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Abstract

Meiotic recombination in eukaryotes requires two orthologues of the E. coli
RecA proteins, Rad51 and Dmcl. Both genes play an important role in the
binding of single strand DNA, homology search, strand invasion and strand
exchange resulting in Holliday junctions which are resolved into crossovers or
non-crossovers events. Even though both genes are well characterized in a
variety of organisms including plants, very little information is available from
hexaploid wheat. In most diploid plant species, deletion of either the RADS! or
DMC1 orthologues leads to sterility but wheat being a polyploid, offers a
unique opportunity to examine the effects of the deletion of specific
homoeologue, while maintaining a degree of fertility. The transcript expression
profiling of RAD51 and DMCI genes in Arabidopsis, rice and wheat using
available microarray databases indicated higher levels of expression in
mitotically and meiotically active tissues compared to other tissues. However,
the possible function of the DMCI gene in mitotic-active tissues needs to be
investigated further. Previously cDNA sequences of TaR4D51 and TaDMC1 of
hexaploid wheat were cloned and reported. In this study, it has been
demonstrated that the reported TaRADS5141 and TaRAD51A42 ¢cDNA sequences
are (D) and (4) homoeologues of TaRADS5! respectively and TaDMC1 cDNA
sequence is (D) homoeologue of the TaDMC. This study also found that the
amino acid sequences and evolutionary relationships of R4D5] and DMCI
cDNA homoeologues are highly conserved across eukaryotes. Functional
characterization of TaRAD5! and TaDMCI gene homoeologues was
undertaken in planta using Forward Genetics, Reverse Genetics and
Complementation methods. Forward and Reverse Genetic screening of a sub-
set of a Highbury mutant population could not identify any mutants that have
deletions in TaRADS51 and TaDMC! genes. However, Reverse Genetics
screening of Paragon mutant population identified mutant lines that tested as
having deletions for all the three homoeologues of TaRAD5] and TaDMCI.

However, most likely due to high mutational load and a deleterious phenotype,
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only a few mutant lines survived. Phenotypic and cytogenetic analysis indicated
the probable functional redundancy of TaR4D51(B) homoeologue in meiosis,
although the unknown size of the deletion and limited phenotype makes it
impossible to completely certain of this. The single mutants for TaDMC1(B)
and (D) indicated a reduction in pollen viability and ear fertility compared to
wild-type. The cytological examination of these mutants indicated low levels of
abnormal diakinesis, resulting in the formation of dyads. However, the single
mutants were still able to produce normal tetrads. This suggests that there is a
possible dosage effect of these homoeologues in hexaploid wheat. Unless
deletion lines for the (4) and (D) homoeologues of TaRADS5! and (B)
homoeologue of TaDMCI can be recovered and characterized the above
assumptions will remain inconclusive. The results of complementation assays
using over-expressing CaMV35S::TaRADS51(D)+GFP constructs demonstrated
a very low (~14% and ~2%, respectively, with +GFP and —GFP constructs)
functional complementation in terms of seed set compared to 0% in
homozygous Atrad5] mutants. One explanation of these results is that the
wheat genes are not complete functional orthologues for the inactivated
Arabidopsis genes. The functional complementation experiments could not be
performed for TaDMC] gene because of time limitation, although the
transformants were produced in AtDMCl/atdmcl background. Finally,
overexpression of the TaRADS] gene suggests 2-fold increase in genetic
distances in Arabidopsis using CaMV35S::TaRADS51(D) construct. This was
done by crossing the appropriate transformant with fluorescent tetrad lines.

However the results need to be confirmed by a large scale analysis.
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CHAPTER 1: GENERAL INTRODUCTION

1.1 Gene ral information of wheat (Triticum aestivum L.)

Common wheat or Bread wheat (Triticum aestivum L.) is one of the world’s
most important food crops along with rice and maize. It is a staple food crop
for many countries in the world. The wheat is an annual plant and for its
early growth thrives well in cooler conditions. Wheat belongs to the tribe
Triticeae, which includes 15 genera and over 300 species including wheat,
rye and barley (Sakamoto, 1973). Bread wheat is a part of the grass family
Poaceae that includes other major cereal crops such as oats, maize and rice.
Among the more ancient and now less frequently cultivated species are
einkorn (I. monococcum), emmer (T. dicoccum) and spelt (T. spelta)
wheats. Modern wheat varieties are either classified as winter wheats (those
which require vernalization requirements for few weeks before planting) or
spring wheats (those that does not require vernalization requirements). The
flour from hard wheats (varieties evolved for the most part from T.
aestivum) contains a high percentage of gluten and is generally used for
making bread and cakes. White- and soft-wheat varieties are paler and have
starchy kernels and their flour is preferred for piecrust, biscuits, and
breakfast foods. Wheat is also used in the manufacture of whiskey and beer.
The grain, the bran (the residue from milling) and the vegetative plant parts
make valuable livestock feed. Wheat was once used as the principal source

of starch for sizing paper and cloth.

Apart from the humankind's most important crop, bread wheat is also an
excellent model for the analysis of basic mechanisms of genome evolution
and speciation as well as for genetic approaches for crop improvement.
Wheat is a model system for polyploid species because of relative ease in
chromosome identification and manipulations, and the presence of a wealth
of genetic and cytogenetic stocks. Wheat is also best suited for
understanding some of the fundamental biological processes such as Phl
Sears (1976).



1.2 History of wheat

Wheat evolved from wild grasses, probably somewhere in the Near East but
the precise origin of wheat is not known even today. The Fertile Crescent —
“a region with rich soils in the upper reaches of the Tigris-Euphrates
drainage basin” (Briggle and Curtis, 1987) is the most likely place for the
origin of wheat. The cultivation of ‘naked’ wheats began between the late
fifth and early fourth millennium B.C in the southern Caucasus region in
neolithic settlements. Archaeological evidence also shows that naked wheat
was found at several sites in the Crimea (1000-900 B.C.) which matches the
archaeological finding of wheat in Israel at the same period (Korber-

Grohne, 1988).

1.3 Polyplo idy in plants

The term polyploidy was coined by Winkler (1916). Polyploidy is a wide
spread phenomenon occurring in many plants (Ohno, 1970 and Wolfe,
2001) but predominantly among higher plants (angiosperms) including
many important agricultural crops such as wheat, oat, tobacco, potato,
banana, sugarcane, cotton, and certain Brassica species (Leitch and Bennett,
1997). Polyploidy has had a major effect on the evolution of flowering
plants and has made a considerable impact on plant species diversity by the
way of providing raw material for evolution and relaxing purifying selection
on the duplicated genes in the polyploid (Wendel and Doyle, 2005). Among
angiosperms, 50-70% of the species are polyploids (Stebbins, 1971; Soltis
and Soltis, 1993 and Masterson, 1994). Molecular analyses such as the use
of RFLP markers and more recently genome sequencing have shown that
even presumed diploids such as maize and Arabidopsis are in fact ancient
polyploids (Wendel, 2000). The major advantage of polyploids over their
diploid progenitors is their potential to adapt to a wide variety of habitats
and survive successfully in unstable climates (Ehrendorfer, 1980; Levin,
1983; Novak et al., 1991). For crop plants, polyploidy may often lead to

increased cell and organ size and potentially yield (Osborn et al., 2003).



Polyploids arise constantly either by endo-reduplication of the basic set of
chromosomes (Autopolyploids) or as a result of combining related but
different species (Allopolyploids). Both autopolyploids and allopolyploids
are common in nature, with allopolyploids predominating (Ramsey and
Schemske, 1998; Soltis et al., 2004a; Wendel and Doyle, 2005). From a
human nutrition point of view both the forms are important (Hilu, 1993), as
well as the “intermediate” types of polyploids such as segmental

allopolyploids.

Polyploidization can induce certain rapid genomic and epigenomic changes
and cause a restructuring of the genome. This was observed in synthetic
polyploids (Comai, 2000; Wendel, 2000). Sequence elimination (Feldman et
al., 1997; Liu et al., 1998; Ozkan et al., 2001), reactivation of transposable
elements (Kashkush et al., 2003), changes in methylation (Shaked et al.,
2001) and gene expression changes (He et al., 2003) were noticed upon
amphiploid formation in wheat. Upon polyploidization, duplicated genes
can theoretically attain three different fates: functional diversification (neo-
functionalization), transcriptional gene silencing (non-functionalization) and
retention of original function (sub-functionalization) (Lynch and Force,
2000). Sub-functionalization and neo-functionalization have been observed
in several species (Adams ef al., 2003; Cusack and Wolfe, 2007; Duarte et
al., 2006; Force et al, 1999; Liu and Adams, 2007). Both sub-
functionalization and neo-functionalization are important processes from an
evolutionary perspective because both processes can lead to the preservation
of the members of a duplicate gene pair (Lynch and Force, 2000; Ohno,
1970). Because duplicated genes should have redundant functions
immediately after they are formed, one of the copies can accumulate
deleterious mutations and eventually be lost without effect on the fitness of
an individual (Lynch and Conery, 2000) and sub-functionalization plays an
important role shortly after gene duplication but once the age of the
duplicate pair increases, neo-functionalization becomes increasingly likely
and assumes a more important role later on (Ohno, 1970; Stephens, 1951).
Further it has been suggested by Rastogi and Liberls, (2005) that sub-

functionalization could serve as a preservational transition state leading to



neo-functionalization. ~Thus upon  polyploidization, both  sub-
functionalization and neo-functionalization may play significant roles in

functional diversification and duplicate gene retention.

The effect of polyploidization on transcriptional gene silencing and gene
expression is an object of intense interest among researchers throughout the
world (Comai, 2000; Kashkush ef al., 2002; Wu et al., 2003; He et al.,
2003; Adams et al., 2003; Adams et al., 2004; Wang et al., 2004; Hegarty et
al., 2005; Lai er al., 2006; Tate et al., 2006; Wang et al., 2006b).
Transcriptional gene silencing is a widespread phenomenon observed in
polyploids such as cotton (Wendel, 2000), wheat (Kashkush et al., 2002)
and synthetic allotetraploid species of Arabidopsis (Comai et al., 2000).
Soltis et al., (2004a) reported that approximately 5% of loci in Tragopogon
and cotton were silenced as revealed by cDNA-AFLP technique and about
10% of genes were found to be repressed in Arabidopsis polyploids (Wang
et al., 2004). On a larger scale, gene expression in polyploids using
microarray analysis enabled the identification of hundreds of genes that are
differentially expressed between two tetraploid Arabidopsis lines (synthetic
autotetraploid 4. thaliana lines and A. arenosa, a natural allotetraploid)
(Wang et al., 2006b). Using SSCP analysis, Mutti JS, Gill KS (The 11th
International Wheat Genetics Symposium proceedings, 2008) proposed that
about 91% of the wheat genes expressed from two or three copies with only
9% showing silencing of two copies based on the sample of 652 genes
indicating that most of the homoeologue genes are expressed at all times and
the gene expression pattern in wheat is balanced. The relative expression
levels and gene silencing of duplicated genes in polyploids can be variable
in different parts of the plant also. Adams ef al., (2004) showed that the
expression of a calmodulin-binding protein and an ubiquitin-protein ligase
in the synthetic tetraploid ranged from silencing of one homoeologue in
some organs to equal expression of both homoeologues in other organs. In
some instances complete partitioning of expression between homoeologues
can occur in different organs as was observed with the alcohol
dehydrogenase A (adhA) gene in cotton, in which only one homoeologue is

expressed in cotton petals and the other homoeologue in styles (Adams et



al., 2004). Common/bread wheat because of its recent history is an excellent
model of polypoidy and has been a good example for allopolyploidization in

crop species (Kihara, 1924).

1.4 Origins of A, B and D genomes of bread wheat

Early cytogenetic studies on polyploid wheats demonstrated that Triticum
aestivum evolved from the hybridization of tetraploid wheat (Triticum
turgidum) with Aegilops taushcii which contributed the D genome (Kihara,
1944, McFadden and Sears, 1946). Chapman et al., (1976) determined that
the A genome in Triticum turgidum has been contributed by Triticum uratu.
The second genome in Triticum turgidum is the B genome which may have
been contributed by Triticum speltoides (Dvork and Zhang, 1990). Later on
Cox (1998) summarized the believed evolution of bread wheat which is now
widely accepted. According to Cox (1998), Common wheat or bread wheat
is an allohexaploid (genomic formula AABBDD according to Waines and
Barnhart, 1992) derived through hybridization between a domesticated form
of tetraploid wheat, wild emmer (Triticum turgidum ssp. dicoccoides
genomic constitution AABB) and the diploid Aegilops tauschii (genomic
constitution DD). Wild emmer itself is supposed to be an allotetraploid
derived through hybridization between two wild diploids; Triticum uratu
contributing the A genome and probably an Aegilops speltoides relative
which is no longer extant, contributing the B genome. However, despite
decades of intensive research, the origin of the B genome has remained
inconclusive (Huang et al., 2002a). Recently Peterson et al., (2006) based
on a phylogenetic analysis of the single-copy nuclear genes DMCI and EF-
G from the three genomes in the hexaploid wheat species were able to
provide for the first time strong molecular supporting evidence of the D
genome being derived from Adegilops tauschii, the A genome being derived
from Triticum uratu, and the hitherto enigmatic B genome being derived

from Aegilops speltoides.

Huang er al, (2002) by analyzing the Acc-! (plastid acetyl-CoA
carboxylase) and Pgk-I (plastid 3-phosphoglycerate kinase) genes



established the timeline of wheat evolution based on gene sequence
comparisons of Triticum and Aegilops species. According to Huang et al.,
(2002) the A genome of polyploid wheat diverged from 7. urartu less than
half a million years ago (MYA), indicating a relatively recent origin of
polyploid wheat. The D genome sequences of T. aestivum and Ae tauschii
are similar, confirming that 7. aestivum arose from hybridization of T.

turgidum and Ae. tauschii around 8,000 years ago (Figure 1.1).

