrates that WMl.3 is the most

distantly related of the WMl gene family (Figure 18). Based on the number of

amino acid substitution events distinguishing members of the WMl gene family

it seems as though WM1.1, WM1.10 and WMl.12 are the most closely related.

WMl.1 , WMl.10 and WM1.12 can be distinguished based upon between I and

9 amino acid substitution events across a total of 660 amino acids (Figure 18).
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Figure 18: Relationship between the predicted primary polypeptide sequences
for seven members of the WMl gene family'

A - Prettybox alignment of the predicted primary polypeptide sequences for
seven members of the WM1 gene family.

B - A rooted phylogenetic tree depicting the relationship between the predicted
primary polypeptide sequences for seven members of the WM1 gene family.
Phylogentic tree describes the number of substitution events at each branch
point that allow discrimination between related members of the WMl gene
family (DNAstar lnc., 1997).
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Table 7: Polypeptide sequence similarity and divergence between the predicted primary peptides
of seven members of the WMl gene family.
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22.1 71.0 73.7 75.6 78.1 75.8 WM1.2

28.5 31.5 72.3 73.6 70.5 73.8 WM1.3

23.5 27.9 30.1 77.5 80.6 81.4 WM1.7

18.5 24.6 29.6 24.9 80.6 84.4 wM1.10

19.5 20.7 31.6 19.5 20.8 75.6 wM1.11

13.8 25.7 30.4 20.6 15.9 21.3 wM1.12



WM1.7 and WM1.11 predicted primary peptides are also highly similar as they

can only be distinguished based on 10 substitution events across 516 amino

acids (Figure 18). Table 8 outlines predicted peptide properties for each of the

predicted WM1 primary peptides whilst Figure 19 displays the structural

features and similarity between peptides.

3.3.6.2. 1 Transmembrane domains

The TMpred program (Hofmann & Stoffel, 1993) was used to make predictions

of membrane-spanning regions and their orientation. The algorithm is based on

the statistical analysis of TMbase, a database of naturally occuring

transmembrane proteins. Figure 19 illustrates the prediction of
transmembranes within the predicted WM1 primary peptides. All predicted

peptides of the WM1 gene cluster seem to encode a highly conserved C-

terminal putative transmembrane domain.

3.3.6.2.2 Leucine zippers

Several predicted WM1 proteins (WM1.1, 1.2, and WM1.10-WM1 .12) have

100% identity with a zipper-like domain (Figure 20) as predicted by searches

against the PROSITE database (Hofmann et al., 1999). WM1.1, WM1.2,

WM1.10 and WM1.12 each have a leucine zipper within the tandemly arrayed

LRRs specifically at a position between 414 - 436 amino acids from the C-

terminus. On the other hand WM1.11 has a leucine zipper at the C-terminus of

the predicted peptide within the predicted C-terminaltransmembrane domain.
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Table 8: Properties of predicted WM1 primary peptides

WM1.1 1032 115 5.47 -23.97
WM1.2 1 060 117 5.51 -22.98
WM1.3 397 44 5.89 -3.74
WM1.7 1102 121 5.84 -16.84
wM1.10 1 060 118 5.82 -17.75
wM1.11 516 57 5.62 -10.20
wM1.12 660 73 5.65 -14.54

Length
(aa)

lsoelectric
Point

WM1 predicted Charge at pH 7
ma Wei ht kDa)

Molecular



Figure 19: Diagram of the structural relationship between the predicted primary
polypeptide sequences for seven members of the WMl gene family. Whole
predicted polypeptide sequences are represented for WM1.1, WM1.2, WM1.3,
WM1.7, WM1.10, WM1.11 and WM1.12. For each predicted polypeptide
sequence the legend identifies structural motifs and regions of high homology.
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Figure 20: Structure of leucine rich repeat and leucine zipper-like motifs from
within the predicted primary polypeptide sequences for members oÍ the WM1
gene family.

A - Leucine zipper consensus generated from the alignment of leucine zipper-
like motifs from WM1.1, WM1.2, WM1.10 and WM1.12, also comparing the C-
terminal leucine zipper-like motif from WM1.11.

B - WM1 gene family leucine rich repeat consensus generated from the
alignment of leucine rich repeat consensus sequences of predicted primary
polypeptides WM1.1, WM1.2, WM1.3, WM1.7, WM1.10, WM1.11 and WM1.12.
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3.3.6.2.3 Leucine rich repeats

All predicted WM1 proteins have varying lengths in stretches of tandemly

arrayed leucine rich repeat signatures (LRRs) as predicted by INTERPRO

(Apweiler et al., 2001) and BLOCKS database (Henikoff et a1.,2000; Henikoff ef

a/., 1999) searches (Figure l9). Figure 19 displays that the number of LRRs

varies between 9 and 30 for the predicted peptides of the WMl gene family

cluster. Conservation of LRRs between the different members of the gene

family is primarily within the N- and C-terminal blocks of LRRs (refer to Figure
21). The C-terminus of all the predicted WM1 primary peptides share 68.2%

identity and 100% similarity (Figure 21-A), whilst the N-terminus shares 60%

identity and 99% similarity (the truncated WM1.3 was excluded from the

alignment) (Figure 21-B). This shows that there is high conservation in

sequence similarity between the predicted WMl primary peptides and most

variation relates to the length of the tandem array of LRRs. However, variation

is observed in the amino acid composition between individual LRRs within each

of the predicted WM1 primary peptides, Typically LRRs within a predicted

peptide share between 31.7% and 58.3% similarity and share between 0% and

12.5% identity. Similarity and identity between LRRs within a predicted peptide

seems to decrease with the increasing length of the LRR tandem arrays.

Similarity in the amino acid divergence is comparible with the Cf-2 and Cf-9

primary peptides (Dixon et a|.,1996; Jones et a\.,1994). A barley homologue of

Cf-2 and Cf-9 shows similar patterns of LRR divergence within the primary

peptide (data not shown).
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Figure 21: Highly conserved N-terminal and C-terminal blocks of tandemly
arrayed leucine rich rePeats.

A - Alignment of the N-terminal region of predicted polypetides WM1.1, WM1.1,
WM1 .7, WM1 .10, WM1 .1 1 and WM1 .12.

B - Alignment of the C-terminal region of predicted polypetides WM1.1, WM1.1,
WM1.3, WM1.7, WM1.10, WM1.11 and WM1.12.
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3. 3. 6. 2. 4 Signal Peptide

All WM1 predicted primary peptides, except WM1.3, possess a signal peptide.

This however, does not preclude cleavage and therefore predictions from both

the SignalP V2.0 (Nielsen ef al., 1997) and PSORT (Nakai & Kanehisa, 1992;

von Heijne, 1986) (Table 9) programs were assessed. Results of these

predictions suggest that neither WM1.1 or WM1.10 have a cleavable signal

peptide, whilst WM1.2, WM1.7, WM1.11, and WM1.12 signal peptides are all

likely to be cleaved.

3.3.6.2. 5 Predicted subcellular localisation

PSORT program (Nakai & Kanehisa, 1992) was used to predict potential protein

localisation sites in eukaryotic plant cells (summarised in Table 9). All predicted

WM1 primary peptides revealed that the WM1 family are all localised to plasma

membranes and can be classified into three classes. The first classification is

the type la membrane proteins which include WM1.2, WM1.7, WM1.11 and

WM1.12. Secondly WM1.3 is categorised as a type lb (N-terminus

extracellular, cytosolic C-terminus) membrane protein. Finally there are the type

ll (N-terminus cytosolic, extracellular C-terminus) membrane proteins, which

include WM1.1, and WM1.10. lt should be noted that membrane topology

prediction is highly dependant on the prediction of signal sequence cleavage.

Manual analysis of cytoplasmic domains for all WM1 predicted peptides show

that all except WM1 .10 possess a YFRL motif. This matches to the mammalian

consensus for the typrosine YXXö endosomal/lysosomal sorting signal

sequences, where $ is an amino acid with a hydrophobic side chain, that

stimulates receptor mediated endocytosis and degradation of cell-surface

receptors (Letourneur & Klausner, 1992; Marks et al., 1996).
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Table 9: Prediction of subcellular localisation, membrane topology and signal sequence for WM1 predicted polypeptides. Predictions and
assigned probabilities are based on the PSORT program (Nakai & Kanehisa, 1992) for each predicted primary peptides of WMl .1 , WM1 .2,
WMl .3, WM1 .7, WM1 .10, WM1 .1 1 and WM1 .12.

69.8 %

46.0%

70.O o/o

46.O o/"

64.0 %

46.0 %

46.0%

Plasma Membrane
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Plasma Membrane
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Type ll membrane protein
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Type la membrane protein
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3. 3. 6. 2. 6 Structu ral con se ruati on

Figure 18 and Figure 19 highlight the areas of conservation in amino acid

sequence within WM1 putative peptides. Conservation in amino acid sequence

extends to the N-terminal region of the putative signal peptide and to the blocks

of tandemly arrayed LRRs at the C-terminus. Differences between the lengths

of the tandemly arrayed LRRs lies mainly on the RiceGAAS prediction (Figure

16) of the coding sequence and the presence of several stop codons in what

seems to be an original single open reading frame.

3.3.6.3 Genes homologous fo WM1 genes

Each predicted WM1 primary peptide sequence was screened using the BLAST

2.0 blastp program (Altschul et al., 1997) across the non-redundant Genbank

database. Homologous proteins at the primary peptide level included the Cf-

2lCf-5like protein from barley (H. vulgare), the disease resistance proteins Cf-

2.1 and Cf-9 from current tomato (Lycopersicon pimpinellifolium), a putative

disease resistance protein from A. thaliana, an LRR-like protein from soybean

(Glycine max), verticillium wilt disease resistance protein from tomato Ve-2

(Lycopersicon esculentum), three rice (Oryza sativa) CI2)ike predicted proteins

and the HcrVfl protein from apple (Figure 22).

Primary polypeptide comparisons show that the WM1.1 protein has between

28.8% and 52.7% similarity and 100% sequence divergence with most other

type la plasma membrane anchored LRR-like proteins (Table 10). The only

exception is the comparison between the barley Cf-2l9f-9-like peptide and

wheat WM1.1 peptide, which seems to have a sequence divergence of only

75.2o/o. The phylogeny assumed evolutionary relatedness of wheat WM1.1 with

other LRR proteins and aligns peptide sequences so as to minimise evolutionary

change.
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Figure 22: Diagram of the structural relationship between the predicted primary
polypeptide of L fauschrÏ WM1.1 and those polypeptides found to be most
homologous as determined by the BLAST 2.0 blastp program (Altschul et al.,
1997). WM1-like peptides are from barley (H. vulgare), tomato (Lycopersicon
pimpineltifolium and esculentum), A. thaliana, soybean (Glycine max), rice
(Oryza sativa) and apple (Malus floribunda) (refer to Figure 23). For each
predicted polypeptide sequence the legend displays structural motifs and
regions of high homology. Genbank accession numbers are included in
brackets.

92



aa2301

893 aa

578 aa

tLt2 aa

863 aa

1139 aa

Wheat WM1.1

Barley

(AADs0430)

Rice 1

(84499381)

Rice 2

(BAAe6770)

Rice 3

(84496777)

Apple HcrVfl

(cAc4082s)

Arabidopsis

(AAGs0623)

Soybean

(AAF1e213)

Tomato Cf-2

(T10s04)

Tomato Cf-9

(AAA6s23s)

Tomato Ve-2

(AAK5801 1)

71.20 aa

98'l aa

1022 aa

l-01-5 aa

994 aa

A Leucine Zipper

f Leucine Rich Repeats

a) signalPeptide

0 Transmembrane Domain

I PEST-like sequence

Regions of High Amino Acid Conservation

A Negative Charge Cluster

  Positive Charge Cluster

Y Tyrosine Endoc¡osis Signal

A Endoplasmic Retential Signal

  Dileucine Endoc¡osis Signal



Table l0: Polypeptide sequence similarity and divergence between the predicted primary polypeptide of T. tauschri WM1.1 and those polypeptides
found to be most homologous as determined by the BLAST 2.0 blastp program (Altschul et at.,1997). WMl)ike peptides are from bariey-(H.'
vulgare), tomato (Lycopersicon pimpinellifolium and esculentum), A. thatiana, soybean (Gtycine max), rice (Oryza sativa\ and apple (Maius
floribunda) (refer to Figure 23).
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Figure 23 shows that tomato Cf-9 is most closely related to the common

ancestral type la plasma membrane anchored LRR-like protein. Based on the

number of amino acid substitution events distinguishing the different LRR-like

peptides it seems as though LRR-like proteins within the monocotyledonous

species (barley, wheat and rice)are the most closely related.

3.3.7 Northern analysis of WMl genes

Northern analysis of total RNA and polyA isolated mRNA on a range of wheat

tissues was unable to detect any signal using the WMl.l ORF PCR fragment as

a probe (data not shown), even though hybridisation and washing conditions

(refer to 2.2.14) for the Northern analysis was standardised to replicate the

conditions as seen for Southern analysis.

3.3.8 RT-PCR of WMl genes

RT-PCR of WMl.1 - WM1.3, WMl.10, and WM1.11 was performed on 5 ¡.rg of

total RNA extracted from; root tissue, young leaf tissue (3 weeks old), and

spikes undergoing early meiosis (Chinese Spring, ph2a and ph2b). As most

WM1 genes do not contain introns it is difficult to discern a PCR product derived

from WMl mRNA as opposed to a PCR product from genomic contamination.

To counteract this problem DNAase treament (DNAse treated BAC DNA control)

of RNA samples, PCR positive controls (MSHZ and Thioredoxin F/) and a
genomic contamination control PCR (Glutenin Promoter) was incorporated into

all RT-PCR samples (Figure 24). Southern hybridisation of RT-PCR products

(Figure 24) shows that WM1 genes are expressed in all tissues but

differentially. WMl.l is expressed in leaf, and meiotic spikes, WM1.11 is

expressed only in meiotic spikes whilst WM1.2, WM1.3, and WM1.10 are all

expressed in root and meiotic spike tissues. The only RT-PCR products, which

were clearly visible after ethidium bromide staining was from WM1.l0 in both

wild type (Chinese Spring) and ph2b meiotic spikes. As 5 ¡rg of total RNA was

used for each sample, RT-PCR products are partially quantitative when

comparisons are made within samples for individual genes.
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Figure 23= Relationship between the predicted primary polypeptide of T.

tauschii WM1.1 and those polypeptides found to be most homologous as
determined by the BLAST 2.0 blastp program (Altschul et a\.,1997). WM1-like
peptides are from barley (H. vulgare), tomato (Lycopersicon pimpinellifolium and
esculentum), A. thaliana, soybean (Glycine max), rice (Oryza safiva) and apple
(Malus floribunda).

A - Prettybox alignment of the primary polypeptide sequences of LRR genes of
tomato Cf-9 (Jones ef a/., 1994), Arabidopsts, barley (Tokunaga et al., 1999),
tomato Ve-2 (Kawchuk ef a\.,2001), rice 1, apple HcrVfl (Vinatzer et a\.,2001),
tomato Cf-2 (Dixon et al., 1996), wheat WM1.1, soybean (de Barros et al.,
1999), rice2 and 3.

B - A rooted phylogenetic tree illustrating the relationship between the primary
polypeptide sequences for all LRR-like proteins (alignment as per panel-A).
Phylogentic tree illustrates the number of substitution events that allow
discrimination between all LRR-Iike proteins analysed.
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Figure 24: Southern blot analysis of electrophoretically separated RT-PCR
products of individual members of the WMl gene family. Positive controls
include MSHT and Thioredoxin H whilst the genomic contamination control is
the Glutenin promoter. A- 2 hr exposure at room temperature, B- overnight
exposure at -80oC.
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Results therefore suggest thal WM1 genes are preferentially expressed in floral

tissues (Figure 24), and Northern analysis (data not shown) suggests that the

overall expression level is extremely low.