Common wheat or bread wheat is a segmental allopolyploid (6x) composed
of three genomes of seven groups of chromosomes. On the basis of genetic
similarities, the 21 pairs of chromosomes fall into seven homoeologous
groups, each containing one pair of chromosomes from the A, B, and D
genomes (Sears, 1954). The term homoeologous refers to a pair of
chromosomes that have alleles for the same gene. Because of this
homoeology in hexaploid wheat (AABBDD), a range of chromosomal
abnormalities (aneuploidy) are able to survive, which would not be able to
survive in a diploid species such as barley (Hordeum vulgare L.) and maize
(Zea mays L.). Since the loss of a pair of chromosomes can be compensated
by two additional doses of a homoeologue, 42 compensating nulli-
tetrasomics lines were developed by Sears (1966). Sears (1954) also
described the effects of aneuploidy of each chromosome including
nullisomic and monosomic lines. The monosomic chromosomes fail to
divide properly and this property was exploited to produce a series of
chromosome-arm aneuploids such as monotelosomics, ditelosomics,
tritelosomics, and iso-chromosome lines (Sears and Sears, 1978). Among
cultivated crops, hexaploid wheat has the largest genome size at 17 GB, ~8-
fold larger than that of Maize and 40-fold larger that that of Rice
(Arumuganthan and Earle, 1991).
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origin of wheat can be seen a recent event. (Figure courtesy of
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State University, Fort Collins, with additional data from
Huang et al., (2002).



1.5 Different growth stages of wheat

The Zadok scale is the internationally accepted scale for recording the
growth and development stages of wheat. The scale covers all the stages
from seed to seed. The different growth stages according to Zadok scale are

shown in Figure 1.2 and the relevant description is detailed in Table 1.1

et
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Figure 1.2 Schematic diagram of the different growth and developmental
Zadok stages of the wheat plant. (Source: Zadok, J.C., Chang,
T.T., Konzak, 1974).

Table 1.1  Different growth stages of wheat along with the description of

each stage.
Zadok Description Zadok Description
Stage Stage
0 Seed germination 4 Booting
0.0 Dry seed 41 Flag leaf sheath extending
0.1 Start of imbibition (water | 4.3 Boots just visibly swollen
absorption)
0.3 Imbibition complete 45 Boots swollen
0.5 Radicle (root) emerged | 4.7 Flag leaf sheath opening
from caryopsis (seed)
0.7 Coleoptile 49 First awns visible




0.9 Leaf just at coleoptile tip | 5 Heading
1 Main stem leaf 5.1 First spikelet of inflorescence
production just visible
1.0 First leaf through 5.3 1/4 of inflorescence emerged
coleoptile
1.1 First leaf unfolded 5.5 172 of inflorescence emerged
1.2 2 leaves unfolded 5.7 3/4 of inflorescence emerged
1.3 3 leaves unfolded 5.9 Emergence of inflorescence
1.4 4 leaves unfolded 6 Anthesis
1.5 5 leaves unfolded 6.1 Beginning of anthesis
1.6 6 leaves unfolded 6.5 Anthesis half-way
1.7 7 leaves unfolded 6.9 Anthesis complete
1.8 8 leaves unfolded 7 Grain milk stage
1.9 9 or more leaves 7.1 Caryopsis (kernel) water ripe
unfolded
2 Tiller production 7.3 Early milk
2.0 Main shoot only 1.5 Medium milk
2.1 Main shoot and 1 tiller 7.7 Late milk
2.2 Main shoot and 2 tillers | 8 Grain dough stage
2.3 Main shoot and 3 tillers | 8.3 Early dough
2.4 Main shoot and 4 tillers | 8.5 Soft dough
2.5 Main shoot and Stillers 8.7 Hard dough
2.6 Main shoot and 6 tillers | 9 Ripening
2.7 Main shoot and 7tillers 9.1 Caryopsis hard (difficult to
divide)
2.8 Main shoot and 8 tillers | 9.2 Caryopsis hard (not dented by
thumbnail)
2.9 Main shoot and 9 or more | 9.3 Caryopsis loosening in
tillers daytime
3 Stem elongation 9.4 Over-ripe, straw dead and
collapsing
3.0 Pseudostem (leaf sheath) | 9.5 Seed dormant
erection
3.1 First node detectable 9.6 Viable seed giving 50%
germination
3.2 2nd node detectable 9.7 Seed not dormant
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33 3rd node detectable 9.8 Secondary dormancy induced

3.4 4th node detectable 9.9 Secondary dormancy lost

3.5 5th node detectable

3.6 6th node detectable

3.7 Flag leaf just visible

3.9 Flag leaf ligule just
visible

1.6  Reproductive Biology of wheat

Wheat is predominantly a self pollinated crop, however outcrossing can
occur at 10% or above depending upon the population density, genotype and
environmental conditions (Jain, 1975). The wheat inflorescence is a
determinate, composite spike composed of main axis (rachis) bearing
spikelets separated by short internodes. The majority of flowers on the
wheat spike are hermaphroditic, although some are unisexual (De Vries,
1971). Each spikelet comprises an axis (rachilla), which bears two glumes
and each ear consists of twenty or more spikelets that have a defined
sequence of maturity (Schwarzcher, 1997). The floret contains two
sheathing structures called the outer lemma and the inner palea; these
envelope two lodicules, three anthers and the ovary (Figure 1.3). Within
each of the two major florets of each spikelet (one slightly younger than the
other) there are three synchronously developing anthers (Bennett et al.,

1971).

Anthesis occurs for about three to ten days depending on the environment
after the ear emerges from the flag leaf sheath. Anthesis occurs first in floret
1 of the spikelet of the upper two-thirds of the ear. It progresses to the first
floret of the basal spikelet and to the second floret of the upper spikelet on
the next day. This progression continues so that the third and fourth florets
in the basal spikelet are the last in which anthesis occurs (Evans et al.,
1972). Often, the higher order florets (three to five), although going through

the process of anthesis and becoming pollinated, do not produce grain. The
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basal florets are generally fertile, but some of the distal florets die

sequentially during ear development.

Figure 1.3 Diagram of wheat spikelet displaying the arrangement of the
florets inside (Source: Kirby and Appleyard, 1987)

1.7 General information of Arabidopsis thaliana
Arabidopsis thaliana is a small dicotyledonous flowering plant belonging to
the family of Brassicaceae to which many economically important crops

such as turnip, raddish, cabbage, broccoli and canola belong.

1.7.1 Arabidopsis as a model plant

Although Arabidopsis is not an economically important crop it has been
focus of intense genetic, biochemical and physiological study for more than
40 years because of several traits which makes it useful for laboratory
studies and make it a model plant (Rensink ef al., 2005). Arabidopsis is a
very small plant and has very limited space requirements, it has a fast life
cycle (6-8 weeks from seed to seed) which means that it produces very large
numbers of progeny in a short span of time. It is also almost entirely self-
fertilizing and it can easily be grown in greenhouses or in indoor growth

chambers. From the molecular biologist’s point of view it has a relatively
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small, diploid, genetically tractable genome that has been sequenced
completely (Arabidopsis Genome Initiative, 2000). It can be easily
manipulated by genetic engineering compared to many other plant genomes
and has a large collection of mutant lines generated by X-ray irradiation,
chemical mutagenesis and insertional mutagenesis using T-DNA and

transposons for reverse genetics.

1.7.2 Growth stages of Arabidopsis

The different growth and developmental stages (Figure 1.4) and the
timetable of the growth stages (Table 1.2) of Arabidopsis ecotype
Columbia-O have been determined by Boyes ef al., (2001). The growth
stages were developed according to BBCH scale (Lancashire et al., 1991)
and all together there are 30 growth stages in Arabidopsis which cover the
development of the plant from seed imbibition to the completion of
flowering and seed maturation. The stages and timeline are for plants grown
under the following conditions: Columbia ecotype plants were grown in soil
at in 16-hour days/ 8-hour nights with temperatures of 22°C during the day
and 20°C at night.



Figure 1.4 Different growth and development stages of Arabidopsis.
(A) Stage 0.1, imbibition. (B) Stage 0.5, radicle emergence.
(C) Stage 0.7, hypocotyl and cotyledons emerged from seed
coat. (D) Stage 1.0, cotyledons opened fully. (E) Stage 1.02,
two rosette leaves 1 mm in length. (F) Stage 1.04, four rosette
leaves_ 1 mm in length. (G) Stage 1.10, ten rosette leaves 1
mm in length. (H) Stage 5.10, first flower buds visible
(indicated by arrow in inset). (I) Stage 6.00, first flower open.
(J) Stage 6.50, mid flowering. (K) Stage 6.90, flowering

complete. (L) Stage 9.70, senescent and ready for seed harvest.
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Table 1.3  Different growth stages of Arabidopsis ecotype Columbia-O

(Adapted from Boyes et al., 2001)

Stage

Approx. Number of

Description of stage

days

0.00 Seed germination

0.10 3.0 (on plates) Seed imbibitions

0.50 4.3 (on plates) Radicle emerges from seed coat

0.70 5.5 (on plates) Hypocotyl and cotyledon emerge from seed coat

1.00 Rosette growth

1.00 6.0 (on plates) Cotyledons fully open

1.02 10.3 (on plates) 12.5 2 rosette leaves are greater than 1 mm in length

1.03 14.4 (on plates) 15.9 3 rosette leaves are greater than 1 mm in length

1.04 16.5 4 rosette leaves are greater than 1mm in length

1.05 17.7 5 rosette leaves are greater than 1mm

1.06 18.4 6 rosette leaves are greater than 1mm

1.07 194 7 rosette leaves are greater than 1mm

1.08 20 8 rosette leaves are greater than Imm

1.09 21.1 9 rosette leaves are greater than Imm

1.10 21.6 10 rosette leaves are greater than 1mm

1.11 22.2 11 rosette leaves are greater than 1mm

1.12 23.3 12 rosette leaves are greater than Imm

1.13 24.8 13 rosette leaves are greater than Imm

1.14 25.5 14 rosette leaves are greater than Imm

3.00 Rosette Growth

3.20 18.9 Rosette is 20% of final size

3.50 24 Rosette is 50% final size

3.70 27.4 Rosette is 70% final size

3.90 29.3 Rosette growth is complete

5.00 Inflorescence emergence

5.10 26 First flower buds are visible in the rosette, plant
has not yet bolted

6.00 Flower production

6.00 31.8 folrts:eﬂ];)i:»;ielr is open, petals are at 90 degree angle

6.10 35.9 10% flowers to be produced are open

6.30 40.1 30% flowers to be produced are open

6.50 43.5 50 % flowers to be produced are open

6.90 49.4 F:g:fgi?f complete, flowers are no longer

8.00 Silique or fruit ripening. Seed pods become brown
and then shatter.

8.00 48 First silique or seed pod shatters.

9.00 Whole plant senescence begins. Plant starts to

lose, pigment becoming brownish.

9.70

Senescense complete
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1.8 Meiosis

1.8.1 An overview

The term ‘meiosis’ (from the Greek word meioun, means to diminish) was
first introduced by Farmer and Moore (1905) to describe a specialized form
of cell division. Meiosis is central to all sexually reproducing forms of
living organisms and is highly conserved among them. During meiosis a
single round of DNA replication is followed by two rounds of cell division
(Meiosis I and Meiosis II) resulting in formation of four daughter cells each
having half the chromosome number of the parent. The first nuclear division
results in the segregation of homologous chromosomes to opposite poles
and is unique to meiosis. During the second nuclear division, sister
chromatids are separated resulting in the formation of four haploid nuclei

and following meiotic cytokinesis results in the formation of haploid cells.

In contrast, during mitosis (after DNA synthesis; S phase) sister chromatids
which are joined at the centromeres line up to the spindle fibers with their
kinetochores pointing towards opposite poles. The contraction of spindle
fibers proceeds to separate the sister chromatids to opposite poles.
Formation of the nuclear membrane around each chromosome results in the
formation of individual cells each having a copy of the maternal and a copy
of the paternal chromosomes. The final result of mitosis is the formation of

two identical cells from one cell.

Meiosis produces four gametes each having half of the chromosome
complement of the parent. During fertilization and subsequent events, the
gametes from both the parents fuse and thereby produce a diploid
complement of chromosomes within the cell. A considerable amount of
information is available on the events occurring during meiosis in a number
of eukaryotes including yeast (Roeder, 1995), Drosophila melanogaster
(Orr-Weaver, 1995) and plants (Dawe, 1998).
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1.8.2 The anthers and stages of meiosis in wheat

In wheat, the anther has four lodicules containing archesporial tissue, and it
is the cells of each archesporium that differentiate into the central core of
meiocytes (Dickinsons, 1981). Around 200 to 300 meiocytes are surrounded
by a layer of cells called the tapetum which nourish and secure the anther
(Bennett et al., 1971). Among all higher plants, wheat has got one of the
shortest meiotic division cycles. Meiosis continues for around 24 hours at
20°C (Bennett et al., 1973). Bennett (1971) found a 42 hour meiotic cycle in
the diploid Triticum monococcum and a 30 hour meiotic cycle in the
tetraploid Triticum dicoccum indicating that as the ploidy level increases,
the duration of meiosis decreases. The stage of meiosis in any particular
anther can be determined approximately from its size, the size of the florets,

and its position with respect to other florets in a spikelet in wheat.

Meiosis consists of two meiotic stages- Meiosis I and II, with each
comprising of four stages; prophase I, metaphase I, anaphase I and telophase
I, followed by prophase II, metaphase II, anaphase II and telophase II
(Figure 1.5). Prophase I is the most complex and the slowest. It is further
sub-divided into five stages: leptotene, zygotene, pachytene, diplotene and
diakinensis. Leptotene is the longest phase during prophase I, lasting
approximately 10 hours in wheat (Bennett ef al., 1973) and it is at this time
that the chromosomes become visible. Leptotene is followed by zygotene
and continues for approximately three to four hours (Bennett ef al., 1973).
The chromosome telomeres orient in a unique arrangement called a
“bouquet”. During zygotene, homologous chromosomes synapse along their
length. Homoeologous multivalents are frequently observed during pairing
in zygotene (Sears, 1977; Roberts ef al., 1999). The chromosomes start to
condense during pachytene and the chromosome complement is represented
by a haploid number of bivalents, during normal meiosis. During this stage
the genetically important phenomenon of crossing-over between non-sister
chromatids occurs. The pachytene stage lasts for approximately two hours in
wheat (Bennett ef al., 1973). The synapsed chromosomes begin to separate
during diplotene and two of the four chromatids from each bivalent remain

attached via chaismata which represent the points of physical crossing over.
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During diakinesis, chromosomes reach their maximum condensation.
Towards the end, spindle formation is initiated and the nuclear envelope
breaks down. Both diplotene and diakinesis collectively last for one hour in

wheat (Bennett et al., 1973).

Prophase I is followed by two successive nuclear divisions resulting in the
production of four haploid cells with the haploid complement of

chromosomes that have been subjected to genetic recombination.
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Figure 1.5 Different stages of meiosis in Lilium regale (Modified from
McLeish and Snoad, 1958).

1.8.3 Chromosome pairing during meiosis in eukaryotes

Chromosome pairing is one of the important processes occurring during

Meiosis I and is essential for efficient genetic recombination and proper

segregation of half of the bivalents during Anaphase 1. The homologous

chromosomes (termed homologues) start in a premeiotic somatic nucleus

randomly organized with respect to each other but end up during the

pachytene stage of meiotic prophase in close association. The process

involves reciprocal recognition, co-alignment and synapsis. The intimate

association of the homologues, which are composed of sister chromatids is

facilitated by a proteins structure called the Synaptonemal Complex (SC)
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(Westergaard et al., 1972). The SC is tripartite structure which forms along
the full length of the paired chromosomes as lateral elements at leptotene,
and reaches completion by pachytene (Gillies, 1984; Wettstein ef al., 1984).
The mechanism of chromosome pairing has been extensively studied in
budding yeast, fission yeast, maize and humans (Dawe et al., 1994; Bass et
al., 1997, Scherthan et al., 1996, 1998; Chikashige er al., 1997; Weiner and
Kleckner, 1994). A number of mutants have been isolated in plants where
there are defects in genes involved in chromosome pairing which lead to
non-homologous pairing because of the uncoupling of synapsis from pairing
and recombination. Wojciech et al., (2004) described the poor homologous
synapsis (phsI) gene in maize whose protein product is required for
homologous chromosome pairing and for preventing synapsis between non-
homologous chromosomes. In the phAs! mutant, homologous chromosome
pairing is replaced by random synapsis between non-homologous

chromosomes.

1.8.3.1 Chromosome pairing in Triticum aestivum

Even though wheat is a polyploid species pairing and recombination are
confined to strictly homologous chromosomes during meiosis I despite the
coexistence in the genome of three homoeologous chromosomes. The
genetic control of chromosome pairing in wheat is dependant on a series of
suppressing and promoting Pairing homoeologous (Phl) genes (Sears,
1976). The major locus controlling this behavior in hexaploid wheat is the
Phl gene (Riley and Chapman, 1958; Sears, 1976). The Phl was originally
identified by its ability to affects chromosome pairing in wheat mutants. The
original Phl locus was defined by a single deletion of 70 Mb containing
over 200 genes (Gill et al., 1993, 1996) but it has been delimited to a region
containing less than 7 genes (Sears, 1977; Gill er al., 1993; Roberts ef al.,
1999). The Phl gene was mapped and found to be located on the long arm
of chromosome 5B linkage group (Riley and Chapman, 1958; Sears and
Okamoto, 1958). Phl acts as a dominant gene suppressing pairing between
homoeologous chromosomes while allowing pairing between homologous

chromosomes (Riley and Chapman, 1958). In the presence of PhJ gene, true
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homologues are synchronized in their chromatin conformational changes
and the individual genomes are localized within the cell, before pairing with
each other, preventing pairing to other homoeologous chromosomes. But in
the absence of Phl, any chromosome can remodel without the requirement
for the existence of an identical or near identical chromosome and thereby
increasing the chance of it pairing with a homoeologue or a related

chromosome rather than pairing between true homologues.

Mutants carrying deletions in the Ph/ locus (Phlb) exhibit a degree of
multivalent formation at metaphase I due to the pairing of homoeologous
chromosomes (Sears, 1977; Roberts et al., 1999). But considerable numbers
of bivalents are still observed during metaphase I in the Phlb mutant and
the mutant is stable for many generations. Polyploidization may have played
a role in the origin of Phl locus because of the Ph1 locus is absent in diploid
ancestors of wheat (Chapman and Riley, 1970). Because of the complexity
of the Phl locus a two-part strategy was devised to dissect its molecular
nature. The first part is based using the conservation of gene order between
the highly repetitive, 17,000 Mb hexaploid wheat genome and the smaller
rice and Brachypodium sylvaticum genomes, which provided markers to
saturate the Ph/ locus in wheat. The second part of the strategy was based
on availability of new deletion lines to dissect the Ph/ locus physically.
Using these approaches, the P/ locus was confined to a 2.5 Mb region of
wheat chromosome 5B containing a structure consisting of a segment of
sub-telomeric heterochromatin that inserted into a cluster of cdc2 (cdk)-

related genes following polyploidization (Griffiths et al., 2006).

In addition to Phl two further suppressors of homoeologous chromosome
pairing have been identified in wheat (for reviews, see Sears 1976). The
locus located on short arm of chromosome 3D (3DS), termed Ph2, controls
chromosome pairing in wheat hybrids with alien species (Mello-Sampayo,
1971; Mello-Sampayo and Lorente, 1968; Upadhya and Swanminathan,
1967). A deletion mutant of Ph2 locus, phZ2a (Sears 1982) and an EMS-
induced mutant ph2b (Wall et al., 1971) showed increased levels of

homoeologous recombination in hybrids Wwith Triticum kotshyi var.
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variabilis or rye (Secale cereale). Recently Dong et al., (2002) isolated
TaMSH?7 gene, a wheat homologue of yeast DNA mismatch repair gene,
which is located in the region deleted in ph2a region in wheat which showed
altered recombination frequency in inter-specific hybrids. The second locus
is a gene suppressor of smaller magnitude located on short arm of

chromosome 3A (3AS) (Driscoll, 1972; Mello-Sampayo and Canas, 1973).

Despite the importance of the Phl genes in controlling homologous
chromosome pairing and synapsis, there are no reports of the role of any
proteins that have been shown to have a role in homologous chromosome
pairing and synapsis. Recently T7a4ASY! gene, a homologue of ScHOPI,
AtASYI1 and OsPAIR?2 isolated from bread wheat were shown to be involved
in pairing and synapsis of homologous chromosomes (Boden et al., 2007). It
was shown that the absence of Phl causes elevated levels of transcripts of
TaASY! to accumulate and this suggests that it plays a role in homologous

chromosome pairing (Boden ef al., 2008).

1.9 Homologous Recombination (HR)

1.9.1 An overview

HR is the process of exchange (“crossing over”) or replacement (“gene
conversion”) of a DNA region by its homologous DNA sequence from the
homologous chromosome or the sister chromatid. HR is an essential process
involved in genome integrity through accurate repair of DNA damage and it
also generates novel combinations of genetic diversity through crossing over

during meiosis.

1.9.2 HR at meiosis

While HR is required for maintaining the integrity of genome in somatic
cells, HR at meiosis (termed meiotic recombination; meiHR) has evolved to
create genetic variation through crossing over and it also plays a mechanical
role ensuring physical connections in the form of chiasmata that allow the

chromosomes to orient at right angles to the spindle fibers and thus
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segregate accurately during the first division of meiosis. Because meiosis is
a specialized form of cell division and the meiotic recombination machinery
appears mostly derived from the machinery responsible for mitotic
recombination and DNA repair in somatic cells, both the cell divisions share
many components. HR has been extensively studied in yeast due to the
ability to recover and analyze all the products of single meiosis event as

tetrads.

1.9.3  Models of HR

A number of models have been proposed to explain how HR actually occurs
in a cell. They include the Holliday model (Holliday, 1964), Meselson-
Radding model (Meselson-Radding, 1975) and the double strand break

repair model (Szostak et al., 1983). These are explained briefly below.

1.9.3.1 The Holliday and Meselson-Radding models

For a number of years, the genetic recombination model put forth by
Holliday (1964), Holliday and Halliwell (1968) has been a popular model
for explaining the relationships between aberrant segregation and crossing
over. Following formation of single-stranded nicks in each of the DNA
strands, exchange of DNA strands generates a region of symmetrical
heteroduplex DNA on each of the two interacting sister strands, giving rise
to a crossed strand structure known as a Holliday junction (Figure 1.6). The
resultant Holliday junction is resolved in either one of two specific
orientations (Figure 1.6a and 1.6b) to yield recombinant progeny and the
outcome of these steps is the generation of symmetric recombinant DNA

molecules that are either "spliced" or "patched.”

The Holliday model was able to explain several aspects of recombination
including several types of aberrant segregation and the association of
segregation ratios with cross-overs. One of the assumptions of Holliday
model was that heterduplex DNA occurred equally between both
chromatids. But studies conducted in Ascobolus by Stadler and Towe (1971)
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found that heteroduplex DNA occurs only on one of the chromatids in this
species. To account for this observation Meselson-Radding (1975),
proposed a recombination model that is based on the formation of an
asymmetric heteroduplex DNA. In this model, recombination is initiated by
the transfer of a single-strand segment from one strand to another, in the
process displacing the homologue and leading to the formation of
asymmetric heteroduplex DNA. The 3’ end of the nicked strand acts as a
primer from the complementary stand and DNA synthesis completely
displaces the strand ahead of it (Figure 1.7). In this way the recipient strand
will have heteroduplex DNA while the donor duplex will remain as
homoduplex. Resolution of the heteroduplex DNA structure resembles the
Holliday model. The Meselson-Radding model was able to explain the
discrepancies observed in Asobolous recombination. Due to certain
constraints (such as the parity of gene conversion for all classes of mutations
in yeast and the observation of the fact that the strand upon which initiation
occurs appears to be the recipient of genetic information) Stahl (1979)
proposed a simpler recombination model — “the Double Strand Break Repair

model”.
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Figure 1.6 The Holliday model of homologous recombination. The
different steps involved are recombination initiation (a), Strand
exchange (b), symmetric resolution in two possible orientations
(indicated by purple and green arrows) (c) and the production
of gene conversion events (d & e) (source: Liu and West,
2004)



Z3

e 5!
- 3'
(@ y Endonuciease

—

(D) v Chain displacement

(c) y Stand invasion

e

(d) ' Chain removal

SR A Crseee—

Figure 1.7 Meselson-Radding model of recombination (Meselson-
Radding, 1975).

1.9.3.2 The Double-Strand Break Repair (DSBR) and Synthesis
Dependant Strand Annealing model (SDSA) models

Two primary models that explain how HR aids DSB repair in DNA are
DSBR pathway (Szostak et al., 1983) and the SDSA pathway (Sung ef al.,
2006). In both the models, recombination is initiated by a double-strand
break introduced by an endonuclease into the recipient chromatid. The cut is
then enlarged into a gap and with the help of other endonucleases, 3 single-
stranded termini are produced. One of the free 3’ ends then invades the
homologous region of the donor duplex, displaces one of the strands and
base pairs with the complementary single strand sequence. As DNA

synthesis proceeds, with the invading strand as the primer, branch migration
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displaces the newly synthesized strands. The ultimate result of branch
migration is the formation of two Holliday junctions, one representing the
point of recombination and other defining the point of resolution.
Depending on the resolution of the Holliday junction through separate
cuttings and religation, reciprocal crossovers or gene conversions events can
occur (Figure 1.8). Alternatively, the reaction can proceed to SDSA by
strand displacement, annealing of the extended single-strand end to the
ssDNA on the other break end, followed by gap-filling DNA synthesis and
ligation. The repair product from SDSA is always non-crossover (Figure
1.8).

The DSBR model is different from the earlier models of recombination in
two ways: recombination is initiated by double DNA double-strand breaks
and not as single DNA strand breaks and such breaks are repaired by an
intermediate containing two Holliday junctions rather than one. Schwacha
and Kleckner, (1995) provided critical support for the two new features of
double strand repair model from the analysis of DNA recombination
intermediates at a meiotic recombination hot spot using 2D gel

electrophoresis.
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Figure 1.8 Double Strand Break Repair and Synthesis Dependant Strand
Annealing model of Homologous Recombination (Sung ez al.,
2006)

1.9.4 HRn E. coli

HR was first studied in £. coli and over the last 20 years, £. coli has become
a good model for the study of HR. In E. coli normal levels of recombination
requires almost 20 gene products, including; recA, recB, recC, recD, recF,
recG, recl, recN, recO, recQ, recR, ruvA, ruvB, ruvb, ruvC and ssb genes.
Many of these genes are involved at various stages of recombination and
play well defined roles such as: initiation; DNA-DNA interactions; branch
migration and Holliday junction resolution (Figure 1.9). In E. coli HR is
initiated by a DSB and the breaks are processed to expose single-stranded 3’
overhangs onto which RecA gene can be loaded in two different ways. In
the first method, a RecBCD a heterotrimeric protein complex with DNA
helicase, ssDNA and dsDNA nuclease activities coordinates loading of the

RecA recombinase. In the second method a sequence of events leading to
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the production of recombination competent DNA ends through unwinding
of the double helix by RecQ, nucleolytic processing by ReclJ, after which,
RecF, RecO and RecR are needed to load the RecA recombinase
(Amundsen and Smith., 2003; Morimatsu and Kowalczykowski, 2003;
Ivancic-Bace et al., 2003). This pre-synapsis molecular complex containing,
RecA-coated single-strand DNA, along with a double-strand homologous

template DNA is necessary in synapsis which is next step in recombination.