3.4 Discussion
3.4.1 WM1 genes cluster
The genes identified by hybridisation to WM1.0 cDNA clone were named WM1.1

to WM1.21 (!!heat Meiosis genes 1.1 to 1.21) (Ji, 1992). Using the WMl.1

open reading frame (WMl.f ORF) as a probe in Southern analysis of wheat

DNA the WMl gene family of approximately 21 genes is revealed (Figure 7), 14

members of the WMl gene family reside within the region deleted on

chromosome 3DS in the wheat ph2a mutant (Figure 8). Additionally, 2 WM1

genes are located on chromosome 3AS. However, no WM1 genes were

detected on chromosome 3BS. Sub-chromosomal assignment suggests that

WM1 genes are not represented across all chromosomes within homeogroup 3

and seem to be clustered on chromosome 3DS.

WMl genes are not detectable by Northern analysis on either total RNA or

polyA enriched RNA from wheat floral tissue. However mRNA transcripts were

detected with RT-PCR, suggesting expression at very low levels. RT-PCR

indicates that WM1 genes are expressed predominantly in floral tissue, but

some members have mRNA transcripts detectable in leaf and root tissues. The

identification of an EST derived from WMl.ll shows that this particular member

of the gene family is likely to be expressed in endosperm 8-12 days post-

anthesis. ln light of the results so far, the only conclusion that can be drawn is

that the WM1 genes are differentially expressed between roots, leaves and floral

tissue and are likely to be developmentally regulated.

Does the clustering of the WMl genes relate to developmental regulation? To

what degree are the WM1 genes clustered?

Genetic mapping of the WMl gene family in three barley-mapping populations

Chebec x Harrington, Clipper x Sahara and Galleon x Haruna Nijo showed that
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all genes co-segregate and are therefore tightly linked (refer to 5.3.1 and Figure

37). Consequently genetic mapping provides evidence that the WM1 gene

family clustered within 5 centimorgans.

Considering that WM1 genes are genetically linked, Southern analysis of PFGE

separated HMW DNA was utilised in determining physical linkage. Results were

unable to demonstrate physical linkage between members of the WM1 gene

family (Figure 9). However, screening of both a barley and diploid wheat (L
tauschii) BAC library proved othenryise. Barley and wheat BAC clones showed

that the WM1 genes were indeed physically linked and clustering within a region

of approximately 200 Kb. There are up to 11 WM1 genes within this region

(Figure 13 and Figure 14).

To determine structural organisation of the WMl gene family three T. tauschii

BAC clones, T1BAC3, T1BAC6, and TtBACll were shotgun sequenced.

Shotgun sequencing revealed the presence of seven WM1 genes within a 270

Kb region (Figure 19). The seven WM1 genes (WM1.1-1.3, WM1.7, and

WM1.10-1.12) that were predicted in this region, are likely to be intron-less

(Figure 16) and predominantly encode type la plasma membrane anchored

leucine rich repeat proteins.

WM1 genes encode LRR receptor-like proteins and appear to be co-localised

within a small region on chromosome 3DS of hexaploid wheat. Localisation of

the WMl genes within such a defined region of the genome poses the question;

ls this region of the genome structurally important and does this relate to the

function of the WM1 genes. Additionally, what are the likely evolutionary

mechanisms that have operated on the WMl gene cluster?

3.4.1.I WM1 gene structural organisation

WMl genes are tandemly arranged in both a head-to-tail and tail-to-tail

orientation (Figure 15) spanning the 270 Kb region. Flanking hhe WM1 gene

family cluster are multiple copies of genes encoding putative ripening-related

proteins (3 copies), Bowman-Birk type trypsin inhibitor proteins (4 copies) and a

single Pst19-like protein. Furthermore, 17 transposable element component
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prote¡ns with homology to hypothetical proteins of A. thaliana, Oryza safiya, and

T. aestivurn were located between the WMl genes. lnterestingly a Pst19

protein has previously been found to be co-localised with a LRR-receptor like

kinase gene cluster on chromosome lAtS of T. monococcum (A' genome)

(Feuillet et al., 2001; Stein ef al., 2000; Wicker et al., 2001). This cluster of

genes was found whilst in the pursuit of the LrlO resistance gene. Further

analysis may highlight an important evolutionary relationship between LRR-like

genes and this Psfl9-like sequence.

Most WM1 genes seem to be separated by large stretches of transposable

element-like sequences. Some of these repetitive sequences show homology to

BARE-1 and Wis2l-A-like retrolelements. Preliminary analysis of the 270 Kb

region shows that it contains approximately 80% repetitive sequence. lt is

anticipated that further analysis will allow a greater understanding of

transposable element evolution and help reveal their impact on the origin of LRR

gene clusters both in terms of gene expression and function.

3.4.1.2 WM1 gene evolution

When looking at the physical arrangement of WM1 genes with respect to one

another, similarities can be drawn to other LRR gene clusters. The presence of

tandemly duplicated homologous sequences at the WMl locus could promote

chromosomal mispairing, resulting in non-reciprocal homologue exchange or

unequal crossing-over. This may induce meiotic instability of different WM1

alleles as has been shown with alleles at the Rpl rust resistance locus in maize

(Hulbert, 1997) and furthermore this could result in sequence homogenisation

within a gene family through frequent intergenic sequence exchange. This

would be desirable at developmental gene loci where conservation in LRR

genes maintains integrity, which is likely to be crucial for development. On the

other hand it is undesirable at resistance gene loci where novel variants in LRR

genes are required to combat a constantly changing pathogen population

(Thomas et a|.,1998).
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Despite the prospect for gene homogenisation, analysis of the sequence 3' and

5'to the WMl coding regions shows high sequence divergence suggesting that

these genes were not generated from a recent crossover or gene conversion

event as was shown for several Cf genes (Parniske et al., 1997; Parniske &

Jones, 1999; Parniske et al., 1999). lt is anticipated that the rate of such

crossing-over or gene conversion, resulting in duplication and deletion of whole

WMl genes or blocks of LRRs with genes, is extremely low. Such changes in

the Cf-9 LRR gene resulting in loss of function are believed to occur once in
22,000 meiotic events (Parniske et a\.,1997).

lnterestingly, the 5' sequencefor WM1.ll includes a short region with homology

to the leucine zipper region of the Yrl0 (Laroche ef al.,20OO) and Rpml (Grant

et al., 1995) disease resistance genes (refer to Figure 16). This region is
upstream from the predicted basal promoter region and is not a part of the

coding sequence. The WM1.ll EST derived from endosperm 8-12 days post

anthesis confirms this. These results suggest that there may be an evolutionary

relationship between the leucine zipper - nucleotide binding site - LRR (LZ-

NBS-LRR) class of disease resistance proteins and the purely LRR receptor-like

class of proteins (WM1 gene family). Further analysis of the WMl gene cluster

may highlight the importance of this evolutionary link in terms of function.

The developmental expression pattern, co-localisation and genic structure

around the region of WM1 genes is interesting but what is their likely function in

the plant? Without transformants, the predicted peptide sequences of lhe WMl
genes must be used to elucidate potential functions?

3.4.2 WMl gene analysis

Several gene classes, including histones (Chaboute et a|.,1993) and polyphenol

oxidases (Newman et al., 1993), have been identified in plants that generally

lack introns and encode short polypeptides (< 62kDa). lt appears thattheWMl
family of LRR receptor-like proteins (-112 kDa) encode the largest genes

believed to be intron-less in plants.
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The WM1 primary peptides show highest homology and structural similarity with

the Cf-2 (Dixon et al., 1996), CÊ9 (Jones ef a/., 1994), Ve-2 (Kawchuk ef a/.,

2001), and HcrVfl (Vinatzer et a|.,2001) receptor-like disease resistance genes

from plants. The WM1 predicted proteins possess a hydrophobic N-terminus,

which is typical for a signal peptide. Signal peptide cleavage is likely to be

important for targeting these receptor-like proteins to the plasma membrane.

3.4.2.1 Leucine rich repeats

The signal peptide precedes a long stretch of tandemly arrayed LRRs with

between I and 30 imperfect copies of a 23 amino acid consensus

IXXLXXLXLXXLDLSXNXLSGXIP]. These tandemly arrayed LRRs have been

found in many proteins with diverse functions. As with many LRR-like genes,

the WMl primary peptides have length variation in the N-termini. This region is

not only heterogenous in repeat number but also in repeat length. The

Drosophila chaoptin (Reinke et a|.,1988), for example, has 41 repeats, whereas

the Rec-A like protein of Arabidopsrs (Pang et al., 1992) has only four. The

LRRs are generally believed to be involved in protein-protein interaction (Gay ef

al., 1991; Suzuki et al., 1990) but the mode and specificity of the interaction is

unclear. A glycine present within the consensus sequence is consistent with the

expectation that they are extracellular, with its location likely to assist in the

detection of a signalling ligand (Jones eta\.,1994; Song ef a/., 1995). ln plants,

several LRR proteins have been isolated in recent years. They fall into several

major classes, the receptor-kinase like proteins and the disease resistance

proteins (Braun & Walker, 1996; Dangl, 1995). One of the former types, the

Xa21 gene product from rice, has been found to function as a disease

resistance molecule (Song et a|.,1995).

Although LRR-like proteins are associated with diverse functions, a common

property involves protein-protein interaction. The 3-D structure of a

ribonuclease inhibitor, a protein containing 15 LRRs, has been determined

(Kobe & Deisenhofer, 1993), revealing LRRs forming o/p coil structures. These

15 LRR's folded in an unusual horseshoe structure, which has the ability to

clamp onto the ribonuclease. The LRRs of WM1 proteins suggest that they are
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not likely to adopt the a/p coil structure as they are highly homologous to other

plant LRRs which have been shown to contain residues not common in c¿-

helices (Dixon et al., 1996; Thomas et al., 1997). The likely p-helical structure

(Kobe & Deisenhofer, 1994) of these plant LRRs would aid the parallel stacking

of the p-strand/p-turn motif, resulting in the formation of a rod-like structure with

an extensive and potentially variable ligand-binding surface (Thomas et al.,

1ee8).

The greatest homology of the WM1 primary peptides is with Cf-2 and Cf-9

Cladosporium fulvum disease resistance genes of tomato (Dixon et al., 1996;

Jones et al., 1994). Highest homology lies in the C-terminal region of these

proteins, composed of one 23 and three 24 amino acid LRRs, as well as a
transmembrane domain (Figure 22). Yariation in the amino-terminal LRRs of Cf
genes, as with WM1 genes, is likely to have arisen through mutation, segmental

exchange between adjacent homologues within tandem arrays (either by

repeated rounds of unequal exchange or by gene conversion) and duplication or

deletion of complete LRR units: For example, Cf-4 differs from Cf-9 by a precise

deletion of two complete LRRs (Thomas et a1.,1997). lt has been suggested

that this N-terminal region plays a role in ligand binding specificity. This has

implications when assessing the potential tertiary structure of the LRRs. The

predicted parallel stacking of the p-sheet arrangement of LRRs means that any

given amino acid has both a horizontal context, the neighbouring amino acids

within its own LRR unit, and a vertical context, amino acids in a similar position

in the two flanking LRRs. Segmental exchange, deletion and duplication of

whole LRRs, have limited roles in producing novel combinations of amino acids

in the horizontal context, but would seem to have a more important role in

producing novel combinations of amino acids in the vertical context. This is
likely to have important repercussions in specificity of recognition of protein

ligands (Ellis & Jones, 1998) and may prove extremely important when

determining the role of individual members of the WM1 gene family.

Between 7 and 27 sequences matching the N-glycosylation consensus

sequence NX(S/T) were observed within the predicted LRR regions of the WM1
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primary peptides (data not shown). This would suggest WM1 protein

glycosylation, which may disrupt the regular tertiary structure of LRRs and

subsequently influence potential ligand binding. Such suggestions have been

made based on the Cf-9 gene (Piedras et a\.,2000; Thomas et al., I 998).

3.4.2.2 Leucine zipper

Several WM1 proteins (WM1.1, WM1.2, WM1.10, and WM1.12) have 100%

identity with a leucine zipper-like domain (Figure 19). The leucine zipper

consists of a periodic repetition of leucine residues at every seventh position

over a distance covering eight helical turns. These predicted leucine zippers are

embedded within two LRRs; consequently the two structures would be mutually

incompatible based on secondary structural characteristics. Leucine zippers

require an c¿-helix conformation whilst leucine rich repeats form a p-strand

flanked by p-turns. The presence of multiple helix-breaking prolines within the

potential leucine zipper of WM1 peptides would oppose the formation of a

leucine zipper. Given the leucine zipper structure is unlikely to form, the

potential for LRRs to be involved in the dimerisation process is not negated.

The involvement of LRRs in heterodimerisation of such type la plasma

membrane anchored LRR proteins is yet to be proven.

3.4.2.3 Soñing signals

A hydrophobic sequence with a predicted o¿-helical secondary structure, which is

bordered by a negatively charged extracytoplasmic domain and a positively

charged cytoplasmic domain, are typical in membrane-spanning proteins

(Figure 19). lmportantly cytoplasmic domains for all WM1 predicted peptides

except WM1.10 possess a YFRL motif. This matches the mammalian

consensus for the typrosine YXXQ endosomal/lysosomal sorting signal

sequences, where g is an amino acid with a hydrophobic side chain that

stimulates receptor mediated endocytosis and degradation of cell-surface

receptors (Letourneur & Klausner, 1992; Marks et al., 1996). Whether the

tyrosine YXX$ motif functions as an endocytosis signal in plants is yet to be

proven experimentally. Availability of complete DNA sequence for WM1 genes
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will help in experimental confirmation of the localisation of the WM1 proteins,

through GFP fusion proteins, to the cell membrane and consequently determine

the function of the YXXÖ motif in receptor mediated endocytosis and

degradation.

unlike the tomato verticillium resistance (ve-1 and ve-2) peptides, the wM1
peptides do not possess Pro-Glu-Ser-Thr (PEST) sequences that are commonly

found in proteins with short cytoplasmic half-lives (Rechsteiner & Rogers, 1996;

Rogers et al., 1986) (Figure 22). Additionally WM1 peptides do not possess

KKX motifs that signal endoplasmic reticulum retention in plants (Benghezal ef

a\.,2000).

3.4.3 Relating developmental regulation to disease resistance
It would be interesting to investigate rt WW genes are upregulated in response

to pathogen attack as would be expected based on the high level of peptide

homology to disease resistance genes (Cf-2, Cf-9, Ve-2) (Kawchuk et a1.,2001;

Thomas et a1.,1998) and the induced barley Cf-2l)f-ïlike LRR gene isolated by

differential display of BTH-treated plants (Tokunaga et al., 1999). BTH
(benzo(1,2,3)thiadiazole-7-carbothioic acid s-methyl ester) is a new class of
commercial agrochemicals that indirectly control fungal plant diseases through
the activation of the plant's own defences (Kessman & Nordmeyer, 1996). ln

dicots, BTH is thought to act as a functional analogue of the endogenous
defence-signalling molecule, salicyclic acid, and induce systemic aquired

resistance (Du & Klessig, 1997; Hunt & Ryals, 1996; Ryals et al.,1996).

The first step in determining it WM1 genes have a role in plant defence is to
determine if any known genes for disease resistance reside on chromosome

3DS in the locality of the WMl gene cluster. One such example is leaf rust

resistance gene 32 (Lr32) (Kerber, 1988). lt would need to be determined

whether any of the WMl genes are upregulated upon infection by this pathogen.

It is also important to assess whether wMl genes are upregulated upon BTH

treatment, which may suggest a role in SAR. Results of these experiments may
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prove a link between developmental regulation and disease resistance as well

as the possible recruitment of developmental genes for disease resistance.

3.4.4 A tentative model for developmental signal transduction
As has been shown with the Cf genes, WM1 peptide conservation is at the C-

terminus. A model proposed by de Wit and Joosten (1999) for perception of
avirulence factors (Avr9) suggests that Cf-9 is one of at least three molecules

required in Cf-9-dependant signal transduction leading to a hypersensitive

response (Figure 25). The conserved C-terminal domain of Cf-9 is proposed to

interact with the HABS-Avr9 complex. HABS is known to be a f;igh affinity

binding gite for Avr9 in the mesophyll cells of tomato. lt was suggested that the

HABS molecule might represent an LRR-receptor-like kinase similar to the Xa21

disease resistance gene from rice (de Wit & Joosten, 1999).