The RecA recombinase was reported to mediate processes such as
homology recognition, strand invasion and strand exchange (Lusetti ef al.,
2002). After strand invasion and strand exchange the joint molecule that is
formed is known as a Holliday junction. RuvAB along with the RuvG
protein complex then acts a molecular motor and moves the Holliday
junctions along the DNA in an ATP-dependent process known as "branch
migration" and results in the extension of heteroduplex DNA between the
recombining DNA molecules (West, 2003). The RuvC protein is a resolvase
protein that interacts with the RuvAB protein complex and nicks strands at

the junction, thereby releasing the recombining partners from each others.
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Figure 1.9 Schematic representation of DSB induced HR in £. coli. Red
and Blue bars represent homologous DNA strands. Pre-
synpasis stages (a-c). Upon DSBs, the ends are nucleotically
processed to result in 3’ overhangs. The synapsis stage is
indicated by (d) when the processed broken DNA forms a
Holliday junction with the help of strand invasion and strand
exchange activities of the RecA protein. Post synapsis stages
(e-) involve DNA synthesis, branch migration and Holliday

junction resolution.
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1.9.5 HR during meiosis in Saccharomyces cerevisiae

Much of the understanding of HR in eukaryotes has originated from the
studies conducted in budding yeast (Saccharomyce cerevisiae) and many
genes have been identified that have a function in HR. The process of HR in
budding yeast is controlled by a number of proteins, including; SPOI1,
RAD50, MRE11, XRS2, MER1, MER2, MEI4, MRE2, REC102, REC104,
REC114 (Paques and Haber, 1999) and is initiated by the SPO11 enzyme
through a trans-esterification reaction. Homologues of SPO11 have been
found in Arabidopsis thaliana, Caenorhabditis elegans, D. melanogaster,
Coprinus cinereus, and mammals which suggest its function is well
conserved among organisms (Hartung and Puchta, 2001). Mutants lacking
SPO11 showed reduced recombination and synapsis, but still showed the
presence of residual bivalents during meiosis which may indicate a DSB-
independent mechanism of pairing, synapsis or recombination (Loidl e al.,
1994) or those sufficient DSBs exist to allow a reasonable level of
recombination events. After generation of DSBs with the help of SPO11,
RADSO0 along with MRE11 and XRS2 genes may serve a crucial role in
resection of chromosomal ends to produce 3’ single strand termini in
budding yeast (Ogawa and Johzuka , 1995; Chamankhah and Xiao, 1999).
Apart from resectioning of chromosomal ends this complex also plays a role
in a set of events such as HR, NHEJ, telomere maintenance, and removal of
SPO11 from the 5' end of newly formed DSBs (Trujillo ef al., 1998).

After generation of the DSB and resectioning, 3’ single strand DNA
invasion is catalyzed by a group of proteins including R4D5! and DMCI
(Bannister and Schimenti, 2004; Aylon and Kupiec, 2004). This is later
followed by DNA synthesis that extends the ends of the invading strand and
then by recapture of this strand, which generates a joint molecule (JM)
between parent molecules which is a prerequisite for synapsis and contains a
double Holliday junction (Figure 1.10). The Holliday junction can then be
resolved into a crossover or non-crossover event. The physical connection in
the form of chiasmata between two homologous chromosomes held through
a double Holliday junction is crucial for accurate homologue segregation at

the first meiotic division (Gerton and Hawley, 2005).
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Figure 1.10  Schematic representation of HR in budding yeast. Duplex
DNA is represented by ladders with rungs representing base
pairs. The two coloured ladders represent different
homologues. (Source: Gerton and Hawley, 2005).

1.9.6 HR in plants

Many genes have been isolated and characterized which are involved in HR
in plants (Lichten, 2001; Keeney, 2001; Villeneuve and Hillers, 2001). Most
of these genes have been characterized by a reverse genetics approach given
the high degree of conservation of function among eukaryotes. In plants,
recombination 4s iaitiated by the Spoll protein as in other eukaryotes to

gm DSBs (chmpn, 2001; Keeney, 2001). Unlike other eukaryotes plants
orm DSB# |
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often have multiple copies of Spoll. Arabidopsis and maize has three while
rice has four Spoll (Grelon et al., 2001). The three Spoll in Arabidopsis
are named as AtSPO/1-1, 2 and 3. Out of three homologues, only AtSPO!1-
2 and 3 have a meiotic function (Grelon et al., 2001; Stacey et al., 2006).
AtSpol1-1 mutants still show residual bivalents although synapsis is absent
at diakinesis indicating that the recombination pathway can still proceed
without the AtSpoll-1 gene or that those bivalents are formed in a

recombination independent way (Grelon et al., 2001).

Once DSBs are formed, resection takes place in the 5° to 3’ resulting in the
formation of 3’ overhangs by the MRX complex, which is composed of
Mrell, Rad50 and Xrs2/Nbsl (Bundock and Hooykaas, 2002; Bleuyard et
al., 2004; Puizina et al., 2004). Biochemically MRX complex resembles the
RecBCD protein complex in E. coli because of its affinities for single
stranded DNA ends, its nuclease activities and the ability to drive migration
along the DNA. Atrad50 mutants are defective in the processing of the DSB,
resulting in the fragmentation of chromosomes in meiosis. Afmrel! mutants
lack chromosome synapsis and meiotic cells contain 4tSPO/1-1 generated
fragments suggesting its role in down stream of A4tSPOI1-1 (Puizina et al.,
2004). The ssDNA strand which has been formed by the joint action of
Spol1-induced DSBs and the MRX complex then invades the homologous
double stranded DNA. This step is catalyzed by the AtfRAD5! and AtDMCI
gene products which are homologues of the E. coli RecA recombinase that
helps in homology searching, strand invasion and possesses ssDNA binding
activity and DNA-dependant ATPase activity (Anderson et al., 1997;
Bishop er al., 1992). Both RAD5! and DMCI homologues have been
characterized in many species, including Arabidopsis, maize, lily and rice
(Anderson et al., 1997; Ding et al., 2001; Doutriaux et al., 1998; Franklin et
al., 1999; Klimyuk et al., 1997; Li et al., 2004; Pawlowski and Cande,
2005).

The strand invasion event can lead to one of two pathways: the double —
strand break repair (DSBR) pathway or the synthesis-dependant stand-
annealing (SDSA) pathway (Bishop and Zickler, 2004). More importantly
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during the DSBR pathway the DNA synthesis from the invading strand
ligation results in the formation of double-Holliday junction and resolution
of the Holliday junction produces either crossovers or non-crossovers. In
plants such as Arabidopsis and other vertebrates, XRCC3 gene - a paralogue
of RADS51 plays an important role in the resolution of Holliday junctions
(Thompson and Schild, 2001; Brenneman et al., 2002; Liu et al., 2004;
Symington and Holloman, 2004).

1.10 Recombinases

1.10.1 E. coli RecA recombinase

The E. coli RecA recombinase was one of the first proteins to be isolated
that was reported to play a central role in the DNA recombination pathway
(Clark and Margulies, 1965). RecA was first isolated in the 1960s in John
Clark’s lab during the screening of mutants that were defective in genetic
recombination. RecA was found to exhibit an extreme sensitivity to both
UV and X-rays. Biochemical studies reveal that RecA is in fact a DNA
binding protein and promotes DNA-DNA interactions and electron
microscopic observation of the RecA-DNA complexes led to the realization
that these were nucleoprotein filaments, in which RecA formed a helical
protein sheath around the DNA (DiCapua et al., 1982). The DNA within the
filament is composed of 6 RecA monomers per helical turn and the
nucleoprotein filament elongates to approximately 1.5 times the length of
the normal duplex DNA (Figure 1.11). The filaments provide a specialized
architectural configuration for successful homology searching between two

DNA molecules.

The RecA protein is a DNA-dependant ATPase that is able to bind ssDNA
and promotes strand invasion and exchange between homologous DNA
molecules (Ogawa et al., 1979). In brief the functions of RecA during
recombination in E. coli are four-fold. Firstly, it catalyzes the DNA
interactions necessary for the establishment of homologous contacts.
Secondly it promotes strand transfer between DNA molecules. Thirdly it

provides a protein filament within which the DNA interactions take places
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and finally it recruits more than 20 genes that function in the SOS response

to DNA damage.

4

Figure 1.11 3D diagrammatic representation of £. coli RecA protein RecA-
ssDNA-ADP-AIF, presynaptic filament (Chen e al., 2008)

1.10.2 RADS51 and DMCI recombinases

RADS51 and DMC1 are two homologues of the £. coli RecA gene (Thacker,
1999) which were first discovered in budding yeast (Saccharomyces
cerevisiae). ScCRAD51 gene was isolated based on its sequence similarity
with the prokaryotic RecA by Shinohara ef al. (1992) and Aboussekhra et
al., (1992). Later Doug Bishop (1992) and Schwacha ef a/., (1997) used a
differential screening approach to isolate meiosis-specific transcripts in
yeast. The gene they identified which was involved in meiotic
recombination was found to be the DMC1 gene which has a remarkable
similarity to RAD51 and RecA. In yeast RAD351 gene is essential for repair
of double strand breaks in mitotic cells. In meiosis both rad5/ and dmcl
mutants have similar kinds of phenotype and both are essential for
completion of the meiotic cycle and production of viable spores (Shinohara
et al., 1992; Bishop ef al., 1992). Homologues of RAD5] and DMC1 are
found in mouse and humans. While full length DMC/ is meiotically
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expressed in yeast, in mouse a shortened form is expressed in somatic
tissues (Shinohara et al., 1993; Sato ef al., 1995; Habu et al., 1996). Both
proteins polymerize onto DNA to form nucleofilaments, promote strand
exchange and are required for HR during meiosis and the recombinational
repair of double strand breaks (Story and Steitz, 1992; Story et al., 1992).
Yeast and human Rad51 and Dmcl proteins are closely related to RecA at
the amino acid level but they differ in the N-terminal regions and the
extended C-terminal region of RecA is absent from other proteins. At the
amino acid level, Rad51 and Dmcl proteins share 54% and 45% identity in

humans and yeast, respectively (Masson and West, 2001).

In yeast and mammalian cells Dmc1 and Rad51 proteins have been shown
to co-localize to nuclear foci during meiotic recombination indicating the
combined role played by both the paralogues. The appearance of
Rad51/Dmcl foci coincides with the maxima of DSB and the majority of
the foci seem to disappear soon after the chromosomes synapse. The co-
localization studies are underpinned by the fact that both proteins are
expressed simultaneously during the leptotene to pachytene stages of
meiotic prophase 1. They have also been shown to interact through two
hybrid screening. It was initially unclear why eukaryotic cells contained two
RecA homologues. The most plausible explanation for the presence of two
RecA homologues is that both Rad51 and Dmcl might have distinct and
overlapping roles during recombination. This possibility was later proved by
Schwacha and Kleckner (1997) by studying the role of Dmc1 and Rad51 in
inter-homologue recombination. They used ScREDI mutants that are
defective in the formation of the synaptonemal complex and prevent
pathway-specific production of inter-homologue recombination products.
The Scdmc Sclredl double mutants were shown to contain DSB
intermediates that recombine with a sister chromatid rather than with a
homologue and the Scred! Scrad51 double mutants showed reduced levels
of inter-homologue recombination. These results indicate that Dmc1 plays a
meiosis-specific role, helping to promote recombination between

homologous chromosomes whereas Rad51  permits inter-sister
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recombination. So in yeast and other eukaryotes, Rad51 was shown to be
involved in both mitosis and meiosis, but Dmc1 is a meiosis-specific Rad51-
like protein (Bishop et al., 1992; Shinohara et al., 1992). This is because
both Rad51 and Dmcl are regulated by distinct sets of accessory factors. In
the case of Dmcl, its ability to contribute to meiotic recombination is
influenced by its interacting with accessory factor proteins including Mei5-
Sae3, Hop2-Mndl1 and Tid1/Rdh54, even though some of these proteins also
interact with RadS1. The main interacting accessory factor protein factors
include Rad52, Rad55-Rad57 and Rad54. Schwacha and Kleckner (1997)
using 2D gel analysis of Scdmcl and Scrad5] mutants showed that the
ScDmcl protein specifically promotes interhomolog recombination and
possesses an interhomolog-specific activity while ScRad51 lacks it. In
Arabidopsis, the atrad5] mutant is sterile and shows defects in pairing and
synapsis during meiosis and also severe chromosome fragmentation due to
failure to repair DSBs induced by Spoll (Li, 2004), whereas the atdmc]
mutant is not completely sterile and univalents instead of bivalents are
observed at late prophase I (Couteau et al., 1999) and no chromosome
fragmentation is observed in the ardmc! mutant. These results suggest that
the Dmc1 protein functions in the selective invasion of the homologous
chromosome during meiosis whereas the repair of Spol1-induced DSBs are
mediated by the Rad51 protein between sister chromatids by an alternate

pathway.

1.11 RADSI gene

The RADS51 gene is a eukaryotic homologue of E. coli RecA based on its
function during HR such as homology searching, pairing and stand-
exchange between two different DNA molecules. The phenotypic
similarities between RecA and the Rad5]1 mutants also provided strong
evidence that both are true homologues. R4D51 homologues are found in
fungi, animals, humans and plants. In yeast, the RAD5] gene is induced
after gamma irradiation (Shinohara et al., 1993; Stassen et al., 1997). In
mice and humans, RADS5! foci are found in cells undergoing meiotic

recombination and the foci are associated with the chromosomes at the onset
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of synapsis and synaptonemal complex formation (Daboussi et al., 2002).
Even though yeast rad5] mutants are highly sensitive to DNA-damaging
agents such as ionizing radiation and MMS but they are still viable. By
contrast, homozygous RAD5! knockout mice are embryo lethal which
indicates an essential role played by RAD5! in their development.
Experiments conducted in chicken DT40 cell lines by Takata e al., (2001)
and colleagues resulted in the observation that the lack of Rad51 was
accompanied by an increase of chromosomal breaks indicating the role of
Rad51 in the maintenance and/or repair of replication forks. In yeast the role
of Rad51 is not restricted to DNA repair at mitotic recombination and
recombination intermediates formed at meiosis revealed that the Scrads!
mutants accumulated DSBs and were defective in their conversion to joint
molecules. In addition, other meiotic defects such as reduction in
homologue pairing, delayed synapsis and a decrease in viability during
sporulation were observed in yeast (Shinohara et al., 1992; Rockmill et al.
1995).

The homologues of RADS51 have been cloned from several plant species
(Terasawa et al., 1995; Doutriaux et al., 1998; Franklin et al., 1999). Genes
paralogous to RADS5] have also been identified in Arabidopsis namely
AtRADSIB, AtRAD51C and AtRAD5ID. The AtRAD5IB gene is mainly
involved in somatic recombination and the afrad51b mutants produced
viable seed indicating no essential role for AfRAD51B in meiosis (Osakabe
et al., 2002). By contrast the AtfR4D51C gene is involved in normal meiotic
chromosome synapsis and DSB repair of DNA (Li et al., 2005). Analysis of
atrad51c mutant plants suggests that it plays a vital role in both male and
female gametogeneisis but was not essential for mitosis (Bleuyard ef al.,
2004; Li et al., 2005). The AtRADS51D gene is believed to play a role in HR
and it may also have a broader role in pathogenesis-related (PR) gene
regulation during systemic acquired defense in plants (Durrant et al., 2007).
In Zea mays there are two closely related RADS51 genes, namely Zmrad5141
and Zmrad51A42 (Franklin et al., 1999), which are yeast homologues of the
RADS51 gene and encode RecA-related proteins. Phylogenetic analysis

indicates that these two genes are most closely related to Arabidopsis
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RAD51 and distantly related to the other Arabidopsis paralogues
(AtRADS51B, AtRADSIC, AtRAD51D, XRCC2 and XRCC3). Analysis of
Zmrad51A41 and Zmrad51A42 single and double mutants in maize suggested
that Zmrad5141 and Zmrad5142 have redundant functions. Maize plants
with single mutations in one rad5] gene survive and flower but radsl
double mutants are highly sensitive to radiation treatment, male sterile and
show a reduced production of viable female gametes. However, in the
female gametes the actual rate of meiotic crossovers does not differ much to
that of wild type, suggesting that reduced gamete viability is due to factors

other than incorrect disjunction (Li et al., 2007).

1.11.1 Structure of the RadS1 protein

The structure of the Rad51 protein can be broadly divided into three regions:
an N-terminal domain, a linker region and a C-terminal domain. The linker
region has a single a-helix consisting 9 aa residues and the C-terminal
domain contains the Walker A and Walker B motifs (Walker ef al., 1982).
The two Walker motifs in the C-terminal domain give Rad51 both its ATP-
binding and hydrolysis abilities allowing it to function as an ATPase (Miller
et al., 2004; Zhang et al., 2005). Unlike the RecA protein, Rad51 protein
has a modified N-terminal domain which house a-helices to form a (HhH),
domain and binds DNA strand non-specifically (Shao and Grishin, 2000).
Analysis of predicted secondary structure of TaRAD5141 by Khoo et al.,
(2008) indicated that N-terminal of this protein has five a-helices that are
stacked upon each other to form two consecutive HhH motifs. A high level
of structural conservation and functional similarity was observed by
comparison of 3D models of ScRADS5I, AtRADS1, ZmRADS51AIl and
TaRADS51A1 predicted by using in silico molecular substitution by Khoo ef
al., (2008) (Figure 1.12).
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Figure 1.12 3D predictive protein modelling with SCRADS1 (a), HSRADS1
(b), AtRADS1 (¢) and ZmRADSIA1 (d) superimposed onto
TaRADSIAI. TaRADSI1A1 is represented in green (A-D)

(Source: Khoo et al., 2008).

1.12 DMCI gene

DMC1 is a homologue of the E .coli RecA protein and plays a central role in
recombination, SC formation and cell-cycle progression in budding yeast
(Bishop et al., 1992; Bishop, 1994). DMC1 gene homologues are found in a
wide variety of organisms including fungi, mammals and plants (Masson
and West, 2001). DMCI mutants in S. cereviseae are defective in reciprocal
recombination, fail to form normal SCs, and the cells are arrested in late
meiotic prophase (Bishop ez al., 1992). By contrast, the disruption of mouse
DMC1 affects meiosis leading to cell apoptosis (Pittman er al., 1998;

Yoshida et al., 1998). Homologues of DMC1 have been identified in many
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plant species including Lilium longiflorum (Kobayashi et al., 1993, 1994),
Arabidopsis thaliana (Sato et al., 1995; Doutrioux, et al., 1998), Hordeum
vulgare (GenBank Accession Number AF234170), Glycine max (GenBank
Accession Number U66836) and Oryza sativa (Kathiresan et al., 2002; Ding
et al., 2001; Shimazu,. et al., 2001).

Yeast DMC1 (LIM15) gene was isolated and found to hybridize with the
meiosis-specific gene in Lilium longiflorum (Kobayashi et al., 1993). Based
on Southern and Northern blot analysis, Arabidopsis was found to contain a
single copy of the DMCI gene which is expressed in young flower buds
cells undergoing meiosis and in root tip cells (Sato er al., 1995; Klimyuk
and Jones, 1997; Doutriaux et al., 1998). Unlike in yeast and mouse,
AtDMC1 is found to be expressed in vegetative tissues such as leaves at low
levels and at very high levels in exponentially growing cells from
suspension cultures (Klimyuk and Jones, 1997; Doutriaux et al., 1998).
Initial analysis of mutants of A#DMC! by Couteau et al., (1999) suggested
that plant DMC/ homologues may play an important role in the pairing of
homologous chromosomes during meiosis based on their observation that in
atdmcl mutants aberrant chromosome behaviour in prophase I is observed.
Such a failure to undergo meiotic synapsis and pairing of homologous
chromosomes resulted in abnormal pollen grain formation and reduced
fertility. The mutants however showed normal vegetative development.
Homologues of DMCI were isolated from a commercially available
genomic library of rice indica type strain IR36 and were termed RiLIM15 by
Sato et al., (personal communication) and further characterization of the
gene revealed that rice has two homologues of RiLIMIS5 present in the
genome. High levels of expression of the RiLIMI15 genes was observed in
meiotic young panicles, cultured cells but not in mature leaves (Shimazu et
al., 2001). Kathiresan et al., (2002) were able to isolate and establish that
rice has two unlinked copies of the DMCI/ gene in rice located on
chromosome 12 and 11, respectively and designated them DMCIA and
DMC1B. Deng and Wang (2007) showed that that OsDMC]! deficiency
mediated by RNAi caused abnormalities in homologous pairing in rice as

observed by FISH experiments and that these defects in turn Jead to changes
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in meiotic cell cycle progression, although they fail to block meiotic

division in rice.

1.12.1 Dmcl protein structure

Unlike RecA and Rad51, human Dmcl formed nulceofilaments composed
largely of stacked octameric rings on the DNA rather than helical structures
(Masson et al., 1999; Passy et al., 1999). This was surprising because
helical nucleoprotein filaments represent the biologically active form of
RecA/Rad51. Even though no helical structure of filaments were observed
for Dmcl, it was found that the stacked rings were in fact functional and
promote homologous chromosome pairing and strand exchange in an
alternate pathway involving a three-stranded nucleoprotein intermediate
instead of a pathway involving the separation and reannealing of DNA
strands (Gupta et al., 2001). The N-terminal of Dmc1 showed higher affinity
for both ss- and ds-DNA while the C-terminal is the active site of homo-
multimer formation (Nara et al., 2000). Smith and Nicolas (1998) suggested
that the N-terminus may mediate interactions with other proteins during

recombination.

1.13 RADSI paralogues

The finding that the in vitro activities of eukaryotic RADS5] are reduced
considerably in comparison with bacterial RecA, led to the discovery of
other protein cofactors which are involved in HR in eukaryotes. They were
later identified in screens for x-ray-sensitive mutants in budding yeast. In
yeast, RADS1 is stimulated by RADS51-like proteins: RADS52 (Sung 1997a;
New et al., 1998; Shinohara and Ogawa, 1998), R4D54 (Petukhova et al.,
1998, 1999; Mazin et al. 2000; Solinger et al. 2001), RAD55/57 (Sung,
1997b) and RP-A (Sung, 1994; Sigurdsson et al., 2001). RAD52, RADSS and
RADS57 paralogues are important for DSB-induced HR in budding yeast.
Within the RADS52 epistasis group, the sub-family of the RADS5I-like
proteins are of considerable important because of the finding that RADS1 is

the homolog of bacterial recombinase RecA (Aboussekhra er al., 1992;
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Shinohara et al., 1992. ScRad51 proteins bind to DNA in an ATP-dependant
manner as does the bacterial RecA protein and also plays an important role
in DSBs repair and/or HR (Dudas and Chovanec, 2004). Yeast dmcl
mutants show meiotic defects (Bishop ef al., 1992), while Rad55 and Rad57
proteins are thought to play an important role in assembly or stabilization of
multimeric forms of Rad51 and Rad52 and Replication Protein A (RPA)
(Sung, 1997) and yeast mutants lacking Rad55 and Rad57 show an increase
in DNA damage and sensitivity to lower temperatures. Over-expression of

Rad51 suppresses this sensitivity (Lovett and Mortimer, 1987).

In 1980s, two mammalian cell lines (irs1 and irs1SF) were identified and
found to be sensitive to ionizing radiation, U.V. and cross-linking agents
(Jones et al. 1987; Fuller and Painter, 1988). The genes responsible for this
behaviour were then identified to be mammalian paralogues of RADSI:
XRCC2 and XRCC3 (Tebbs et al., 1995; Tambini et al., 1997). Amino acid
sequence analyses of the XRCC2 and XRCC3 genes showed that the protein
products share significant sequence homology with the cellular recombinase
RADS51 and are most likely to have arisen through gene duplication and
divergent evolution (Cartwright et al., 1998b; Liu et al., 1998). Later three
further RADS51 paralogues were identified by database analyses (Albala et
al., 1997; Rice et al., 1997, Cartwright et al., 1998a; Dosanjh et al., 1998;
Pittman et al., 1998): RADS51B (also known as RAD51L1, hREC2, R51H2),
RAD5IC (RAD51L2) and RAD5SID (RAD5IL3 or R51H3). Amino acid
sequence analysis and functional relationships indicate that the vertebrate
RADS51 paralogues were closely related to yeast R4D55/57 and play an
important role in RAD5I-mediated reactions. In mouse, individual gene
disruption of RAD5IB, RADS5ID, or XRCC2 leads to embryonic lethality
and shows the paralogues are required for animal viability (Shu et al., 1999;
Deans et al., 2000; Pittman and Schimenti, 2000). By contrast Chicken
DT40 cells deficient in all five R4D5] paralogues show reduced growth
rates, chromosomal irregularities, and accumulation of spontaneous breaks
due to inability of the cells to repair broken replication forks, but this does
not lead to cell death (Takata et al., 2000, 2001).
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The genome of Arabidopsis was also found to encode seven Rad51-like
proteins. Rad51, Dmcl, Rad51C and Xrcc3 were identified and cloned
based on their homologies to yeast or human RadS51-like sequences.
(Doutriaux et al., 1998; Klimyuk and Jones, 1997; Osakabe et al., 2002;
Sato et al., 1995; Urban et al., 1996) and later phylogenetic tree analysis has
allowed the identification of Arabidopsis homologues of Rad51B, Rad51D
and XRCC2 (Bleuyard and White, 2004). AtRAD51 is not essential for
maintenance of genome integrity under normal conditions as atrad5i-1
mutants grow normally vegetatively but are completely male and female
sterile (Li et al., 2004). Arabidopsis mutants lacking Rad51B (AtRad51B),
Rad51C (AtRad51C) and Xrcc2 (AtXrcc2) proteins confer hypersensitivity
to the DNA cross linking agent MMC but not to ionizing radiation and only
mutants defective in the 41RAD5IC and AtXRCC3 genes show meiotic
defects, indicating the role played by these Rad51 paralogues in DNA repair
is conserved across eukaryotes and only AtRadS1C and AtXrcc3 (which
together form the CX3 complex) play an essential role in meiosis in
Arabidopsis and other eukaryotes. Recently Khoo et al., (2008) reported
the isolation and preliminary characterization of four RAD5] paralogues in
bread wheat based on known RADS5! sequences of other species such as rice
and other cereals: TaRAD51A1, TaRAD51A42, TaRADS51C and TaRADS5I1D.

Yeast Two-hybrid and immunoprecipitation experiments have shown that in
eukaryotes, the five Rad51 paralogues form two complexes: an heterodimer
complex composed of Rad51C and Xrcc3 and an heterotetramer complex
composed of Rad51B, Rad51C, Rad51D and Xrcc2 (Liu et al., 2002;
Masson et al., 2001; Miller et al., 2002, 2004; Schild et al., 2000; Wiese et
al., 2002) (Figure 1.13). The sub-complex composed of Rad51B and
Rad51C plays a mediator role in the assembly of the Rad51-ssDNA
nucleoprotein filament in the presence of RPA similar to that of Rad55-
Rad57 heterodimer in yeast (Lio et al., 2003; Sigurdsson et al., 2001; Sung,
1997). The RadS1C protein, the CX3 complex and a Rad51D/Xrcc2
heterotetramer complex is believed to be involved in homologous pairing
(Kurumizaka et al., 2001, 2002; Lio et al., 2003).
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Figure 1.13 Interplay of different Rad51 paralogues during HR in yeast
(Source: Masson et al., 2001)

1.14 Phylogenetic analysis of RadS1 and Dmcl proteins

Phylogenetic analysis of yeast, human, mammalian, plant Rad51 and Dmcl
amino acid sequences was done by Kathiresan er al., (2002). The
phylogenetic tree showed that clear demarcation existing between the two
homologues of the prokaryotic RecA protein and clearly sets Dmc1 apart
from RadS51. However there is a close association between the two groups
which indicates that both the genes are paralogous descendants of an ancient
recombinase. While plant Dmcl sequences cluster together the other

eukaryotic Dmc1 sequences formed two further sub-clusters (Figure 1.14).
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Figure 1.14 A neighbor-joining phylogenetic tree showing the phylogenic
relationships between Dmcl and Rad51 gene orthologues in
eukaryotes. Bootstrap values are indicated for nodes (Source:

Kathiseran et al., 2002).