The Cf-9/Avr9 model of signal transduction shows similarities to the CLAVATA

(CLW family's role in Arabidopsis shoot apical meristem development (Becraft,

1998). Mutations in the CLV family of genes result in the apical meristem

developing into a club-like structure. CLVI is a LRR receptor like kinase

(analogous to HABS) (Clark et al., 1997), while CLV3 might be a ligand

analogous to Avr9 (Clark et a\.,1995). Similarly CLV2 could be analogous to Cf-

9 and consequently the WM1 genes. A tentative model is proposed for
developmental signal transduction of the WM1 genes based on models for the

CLV gene family and Cf-9/Avr9.interaction (Figure 25). However, a role for the

WMl genes in disease resistance should not be disregarded.

3.5 Conclusions
The WM1 genes represent a complex gene family that seem to be

developmentally regulated with low but preferential expression in floral tissues.

The WMl genes are located on chromosome 3DS within a region of the wheat
genome that is deleted in the ph2a mutanL Whether any of these WM1 genes

represent the Ph2 gene(s) requires cytological examination of chromosome

pairing behaviour in both "knock-out" and over expression transformants. A role
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for the WM1 genes in the perception of pathogen attack cannot be excluded and

should also be investigated further.
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Figure 25= A speculative model for the role of the predicted membrane bound
receptor-like WM1 peptides in perception and signaling leading to regulation of
floral tissue development in wheat (D). The model is based on evidence from
the Cf-9/Avr9 disease perception model (A) and the model of the CLAVATA
gene family's role in apical meristem development (B) (de Wit & Joosten, 1999).
Membrane topology and relative predicted structure of individual members of
the WM1 gene family is shown in (C).
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4 Chapter

IN PLANTA ANALYSIS OF THE MEIOTIC GENE WMí

4.1 Introduction
The Wheat Meiosis 5 (WMí) gene was isolated by subtractive hybridisation of
mRNA from pollen mother cells at pre-meiotic interphase with mRNA from

immature pollen (Thomas, 1997). WMSis strongly and preferentially expressed

during early meiosis in the flower bud and expression gradually reduces as

meiosis proceeds. Lower levels of expression have also been detected in

actively growing young shoot apices. The gene is not expressed in highly active

mitotic tissue such as the root. Given this expression pattern, WMí may be

involved in the establishment of and development of the shoot meristem

including both the vegetative and reproductive apex. WMï may also have

functions associated with early meiotic activity, such as chromosome pairing and

recombination.

DNA sequence analysis of WMï (Dong et al., 2001a) has shown no significant

homology to known genes. Figure 26 describes the structure of WM5 both from

the nucleotide and the polypeptide level. The deduced polypeptide of WM5 is

rich in glycine (1 6.3%), serine (15.1%), proline (10.8%) and alanin e (12S%) and

is likely to possess two hydrophobic regions, one in the amino terminus

(residues 1-25), which suggests a signal peptide for either membrane targeting

and possibly for secretion of the processed protein. The second hydrophobic

domain is in the carboxy-terminal region, which suggests a possible membrane

anchoring function. Both regions contain a high percentage of alanine. The

central region is rich in glycine, serine and proline, and is highly repeated. The

repeating motifs include PSHGG, GGAYGSSPTP.
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Figure 26: Diagram of the nucleotide and polypeptide sequence of WMí as
described by (Dong et a1.,2001a). A - nucleotide diagram illustrates 3' and 5'
untranslated regions, TATA signal, poly-adenylation signal and the coding
sequence showing exon/intron boundaries. B - primary polypetide sequence
highlighting putative transmembrahne domains, cleavage site for N-terminal
signal sequence, PSHGG-like repeats, GGAYGSSPTP-||ke repeats, and a
putative amidation site. The green arrows depict all possible open reading
frames.
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The overall WM5 amino acid sequence shows no significant homology with
other known proteins. However, the carboxy-terminal end of wM5 protein

shares homology with Arabidopsrs PDFI (protodermal factor actor 1) protein

(Genbank accession number AF141375) (Abe et al., 1g99; Abe ef at.,2001).
Arabidopsis PDFl gene encodes a proline-rich protein, that is produced in the
protodermal L1 layer of meristematic tissues (Abe ef a/., 199g). Comparison of
WM5 and PDFI reveals that two proteins have very similar hydropathy plots and
predicted secondary structure, which indicates that they have a similar function.

Southern analysis (Dong et a1.,2001a) has revealed that there is a copy of wMT
on the short arm of each group three chromosome in the bread wheat variety
Chinese Spring. lmportantly, one copy is located within the region deleted in the
ph2a mutant.

Given thal WMí has a preferential meiotic expression pattern and is localised
within the region deleted in the homeologous chromosome pairing mutant ph2a,

it is a candidate for the Ph2 gene. To confirm the function of WMí in either
apical meristematic development (similar to pDFl of Arabidopsis) or
homeologous chromosome pairing and recombination (as described in the ph2a

wheat mutant), transgenic wheat lines were generated with altered expression
of WMí.

Three different transformation systems have been successfully used for wheat.

Direct gene transfer into wheat via protoplasts (He et al.,1gg4). This technique
has been technically difficult and requires a long period in culture often resulting
in the regenerants having reduced fertility and vigour.

The use of Agrobacterium tumefaciens (Cheng et al., 1997) offers advantages
of single copy transgene integration. However the time required in the
production of transgenic plants is longer (2.5 - 3 months) than required for
microprojectile bombardment (8 - 9 weeks).
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Microprojectile bombardment is the most common transformation method used

in wheat (Lörz et a/., 1998). The advantage of microprojectile bombardment

comes from its ease of use, range of source tissue and high levels of
transformation frequency relative to the other transformation techniques.

ln summary, this chapter describes the use of microprojectile bombarment of
wheat scutella in the production of transgenic wheat harbouring modified forms

of the wMï gene. ln addition, analysis of promoter specificity and wM5
functionality in planta was also investigated.

4.2 Materials and methods

4.2.1 Plant material and growth conditions
Four wheat (Triticum aestivum L.) genotypes were used in biolistic

transformation experiments.

Spring type:

"Veery No 5", CIMMYT variety listing (CIMMYT, Mexico);

"Combi", German variety listing 1998 (Federal variety names, Hannover,

Germany);

"Pavon", German variety listing 1998 (Federal variety names, Hannover,

Germany).

Winter type:

"Florida", German variety listing 1998 (Federal variety names, Hannover,

Germany).

Vernalisation of winter wheat was undertaken 14 days after germination for eight
weeks at 2oC in a growth incubator (9 hr, 4000 lx). winter wheat was then

placed in the glasshouse under controlled lighting and temperature (18oC/16oC

Day/Night, 16 hr light at23000-25000 lx). Fertilisation took place I weeks after
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vernalisation. The fertiliser mixture was made up with 0.7%wuxal Top N 12:4:6

(12% N, 4%oPzOs,6o/oKzO, Trace elements, Aglukon, Düsseldorf, Germany).

spring wheats were grown for 6 weeks in a phytotron (1Boc/16oc DayiNight, 16

hr light at 10000-16000 lx) and then placed in the glasshouse until mature.

Growth conditions and fertilisation were the same as for winter wheat.

4.2.2 Gene constructs
Microprojectile bombardment was performed using plasmid constructs as

described in Figure 27. Design for co-bombardment of constructs is outlined in
Table 11. According to the experimental design ouflined in Table 11,

regenerant plantlets (Ro) were labelled according to experimental co-
bombardment class (eg. X, Y or Z).

4.2.3 Microprojectile bombardment

Plasmid DNA was adsorbed onto gold particles of an average size between 0.4

and 1 .2 pm (Heraeus, Karlsruhe, Germany) as described previously (Becker ef

al., 1994). The particle-DNA pellet was re-suspended in 240 ¡rL of ethanol of
which 3.5 pL of the particle-DNA suspension was spread onto the surface of the

macrocarrier for each experiment.

The particle gun employed in these experiments was a pDS 1000/He gun

(Biorad, München, Germany). Microprojectile bombardment details are outlined
in Table 12.

4.2.4 Culture and selection conditions
Developing grains from the four wheat genotypes were harvested 12 to 14 days
after pollination (Becker et al., 1994).
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Figure 27= Diagramatic representation of constructs used in biolistic
transformation of wheat.

A - Antisense WMí (pWM53.1) pBluescript KS(+) containing antisense WM5
cDNA (1.1 Kb) with NOS terminator (0.25 Kb) driven under 2.3 Kb of native
promoter.

B - Sense WM5 (pWM54 pBluescript SK(+) containing sense WM5 genomic
DNA with both native terminator and promoter (total 4 Kb). The third exon with
a 30bp linker insertion (at Bsf E// restriction endonuclease site) harbouring a
Bam Hl restriction endonuclease site.

C - 35S WMí (pWM55.6) pTZ18U containing sense WM5 cDNA (1.1 Kb) with
NOS terminator (0.25 Kb) driven under Cauliflower Mosaic Virus (CaMV) 35S-
promoter (0.77 Kb).

D - WMí GUS (pWM51) pBluescript KS(+) containing B-glucuronidase (GUS)
(2 Kb) with NOS terminator (0.25 Kb) driven under 2.3 Kb of WMí promoter.

E - WMí GFP (pWM52.1) pBluescript KS(+¡ containing green fluorescent
protein gene from pMON30049 (Pang et al., 1996) (1.75 Kb) with NOS
terminator driven under 1.4 Kb of WMí promoter.

F - pActl-F/Npt ll pBluescripf l{S(+) containing Kanamycin resistance gene Npf
// (795bp) with NOS terminator driven under 1 .25 Kb Actl -F fragment of the rice
actin promoter (McElroy et a/., 1991).
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I ,s¡ (202Ð H¡nd lll r€strict¡on fragment 2 34kb

&ht(2t451
Sp¡¡ (2119)

(658)

hd 1618)

WMs 1.4kb promoter

Eco

Dtd (t446\
Pst (t6241
Batl (1663)

Prl (2082)

tc¿ru (2085)
w (2t91)
RV/Sac I restrict¡on fragment 3.45kb

Pst (2484)

HSP70 intron

,rfil (4539)

ftd (4494'

WMs 2 3kb promoter

bla gene promoter

Promoter P(LacZ') 1 s*rpø¡

bla gen€ promot€r

D ampicininResisíadÁlråÐ

Dtd(667s)
D¡d (6656t

HrdllL (5{6r)

f.dv(5459)
,cÀt (5451)

Psn 15491

,rÀ 0 I l0)
as¡ (l 119)

tB¡ (l)67)

q,¿l (s{21)

md642tt

^frt 
(5{ t{)

F

Ampiciliin Resistance

BstL (44561

KpA (4152\

,Yrd (4r31) Rice Actin Promoter 2.1kb

Nos Terminator
Xbot (2719)

8oilln Q113,

sclO54l)
tuñil(1631)

Dø,tHl (1920t

N@l (1926')

Forward Pr¡mer
Psil (21t6')

t ,Rv (4 108)

Nos terminator
Pvtl (1852,

EcN (1842)
Ncd (381ó) Dd Qe3)

D¡d (27 19\GFP second êxon
ct¿(3495)

potato ST-LSI intron
ll¡il¿lll 121211

Nptll
Sphr(2468)

Forward Primer
Reverse Primer

GFP fìrst exon

Ant¡sense WM5
6632 bp

d

Sonso WMs
6959 bp

I

35S WM5
519 B bp

WM5 GUS
7701 bp

4

WM5 GFP
63s0 bp

pActl-F/Npt ll
524'l bp

\¿

4

KpÀ (3145)
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Table 11: Experimental design for co-bombardment of transgene constructs into wheat
scutellum.

X Y z
Antisense WMs
WM, GUS
WM, GFP
pActl-FlNpt ll

Sense WMs
WM, GUS
WM, GFP
pActl-FlNpt ll

355 WM,
WM5 GUS
WM, GFP
pActl-FlNpt ll

Ø
of
Ø
Lo
O

Co-Bombardment Class



Tabfe 12:. Parameters used in microprojectile bombardment of scutellar tissue in wheat.

Distance between
A: rupture disk and microcarrier
B: macrocarrier and stopping screen
C: stopping screen and target cells

2.5 cm
0.8 cm
5.5 cm

Gas pressure 900-1550 psi
Partial vacuum 27 inch Hg
Particles Gold, 0.4-1.2 vm
Particle amount per bombardment 29 pa

Parameters



lmmature caryopses were then surface sterilised (1% sodium hypochlorite,0.S%

Mucasol) for 20 min and washed three times with sterile distilled water.

Between 20 and 30 embryos of approximately 0.8 to 1.5 mm in length (Figure

28- A), were aseptically excised from the caryopses and placed clustered in the

centre of a 6 cm petri dish with the embryo axis embedded in the solidified MS-

media (Murashige & Skoog, 1962; Nehra et al., 1994). Generally, embryos

were chosen that were translucent or deposition of starch in the scutellar tissue

had initiated (visually semitransparent).

lmmature embryos were cultured on modified MS- medium. MS- media (1 Litre)

was made using 200 mL MS Macro- (10x), 2 mL MS Micro (1000x), 4 mL

FeNaEDTA (500x) and 60 g sucrose, pH 5.7. All media was prepared in a
double concentrated form, sterilised by filtration and mixed with the same

volume of Gelrite (Roth, Germany) to give a final concentration of 0.3% Gelrite

(Becker, 1999).

Embryo's were pre-cultured at 26oC for 2-3 days in the dark on callus induction

medium, which was a modified MS- medium containing 2 mg L-1 of 2,4-D (2,4-

dichlorophenoxy acetic acid). Embryos were transferred to a high osmotic

potential (0.7 M Sucrose) modified MS- medium containing 2 mg L-1 of 2,4-D

three to four hrs before microprojectile bombardment. Embryos were left on this

media for 20-24 hrs postbombardment and then transferred to callus induction

medium.

For somatic embryogenesis induction, MS- medium was modified by the addition

of 2 mg L-r of 2,4-D. Somatic embryogenesis induction was carried out at 26oC

in the dark for 14 days without antibiotic selection, and a further 14 days with the

selection agent (150 mg L-1 kanamycin).
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Figure 28:. ln vitro culture of wheat explants.

A - Size range of immature embryos dissected 10-12 days-post-anthesis for
use in biolistic transformation of scutellar tissue.

B - Wheat calli showing induced shoot development with (1-selected) and
without (2-unselected) kanamycin selection after 14 days on MS- media
containinþ 0.1 mg L-1 of 2,4-D anO t50 mg L'1 of Kanamycin.

C - Regenerated plantlets from each of the co-bombardment classes grown on
solidified % MS- medium (0.4o/o agarose) without phytohormones for 2 weeks.
Control- regenerated unselected shoot material, X, Y and Z - regenerated
selected shoot material from each of the co-bombardment classes (Table l1).

D- Regenerants from the selection experiments (Rs) depicting the selection
phenotype with A- unselected and B- selected by application of an aqueous
solution of 2.5o/o Kanamycin containing 0.2VoTween20.
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Plant regeneration was performed at 26oC underfluorescent light (3000 lxfor 16

hr). Calli were transferred to MS- medium containing 0.1 mg L'1 of 2,4-D and

150 mg L-r of Kanamycin for 14 days to induce selectable shoot development as

described in Figure 29. Calli were subcultured after 4 weeks if there was

sufficient root initiation. Selection was continued during the plant regeneration

phase. Once plantlets reached a height of approximately 1.5 cm, they were

transferred to solidified % MS- medium (0.3% Gelrite) without phytohormones

(refer to Figure 29).

4.2.5 Antibiotic selection in glasshouse

After 3 weeks, developing plantlets were transferred to soil and placed in the

glasshouse under growth conditions as described in Section 4.2.1. All

regenerants from the selection experiments (Rs) were sprayed with an aqueous

solution of 2.5% Kanamycin containing 0.2o/o Tween 20. One to two weeks

later, the plants with at least one functional Npt ll gene were normal and no

damage could be observed, whereas the negative control plants (derived from

non-bombarded cultured embryos) were bleached completely. The phenotype

of the selected regenerants is depicted in Figure 29. Plantlets surviving

selection were grown until maturity in a glasshouse according to conditions

outlined in Section 4.2.1.

Ten seeds from each of the R6 lines were planted in the glasshouse and fresh

leaf material was collected for DNA extraction. However, for lines 7.X, 8.X, LX,
12.Y, 22.Y and 3O.Z fewer than 10 seeds were available due to partial sterility.

4.2.6 Histochemical GUS staining

B-glucuronidase (GUS) activity was determined histochemically using the

following buffer: 0.1 mM sodium phosphate buffer, pH 7.0, containing 0.5 mM

potassium ferricyanide, 0.5 mM potassium ferrocyanide, 10 mM

ethylenediaminetetraacetic acid, disodium salt (EDTA) and 0.1% (vlv) Triton X-

100.
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Figure 29: ln yr|ro culture of wheat calli: A- 2 week old callus on callus induction
media. B- 14 days of somatic embryogenesis induction of callus on modified
MS- media containing 2,4-D. C- Green shoots developing from embryogenic
calli under 150 mg L-1 selection of kanamycin. D- Chimeric regenerated shoot
under 150 mg L-1 selection of kanamycin.
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ln this buffer, 1 mg mL-1 5-bromo-4-chloro-3-indolyl-B-D-glucuronic acid (X-gluc,

Nalgene, USA) was dissolved. The mixture was filter-sterilized and stored at -
200c.

Spikes from R1 plants, containing anthers microscopically determined to be at

the developmental stage of meiosis, were assayed for GUS activity. Spikes

were aseptically dissected and vacuum infiltrated with staining buffer for 18-24

hrs at 37oC. Chlorophyll was subsequently extracted by incubating the spikes in

a solution of 70% ethanol for 48 hrs at room temperature.

4.2.7 Microscopic detection of GFP fluorescence

GFP fluorescence of individual organs or tissue sections was monitored under a

fluorescence phase contrast microscope (Zeiss Axioscope; Carl Zeiss, Jena,

Germany) after excitation with light of 460- to 500-nm wavelengths. Emitted

fluorescence was photographed on Kodak Extachrome 400 film, using a filter for

the detection of fluorescence light at wavelengths longer than 510 nm. Anthers

of GFP-expressing wheat plants were viewed with an MRC 1000 confocal laser

scanning microscope (BIORAD) using blue laser excitation light (488 nm).

4.2.7.1 GFP reporter gene in monocots

lntensity of GFP fluorescence in a transient assay on microprojectile bombarded

wheat scutella (refer to Sections 4.2.3) was measured to determine differences

between three different GFP constructs (Figure 30) modified for plant

expression. Twenty-four hrs post-bombardment, immature scutella were

visualised for GFP fluorescence.

4.2.8 PCR analysis

DNA extraction and general polymerase chain reaction protocols used in

identifying transgenic wheat lines from the Ro plantlets are outlined in Sections

2.2.4.1 and 2.2.9. PCR primers for each construct used in biolistic

transformation are described in Table 13. Thermal cycling conditions for

specific amplicons are outlined below:
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Figure 30: Diagramatic representation of the constructs used in the transient
bombardment assay. A - Cambridge GFP from pBlN m-gfp5-ER (Haseloff ef
al., 1997), B- Monsanto GFP from pMON30049 (Pang et al., 1996) and C-
Cambia GFP from pCAMBIA-|302 (Haldukiewicz et a|.,1994).
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A Bta gene promoter
pUC19 vector DNA

Ecd,I (398)

Nos terminator
Sød (648)

ctd(993)

mgfpS-ER

EcdJ (137ó)

Banlll (1456)
xb¿I(1462)
Sotr (1468)

Psl (1478)

xb¿r(603)

ctd (t7s5)
xbd, (r9s8)

Maize ubiquitin promoter

Drd, (4816)

Ampicillin Resistance

Drd(4124)
DriI (4t05)

oRt

P(LAC)
Hitdlll (2987)

Pst (2979)

B

Xb¿t(2948) l

Drd (2848)t

EcoRY Q824)

Nos terminator

7TZ1ÙU vector DNA

xhd (228s)

JaI (2385)

Pwl(21\

, Ilitmll (15'l\

Psú(167\
CaMV3SS; 35S promoter from CaMV

EcoRV (691)

xbd(9r3)

Psi (4749\

Kanamycin Resistance

Ncd (4362)

ori-pUC

Psí (1200)

HSP70 intron
Drd (rtsg)
Drd(t43s)

xbd, (1618)

BornHl (1624)
. Àrcol (t638)

Forward primer
Reverse primer
sfps

Kpd (1861)

ST-LS1 intron
cld (22t t)

C

sfp5
Ncol (2552)

fcoRI (2558)

Pwr (2s68)

t)

Kptl (272\

Bonill (277)

Promoter P(LacZ')

(283)

SaI (289)
Psn Q99)
IÍdIII (307)

LacZ alpha fragment
CaMV3SS; 35S promoter from CaMV

- EcoRV (961)
.... 

NcoI(1069)

xbd

Drd (391t)

Drd, (3892)

Ampilcillin Resistance
mgfp5* His6

Clcl (1465)

- ArÆll(1830)

Nos terminator

Cambridge GFP
5225 bp

è

Monsanto GFP
5282 bp

I

./h
Cambia GFP

4790 bp

Drd (3200)

f1 ori
LacZ

border T-DNA repeat



Table 13: PCR primers designed for the amplification of antisense WMí (pWM53.l), sense WMí (pWM54), 35S WMS (pWM55.6), t4lM5 GUS
(pWM51) and WMí GFP (pWM52.1), and p\ctl-FlNpt ll.

NB. Refer also to Figure 30 for relative primer positions

s'-CGACGGACAAG GCAAG CCAAGAT-3'
5'-G GGTCAGGG CTTCGGATCCACCTTGCGCCACG-3'
s'.TAGAG GAAG GGTCTTG CGAAG-3'
5'-TCGTG CACCATCAG CACGTTA-3'
s'-CATTACG CTG CGATG GATCCC-3'
5'-GGTACCGGGAGAAG CACTGAA-3'
5'-ATCG G GAG CG GCGATACCGTA-3'

5'-CGCG CAATGAATGCCCTGG CCAA-3'

s'-CGCG CAATGAATGCCCTGG CCAA-3'

5'-AGAG GACCTAACAGAACTCG C-3'
5'-CAGGAAGTGATGGAG CATCAG-3'
5'-CTGTAG AAACCCCAACCCGTG-3'
5'-GCAAGG G CGAGGAACTGTT-3'
5'-GAG GCTATTCGGCTATGACTG-3'

Antisense WMí (1.2 Kb)

Sense WMí (1.5 Kb)

35s WMí (a76 bp)

t4lM5 GUS (637 bp) Primer set I
WMí GUS (517 bp) Primer set 2

WMí GFP (21e bp)
pActl-F/Npf // (700 bp)

Amplicon Forward Primer Reverse Primer



Both antisense and sense WMí amplicons were generated by thermocycling 35

times on a MJR thermal cycler. Each cycle consisted of 1 min at 94oC for

denaturation, 2 mins at 60oC for annealing and 2 mins at72oC for extension.

GUS, CaMV 355, and Npf // amplicons were generated under the same

conditions as for antisense and sense WMí amplicons with the exception of a
62oC annealing temperature.

GFP amplicons were generated under the same conditions as for antisense and

sense WM5 amplicons with the exception of a 57oC annealing temperature.

4.2.9 Southern analysis

DNA extraction, Southern hybridisation and autoradiography protocols used in
identifying transgenic wheat lines from the Ro plantlets are outlined in Sections

2.2.9 through to 2.2.11. Southern analysis was used to estimate the copy

number and whether there was whole construct insertion for each of the

individual constructs (Figure 27) used bombardment experiments. All restriction

endonucleases used for digestion of genomic DNA from Te and T1 plantlets are

given in Table 14.

4.2.10 Northern analysis

RNA extraction, Northern hybridisation and autoradiography protocols used in

identifying transgenic wheat lines expressing transgenes are outlined in
Sections 2.2.13 through to 2.2.11. Northern analysis was used to determine

expression pattern for each of the individual constructs (Figure 27) used in the

bombard ment experiments.

4.3 Results

4.3.1 Plant regeneration and selection of transformants
lsolated scutella (5832) of wheat varieties Veery, Combi, Pavon and Florida

were subjected to microprojectile bombardment with constructs of co-

bombardment classes X, Y and Z (experimental details are outlined in Table 19

- Appendix).
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Table 14: Restriction endonucleases used for digestion of genomic DNA from Ts and T1 plantlets
to estimate both copy number and whole transgene integration. Expected sizes of fragments
yielded by enzymatic digestion are shown in parenthesis.

NB. Refer also to Figure 27 for relative primer positions

Antisense WMï Hind lll Bam Hl (1.22Kb\
Sense WMí Hind lll Bam Hl(0.88 Kb and 0.74 Kb\
355 WM, Eco RI Hind lll (2.34 Kb)
WM5 GUS Hind lll Eco Rl (4.4 Kb\
WM, GFP Hind III Eco RV and Sac / (3.45 Kb)
pActl-F/Npt II Eco RV Undetermined

Restriction Endonucleases
Number Whole Transgene lntegrationConstruct Co



4.3.2 Ts and T1 analysis

4.3.2.1 PCR analysis of Ts and T1

The majority of transgenic plants identified by PCR amplification (Figure 31)

were of transgenes isolated from genomic DNA of plantlets (totalling 30) that

survived kanamycin selection in culture and in the glasshouse (Table 15).

Twenty-three of the 30 regenerant lines possessed the expected 700 bp Npt ll
PCR product whilst 15 and 20 of the regenerant lines possessed the 219 bp and

637 bp PCR products for the GFP and GUS reporter genes respectively.

Antisense, Sense and 35S WMí PCR amplicons (1.2 Kb, 1.5 Kb and 476 bp

respectively) were detected in 3, 5 and 7 of the 30 regenerant lines respectively.

Four of the 30 regenerent lines were shown to be nontransgenic.

Those plants identified as transgenic (Te) were grown in the glasshouse and

evaluated morphologically. All lines were observed to be morphologically similar

and on further analysis, no lines were observed to be totally sterile. The majority

(77o/o) of the transformed plants produced as many seeds as the seed-derived

control plants whilst (23%) showed partial sterility.

4.3.2.2 Southern analysis of T6 and T1

Each of the 26 PCR identified transgenic Ts wheat lines, plus the 4 lines not

confirmed transgenic by PCR, were also analysed for stable integration of

respective transgenes based on co-bombardment class via Southern

hybridisation (Table 15). Southern analysis also included the T1 lines to
determine the heritability of the transgene(s). The same genomic DNA used in

the PCR assay was used in the Southern analysis.
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Figure 31: PCR analysis of Ts wheat lines. Genomic DNA isolated from Ts
plants was amplified for Npt ll selectable marker (A), GUS reporter (B), GFP
reporter (C), Antisense WMí (D), Sense WMï (E) and 35S promoter (F)
transgene constructs. M-1 Kb ladder, 1-30 Ts plant labels, -ve - negative
control, +ve - positive plasmid control.
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Figure 32 shows an example (transgenic wheat line 3.X) of the Southern

analysis that was performed on all 26 transgenic lines to estimate copy number

and whether there was whole transgene integration. The estimation of

transgene copy number and the verification of whole transgene integration for

each of the Southern confirmed transgenic lines are displayed in Table 14.

The pattern and intensity of hybridisation varied greatly among all the

transformants and this reflects variation in the number of inserted copies of the

gene (Table 14).

4.3.3 Transformation efficiency
Both the PCR and Southern analysis confirmed the production of 26

independent transformation events giving a transformation frequency of 0.45%.

The transgenic plants produced from each of the individual microprojectile

bombardment experiments are outlined in Table 14. Results show that there

was a co-transformation frequency of 81o/o. Five of the 26 transformed lines had

integration of a single construct type; a further 5 had integrated two different

constructs; 10 had integration of three constructs whilst integration of all four

different construct types occurred in only 6 of the 26 wheat lines.

4.3.4 NoÉhern analysis

Northern analysis was used to determine the expression pattern, in the

segregating T1 transgenic wheat lines, of the pActl-F/Npt ll, WM5 GFP, and

WMî GUS transgenes. Figure 33 shows that all wheat lines except 26.2 have

a segregating pattern of pActl-F/Npf // expression. The level of expression of

pActl-F/Npf // varied between lines and within the Tr progeny of individual

transgenic lines (17.Y and 24.2). Analysis of GFP expression (Figure 33)

showed that all lines had some level of transgene expression except lines 19.Y

and26.2.
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Table 16: lnheritance of transgenes from To to 10 random T1 progen! as identified through both PCR and Southern analysis. Transgenic lines are labelled 1 - 30
with a suffix of X, Y or Z depending on their co-bombardment class. Red boxes represent those individual wheat lines that contain Npf // selectable marker, green
boxes the GFP reporter gene construct, blue boxes the GUS reporter gene construct, yellow boxes the Antisense WM5 construct, purple boxes the Sense WM5
construct and orange boxes represent those lines possessing the 35S LYMS construct. Numbers within the boxes highlight the number of copies for each construct
respectively. Light grey boxes represent lines that possess no transgenes whilst dark grey boxes representthose wheat lines with no seed available.
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Figure 32: Example of Southern analysis performed on all Ts and T1 wheat
lines. Southern analysis of To wheat line 3.X including all Tr progeny. All
Southern probes were PCR amplified from each construct as per Table l3 and
Figure 31.

A - GUS probe on Hind /// digested genomic DNA to estimate copy number of
lhe WMí GUS constuct.

B - GUS probe on Eco Rl digested genomic DNA to determine whole
integration of the WMí GUS construct (expected 4.4 Kb restriction fragment).

C - WMí probe on Bam Hl digested genomic DNA to determine whole
integration of the Antisense WM5 construct (expected 1.22 Kb restriction
fragment).

D - GFP probe on Eco RV/Sac / digested genomic DNA to determine whole
integration of the WMí GFP construct (expected 3.45 Kb restriction fragment).

E - Npf // probe on Eco R/ digested genomic DNA to estimate copy number of
the pActl -FlNpt // constuct

For each construct refer to restriction maps in Figure 27. Lanes M refers to À

DNA digested with Bst Ell and Sac /. -ve refers to the negative control
(untransformed regenerated wheat DNA).
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Figure 33: Northern analysis showing expression pattern of A- Npf ll, B- GFP
C- GUS (no expression), D- WMí and E- Glyceraldehyde-O-phosphate
dehydrogenase (GAPDH - loading control), F- Ethidium bromide stained
ribosomal RNA in the segregating T1 transgenic wheat lines. The transgenic
wheat lines analysed include 16.Y, 17 .Y, 19.Y, 24.2 and 26.2.
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Furthermore Northern analysis of WM5 showed variation in the levels of

expression within the different developmental stages of the spike analysed

(Figure 33). As for Npt ll expression, GFP expression varied between lines

(16.Y versus 24.2) and within the Tr progeny of individual transgenic lines

(17.Y). GFP expression was only detected in those lines where the RNA was

extracted from spike tissue that was older than the tetrad stage of pollen mother

cell development. lt is also interesting that Figure 33 suggests that not all

transgenic lines process the GFP transcript the same way, as line 16.Y

produced an abundance of a 0.9 Kb transcript whilst line 17.Y seemed to lack a

0.9 Kb transcript and instead contained a 2 Kb transcript. This suggests that

line 16.Y was able to correctly splice the GFP transcript whilst line 17.Y was

unable to splice the two introns (refer to Figure 27) from the primary transcript

(2 Kb).

lnterestingly, no GUS expression was detected in the Northern analysis of the

transgenic wheat lines 16.Y, 17 .Y, 19.Y,24.2 and 26.2 (Figure 33).

4.3.5 WMs promoter analysis
4.3.5.1 Analysis of the GFP repofter gene in monocots

Transient expression of three modified plant GFP constructs in wheat scutella

was analysed to determine the most suitable mòOif¡eO form of GFP for WMí

G FP reporter construct construction.

The construct showing highest level of fluorescence in wheat scutella, given that

all transformation and microscopy parameters were kept the same, was

Monsanto's GFP (refer to Figure 34). Consequently this version of GFP was

used in the construction of lhe WMí GFP reporter construct.