1.15 Evolutionary history of RecA/RADS1 gene family

Lin et al., (2006) on the basis of functional conservation of HR and
phylogenetic analysis of RecA/RAD5I paralogues suggests that these
similar yet divergent genes evolved from a common ancestral gene by a
variety of processes such as gene duplication, gene loss and endosymbiotic

gene transfer. In this model they hypothesize that the duplication of the
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ancient RecA gene should have occurred before the divergence of Archea
and Eukaryotes to give rise to two lineages of RAD5-like genes, RADa and
RADg, but that the RecA-like gene has been maintained as a single copy
gene in Eubacteria (except for few species). In Arachea, RADA and RADB
were maintained as single-copy genes after the divergence from Eukaryotes
with a subsequent loss of RADB in some cases. In the Eukaryote lineages
further gene duplications in RADa and RADB occurred before the
divergence of the major eukaryotic groups. Gene duplications resulted in the
formation of the RADS5/ and DMCI genes from RADa and RAD5IC,
XRCC3, RAD51B, RAD51D and XRCC2 genes from RADp, respectively
(Figure 1.15). Some genes were lost during the evolution of species, for
example the DMC gene was lost from some insect and nematode species
and RADp was lost from several fungal and invertebrate lineages. The
mitochondrion-derived RecA gene has undergone further duplications in

flowering plants but was lost in the ancestor of animals and fungi.
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1.16 Other meiotic recombination genes

In E. coli, three related proteins called MutS, MutLL and MutH were reported
to play an important role in repair of DNA mismatches (Modrich and Lahue,
1996). These Mismatch Repair genes are highly conserved, but in higher
eukaryotes the three-protein bacterial systems have been replaced with
MutS and MutL with additional protein accessories (Kolodner, 1996). Apart
from their role in mismatch repair, they also play an important role in
meiotic recombination. The meiotic role played by MMS repair proteins has
been described in detail in budding yeast. Meiotic genes homologous to
those in other organisms have been isolated from plants like Arabidopsis
thaliana (Klimyuk and Jones, 1997; Sato et al., 1995), lily (Kobayashi et al.,
1994) and wheat (Dong er al., 2002; Ji and Langridge, 1994). Most of the
genes involved in DSB repair and meiotic recombination in plants has been
characterized by reverse genetics approaches. The classic example is the
discovery of desynapticl, desynaptic2, and phsl genes in maize mutants that
are defective in specifying homolog recognition (Golubovskaya and
Grebennikova, 1997; Auger et al., 1997; Franklin and Golubovskaya, 2003;
Bass et al., 2003; Pawlowski et al., 2004).

1.17 Meiotic Recombination and wheat breeding

Plant breeding programs that aim to incorporate beneficial traits from
different parental lines ultimately depend on the ability of chromosomes
from the lines (or even, related species) carrying the desired trait to undergo
crossover formation during meiosis. But breeding programs for wheat are
currently being hampered by the inability of wheat to cross with wild
relatives or other species. This is partly because of the presence of Phl gene
which restricts homoeologous (non-homologous) chromosome pairing and
promotes homologous chromosome pairing. Complete deletion or
constitutive silencing of Phl gene can have deleterious effects on the
chromosome pairing during meiosis. Al-kaff ef al., (2007) observed that the
deletion of 5B cdk-like (of which Phl gene is a part of ) locus results in
activation of the 5A and 5D cdk-like loci. A potential solution could be to
switch off the Ph! in hybrid plants between wheat and the wild relative and
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switch it on again in F; plants so that stable recombinant lines will be
formed. As the Ph! locus is found to be similar to CDK2, it may be possible
to identify or design drugs that would be delivered directly into flowers of
the hybrid plants, thereby inhibiting Ph/ function during the meiosis of the
hybrids. Many compounds were found to inhibit and inactivate CDK2
function in mammals and yeast (Shapiro, 2006) but many of them can have
deleterious effects and can cause plant cell death because they can target
other CDK2 proteins as well. So an alternative solution would be to find
natural meiotic mutants in wheat which allow non homologous chromosome

pairing in wheat with its relatives.

Recently three kinds of natural meiotic mutants have been found in plants
that promote non-homologous chromosome pairing. The first one is the
ZYP1a/ZYP1b double mutant in Arabidopsis (Higgins et al., 2005). ZYPla
and ZYPI1b are redundant components of the central region of the SC
complex. The absence of both the genes results in 80% reduction of
crossover frequency but more importantly some crossovers are formed
between non-homologous chromosomes. Orthologues of ZYP1 were found
to be present in Rye (Mikhailova et al., 2006) and Triticum monococcum
(Osman et al., .2006). The second report of crossover formation in
homologous chromosomes is from a RAD5! mutant in maize (Li er al.,
2004). While Arabidopsis plants lacking RADS51 are completely sterile (Li et
al., 2004), maize plants lacking R4ADS51 are only fully male sterile and the
surviving female gametes carry a normal numbers of crossovers.
Cytologically at Metaphase I, multivalents and bivalents are observed that
were composed of non-homologous chromosomes. The final report of
crossover formation between non-homologous chromosomes is of an
uncloned syl0 mutant in rye where cytologically non-homologous
chromosomes are observed to pair (Mikhailova et al., 2006). None of the
above genes are yet characterized in detail in wheat, even though Khoo et
al., (2008) recently published a report of the RAD5/ gene family in bread

wheat and their conservation across eukaryotes.
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The frequency and distribution of recombination events during meiosis
could have a major effect in wheat breeding programs. Any increase of
these frequencies and altering the distribution of recombinational events
could have profound effects, reducing linkage drag and increasing the
number of breakpoints per meiosis. This has value for the localization of
genes prior to cloning by increasing genetic distances and potentially it may
also improve gene transfer from alien species in wheat. Over-expression or
silencing of many genes involved in crossover formation has found to have
an effect on recombination frequencies (Rozwadowski, K.L. and Lydiate,
D.JWO0/2002/022811). Masson and Paszkowski, (1997) reported an
uncharacterized xrs4 mutant of Arabidopsis in which recombination
frequency in certain regions increased by two-fold. In tomato, over-
expression of the MLH]1, a mismatch repair protein, led to 10% increase in
chaisma frequency (Wittich et al, WO0/2007/030014). Betzner et al.,
(W0/2002/008432) observed a two-fold increase of recombination
frequency on an Arabidopsis genetic interval by over-expression of the

RADS51 gene.

An example of one way in which manipulation of recombination genes to
aid plant breeding has been suggested in Reverse Breeding by Siaud et al.,
(2004) and Higgins ef al., (2004). They suggested that RNAi silencing of
essential meiotic recombination genes such as DMC/ can lead to total
suppression of crossover formation in Arabidopsis has led to the concept of
Reverse Breeding as an alternative to conventional plant breeding.
Conventional plant breeding strategies attempt to combine valuable traits
from different cultivars into new elite varieties, so they start with the
selection of two homozygous lines with desired traits and sexually cross
them to produce a novel elite variety combining the desirable traits from
both the parents into a new hybrid. But a successful plant breeding program
depends on the ability of plant breeders to bring together desirable traits into
a new hybrid by combining the desired combination of alleles on
chromosomes. Meiotic recombination has played a very important role in
successful plant breeding because during meiotic crossing over takes place

which results in the reshuffling of chromosome segments leading to novel
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combination of alleles. However meiotic recombination also produces
undesired effects during crossing-over including splitting up already good

combinations of alleles.

Reverse Breeding does not start with the selection of homozygous parents
for crossing but instead starts with a heterozygote (hybrid). The process of
Reverse Breeding starts with the transformation of any elite heterozygote
(F1) using a RNAi approach or a knockout technology that targets a gene
that plays a role in crossover formation, such as DMC1. Total suppression of
crossover formation leads to the production of low numbers of viable and
also large numbers of unbalanced haploid gametes containing one, two or
more copies of chromosomes because the homologues are not joined by
chiasmata during prophase of Meiosis I and consequently they remain as
univalents during anaphase 1. These univalents subsequently segregate
randomly during meiosis 1 to daughter cells. The balanced gametes
containing one copy of each chromosome will be formed at a probability of
(1/2)*, where x is the basic chromosome number. Consequently, the chance
of getting balanced gametes decreases exponentially with the chromosome
number and for species in which the chromosome number equals 12 or
greater, the approach seems infeasible (Dirks et al., W0/2003/017753). The
resulting plant produce a very low number of viable and balanced haploid
gametes that are then regenerated into a DH plant and are completely
homozygous. Among the doubled haploids, parents with complementary
genotypes can be recruited that, on crossing, they will reconstitute the exact

genotype of the elite hybrid again (Fig 1.16).
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A variety of mutants that lack crossovers and are univalent-producing have
been identified in Arabidopsis and other plant species. In Arabidopsis,
mutants lacking crossovers (almost) exclusively produce univalents (Ma,
2006; Mercier and Grelon, 2008), although their chromosome behaviour
during meiotic prophase was different from that reported above. In some
univalent-producing mutants such as desynapticl (Atdsyl) and meiotic
prophase amonipeptidasel (4¢mpal) pairing of chromosomes takes place
normally during prophase I, but univalents segregate preferentially to
opposite poles during metaphase I (Pradillo er al., 2007) without any
crossingovers. Other mutants such as PTD have a few crossovers (Wijeratne
et al., 2006). Targeting such genes might be useful because the chance of

recovering balanced gametes increases substantially.

1.18 HR and gene targeting

Modification of genes through HR is termed gene targeting. Gene targeting
is a powerful reverse genetics tool and is the most direct method for
characterizing the function of any gene. Gene targeting is successful in the
case of animals but in plants the rates of gene targeting are very low. Gene
targeting efficiencies in plants are in the order of 107 to 107 targeted events
per transformed plant (Hanin, ef al., 2001; Terada et al., 2002) because in
higher plants the transgene is normally integrated into the genome randomly
by illegitimate recombination even if the introduced sequences have high
homology to the targeted gene. Terada et al., (2002) have developed a
reproducible procedure for the targeted gene disruption by HR in rice but

the efficiency of the gene targeting was very low.

Most of the attempts to increase the efficiency of gene targeting aim at the
introduction of DSBs at the target site and/or the modification of proteins
involved in HR. The introduction of a rare-cutter restriction enzyme site at
target site increased the targeting efficiency to such a site by two-fold in the
somatic tissues in which gene targeting is common (Puchta, et al., 1996).
But the DSB has to be introduced close to the gene and this creates a

problem. Shaked e al., (2005) reported an increase of between one and two
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orders of magnitude in the GT frequency in Arabidopsis thaliana plants by

over-expressing the yeast chromatin remodeling protein RAD54.

1.19 General project aims

Meiosis is a fundamental process occurring in all sexually reproducing
species and meiotic recombination is the most important processes
occurring during meiosis. Very little information was available on meiotic
recombination and the genes controlling this in hexaploid wheat, principally
due to its large genome size (~17,000 MB) and the polyploid nature of its
genome. A detailed understanding of the genes and their gene
homoeologues involved in meiotic recombination could aid in the
development of strategies for increasing the frequency and altering the
distribution of recombination events by inactivating or over-expressing
recombination genes. This could reduce linkage drag and increasing the
number of breakpoints per meiosis might aid in Reverse Breeding of the

wheat crop, if this is a viable approach

The two main meiotic recombination genes involved in HR are R4D51 and
DMCI. Both the genes are RecA-like proteins and play an important role in
binding of DNA, homology search, strand invasion and strand exchange
resulting in the formation of Holliday junctions, which can be resolved to
yield crossover or non-crossover events. Even though both the genes are
well characterized in a wide variety of organisms including plants, very little
information is available in wheat. In most of the diploid plant species,
deletion of either R4D51 or DMCI orthologues usually leads to sterility.
Wheat, as a polyploidy, offers a unique opportunity to examine the effects
of the deletion of specific homoeologues, while maintaining a level of
fertility. Recent reports of the RADS5I gene family in bread wheat by Khoo
et al., (2008) describe the functional conservation of this gene family across
eukaryotes but it fails to characterize the role and function of individual
homoeologues of the R4D5] and DMCI genes in meiotic recombination in
bread wheat. A preliminary study has been initiated with the objective of

studying the RAD35] and DMCI gene homoeologues in wheat and their
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detailed characterization to study the role of individual gene homoeologues.

The current research hypotheses are as follows:

e The predicted three homoeologues of each of the genes under study
(RAD51 and D MCI) are genes involved in meiosis and play an
important and essential role in meiotic recombination based on

functional conservation of these genes across eukaryotes.

e As these genes are involved in meiotic recombination any loss or
deletion of each of the gene homoeologues would result in partial
sterility. All three homoeologues of a particular gene are equally
expressed and the loss or deletion of an individual copy of any of the
genes could possibly be compensated either by over-expression or

by the residual expression of the remaining copies.

e As these genes are homologues of AtRAD51 and AtDMC] any loss
of function of their mutants in Arabidopsis T-DNA lines can be
compensated by the appropriate wheat R4D51 or DMCI gene.

The main aim of my PhD is to study the TaRADS51A4, TaRADS5IB and
TaRADS51D; TaDMCIA, TaDMCIB and TaDMC1D gene homoeologues to
try to understand the role and function of individual homoeologues in
meiotic recombination in wheat, using a mutant population of wheat and
through an investigation of phenotype, genotype, cytology and gene
expression of wild-type and mutant lines. The results will be compared to
the function of DMCI and RADS5I in Arabidopsis thaliana as already
reported by Couteau et al., (1999) and Li ef al., (2004) respectively, and
through attempts to functionally complement the above genes in AtDMC!
and AtRADS5I1 T-DNA insertional inactivation lines. As such the research

objectives of my PhD are detailed as below:
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Microarray transcript expression profiling will be done for RADS51
and DMC] genes of Arabidopsis, rice and wheat to confirm the

earlier results and also to plan experiments accordingly (Chapter 3).