4.3.5.2 WMs GFP repofter analysis

According to Table 14 15 of the 26 To wheat lines possessed the WMí GFP

reporter construct. Fluorescent microscopy of the Tr progeny confirmed high

levels of expression of GFP in at least 4 of 15 transgenic lines. Line 16.Y was

chosen for further analysis.
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Figure 34: A. Transient expression assay of green fluorescent protein (GFP) in
whèat scutella from 1- Cambridge GFP, 2- Monsanto GFP, 3- Cambia GFP and
4- pBluescript SK(+) control. B. Whole scutella image of transient expression
assay of GFP from Monsanto GFP construct (refer to Figure 30 for construct
details).
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Fluorescence of GFP was primarily visualised in immature pollen grains

(binucleate stage) from the developing anther (Figure 35) utilising a fluorescent

dissecting microscope. Laser confocal microscopy allowed sectioning of the

anther with the visualisation of GFP fluorescence. Confocal microscopy not only

showed GFP fluorescence in the developing pollen, but also in the tapetal cells

of the anther (Figure 35). Temporally, GFP fluorescence initiated at the late

tetrad stage and persisted through at low levels until pollen maturation (data not

shown). Fluorescent microscopy was unable to detect GFP fluorescence in

female meiocytes, roots, leaves or mitotic apices.

4.3.5.3 WMí GUS reporter analysis

According to Table 14,20 of the 26To wheat lines possessed the WMSGUS

reporter construct. Histochemical GUS staining of pre- to post-meiotic spikes of

the Tr progeny confirmed expression of GUS in at least 2 of 28 transgenic lines.

Line 24.2 and 30.2 were chosen for further analysis.

Strongest GUS expression was visualised in longitudinal strips on each of the

lobes of pre-meiotic anthers (Figure 36). Low levels of unspecific GUS

expression were detected on cut edges of all tissues examined. No GUS

expression was detected in female meiocytes, roots, leaves or mitotic apices.

4.3.6 WM5 phenotypic analysis

Each of the 26 analysed transgenic wheat lines were compared to the control

wheat lines for significant differences in fertility, and general plant morphology.

No significant differences were detected between the controls and the

transgenic wheat lines.
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Figure 35: Fluorescent microscopy for GFP fluorescence in the T1 pro$en! of
transgenic line 16.Y. A- Fluorescence of GFP in immature pollen grains from
the developing anther of 16.Y.5; B- Autofluorescence from a developing anther
containing immature pollen grains from Veery control; C- Laser confocal
micrographs of GFP fluorescence emitted from 1) immature pollen and 2)
tapetal cells (highlighted by arrows) from within a developing anther of 16.Y.5;
D- Laser confocal micrographs of autofluorescence emitted from 1) immature
pollen and 2) tapetal cells (highlighted by arrows) from within a developing
anther of Veery control.
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Figure 36: GUS expression of pre-meiotic spikes from Tr progeny of 24.2 and
30.2. A- GUS expression in anthers of transgenic wheat line 30.2.6; B- and C-
GUS expression in anthers of transgenic wheat line 24.2.2 (highlighted by
arrows); D- GUS expression absent in anthers of Veery control wheat line.
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4.4 Discussion
This chapter describes the use of genetic transformation of wheat for functional
analysis of meiotic genes.

4.4.1 Plant regeneration and selection of transformants
of the 26 transgenic wheat lines produced, no significant phenotypic

abnormalities were observed. Reduced fertility was observed in 6 of the
transgenic lines but shows that it is similar to reports of the occurrence of sterility
in transgenic maize, and wheat plants (Fromm et a\.,1990; Gordon-Kamm ef a/.,

1990; Vasil ef al., 1992) produced through the regeneration of both embryogenic

callus and morphogenic suspension cultures. These reports attributed sterility to
long-term cultures and not to the transformation procedure per se. However,
transformation of wheat via microparticle bombardment of scutellar tissue
generally results in low levels of sterility (Becker et al., 1gg4; Nehra et al.,1gg4)
given that the culture period before embryogenesis is short (2-3 weeks).

selection of transformed wheat tissues showed that kanamycin (150 mg L-1)

was an effective selection agent. Observations suggested that without two
glasshouse selections with a spray solution of kanamycin (2.5% w/v) there
would have been significant numbers of escapes. This is unfavourable when
compared to use of the bar gene as a selectable marker, as fewer plantlets

escape from tissue culture selection (Christou et al., 1991; Gordon-Kamm et al.,

19e0).

4.4.2 Ts and T1 analysis
4.4.2.1 PCR analysis of Ts and T1

The use of PCR to ascertain the Ts transgenic lines is relatively quick and easy.
However, during this study it was observed that some transgenic lines were not
detected as a result of difficult PCR amplicons (eg. sense WMí construct). This
does not exclude the use of PCR if rigorous conditions for the reproducible

amplification of transgene constructs can be determined. However it is essential
that PCR results be subsequently confirmed through Southern hybridisation.
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4.4.2.2 Southern analysis of Ts and T1

Microprojectile bombardment commonly results in complex integration patterns

(Birch & Franks, 1991). The most practical and informative genetic engineering

would involve the integration of a single transgene copy to avoid potential

problems of co-suppression. However multiple gene integration does not

necessarily preclude lower levels of gene expression. This study generated

transgenic wheat lines with both multiple transgene integration and single

transgene integration. Thirty-five percent of lines contained all four different

constructs (Table 11).

4.4.3 Transformation efficiency
Utilising microprojectile bombardment as a transformation procedure, PCR and

Southern analysis confirmed transgenic wheat plants were generated at a

frequency of 0.45o/o (refer to Table 19 - Appendix). This is comparable to the

0.5-2.5% transformation frequency that has previously been reported in wheat

(Becker et al., 1994; Nehra et al., 1994). Summarising the results, one

transgenic wheat plant is recovered for every 224 embryos bombarded. This

estimation of stable transformation frequency is substantially lower than that

determined for the immature embryos of rice (one every 27 embryos (Christou

et a1.,1991)) and maize (one every 100 embryos (Koziel et a\.,1993)).

Co-transformation frequency was at 81% showing that microprojectile

bombardment with multiple constructs is an efficient method of delivery for more

than one gene. These results are comparible to the cotransformation frequency

(67-79%) seen in sugarcane callus (Bower et al., 1996). Preliminary transgene

segregation results based on Southern analysis of a limited number of Tr

progeny (ten plants) suggest that all three constructs were integrated at one or

two independent loci within the wheat genome. lt should be noted that larger T1

and Tz progeny populations should be analysed to confirm these preliminary

conclusions. Further analysis of the T2 progen! is likely to provide further details

on the number of integration events of the transgene(s) into the wheat genome.
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4.4.4 Northernanalysis
This study has also demonstrated the transcriptional activity of the integrated

transgenes. Northern analysis has demonstrated expression of both the Npf //
selectable marker and GFP, under the transcriptional control of the 1.4 Kb WMí
promoter fragment. Expression levels of Npf ll and GFP varied between To

transgenic lines and within the segregating T1 progeny.

As WMí is highly expressed in pollen mother cells at meiosis, it was expected

that the WMí promoter (1.4 Kb fragment) driven GFP expression would also be

seen at this developmental stage. This was not observed.

The developmental process of meiosis takes 24 hrs to complete in wheat
(Bennett et al., 1973) and is difficult to observe with limited numbers of tillers per

plant. Limited spikes of T1 plants from previously confirmed pActl-FlNpt tl,

WMí GFP and WM5 GUS To lines were available for Northern analysis. GFP

expression was detected in only 3 of the 5 analysed transgenic lines. Northern

analysis suggests that the 1.4 Kb promoter fragment of wMí drives GFp
expression from tetrad stage of development. These results are not definitive as

the number of spikes analysed at varying stages was limited. compounding
this, the T1 lines analysed were segregating for the integrated transgenes.

Timing did not allow analysis of more homozygous T2 transgenic lines.

Not all transgenic lines seemed to express GFP in the same manner. Results

suggest that line 16.Y was able to correctly splice the GFP transcript whilst line

17.Y was unable to splice the two introns from the primary transcript (2 Kb)

(Figure 33). However this is not the only possible explanation of the observed

results. The observed banding pattern (Figure 33) could possibly be an

abberation in the coding sequence due to multiple transgene integrations

disrupting the true coding sequence for GFP. This is a possibility given that

transgenic line 17.Y has a single copy of each of the wMï GFp pActl-F/Npt ll,
and WMí GUS constructs present in the genome (Table 14).

WM5 showed variation in expression pattern in different spikes analysed
(Figure 33). This variation is not directly attributable to the transgenes
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integrated as the endogenous WM5 gene could not be differentiated from the

WMS transgenes in this hybridisation study. Variation in WMï expression was

probably due to the variation known to occur in the endogenous WM5 gene

during floral development. Further analysis of these transgenic lines with

transgene specific RT-PCR may help determine if both the endogenous WM5

and the WMShransgenes have an altered expression level.

No GUS expression was detected through Northern analysis of 5 transgenic

wheat lines (Figure 33). This result is likely to be due to either the lack of

functional copies of the WM5 GUS transgene or that the tissues in which the

GUS transcript would be highly expressed are not represented in the RNA

samples. This does not discount that GUS could be expressed in these tissues

but is not detectable via Northern analysis. Further analysis through RT-PCR

could confirm expression of the GUS gene in these T1 progen!.

4.4.5 WMí promoter analysis

4.4.5.1 Analysis of the GFP repofter gene in monocots

GFP is a 21 kDa apo-protein that spontaneously folds into a bright-green

fluorescing structure. GFP was chosen as a reporter gene in these experiments

as it can be expressed and visualised in many cell types, both animal and plant.

ln spite of successful transient expression of the wild-type GFP in plant

protoplasts (Hu & Cheng, 1995; Niedz et a|.,1995; Sheen et a|.,1995)and from

virus-based vectors (Baulcombe et a1.,1995; Casper & Holt, 1996; Oparka et al.,

1995), its expression in stably transformed plants has typically yielded very faint

or no green fluorescence.

Experiments were designed to test the level of fluorescence of GFP in a
transient assay of three "plant-modified" GFP constructs in wheat scutella.

Results highlighted that the construct showing highest level of fluorescence in

wheat scutella, was Monsanto's GFP (refer to Figure 34) and was comparable

with that seen in maize protoplasts and tobacco plants (Chiu et a|.,1996). The

high level of fluorescence has been attributed to the removal of a cryptic splice

site (Haseloff ef al., 1997) and altered codon usage (higher G/C content) than
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used for human proteins. A mutation in which the serine at position 65 is

modified to a threonine (365T) plus the introduction of both the potato ST-LS1

intron into the coding region of GFP and the heat shock protein 70 intron before

the start codon have all shown to yield higher levels of fluorescence in

monocots.

4.4.5.2 WM5 GFP reporier analysis

Laser confocal microscopy of GFP expressing transgenic line 16.Y, showed

GFP fluorescence primarily in immature pollen grains (binucleate stage) from

the developing anther (Figure 35). These results support the observed

presence of the GFP transcript only in those RNA samples from spikes

cytologically staged to be at the tetrad stage of meiotic development (Figure

33). Confocal microscopy sectioning not only showed GFP fluorescence in the

developing pollen, but also in the tapetal cells of the anther (Figure 35). GFP

fluorescence was not detected in female meiocytes, roots, leaves or mitotic

apices. These results are not strictly comparable to the expected expression

pattern of WM5. Northern analysis (Dong et al., 2001a) has shown the WMí
transcript to be strongly expressed during early meiosis with expression

gradually reducing as meiosis proceeds. Low levels of expression have also

been detected in shoot apices. The WMí gene is not expressed in highly active

mitotic tissue such as the root. Additionally the WM5 protein has been immuno-

localised to pollen mother cells, tapetal cells and floral tissue epidermal cells

(Dong et a\.,2001a).

Spatially GFP fluorescence was visualised in the same cells where WMï is
known to be highly expressed (pollen mother cells and tapetal cells). However

temporally, the delay of GFP expression as compared to WMï suggests that the

1.4 Kb fragment 5' to the WMS coding sequence does not contain the whole

WMí promoter. This 1.4 Kb fragment does possess the ability to drive

expression, just not at the early stages of meiosis, as expected.
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The use of the GFP reporter gene and laser confocal microscopy illustrates the

usefulness of the green fluorescent protein in determining the spatial expression

pattern for genes of interest.

4.4.5.3 WM5 GUS repoder analysis

Histochemical GUS expression in T1 progeny in pre- to post- meiotic spikes

confirmed a similar spatial expression to GFP. GUS expression was observed

in longitudinal strips on each of the lobes of pre-meiotic anthers (Figure 36). No

GUS expression was detected in female meiocytes, roots, leaves or mitotic

apices. Temporal expression of GUS in the pollen mother cells conflicted with

both results of GFP fluorescence and the expected WMí expression pattern.

GUS is predominantly expressed in pre-meiotic anthers; native WMí is

predominantly expressed in meiotic anthers whilst GFP is predominantly

expressed in postmeiotic anthers. Differences in the observed expression of
both the GFP and GUS protein can possibly be attributed to the lengths of the

promoter fragments transcriptionally controlling each of these genes. The WMí
GUS possesses a 2.5 Kb fragment 5' to the WMí coding sequence whilst the

WM5 GFP possesses a smaller 1.4 Kb fragment 5' to the WMï coding

sequence. Time constraints and cloning difficulties prevented the construction

of GUS and GFP reporter constructs possessing the same size WMí promoter

fragment. Nevertheless, analysis of the reporter genes from both the WM5 GUS

and WMí GFP transgenic lines suggest that neither the 2.5 Kb or the 1.4 Kb 5'

fragments represent the whole native WMí promoter. Varying temporal but

highly similar spatial expression patterns in reporter gene transgenic lines

suggest that WM5 is under complex transcriptional control.

Given the small number of transgenic lines showing GUS and GFP expression

the impact of transgene intergration site could also be influencing observed

variation in expression patterns. For correct transcriptional activity of reporter

genes, as defined by the endogenous WMí expression, the site of integration

could prove vitally important. The transgene may have to be integrated into a

region of the genome that would confer meiotic expression. This could

correspond to the Ph2 region.
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4.4.6 WMí phenotypic analysis

Of the 26 transgenic wheat lines analysed no significant phenotypic differences

were seen in the T1 progen! as compared to the controls. Further phenotypic

analysis on homozygous T2 plants needs to be performed on those transgenic

lines confirmed to be expressing each of Antisense WMí, Sense WM5 and 35S

WMí. Specifically, the analysis of WMSs potential influence on a Ph2Jike

phenotype, cytological examination of bivalent formation at metaphase l, needs

to be examined. Additionally, homozygous Tz lines should be crossed to

Triticum kotschyi var. variablis (Sears, 1982) to examine their ability for

interspecific chromosome pairing. However, these lines also need to be studied

in detail with respect to apical meristematic development. Antisense WM5

transgenic wheat lines may also show altered development of the protodermal

L1 layer as has been shown with the PDFI gene of Arabidopsis thaliana (Abe ef

a/., 1999; Abe ef a|.,2001). Such detailed analysis of the wheat transformants

produced in this study may help decifer the function of the WMS gene.
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5 Chapter

STRUCTURE OF THE PH2 LOCUS

5.1 lntroduction
Hexaploid wheat behaves strictly as a diploid during meiosis, which results in 21

bivalents at metaphase l. This phenotype is controlled by a major locus on the

long arm of chromosome 58 (Okamoto, 1957; Riley & Chapman, 1958) termed

Ph1. Given the physiological complexity of meiotic processes such as

chromosome pairing and recombination, it is foreseeable that Ph1 is not the only

locus controlling wheat's strictly diploid behaviour. The Ph2 locus, although a

minor suppressor of homeologous chromosome pairing in comparison to Phl,
indicates that chromosome pairing is a multigenic trait. A mutation at the Ph2

locus termed ph2a was originally identified in an X-ray irradiated population of

hexaploid wheat during an attempt to isolate mutants of the Phl locus (Sears,

1977). Current knowledge of meiotic processes is largely based on detailed

studies in yeast. A large number of genes have shown importance during

meiosis in yeast including chromosome pairing and recombination (reviewed in

Kleckner, 1996). Phenotypic studies of the phlb mutant have shown that

deletion of the Ph7 locus may affect several premeiotic and meiotic processes

(Feldman, 1993; Luo ef a/., 1996; Shaw & Moore, 1998), and that both the Phl
and the Ph2 loci are unlikely to be controlled by single genes (Roberts et al.,

l eee).

This study aims to analyse the complexity of the Ph2locus; is this a single gene,

a multigene family or a complex of linked genes influencing different meiotic

processes? Utilising a similar approach in identifying the Ph1 gene(s) (Roberts

et al., 1999), this study uses comparative mapping between rice and the

Triticeae to investigate the complexity of the Ph2locus.
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Comparative mapping has been demonstrated in various crop plants through

the use of a common set of DNA probes (Bonierbale et al., 1988). Genetic

maps of the Triticeae (T. aestivum, T. tauschii, and Hordeum spp.) have been

compared to maps of rice, maize and oat (Vandeynze et al., 1995) and have

shown molecular markers on the linkage maps for these species detected with

the same probes are essentially homosequential. The Gramineae share

extensive synteny across their genomes, allowing for one species to serve as

the base for comparative genomics within the family (Moore et a1.,1995). Within

the cereals, rice presents the most tractable species for genomic applications in

a cereal. Small genome size and agricultural importance make rice an ideal

model species for genome analysis. The diploid rice genome consists of 431

Mb per 1C nucleus whilst the hexaploid wheat genome consists of 15,966 Mb

per 1C nucleus (Arumuganathan & Earle, 1991). ln comparison to other

cereals, rice contains half the DNA content of sorghum (760 Mb), 17o/o and 8.8%

of the DNA content of maize (2, 504 Mb) and barley (4,873 Mb) respectively.

The major difference in genome size is due to ploidy, however some difference

can be attributed to wheat possessing approximately 80% repetitive sequences

compared to 50% in rice (Bennett & Smith, 1991). The selection of rice as a

model organism can also be ascribed to extensive genetic and molecular

resources. High-density rice maps have recently allowed contig generation from

BAC libraries in preparation for map based cloning (Yang et al., 1997).

Extensive comparative mapping between grasses (Vandeynze et al., 1995)

demonstrated that the genes present on rice chromosome 1 are in a similar

order to those on wheat homoeogroup 3 (Smilde ef a1.,2001). This makes rice

the logical choice for molecular characterisation of the Ph2locus.

5.2 Materials and methods

5.2.1 Plant material

5.2.1 .1 Genetic sfocks

The following hexaploid wheat (Triticum aestivum; 2n = 6x =42; genome

AABBDD) lines were used; seeds of euploid wheat (Triticum aestivum cv.

Chinese Spring) were obtained from Dr Ken Shepherd, Waite Agricultural
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Research lnstitute. The chinese spring mutant lines ph2a and ph2b were
obtained from Prof. Moshe Feldman, Plant Genetics lnstitute, lsrael.

5.2.1.2 Mapping populations

Three double haploid populations derived of barley were used for mapping.

These three mapping populations consisted of 150 lines from crosses between

the Australian cultivars chebec x Harrington, Galleon x Haruna Nijo (Dr S.

Logue, waite Agricultural Research lnstitute) and clipper x sahara (Dr A. K. R.

M. lslam, Waite Agricultural Research lnstitute).

5.2.2 RFLP analysis

A total of 26 RFLP markers were screened for their ability to identify
polymorphisms between Chinese Spring and the meiotic mutants. These DNA

clones were obtained through the Australian Triticeae Mapping lnitiative and

from lPK, Gaterslaben (Germany). The majority of these markers have been

mapped in wheat and barley and their chromosomal locations identified (Marino

et al., 1996; Nelson et al., 1995a; Nelson et al., 1995b; Nelson et al., 19g5c;

Vandeynze et al., 1995). The clones were selected on the basis of their

availability and map location. The WMl family was also mapped with respect to

these clones in order to ascertain the relative position of the gene family on the

chromosome arm and in position within the deletion.

5.2.2.1 Southern blot analysis

Hybond N+ membranes (Amersham, Australia) prepared from restriction

endonuclease digested DNA from each of the double haploid plants (including

parental lines), of the three barley mapping populations were kindly supplied by

the Barley National Molecular Marker Program (Waite lnstitute, Adelaide).

Protocols for the preparation of these membranes are outlined in Sections 2.2.9

to 2.2.12.

5.2.2.1.1 WM1, WM3, WMs andTaMSHT gene family RFL? mapping
PCR primers were designed based on partial genomic sequence for wMl.1 (Ji,
1992; Ji & Langridge, 1994). The whole putative coding sequence for wM 1.1

was amplified from Chinese Spring genomic DNA using primers wM1.7 oRF in
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Table 1, whilst the whole cDNA for tfuheat &leiosis 3 (abbreviated WM3 (Letarte,

1996)), wM5 (Dong et al., 2001a: Thomas, 1gg7) and r. aestivum mismatch

repair protein homologue 7 (abbrevialed TaMSHZ (Dong et a\.,2001b)) were
used as probes for Southern analysis. WMl.l ORF, WMí, and TaMSHT
probes were screened across chebec x Harrington, clipper x sahara and

Galleon x Haruna Nijo barley mapping population membranes as supplied by

the Barley National Molecular Marker Program. Mappable polymorphisms for
wM3 and raMSHT were only detected in the Galleon x Haruna Nijo (Dong ef
a|.,2001b; Letarte, 1996), whilst for wM1; polymorphisms were onry detected in
the Clipper x Sahara mapping population (Dong et a\.,2001a).

5.2.2.1.2 RFLP probes for determining ph2a deletion size
Total genomic DNA of wheat lines chinese spring, ph2a and ph2b were
digested with Bam Hl, Dra l, Eco Rl, Eco RV or Hind lil according to protocols

outlined in Section 2.2.10. RFLP probes obtained through the Australian

Triticeae Mapping lnitiative and from lPK, Gaterslaben (Germany) were

hybridised to Southern blots of these wheat lines. A total of 14 probes were
screened across these wheat lines (Table 1T).

5.2.2.2 Genetic analysis

Data obtained from scoring segregation patterns of the wM1 gene family, wMí,
TaMSHT and wM3 RFLP markers were analysed with MapManager er
(Version 8.0) software (Manly, 1993) using the Kosambi mapping function
(Lander et a\.,1987).

5.2.3 Comparative mapping between barley, wheat and rice
Putative meiosis genes wMs, TaMSHT, wM3 and the wMl gene family have

been localised to the region deleted in the ph2a mutant. Using these markers in
combination with RFLP probes (Australian Triticeae Mapping lnitiative) localised

both inside and outside the ph2a deletion, Graingenes database was screened
for comparative genetic maps between the grasses. Utilising comparative

anchor probes (Vandeynze et a\.,1995) that flankedthe ph2a deletion region in

wheat, the syntenous Ph2 regions were determined in barley, wheat and rice.
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5.2.3.1 YAC, PAC and BAC contig development

A total of 19 rice YACs located on rice chromosome 1 region comparable to the
region deleted in ph2a on wheat chromosome 3DS were belected from the Rice
Genome Program (Japan) to identify a partial physical map

(http://rgp.dna.affrc.go.ip/). P1 artificial chromosome (pAc) and BAC ctones
were further identified that represented a partial physical map of the rice

chromsome 1 region comparable to the Ph2locus. All clones were derived from
rice variety Nipponbare. Sequence data for each of the 53 identified PAC/BAC

clones was available through the Rice Genome program. The RiceGAAS

software (http://rgp.dna.affrc.qo.jp/) was used for visualisation of the predicted

coding sequences.

5.2.3.2 ldentification of wheat ESIs from PAC and BAC clones
Each of the 53 identified PAc/BAc clones was used in a BLAST 2.0 blastn
(Altschul et al., 1997) search of the public EST database for wheat ESTs

(lnternational rriticeae EST corporative) that had an expectation < 1xE-50.

5.2.3.3 Structural analysis of putative meiosrs genes

The RiceGAAS software (http://rgp.dna.affrc.go.jp/) was used for predicting the
intron-exon structure of each of the rice predicted coding sequences. Putative

cDNAs were translated into the primary peptide (VectorNTl Suite Version 6.0)
and compared to various motif databases including the Conserved Domain
Database v1.51 (Altschul ef al., 1997),INTERPRO (Apweirer et ar.,2001), and

the PRoslrE database (Hofmann ef a/., 1999). Finally, annotations on DNA
sequence and peptide sequence were compiled through the use of VectorNTl

Suite Version 6.0 software (lnformax, lnc. USA).

5.2.3.4 Analysis of rice and barley meiosrs related phenotypic traits
RiceGenes and GrainGenes databases were screened for both mutant lines and

Quantitative Trait Loci (QTLs) that correlate with phenotypes associated with
meiosis. All phenotypic traits on the databases likely to be associated with

meiosis were screened for their map localisation to respective Ph2 homologous
regions in rice and barley.
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ABC171 Barley cDNA Lc Outside
ABG471 Barley cDNA Lc Outside
ABG396 Barley Unknown Unknown Outside
ABG57 Barlev cDNA Unknown Outside
AWBMAI S Barley cDNA Sc Outside
ABG460 Barley cDNA Lc Undetermined
BCDl 5 Barley cDNA Lc Outside
KSUA3 Wheat Unknown Unknown Undetermined
PSR1316 Wheat Unknown Unknown Outside
PSR929 Wheat Unknown Lc Outside
PSR598 Wheat cDNA Unknown lnside
PSR1196 Wheat Unknown Unknown lnside
PTAG683 Wheat Unknown Lc Outside
WG4O5 Wheat Genomic Lc Outsíde

Molecular
Marker

Location with
respect to ph2a
deletion

RepetitionSource Type

Table 17: Restriction fragment length polymorphism probes (molecular markers) for determining
ph2a delelion size.

Sc - single copy, Lc - low copy



5.3 Results

5.3.1 RFLP probes for determining ph2a deletion size
The homologous region corresponding to the region deleted in the ph2a mutant
of wheat was identified in the three-barley mapping populations (chebec x
Harrington, clipper x sahara and Galleon x Haruna Nijo) using molecular

markers (genomic DNA or cDNA clones - refer to Table 1Z) (Figure 3Z).

This region was also determined in barley using four different molecular markers

for putative meiotic genes known to reside within the region deleted in the ph2a
mutant. These molecular markers code for the wMl gene family (Ji &

Langridge, 1994), WMí (Thomas, 1997), TaMSHZ (Dong et a1.,2001b) and

WM3 (Letarte, 1996) genes. Figure 38 shows that the molecular marker order

in wheat, barley and rice (3DS, 3HS, rice chromosome 1, respectivery) is

syntenous across the region defined by the ph2a mulant in wheat. Putative

wheat meiosis genes are ordered on rice chromosome 1 as follows; wM1 gene
family, TaMSHT, wMï and wM3 with the wM1 gene family located distal and

WM3 proximal to the centromere. This order is consistent for all four markers

across three barley-mapping populations (Figure 37).

5.3.2 Gomparative mapping between barley, wheat and rice
Utilising the molecular markers found to be located within the region deleted in

the ph2a mutant, regions syntenous to Ph2 regions were determined in both

wheat and rice. The syntenous Ph2 regions in rice, wheat and barley are

outlined in Figure 38. The maximum estimated genetic size of the homologous

region in barley that is deleted in the ph2a wheat mutant is 15 cM whilst the

minimum genetic size is 6.5 cM. Exact size was not determined due to the lack

of molecular markers close to the deletion breakpoints in the wheat ph2a

mutant.

5.3.2.1 YAC, PAC and BAC physical map

comparative mapping using grass anchor probes (Vandeynze et ar., lggs)
highlighted 19 rice YACs located on the rice chromosome 1 region homologous

to the region deleted in ph2a on wheat chromosome 3DS.
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Figure 37: The region deleted in the ph2a mutant of wheat delimited in the
three-barley mapping populations Chebec x Harrington, Clipper x Sahara and
Galleon x Haruna Nijo. The data from each of the mapping populations is
compiled into the consensus map (Langridge ef a/., 1995).
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Figure 38: The syntenous Ph2 regions in rice, wheat and barley (Ahn ef a/.,
1 993; Langridge et al., 1995; Nelson et al., 1995c)
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Figure 39 depicts the physical alignment of the YAC clones with respect to the

rice genetic map (Harushima et al., 1998; Saji ef al., 2001). From all the

putative coding sequences in the region homologous to the ph2a deleted region

in rice, the most likely meiotic or meiosis related genes are listed in Table 18

and displayed in Figure 39.

5.3.2.2 ldentification of wheat ESIs from PAC and BAC clones

Although the rice sequence data highlights potential coding sequences, there is
no evidence that these genes are present or even expressed in wheat. To

address this problem the rice PAC/BAC clones were used to identify wheat

ESTs. BLAST 2.0 blastn (Altschul et al., 1997) search results highlighted 280

wheat ESTs from the 5.5 Mb of rice PAC/BAC sequence. This 5.b Mb of rice

sequence contains approximately 900 putative coding sequences. The 280

wheat ESTs were then screened across the non-redundant database at NCBI

via BLAST 2.0 tblastx (Altschul et a\.,1997) to give an indication of homologous

proteins, which were subsequently, examined for homology to known meiotic or

meiosis related genes (Table 18).

5.3.2.3 Structural analysis of putative melosrs genes

The structure of predicted rice coding sequences that show homology to known

meiosis related genes are displayed in Figure 40 to Figure 45.

5.3.2.4 Analysis of rice and barley meiosis related phenotypic traits
Both the RiceGenes and GrainGenes database were screened for QTLs in the

region of Ph2 that could be associated to a meiotic gene effect. Only one such

significant QTL (LoD >2.5, p-value = 0.0001) was found localised to the

delimited homologous Ph2 region on rice chromosome 1. lnterestingly the QTL

was for spikelet fertility and is illustrated in Figure 38. No other mapped

phenotypic traits related to meiosis were found localised to the short arm of rice

chromosome 1. However, a gene termed msgS (male sterile 5) is located on the

short arm of barley chromosome 3. lt is not known if this gene resides in the

homologous ph2a deletion region.
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Figure 39: Physical alignment of the YAC clones with respect to the rice genetic
map (Harushima et al., 1998; Saji ef al., 2001), highlighting the estimated
physical size of the homologous Ph2 region in rice with the physical positions of
the putative meiotic or meiosis related genes.
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Table 18: Putative meiosis related genes identified from rice PAC and BAC sequence along with cereal ESTs.

(Caryl et at.,2OOO)

(Dong et al.,20O1b)

(Dong et a1.,2001a)

(Ji, 1992;Ji & Langridge,
1 994)

(Letarte, 1996)

(Abramic et a\.,1991;
Hirschfeld et al., 1990;
Protic ef a/., 1989)

(Saitoh ef a/., 1995)

(Townsley & Ruderman,
1 ee8)
(lto ef a|.,2001\
(Harder et a1.,2000)

Chromosome synapsis via
synaptonemal complex
formation.
DNA mismatch repair

Meiotic expression pattern
Function not determined.
Low level meiotic expression
pattern. Function not
determined.

Meiotic expression pattern
Function not determined.

Lesion recognition of UV-light
damaged DNA. Potential role
in DNA repair.

Chromosome structural
protein important for
chromosome condensation

Potential role in metaphase-
anaphase transition and
recombination.
Chromatin structural protein
important for interaction
between chromatin and the
nuclear matrix. Particularly
related to gene expression.

Arabidopsis asynaptic mutant 1

Yeast HOPl protein.

Arabidopsis AtMS H6-2 protein
Yeast MSH6 protein.
Rice hypothetical protein

Barley Cf2l Cfs d isease-l ike
resistance protein homolog
Tomato Cf2.1 disease
resistance protein.
Sugar Beet non-specific lipid
transfer protein precursor.
Cotton lipid transfer protein
precursor.
Arab ido ps i s damage-specific
DNA binding protein.
Human damage-specific DNA
binding protein.
Putative Arabidopsis coding
sequence.
Ch icken chromosomal scaffold
protein.
Arabidopsis WD40 protein
Rat WD40 protein.

Arabidopsis MAR-binding
protein MFP1.
Tobacco MAR-binding protein
MFP1.
Tomato MAR-binding protein
MFP1.