As the sequences of RAD351 and DMCI genes (both genomic and
cDNA) were not available in public databases, these will first be
cloned and sequenced. These will be analyzed in detailed using
bioinformatics tools such as multiple sequence alignments,
phylogenetic analysis and proteins structure modelling. This will be
a first step towards functional characterization of these

homoeologous genes in planta (Chapter 4).

Genome specific tests will be designed to be able to distinguish
individual homoeologues of TaRAD5IA, TaRAD5IB and
TaRADS51D; TaDMCI1A, TaDMCIB and TaDMCID at both cDNA
and gDNA level. These tests are important tools to characterize both
in planta effects of these gene homoeologues in wheat and also for
the functional characterization. In planta effects of the gene
homoeologues in wheat will be studied by both reverse and forward
genetics approach using a fast neutron and gamma ray irradiated
population of wheat to identify mutants lacking specific
homoeologues of RADS5I and DMCI genes identified using the
genome specific tests which have already been designed. The
identified mutants will be characterized phenotypically and

cytogenetically (Chapter 5).

Functional characterization of the 7TaRADS5] and TaDMCI
homoeologue genes will be undertaken by using the identified
mutants along with comparisons with wild type wheat using Q-PCR
to evaluate the level of expression of different homoeologues and
explore whether there are compensatory changes in gene expression
in the genome-specific deletion lines. Where available TaR4D5! and

TaDMCI gene homoeologue expression will be examined using
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available microarray data of both Arabidopsis and wheat and the
results correlated with Q-PCR data (Chapter 2 and 5).

. Assessment of the effects of over-expression and any potential
functional complementation of the TaRAD5I and TaDMC] cDNA
homoeologues will be done using representative homoeologues in

AtRADS1 and AtDMCI T-DNA lines respectively (Chapter 6).
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CHAPTER 2: MATERIALS AND METHODS

2.1 Materials

2.1.1 List of chemicals used

Chemical Name

Company

ABgene PCR plates

Thermoscientific, UK

Agar Agar powder

Fisher Co. Ltd, UK

Agarose Electrophoresis grade

Invitrogen, UK

Agarose type PGP

Park Scientific Ltd, UK

Ampicillin sodium salt

Sigma-Aldrich Co. Ltd., UK

Boric acid

Melford, UK

Bromophenol blue

Sigma-Aldrich Co. Ltd., UK

Chloral hydrate Sigma-Aldrich Co. Ltd., UK
Chloroform Fisher Co. Ltd, UK
Dimethyl formamide (DMF) Fisher Co. Ltd, UK
Ethanol Absolute Fisher Co. Ltd, UK

Ficoll Type 4000

Fisher Co. Ltd, UK

Fuchsin acid

Fisher Co. Ltd, UK

Glacial Acetic acid

Fisher Co. Ltd, UK

Glucose Fisher Co. Ltd, UK
Glycerol Fisher Co. Ltd, UK
Hydrochloric acid Fisher Co. Ltd, UK

Iodine crystals

Fisher Co. Ltd, UK




IPTG (Isopropylthio-b-D-galactoside)

Apollo
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Kanamycin sulfate

Sigma-Aldrich Co. Ltd., UK

Magnesium Chloride

Fisher Co. Ltd, UK

Malachite Green Oxalate salt

Sigma-Aldrich Co. Ltd., UK

MS (Murashige and Skoog medium)

Duchefa Biochemie, Netherland

Orange G

Sigma-Aldrich Co. Ltd., UK

Orcein

Sigma-Aldrich Co. Ltd., UK

Phenol

Sigma-Aldrich Co. Ltd., UK

Potassium Chloride

Fisher Co. Ltd, UK

Potassium lodide

Fisher Co. Ltd, UK

Propan-2-ol Fisher Co. Ltd, UK
Rifampicin Sigma-Aldrich Co. Ltd., UK
Sharp strip 8 strip PCR tubes Anachem, UK

Sodium Chloride Fisher Co. Ltd, UK

Sucrose Fisher Co. Ltd, UK

Tris base Melford, UK

(Tris (hydroxymethyl)aminomethane)

Tryptone Oxoid, UK

X-GAL (5-Bromo-4-chloro-3-indolyl ~ Apollo, UK

B-D-galactopyranoside)

Xylene cyanol FF

Fisher Co. Ltd, UK

Yeast Extract granulate

MERCK, Germany

Selwet L-77

Lehle seeds, USA

0.22 um filter

Anachem, UK
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2.1.2 List of Equipment & Apparatus used

Equipment/Apparatus Company
28°C incubator Gallenkamp,UK
37°C incubator Gallenkamp,UK

50 ml tube centrifuge; Centaur 2

Shelton Technical Ltd., UK

Binocular microscope; Vickers

Vickers Ltd., England

BioRad MicroPulser' "

Bio-Rad Lab, UK

Cold Centrifuge; Centrifuge 5810R

Eppendorf, Germany

Digital camera with Binocular

microscope; Infinity 2-2C

Lumenera corporation, Canada

Digital camera with Stereo

microscope; Leica DC480

Leica Microsystem Ltd., UK

Gel-electrophoresis power supply;

PowerPac Basic™

Biorad lab, UK

Gel-electrophoresis tanks; Sub-
cell®GT and Mini-Sub®Cell GT

Biorad lab, UK

Gene Amp PCR system 9700(PCR)

Applied Biosystems

Hotblock- DRI-Block DB-3

Techne, UK

Large Autoclave 400/500L

Boxer Laboratory Equipment Ltd.
UK

Large orbital incubator; Gallenkamp,

10x400.xx1.0

Sanyo-biomedical, UK

Leica GLS 50X microscope

Leica

LightCyclerV480 instrument

Roche Applied Science, UK

Microcentaur

MSE

Microcentrifuge; Sigma 1-15, 10115

Sigma, Germany

MX3005p real-time PCR machine

Stratagene

Nanodrop (ND-100)

Thermo Scientific

Omega media prestige medical

Prestige™Medical, England
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Mettler Toledo, UK

Small orbital incubator; Stuart ,S150

Bibby Sterilin Ltd., UK

Spectophotometer; SP6-500 UV

Pye Unicam Ltd., England

Stereo microscope; Leica MZ6 and
Leica MZ75

Leica Microsystem Ltd., UK

Thermo Hybaid PCR machine

Thermo Electron corporation

UV image Capture-Gel Doc 2000

Biorad lab, UK

Video copy processor p91

Mitsubishi

Vortex machine; Genie-2

Scientific industries Inc., USA

Water bath (Grant JB series)

Grant Instruments (Cambridge), UK

Weight 2 digits; Precisa Junior 500C
and Precisa XB4200C

Precisa Instrument Ltd., Switzerland

Weight 4 digits; Precisa XB120A

Precisa Instrument Ltd., Switzerland

2.1.3  Oligonucleotides

Oligonucleotides used for PCR were mainly obtained from commercial

available suppliers Sigma-Aldrich and MWG Eurofins. All oligos were
resuspended in TE Buffer (pH 8.0) to a final concentration of 200 yM and

the primers were diluted to a working concentration of 20 uM with nuclease

free water.

2.1.4 Computer analysis software used
2.1.4.1 Accelrys Gene Version 2.0, Accelrys Software Inc., USA: All

primer design, multiple alignments of nucleotide and amino acid

sequence were done using this software (http://accelrys.cony)

2.14.2

sequence  analysis

was

EBI Clustal W2 Version 2.0: All comparative amino acid

done  using  this  server

(http.//www.ebi.ac.uk/Tools/clustalw2/index. htm]).
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MEGA (Multiple Evolutionary Genomic Analysis) 4.1 (beta),
Center for Evolutionary Functional Genomics, USA: The
alignments of amino acid sequences and subsequent construction
of the phylogenetic tree (neighbour joining method) (Saitou and
Nei 1987) was carried out using this software. All the parameters
used in the software are default except for the following: the pair-
wise deletion option was used for the amino acid sequences, boot
strap values were fixed at 10,000 replicates and the model, setting

was amino acid: Poisson correction with predicted gamma

parameters set at 2.0 (http:/www.megasoftware.net/)

Swiss Model server and Swiss pdb viewer: The amino acid
sequences were processed using Swiss model workspace
(http://swissmodel.expasy.org/workspace, version 8.05, 2009). The
computed outputs were then used to generate the 3D protein
structures using Swiss-Pdb Viewer DeepView

(http://spdbv.vital-it.ch, version 4.0, 2009).

SPSS statistical package (SPSS, version 16.0, SPSS Inc., USA):
The data from the experiments were analyzed by one-way analysis
of variance (ANOVA) and differences among mean values were
determined by the Duncan's multiple range test (P < 0.05). All

values were expressed as mean + standard error of mean (S.E.M.).

The Leica confocal Software (LCS): The Leica TCS SP2 AOBS
confocal scanning microscope was used to image the plant
materials expressing fluorescence proteins in Arabidopsis pollen.
The microscope is equipped with the Leica confocal software
(LCS), a 100 mW multi-line Argon laser (458 nm, 476 nm, 488
nm, 496 nm and 514 nm) and a 1 mW He-Ne laser (543 nm) as

excitation sources.

Quantity One Version 4.6.5, BioRad, UK: Agarose gel images

were viewed and analyzed using this software.
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2.1.4.8 Infinity Capture, Lumenera Corporation, Canada: An
advanced image capture and processing software package was
used for imaging pollen and the meiotic stages of wheat and
Arabidopsis.

2.1.4.9 Leica IMSO0 version 4.0, Leica Microsystems Ltd., UK: Image
processing system was used for imaging wheat and Arabidopsis

flower structure.

2.1.4.10 Genespring GX10 software, Agilent technologies, USA: Gene
expression analysis software used for wheat meiotic gene

expression profiling (http://www.chem.agilent.com).

2.1.4.11 SIFT (Sorting Intolerant From Tolerant): Is a program that
predicts whether an amino acid substitution affects protein

function based on protein homology and physical properties of the
amino acids (http://blocks.thcre.org/sift/SIFT html).

2.1.5 Plant materials used and growth conditions

Wild type wheat stocks (Triticum aestivum c.v Highbury, Chinese spring
and Paragon), Nullisomics-Tetrasomic stock (Sears, 1965) and mutagenized
population of wheat (Fast-neutron irradiated population of Highbury wheat
and Gamma-ray irradiated population of Paragon wheat) used in this work
were obtained from John Innes Centre (Norwich). The wheat plants were
grown both under field conditions and glasshouse settings. Under
glasshouse conditions, the wheat stocks were grown in 13 cm pots using

John Innes Centre compost 3.

T-DNA lines of Arabidopsis ecotype Wassilewskaja and Columbia were
kindly provided by Dr. Marie-Pascale Doutriaux. Fluorescent tetrad lines
(I,a and I3a) were kindly provided by Gregory P Copenhaver (University of

North Carolina). The plants were grown in 9 cm pots using John Innes
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Centre 3 compost mixed with 20 mg/l intercept (Scoott’s, UK) under a 22 h

photoperiod at 21-23°C under glasshouse conditions.

2.1.6 Bacterial strains used

The Escherchia coli strain DH5a (Invitrogen, UK) was used for general
manipulation of recombinant plasmids. Agrobacterium tumefaciens strain
EHA105 was used for transformation of plant meiotic genes into
Arabidopsis. Both the bacterial strains were obtained from Plant & Crop

Sciences Division, Nottingham University, UK.

2.1.7 Cloning vectors used

The plasmid vector pGEM T-Easy (Promega, UK) (provided in the kit) was
used for general cloning and sub-cloning purposes and the plasmid vector
pGVT17 (kindly provided by Dr. Philip Vain, JIC, UK) was used for

cloning wheat meiotic genes.
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2.2  Methods
2.2.1 Bacterial culture growth media

Sterilized by autoclaving at 121°C for a 15 minute cycle unless otherwise

stated

2.2.1.1 LB (Luria-Bertani) liquid medium
10 g tryptone, 5 g yeast extract and 10 g NaCl was mixed with distilled
water until dissolved completely. The pH was adjusted to 7.5 with KOH and

the final volume was made up to 1 liter with distilled water. The media was

sterilized by autoclaving

2.2.1.2 LB Agar
As for LB liquid medium, but 15 g of Agar was added prior to autoclaving

2.2.1.3 E. coli media supplements
LB liquid and LB agar plates for E. coli work contains the following

antibiotic

Antibiotic Working concentration Stock concentration
Ampicillin (+Amp) 100 pg /ml 50 mg /ml
Kanamycin (+Kan) 30 pg/ml 10 mg/ml

2.2.1.4 Agrobacterium tumefaciens media supplements

LB liquid and LB agar plates for 4. tumefaciens contained the following

antibiotics
Antibiotic Working concentration Stock concentration
Rifampicin (+Rif) 30 pug/ml 4 mg/ml

Kanamycin (+Kan) 30 pg/ml 10 mg/ml
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2.2.2 Plant culture media

2.2.2.1 1/2 Murashige and Skoog (MS) solid media

2.2 g of MS mineral salts were combined with water and stirred until
completely dissolved. The pH was adjusted to 5.7 with KOH and the final
volume was made up to 1 liter with sterile distilled water after 7 g of Agar

was added to it. The media was sterilized by autoclaving

2.2.2.2 MS media supplements

MS medium plates were supplemented with the following antibiotic

Antibiotic Working concentration Stock concentration

Kanamycin (+Kan) 30 pg/ml 10 mg/ml

2.2.3  Antibiotic Stocks
All antibiotic stocks were sterilized by passing through a 0.22 pm filter,

aliquoted into 1.5 ml tubes and stored in -20°C unless otherwise stated

2.2.3.1 Ampicillin (50mg/ml)

1 g of Ampicillin was dissolved in 20 ml of sterile distilled water

2.2.3.2 Kanamycin (10mg/ml)

0.2 g of Kanamycin was dissolved in 20 ml of sterile distilled water

2.2.3.3 Rifampicin (4mg/ml)

0.4 g of Rifampicin was dissolved in 100 ml of methanol and stored in

-20°C

2.2.4 E. coli Competent Cells preparation buffers

2.24.1 SOB

20 g Tryptone, 5 g Yeast extract, 0.584 g NaCl, 0.186 g KCl, 2.03 g MgCl,
was dissolved into distilled water completely and made upto 1 liter with

distilled water. The buffer was sterilized by autoclaving
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224.2 SOC
1/100 v/v sterile filtered 2M Glucose was added to 99 ml of sterile

autoclaved SOB broth, prior to use

2.2.4.3 TB buffer

20 ml of 0.5 M stock of Pipes (10 mM), 2.2 g of CaCl, (15 mM) and 18.65
g KCl (250 mM) were mixed into 800 ml of distilled water and the pH
adjusted to 6.7 with 1 M KOH. 10.88 g of MnCl, (55 mM) was dissolved
into 100 ml of distilled water separately and the solution added to the 800
ml solution from earlier and the final volume was adjusted to 1 liter with
distilled water. The solution was sterilized by passing through a 0.22 um
filter and stored at 4°C