E*"
--06tr

3x
3x

0
3xE-58
2xEn"

0

3xE-80

2xE-'o

6xE-1E

0

2xE-25

0

3xE-lr

5xE-'
3xE-32

4xE-'"

3xE-23

4xE-22

Wheat putative Asyl
EST

Wheat TaMSHT
codinq sequence
Wheat WM5 coding
sequence
Wheat WM1 gene
family (coding
sequence for WM1.1)

Wheat WM3 coding
sequence

Rice putative damage-
specific DNA binding
protein coding
sequence
Rice putative Sc//-like
coding sequence

Wheat putative WD40
protein EST

Wheat putative MAR-
binding protein EST

tblastx Expectation
value

Homologue(s) ReferencePutative FunctionGene



Figure 40: Putative structure of rice Asyl-like protein. A - Genomic sequence,
B - Predicted cDNA highlighting corresponding cereal ESTs, C - Diagramatic
representation of the primary peptide sequence depicting putative structural
motifs, D - Comparison of peptide sequence diagrams highlighting commonality
in areas of conserved structural motifs (boxed), E - Alignment of primary peptide
sequence structural motifs within areas of conservation as determined by the
Conserved Domain Database v1.51 at NCBI.
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Figure 41= Putative structure of rice TaMSHT-like protein. A - Genomic
sequence, B - Predicted cDNA highlighting corresponding cereal ESTs, C -
Diagramatic representation of the primary peptide sequence depicting putative
structural motifs, D - Comparison of peptide sequence diagrams highlighting
commonality in areas of conserved structural motifs (boxed), E - Alignment of
primary peptide sequence within areas of high conservation as displayed in D.
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Figure 42: Putative structure of rice MFPI-like protein. A - Genomic sequence,
B - Predicted cDNA highlighting corresponding cereal ESTs, C - Diagramatic
representation of the primary peptide sequence depicting putative structural
motifs, D - Comparison of peptide sequence diagrams highlighting commonality
in areas of conserved structural motifs (boxed), E - Alignment of primary peptide
sequence within areas of high conservation as displayed in D.
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Figure 43: Putative structure of rice Scll-like protein. A - Genomic sequence, B

- Predicted cDNA highlighting corresponding cereal ESTs, C - Diagramatic
representation of the primary peptide sequence depicting putative structural
motifs, D - Comparison of peptide sequence diagrams highlighting commonality
in areas of conserved structural motifs (boxed), E - Alignment of primary peptide
sequence within areas of high conservation as displayed in D.
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Figure 44: Putative structure of rice damage-specific DNA binding protein. A -
Genomic sequence, B - Predicted cDNA highlighting corresponding cereal
ESTs, C Diagramatic representation of the primary peptide sequence
depicting putative structural motifs, D - Comparison of peptide sequence
diagrams highlighting commonality in areas of conserved structural motifs
(boxed), E - Alignment of primary peptide sequence within areas of high
conservation as displayed in D.
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Figure 45: Putative structure of rice WD40 repeat like protein. A - Genomic
sequence, B - Predicted cDNA highlighting corresponding cereal ESTs, C -
diagrammatic representation of the primary peptide sequence depicting putative
structural motifs, D - Comparison of peptide sequence diagrams highlighting
commonality in areas of conserved structural motifs (boxed), E - Alignment of
primary peptide sequence within areas of high conservation as displayed in D.
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5.4 Discussion

This study used colinearity of molecular markers in the grasses, in combination

with the rice genome sequence, to identify potential Ph2 gene(s). Comparative

mapping between rice, barley and wheat, utilising molecular markers spanning

the Ph2 locus, has identified nine putative meiosis related genes in a 5.5 Mb

region of rice.

5.4.1 Physical size of ph2a deletion in wheat

Comparison of the wheat and rice linkage maps has highlighted that the region

homologous to the wheat deleted ph2a region in rice is between 3 and 5.5 Mb.

Utilising this estimation of physical size and the difference between the genome

size and chromosome complement between hexaploid wheat (15,966 Mb per

1C nucleus, 2n = 42) and rice (431 Mb per 1C nucleus, 2n = 22)

(Arumuganathan & Earle, 1991), the estimated size of the ph2adeletion is likely

to be between 58 and 107 Mb.

5.4.2 Putative gene content of ph2a region

Analysis of the RiceGenes and GrainGenes databases highlighted genes

corresponding to fertility on the Triticeae homoeogroup 3 and the corresponding

syntenous region on rice chromosome 1. Specifically a signiflcant QTL (LOD

>2.5, p-value = 0.0001)for spikelet fertility (Lin ef a/., 1996) was found in rice

and a male sterility gene termed msg5, in barley (Franckowiak, 1997). These

results demonstrate that there is a common fertility locus among the Gramineae.

It is anticipated that similar genes controlling fertility and more specifically

meiosis would be present in rice, wheat and barley.

This rice 5.5 Mb region homologous to the ph2a deleted region harbours

approximately 900 predicted coding sequences of which nine are likely to be

specifically involved in meiotic cell development. The predicted gene density

within this region of rice is one every 6 Kb whilst it is expected to be one every

64 to 1 18 Kb in wheat. However, analysis of the WM1 gene cluster in T. tauschii

suggests that there is one gene every 19 Kb (refer to 3.3.6). This conflicting

result can best be explained by genes being located in "gene islands" flanked by
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large stretches of repetitive transposable element-like sequences. From the 900

predicted coding sequences, 280 wheat ESTs were identified. This suggests

that at least 31% of the likelywheat orthologues to the predicted rice genes are

expressed. lt should be noted that the rice gene prediction program is likely to

have given an overestimate of gene number.

5.4.2.1 Structural aspecfs of the Ph2 region

The presence of nine potentially meiosis related genes in the region deleted in

the homeologous chromosome pairing mutant, ph2a, suggests that the Ph2

locus is most likely to be a complex of linked genes influencing different meiotic

processes, rather than a single gene. However, the pairing homeologous wheat

mutant ph2b, which was generated through ethyl methanesulfonate (EMS)

treatment contradicts the idea of a complex of linked meiotic genes. EMS is

thought to induce random point mutations (G-C base pair replaced with an A-T

pair) and if the Ph2 locus is a complex of nine linked meiosis genes, the

likelihood of having a deleterious EMS induced mutation in each of the linked

meiosis genes is low but not inconceivable. lt is more likely that only a few of

the nine putative meiosis genes are responsible for lhe Ph2 phenotype. Further

study of each of the potential meiotic genes in the ph2b mutant will clarify

whether the Ph2 locus is indeed controlled by a complex of linked genes or a

single gene.

5.4.2.2 Candidate Ph2 genes

The most likely Ph2 candidates determined by peptide sequence homology

(BLAST 2.0 tblastx) to functionally characterised proteins (Table f8) are

described below. Possible function of these characterised proteins in terms of

meiotic processes and specifically their relevance to the Ph2 phenotype, are

described.

5.4.2.2. 1 Asyl -like protein

Homology of the wheat putative Asyl-like EST to the A. thaliana asynaptic

mutant 1 protein is particularly interesting as Asyl shows homology with the

yeast HOP1 meiotic gene (Figure 40). Mutants of the yeast HOPI gene show

163



reduced meiotic recombination (10-25To of wild-type levels), and extremely low

levels of spore viability (<1o/o) (Hollingsworth ef a/., 1990). HOPI is found to be

localised within the axial elements of the synaptonemal complex with the protein

accumulating at numerous discrete foci on meiotic chromosomes during early

prophase. Little protein persists by the time the chromosomes have fully

synapsed at pachytene. HOPI protein accumulation is dependant upon another

synaptonemal complex protein, Redl and their interaction is suggested to be

mediated by Mek1, a serine-threonine protein kinase (Hollingsworth & Ponte,

1es7).

HOPI is a 605 amino acid peptide with a non-classical zinc flnger about position

371, which has been implicated in DNA binding activity. Asyl shows homology

to HOPI at the N-terminal HORMA-like domain. This extends to conservation

in the HORMA-like domain within the predicted peptide sequence of the wheat

and rye putative Asyl-like ESTs (Figure 40). HORMA domains have been

seen in a variety of proteins that; interact with chromatin, are involved in

synaptonemal complex formation, DNA repair or DNA synthesis (Aravind &

Koonin, 1998). Homology between Asyl and HOPI at the N-terminus of the

predicted peptides suggests substantial functional different\ces but it may be the

case that although the proteins are functionally homologous, this does not

extend to primary amino acid sequence (Caryl et al., 2000). Similar

functionality, not extended to the primary peptide sequence, has been reported

for other synaptonemal complex proteins including Scpl from rat (Meuwissen ef

al., 1992) and yeast Zipl (Sym et a1.,1993). lt is yet to be seen whether Asyl is

directly involved in the meiotic recombination process of plants.

The meiotic phenotype of Asyl Arabrdopsrs T-DNA insertion mutant has been

described as partially asynaptic, because a low level of synapsis is indicated by

the presence of from one to three bivalents in some metaphase I cells, with an

overall average of 1.5 bivalents per cell (Caryl et a1.,2000; Ross ef al., 1997).

Characteristically, mutant embryo and pollen mother cells fail to undergo

extensive chromosome synapsis during early prophase l, resulting in frequent

univalent formation at diakinesis and metaphase l. This contrasts to wild-type
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meiosis where normal chromosome synapsis during zygotene leads to full

synpasis at pachytene and the regular presence of five chiasmate bivalents at

diakinesis and metaphase I (Caryl et a\.,2000).

lf the wheat putative AsylJike EST does represent the wheat orthologue to the

Arabidopsis Asyl protein then it is a strong candidate for the Ph2 gene or is
functionally important in the Ph2 phenotype. This proposal is based firstly, on

the homology between conserved peptide domains (HORMA domain) of the

wheat putative Asyl)ike EST (Figure 40), Arabidopsis Asyl protein and the

known meiotic HOPI protein of yeast. Secondly, the proposed wheat AsyT

orthologue is likely to be localised within the region deleted in the ph2a mutanl

(Figure 39). Thirdly, Ph2 has also been implicated in the control of

homeologous chromosome pairing and recombination as a consequence of

asynapsis (Martinez et a1.,2001) and any mutation in the orthologous Ph2 gene

in a diploid species like Arabidopsrs is likely to result in almost complete sterility.

T-DNA insertion mutant of Asyl is sterilite. Ph2 mutants of wheat do not show

complete sterility. Along with Ph2 on chromosome 3DS, 3AS possesses

another suppressor of homeologous chromosome pairing which may

complement the loss of Ph2. Essential meiotic genes, such as Asyl, may give

an insight into the role of ploidy in the control of meiosis. Polyploidy has been

shown to modulate gene expression in yeast (Galitski et al., 1999) and in

Arabidopsis (Mittelsten Scheid et al., 1996). This potential buffering system is

likely to be useful in the detailed study of genes that control meiosis.

5.4.2.2.2 TaMSHT protein

The mismatch repair system plays a critical role in maintaining genetic stability

by recognising and processing mismatched nucleotides that may occur during

DNA replication, genetic recombination and some types of chemical damage to

DNA. Yeast and animal MSH2, MSH3 and MSH6 proteins are major

components involved in DNA mismatch repair. A special feature in plants is the

presence of two MSH6-like proteins. AtMSHG and AtMSHT in Arabidopsrs have

been shown to be homologues of MSH6 (Ade ef a/., 1999; Culligan & Hays,

2000). Apart from mismatch correction, MSH2, MSH3 and MSH6 also play a
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role in preventing recombination between divergent DNA sequences (Chambers

et al., 1996; Chen & Jinks-Robertson, 1998; Datta et al., 1996; Hunter et al.,

1996; Selva et al., 1997; Selva et al., 1995; Sugawara et al., 1997). ln bacteria,

the mismatch repair system acts as a barrier to recombination between

divergent sequences (Rayssiguier et al., 1989; Vulic ef al., 1997). Loss of

mismatch repair function results in dramatically elevated homeologous

recombination even if the sequence divergence is as high as 20Yo (Rayssiguier

et a\.,1989). Further evidence shows that MSH2, MSH3, MSH6 are involved in

meiotic recombination. A MSH2-MSH3 complex is required in the processing of

non-homologous ends during double-strand break-induced recombination

(Sugawara et al., 1997). The MSH2-MSH6 complex has also been shown to

bind to Holliday junctions during meiotic recombination (Alani et al., 1994;

Marsischky et al., 1999). The suppression of homeologous recombination

mediated by the mismatch repair system is thought to be through the recognition

of mispairs in the recombination intermediates and the prevention of processing

of these recombination intermediates (Baker et al., 1995; de Wind et al., 1995;

Edelmann et a1.,1996). Given the role of the yeast and animal mismatch repair

system in meiosis there is still no evidence in plants that the mismatch repair

system is involved in meiotic recombination. Localisation of wheat TaMSHT

gene (Figure 39) within the region deleted in the ph2a mutant suggests that a

mismatch repair system is involved in chromosome pairing and recombination

(Dong et a\.,2001b). Specifically TaMSHT protein (Figure 41) could represent

the Ph2 gene product or be functionally important in the Ph2 phenotype.

5.4.2. 2.3 MFP 1 -like protein

The interaction of chromatin with the nuclear matrix via matrix attachment

regions (MARs) on the DNA is considered to be of fundamental importance for

higher-order chromatin organisation and the regulation of gene expression

(Harder et al., 2000). The MAR-nuclear matrix interactions are believed to

create independent chromatin loop domains, and the location of a gene with

respect to this domain structure is thought to influence its expression level

(Spiker & William, 1996). The nuclear matrix has been biochemically defined as

the insoluble component that remains after treatment of isolated nuclei with
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nucleases and extraction of proteins with different methods (Berezney & Coffey,

1974; Mirkovitch et al., 1984). Structurally, the nuclear matrix resembles the

dense network of fibers seen in the cytoplasmic skeleton (He eta|.,1990). The

chromatin loops are presumed to attach to these matrix fibers by protein-DNA

interactions with the MARs.

A barley MFPl)ike EST shows homology with the predicted rice MFPl-like

protein (Figure 42), which in turn has homology to the plant MAR-binding

protein, MFP1, from tomato (Meier et al., 1996). MFPI has the structural

features of a filament-like protein, shows similarity to nuclear and cytoplasmic

fllament proteins and preferentially binds to MAR sequences from both animals

and plants.

MARs are generally AT-rich DNA sequences that range from approximately 300

bp to 2.5 Kb in length and are ubiquitous. Currently the consensus sequence

for MARs is "TCTTTAATTTCTAATATATTTAG4¡' (Wang et al., 1995) but

MARs can also be defined by the ATC rule (Tikhonov, pers. commun.), which

highlights the significance of structural characteristics such as DNA bending and

a narrow minor groove due to oligo (dA) tracts. MARs have been shown to

increase transcriptional activity of a linked gene and to confer position-

independent, copy-number dependent expression in stably transfected cells

(Loc & Stratling, 1988; Mlynarova et a|.,1995).

The impact of MFPl protein on the binding of MARs has direct implications on

both local and genome wide chromatin structure and is directly related to the

control of transcriptionally active regions. Local chromatin structure and its
modification at early meiosis are important in the positioning and frequency of

meiotic double-strand breaks in DNA that enable recombination in yeast (Ohta

et al., 1994; Wu & Lichten, 1994). Earlier studies (Chandley & McBeath, 1987i

Raman & Nanda, 1986) have also described regions of the human genome

where the chromatin undergoes conformational changes from mitosis to meiosis

could encompass recombinational hot spots. The lack of condensation of early

replicating chromosomal segments during pre-meiotic interphase could be a
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pre-requisite for crossover at pachytene. This leads to the observation that

homologous chromosome pairing occurs when the chromosomes are

transcriptionally active, so pairing may be an inevitable consequence of the

transcription of partially condensed chromosomes (Cook, 1997). lt has been

proposed that DNA-protein structures (like that for MFPI and MARs), inherent to

heterochromatin in Drosophila, could produce a self-complementary

chromosome "landscape" that ensures partner recognition and alignment by

"best-fit" mechanisms (Karpen et al., 1996). Specific coiling patterns that could

promote strict homologous chromosome pairing, showing apparent denser and

weaker zones, presumably reflecting more or less condensed chromatin, were

observed at stages before meiotic prophase in the homologous domains of

wheat (Schwarzacher, 1997).

This highlights the potential impact of the MFPI-like protein on chromosome

pairing and subsequent recombination as correlated with the Ph2 phenotype.

5.4.2.2.4 Scll protein

A barley putative Sc/llike EST shows homology primarily to the rice putative

Scll-like protein (Figure 43) located within the region of rice chromosome 1 that

is syntenous to the region deleted in the ph2a wheat mutant (Figure 39). This

rice Scll-like protein in turn shows significant homology to the chicken Scll

protein. The chicken Scll protein, othenruise known as a chromosomal scaffold

protein, is a member of the large structural maintenance chromosome (SMC)

family of proteins. SMCs are considered to be crucial modulators of

chromosome architecture and are involved in chromosome condensation and

segregation (Hirano & Mitchison, 1994; Saitoh et al., 1994; Saka ef al., 1994;

Strunnikov et al., 1995), sister chromatid cohesion (Guacci et al., 1997;

Michaelis et al., 1997), transcriptional repression (Chuang ef al., 1994) and

possibly homologous recombination (Jessberger et al., 1996; Lehmann et al.,

1ees).

SMC proteins are putative ATPases and are characterised by five conserved

structural features: an N-terminal globular domain with an NTP-binding motif

168



(Walker A type), two c¿-helical regions with the potential to form a coiled-coiled

structure separated by a hinge, and a second globular domain in the C-terminal

region harbouring the DA-box, a signature motif for the SMC family (Strunnikov

et al., 1993), which includes an NTP-binding motif (Walker B) (Walker et al.,

1982). Mutations at the DA-box or NTP-binding domains have shown that they

are required for SMC function (Chuang et a\.,1994; Strunnikov et a\.,1993).

In vitro, SMC proteins can perform recombination-related activities such as DNA

renaturation (Jessberger ef al., 1996i Sutani & Yanagida, 1997). The SMC

protein RC-1 is a component of the bovine recombination complex and is
involved in in vitro recombination, and the repair of gaps and deletions in DNA

(Jessberger et al., 1996). SMC proteins, Rad18 (Saccharomyces pombe),

RHC18 (S. cerevisiae), MIM (4. thaliana) are involved in the recombinational

repair pathway. Although the exact role of SMC-like proteins in DNA repair is

general and in recombination in particular, remains to be determined, it is

thought that the structural features of chromatin conferred by SMCs are required

for recognition of DNA damage and the recruitment of repair complexes. Data

on Arabidopsrs MIM SMC-like protein suggests that chromatin remodelling may

be a crucial step in regulating in vivo accessibility of chromosomal DNA for

recombination in plants (Mengiste et al., 1999).

The wheat orthologue(s) to both the barley Sc//-like EST and rice putative Scll-

like protein could represent the Ph2 gene or be functionally important in the Ph2

phenotype. This suggestion is based on homology of both the barley and rice

sequences to a representative member of the SMC family (chicken

chromosomal scaffold protein). Some members of the SMC family have been

implicated in homologous recombination and chromosome structure. Secondly,

the wheat orthologue(s) to the barley and rice Sc//-like sequences are likely to

be located on chromosome 3DS within the region deleted in the ph2a mutant

(Figure 39). Proposed function of SMC proteins would complement the idea

that Ph2 influences homeologous chromosome pairing and recombination.
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5.4.2.2.5 Damage-specific DNA binding protein

The rare human hereditary disease, Xeroderma pigmentosum (XP), is

characterised biochemically by defective nucleotide excision repair, which

manifests clinically as sensitivity to ultraviolet light and a high incidence of skin

æncer. A putative rice "damage-specific DNA binding protein" shows homology

to the human DDB2 (p48) protein (Figure 44), which is part of a complex that

binds specifically to damaged DNA (Nichols et a|.,2000). ln addition to its high

affinity for UV-damaged DNA, the DDB complex also recognises a wide

spectrum of DNA lesions (Carew & Feldberg, 1985; Chu & Chang, 1988;

Feldberg, 1980; Hirschfeld et a\.,1990; Payne & Chu, 1994; Protic et a\.,1989).

It has been proposed that the DDB complex has a DNA repair function, possibly

acting in damage recognition prior to nucleotide excision repair (Liu ef a1.,2000).

Since the "damage specific DNA binding protein" may have a recognition role in

DNA repair, it could be involved in detecting and resolving mis-pairing in

heteroduplex DNA during the process of chromosome pairing and/or

recombination. Effective disruption of such a protein could result in pairing of

divergent DNA sequences (homeologous chromosome pairing) or allowing

mispairs in the recombination intermediates (homeologous recombination).

Consequently, the wheat orthologue to the rice, "damage specific DNA binding

protein" could represent the Ph2 gene(s).

5.4.2.2.6 WD40 repeat like protein

The large family of proteins that contain the WD repeat are found in all

eukaryotes and are implicated in a wide variety of crucial functions. One group

of WD repeat proteins are involved in RNA-processing complexes with some

members forming part of snRNP particles (Bjorn et al., 1989). Another group

comprises of transcriptional regulators, including the TFIID subunit of the TATA-

box-binding complex (Hoey et al., 1993; Keleher et al., 1992; Williams et al.,

1991). Others play roles in the regulation of vesicle formation and vesicular

trafficking (Pryer et a1.,1993), control various aspects of cell division or regulate

sulfur metabolism in fungi. More importantly, some WD repeat proteins have

been found to be involved in cyto-skeleton assembly and mitotic-spindle

formation (de Hostos et al., 1991; Vaisman et al., 1995). The WD-repeat
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'propeller-like structure' is a conserved motif with 4 to 16 repeats in any single

protein. lf there is a common functional theme, it appears to be that the WD-

repeat propeller structure creates a stable platform that can form complexes

reversibly with several proteins, thus coordinating sequential and/or

simultaneous interactions involving several sets of proteins (Smith et a\.,1999).

Although the WD repeat proteins are a large family, there is the possibility that

the wheat orthologue to the putative rice WD-40 protein (Figure 45) represents

the Ph2 gene(s).

5.4.2.2.7 Other predicted genes

Previously described as Wm5.12-tap, the WM3 messenger transcript is

specifically and highly expressed in wheat floral tissue (carpels and anthers) and

preferentially in the tapetum of meiotic anthers. The complete sequence of the

cDNA revealed that it was similar to non-specific plant lipid transfer proteins

(LTPs) (Letarte, 1996). This group of extracellulady secreted proteins has been

found in several aerial organs of diverse plant species and more specifically in

the tapetum of both Nicotiana sp. (Crossland and Tuttle pers. commun.) and

Brassica sp. (Foster et al., 1992). Although unlikely to represent the Ph2 gene

or be functionally important in the Ph2 phenotype, the WM3 protein may be

important in pollen mother cell development through meiosis.

5.4.2.3 Possib/e role for multiple Ph2 candidafe genes in maintaing strict

d i pl oi d-l ike be h avio ur

lnterestingly, of the nine potential meiosis genes, four are likely to be involved in

recombination and two of which may be specifically involved in heteroduplex

DNA pairing and recombination (Asy1 and TaMSHT proteins). Of the remaining

two proteins that are likely to be involved in the recombination process, the

SMC-Iike protein, Scll, may induce an altered chromatin structure, required for

the recognition by damage-specific DNA binding proteins of mis-pairing in

heteroduplex DNA. Chromatin structural change and recognition of mispairing

is a likely precursor for recruitment of repair complexes such as TaMSHT of the

mismatch repair system. Local and genome wide structure of the chromatin

(possible role of MFPI protein) is also likely to be crucial for the pairing process.
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Each of these proteins highlights a potential structural role of the Ph2 gene

product(s) in maintaining a strict diploid-like behaviour in allohexaploid wheat.

However the WD40 repeat-like protein may temporally control meiotic

development. lnterestingly, functionality is not likely to be exclusive for all

described proteins. For example, the Asyl-like protein is likely to have a role in

DNA repair/synthesis but may also form an important structural component of

the synaptonemal complex.

The clustering of these potential meiotic genes in both wheat and rice is

intriguing as it suggests that structural co-localisation of meiosis genes may be

important for their function. Apparent clustering of functionally related genes

within the Ph2 region shows similarity to the Dopa decarboxylase (Ddc) gene

cluster of Drosophila, which is responsible for cuticle morphology (Wright, 1996).

The function of the clustered meiosis genes within the ph2a deletion region may

be dependent on a common coordinate regulatory mechanism. This has been

suggested for the cluster of neurally expressing genes in the 14D region of the

Drosophila genome. These genes have been implicated in the common

physiological process of neuron Na+ transport (Hong & Ganetzky, 1996). The

structural importance of this region would agree with the idea that as chromatin

continually condenses from interphase to metaphase l, it would be expected that

less of the chromatin is likely to be transcriptionally active due to the

inaccessibility of the transcription enzymes to the euchromatic regions of DNA.

Those genes that are essential for the processes of meiosis have to maintain

transcriptional activity and therefore they are likely to be clustered in regions of

the genome that are structurally different for this reason. This study tentatively

supports the idea that the region deleted in the ph2a wheat mutant is one such

structurally important region.

5.5 Gonclusions
The suggestion that Ph1 and Ph2 bring about diploidisation of allohexaploid

wheat by different mechanisms has important implications on interpretation of

the comparative mapping of the Ph2 locus. lt was specifically suggested Ph2
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affects synaptic progression, probably in a similar way to a diploid species, and

that Ph2 itself may not represent a pairing homeologous (Ph) locus but a
synaptic (Syn) locus (Martinez et a\.,2001).

The identification of a rice Asyl orthologue within the rice chromosome 1 region

homologous to the region deleted in the ph2a mutant supports the findings of

Martinez et al. (2001). This tentatively suggests that the wheat orthologue to

Asyl plays an important role in synaptic progression contributing to the wheat

Ph2 phenotype. However, the identification of TaMSHT within the region

deleted in the wheat ph2a mutant can account for the homoeologous

chromosome recombination aspect of the Ph2 phenotype. This disagrees with

the suggestion by Martinez et al. (2001) lhal Ph2 represents a synaptic locus as

opposed to a pairing homoeologous (Ph) locus.

Further study through transformation and protein localisation of both the wheat

Asyl homologue and TaMSHT will help elucidate the role each of these genes

plays in the Ph2 phenotype.
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6 Chapter

GENERAL DISCUSSION

Although studies in budding yeast S. cerevrseae have lead to the identification

and cloning of a large number of meiosis-specific genes, little is known about

their counterpads in higher eukaryotes. This is particularly true in plants, where

in many cases there is the added complexity of polyploidy. The ability of

allohexaploid L aestivum to act as a diploid at meiosis poses special questions

related to the mechanisms that ensure correct homologous chromosome pairing

at early prophase of meiosis 1.

This study illustrates a systematic approach to the analysis of L aesúivuln genes

likely to be involved in meiosis, in particular, the genes that could represent the

Ph2 gene(s). Based on the results of this study and the aim to isolate the Ph2

gene(s), a series of new research opportunities can be considered.

6.1 Future direction
The WM1 gene family can be further investigated from two perspectives; firstly

in relation to its possible role in floral development leading to meiosis and

secondly in the potential role of these genes in the perception of pathogen

attack. Protein immunolocalisation of individualWMl gene products within floral

tissues may clarify the role of these genes. GFP reporter constructs using WM1

gene promoter regions could help identify regulatory control of these genes

whilst GFP protein fusions will validate predictions of the subcellular localisation

of the WM1 proteins and may confirm the receptor-like function of these type la

plasma membrane anchored LRR proteins.

WMí transgenic lines also need further study. Lines expressing both reporter

and introduced WMí genes require more detailed phenotypic and reporter gene

analysis. Suspected phenotypic changes in apical meristems and meiotic
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development need to be assessed closely. Further reporter gene transgenics

will help define the structure of the full-length promoter segment of the WMí
gene.

Comparative mapping among the grasses identified two strong candidates for

the Ph2 gene(s). However, wheat ESTs identified from the homologous rice

sequence to the region deleted in the ph2a mutant need to be mapped back to

the wild-type Chinese Spring to confirm localition within the region deleted in the

ph2a mutant. Each wheat EST also needs to be assessed for temporal

expression pattern during meiosis and differential expression between wildtype

and mutant lines. Particular attention should be paid to the candidate Ph2

gene(s) Asyl and mismatch repair protein homologues. An Arabidopsrs mutant

is available for Asyl and complementation with the wheat homologue should be

a prelude to complementation of wheat mutants, ph2a and ph2b. Similarly,

complementation should be attempted with TaMSHT.

6.2 Wheat genes have multiple levels of complexity
Analysis of the WM1 and WMí gene families, as well as comparative mapping

among the grasses have confirmed that wheat genes are more complex than

expected in both their structural organisation and transcriptional control relative

to rice.

6.2.1 Structural organisation of the Ph2 region

The availablility of mutants in this study proved important. The deletion mutant

ph2a aided in comparative mapping across the grasses and led to the

identification of candidate Ph2 gene(s). This study identified what appears to be

a meiotic gene cluster. Such a complex cluster of structurally different genes,

but likely to influence the same developmental process, has not previously been

described i n p lants a nd f urther r esearch m ay r eveal w hethert he o bserved

clustering is coincidental or functionally important.

Additionally, structural analysis of the complex WMl gene family revealed that

gene content across homeologous genomes differs greatly. Although this result
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has only been shown with the WM1 gene family, it may apply to other genes

within the region of Ph2. lt is clear that the three homeologous genomes have

diverged in gene content but whether this occurred before or after the

polyploidisation events is unclear. Nevertheless analysis of the 220 Kb of T.

tauschiiD NA p rovided c lues of the likely evolutionary mechanisms causing

divergence in WM1 gene content. Studying this 220 Kb region also revealed

several novel transposable elements, highlighting the complex organisation of

the wheat genome.

The complexity of the Ph2 region and the WM1 gene cluster raises many

questions with respect to polyploidisation and meiosis:

What is the significance of the apparent clustering of meiotic genes in grasses

(barley, wheat and rice) and what was the impact of polyploidisation on these

genes? The observed diversity in gene content between homeologues in

aflohexaploid L aestivum raises the question; did this variation arise before (as

appears to have been the case for the WM1 family) or after allopolyploidisation?

ls this variation observed only in the physical presence/absence of genes across

the homeologues, as shown with the WM1 genes, or is variation observed in the

functionality of the genes across the homeologues? lf this diversity was present

before polyploidisation, did this pre-dispose diploid progenitors to

allopolyploidisation? What was the selective advantage derived from the

apparent clustering of meiotic genes and how did it occur?

These are just some of the questions that may be answered through further

understanding of genome changes during polyploidisation.

6.2.2 Transcriptional control of meiotic wheat genes

ln addition to the genome complexity revealed through the study of the WMl

gene family, transcriptional complexity was found for the WMí genes. WM5

shows c omplext emporal c ontrol i n t ranscription. S trictt emporal control of

transcription at meiosis for specific genes is expected to be critical for the

progression of meiocytes through to haploid, pollen cells. Although WMï may

not represent the Ph2 gene(s) its preferential expression at meiosis suggests
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that a search for the Ph2 gene(s) through meiosis specificity alone may not yield

the Ph2 gene(s). The criteria for identifying Ph2 candidates needs to be re-

assessed and it will be important to analyse both the temporal transcription and

the protein localisation for genes of interest.

Through the structural, functional and comparative analysis of genes within the

grasses, this study has successfully increased awareness of the complexity

associated with genome structure and gene expression during meiosis.

6.3 Cereal genome and wheat breeding
A detailed understanding of genome changes, transcription and post-

translational modifications of gene products involved in chromosome pairing and

recombination will help enhance cereal breeding programs. This knowledge will

specifically help plant breeders develop meiotically stable synthetic polyploids

and wheat lines that can be used for alien gene introgression. Through the use

of s uch s ynthetic p olyploids a nd w heat I ines, cereal-breeding programs will

benefit from the greater number of landraces and wild relatives available for

alien gene introgression into commercialwheat cultivars. lt is also expected that

the time required for these breeding strageties will be greatly reduced, allowing

breeders to react more quickly to consumer demand in the global market place.
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Appendix

Table 19: Transgenic plants produced from individual microprojectile bombardment experiments.
Each experiment is determined by date of microprojectile bombardment and the cultivar plus number of
isolated scutella. The co-bombardment class, number of plantlet regenerants into glasshouse and the
identified number of transformation events for each experiment are glven.
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