2.2.4.4 10 mM Pipes

7.55 g Pipes was mixed with sterile distilled water, pH was adjusted to 6.4
and made up to 100 ml with distilled water. The buffer was then sterilized
by filtration by passing through a 0.22 um filter

2.2.4.5 TBE Buffer (5X)
54 g of Tris base (89 mM), 27.5 g Boric acid (89 mM) and 20 ml of 0.5M
EDTA (pH 8.0) was completely dissolved in distilled water and made upto 1

liter

2.2.4.6 0.5M EDTA (pH 8.0)
186.1 g of disodium EDTA.2H,0 was dissolved in distilled water and the pH
was adjusted to 8.0 using 1M NaOH, before being made up to 1 liter with

sterile distilled water

2.2.4.7 TE Buffer (1X)

1X TE is 10mM Tris HCl and 1mM EDTA. To prepare 1 liter of 1X TE
Buffer, 1 ml of IM Tris HCI (pH 8.0) was combined with 0.2 ml of 0.5M
EDTA (pH 8.0) and made up to 1 litre with sterile distilled water
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2.2.4.8 1M Tris HCI (pH 8.0)
121.1 g Tris base was dissolved in 700 ml of distilled water and the pH was
adjusted to 8.0 by using 3M HCl solution. The total volume was made up to

1 liter with distilled water

2.2.5 General reagents preparation
2.2.5.1 X-Gal (50mg/mli)
0.5 g X-Gal was completely dissolved in 10 ml dimethyl formamide,

wrapped in aluminium foil and stored at -20°C

2.2.5.2 Isopropylthio-b-D-galactoside (100 mM)
0.477 g IPTG was dissolved in 20 ml dH;O, filter-sterilized through a 0.22
um filter aliquoted into 1.5 ml tubes and stored at -20°C

2.2.5.3 Gel Loading Buffer (6x)

To make 10 ml of 6x Gel loading buffer, 0.25 mg of Bromophenol blue,
0.25 mg of Xylene cyanol FF and 1.5 g of Ficoll Type 4000 were dissolved
in 2.4 ml of 0.5 mM EDTA and made up to 10 ml with sterile distilled water

2.2.6 Colored Stains
2.2.6.1 Alexander Stain
To make Alexander stain the following chemicals/solvents were mixed and

made up to 50 ml with sterile distilled water

Ethanol 95% 10 ml
Malachite green (1% in 95% Ethanol) 1 ml
Fuchsin acid (1% in water) 5ml
Orange G (1% in water) 0.5 ml
Phenol S5g

Chloral hydrate 5g

Glacial acetic acid 2ml

Glycerol 25 ml
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2.2.6.2 1% Aceto-Orcein
1 g of orcein was weighed and added to 45 ml of glacial acetic acid. The
mixture was boiled until the orcein was dissolved completely. The solution

was then slowly added into 55 ml of distilled water and allowed to cool

2.2.7 DNA methods

2.2.7.1 Plant genomic DNA extraction

Genomic DNA was extracted from Wheat tissues using the GenElute™
Plant Genomic DNA Miniprep kit (Sigma G2N70 or G2N350). A small
amount of tissue (up to 100 mg) was ground into fine powder in liquid
nitrogen. 350 pl of Lysis Solution (Part A) and 50 ul of Lysis Solution (Part
B) were added and mixed thoroughly by vortexing and inverting. The
mixture was incubated at 65°C for 10 minutes with occasional inversion to
dissolve the precipitate. The incubated mixture was removed after 10
minutes and 130 pl of Precipitation Solution was added and mixed
thoroughly by inversion for 6-8 times. The sample was then placed on ice
for 5 minutes before centrifugation at 13,000 rpm for 5 minutes to pellet the
cellular debris, proteins and polysaccharides. The supernatant was carefully
pipetted into a GenElute filtration column (blue inset with a 2 ml collection
tube) and centrifuged at 13,000 rpm for 1 minute. The filtration column was
discarded but the collection tube was retained. To this 700 pl of Binding
solution was added directly and mixed thoroughly by inverting the tube 6-8
times. To each GenElute Miniprep Binding Column (with a red 0-ring) 500
ul of he Column Preparation Solution was added and centrifuged at 13,000
rpm for 1 minute. The flow-through liquid was discarded after
centrifugation. 700 pl of the mixture containing Binding Solution was
pipetted onto the Binding column and the tube was centrifuged at 13,000
rpm for 1 minute. The flow-through liquid was discarded after
centrifugation and the column was returned to the collection tube. The
remaining mixture containing Binding Solution was pipetted onto the
Binding column and the tube was centrifuged at 13,000 rpm for 1 minute.
The flow-through liquid along with collection tube was discarded after

centrifugation. The binding column was placed into a fresh 2 ml collection
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tube and to it 500 ul of the diluted Wash Solution was added and
centrifuged at 13,000 rpm for 1 minute. The flow-through was discarded but
collection tube was retained. Another 500 ul of Wash Solution was added
and the tube was centrifuged at 13,000 rpm for 3 minutes to dry the column.
The binding column was then transferred to a fresh 2 ml collection tube and
50 pl of pre-warmed (65°C) Elution Solution was applied to it. The tube
was centrifuged at 13,000 rpm for 1 minute. The elution step was repeated

again with another 50 pl of Elution Solution.

When the number of samples from which DNA extractions were made was
limited the SIGMA® Gen Elute Plant DNA Miniprep kit was used and
where the sample numbers were high the DNA was extracted using the
DNeasy 96 Plant kit (QIAGEN). Leaves were harvested from 96-well seed
trays in the glasshouse and up to 50 mg of each leaf were then placed into
each tube in the collection microtube racks provided. The provided plate
register cards were used to record the position of each sample in the rack.
For best results the leaf material was harvested 24 hours prior to processing
and stored at 4°C. One tungsten carbide bead (ball bearing) was added to
each collection microtube. 400 pl of Buffer AP1 which was preheated to
65°C was combined with 1 ul of RNaseA and 1 pul of Reagent DX. 400 pl of
the mixture was pippetted in each collection microtube. Each collection
microtube rack was sandwiched between adapter plates and fitted into the
tissue lyser (Qiagen) and the samples were ground for 1.5 min at 30Hz. The
collection microtube racks were removed and disassembled the collection
microtube were centrifuged (Eppendorff, 5810R) for 4 sec or until the speed
of the centrifuge reached 3000 rpm. The collection microtube was removed,
the caps were discarded and 130 ul of buffer AP2 was added to each
collection microtube. The microtube racks were sealed with new caps and
the racks were shaken vigorously by inverting up and down for 15 sec. The
collection microtube racks were centrifuged briefly for 4 sec or until the
speed of the centrifuge reached up to 3000 rpm and the racks were
incubated at -20°C for 10 min. The collection microtube racks were then
centrifuged for 5 minutes at 6000 rpm and the caps were removed and

discarded. The supernatant was carefully transferred to pew collection
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microtube racks in the correct orientation and 600 pl of buffer AP3/E added
to each sample. The microtube racks were closed with new caps and the
racks were shaken vigorously by inverting up and down for 15 sec. The
collection microtube racks were centrifuged briefly for 4 sec or until the
speed of the centrifuge reached 3000 rpm. Two DNeasy 96 plates were
placed on the top of S-Blocks (included in the kit) and the DNeasy 96 plates
were marked for identification. 1 ml of each sample from the collection
microtube racks were transferred to the DNeasy 96 plates and the plates
were sealed with the provided Airpore Tape sheet. The plates were
centrifuged for 4 minutes at 6,000 rpm, the tape was removed and 800 pl of
Buffer AW was carefully added to the DNeasy 96 plates. The plates were
centrifuged for 15 minutes at 6,000 rpm to dry the DNeasy membranes. To
elute DNA, the DNeasy plates were placed on a provided new rack of
Elution microtube RS in the correct orientation and 100 ul of Elution buffer
AE was added to each collection microtube. The DNeasy plates were sealed
with new Airpore Tape sheet and incubated at room temperature for 1
minute. The plate was then centrifuged for 2 minutes at 6,000 rpm to collect
the run through and the process was repeated with a further 100 pl of buffer

AE.

Arabidopsis genomic DNA was extracted from young leaves using a Quick
DNA extraction protocol. A small amount of leaf tissue (preferably 1-2
rosette leaves) was ground in 400 pl of DNA extraction Buffer (200 mM
Tris-Cl (pH 7.5), 250 mM NaCl, 25 mM EDTA, 0.5% SDS) (Edwards et al.,
1991) with a micropestle in a microcentrifuge tube. The sample was then
centrifuged at 14,000 rpm for 5 minutes. 300 pl of the supernatant was
removed and transferred to a fresh microcentrifuge tube. To this 300 pl of
isoproponal was added, mixed thoroughly by inverting 3-4 times and the
tube was centrifuged at 14,000 rpm for 7 minutes. The supernatant was then
completely discarded and the pellet was rinsed with 300 pl of 70 % ethanol
and was allowed to dry for few minutes. The pellet containing genomic
DNA was then resuspended in 30 pl of TE buffer (10 mM Tris-HCI (pH 8)
and 1mM (EDTA).
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2.2.7.1.1 Quantification of genomic DNA

The quantification of genomic DNA was done by gel analysis. The
quantification of genomic DNA by agarose gel analysis involved running a
known quantity of extracted genomic DNA sample (5 ul) on a 1% agarose
gel (made with 0.5xTBE) and comparison to a known quantity of uncut
Lambda bacteriophage DNA (NEB) ;50ng/ul). As the gel contains ethidium
bromide (2ul/100ml; stock 10 mg/ml), the level of fluorescence observed in
the test samples was compared with a series of three loadings of the known
Lambda sample (10 pl, 5 pl, 2.5 pl). From this, estimates of the

concentration of the genomic DNA preps were made.

2.2.7.2 Plasmid DNA extraction

2.2.7.2.1 Plasmid miniprep extraction

Plasmid DNA from transformed colonies was extracted by using the
Genelute Plasmid miniprep DNA kit (sigma PLN70) when large yields were
not required (for restriction digests and for use in PCR amplifications). 3 ml
of an overnight recombinant E. coli culture was centrifuged at 13,000rpm
for 2 minutes and the supernatant was discarded. The bacterial pellet was
completely resuspended in 200 ul of the Resuspension Solution by
vortexing and inverting thoroughly until homogenous. The resuspended
cells were lysed by adding 200 pl of the Lysis Solution and immediately the
contents were mixed by gentle inversion (6-8 times) until the mixture
becomes clear and viscous. To this, 350 ul of Neutralization Solution was
added and the tube inverted gently for 4-6 times. The tube was then
centrifuged at 13,000 rpm for 10 minutes to precipitate the cell debris. A
GenElute Miniprep Binding Column was inserted into a microcentrifuge
tube and 500 ul of Column Preparation Solution was added to each
miniprep column and centrifuged at 13,000 rpm for 1 minute. The flow-
through was discarded. The cleared lysate from the neutralization step was
then transferred on to the binding column and the tube was centrifuged at
13,000rpm for 1 minute. The flow-through was discarded. 750 pl of diluted
Wash Solution was added to it and centrifuged at 13,000 rpm for 1 minute

to remove residual salt and other contaminants. The flow-through was
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discarded and the column was centrifuged for a further 1 minute without
adding any further Wash Solution to remove excess ethanol. The column
was then transferred to a fresh collection tube and 100 ul of nuclease free
water was added to the column. The tube was then centrifuged at 13,000
rpm for 1 minute to elute the plasmid DNA.

2.2.7.2.2 Plasmid Midiprep extraction

The PureYield™ Plasmid Midiprep System (Promega) was used for
obtaining large quantities of high quality plasmid DNA (for cloning and
transformation purposes). S0 ml of an overnight recombinant bacterial
culture was centrifuged at 3700 rpm for 10 minutes to pellet the cells and
the supernatant was discarded. The tubes were then dried on a paper towel
to remove excess media. The bacterial pellet was completely resuspended in
3 ml of the Cell Resuspension Solution by vortexing and inverting
thoroughly until homogenous. The resuspended cells were lysed by adding 3
ml of the Cell Lysis Solution and the contents were mixed by gentle
inversion (3-5 times) and incubated at room temperature for 3 minutes. To
this 5 ml of Neutralization Solution was added and inverted gently 3-5 times
and the tube was incubated for 2-3 minutes at room temperature to allow a
white flocculent precipitate to form. A PureYield™ Clearing Column (blue)
was placed into a new 50 ml disposable plastic tube and the lysate was
transferred into it. The mixture was incubated for 2 minutes and centrifuged
at 1500 rpm for 5 minutes. A PureYield™ Binding Column (white) was
placed into a new 50 ml disposable plastic tube and the filtered lysate was
poured into it. This is centrifuged at 1500 rpm for 3 minutes. 5 ml of
Endotoxin Removal Wash solution (with isopropanol added) was added to
the PureYield™ Binding Column and the column centrifuged at 1,500 rpm
for 3 minutes. The flow-through was discarded and 20 ml of Column Wash
Solution (with ethanol added) was added to the PureYield™ Binding
Column and centrifuged at 1,500 rpm for 5 minutes. The flow-through was
discarded and centrifuged again for an additional 10 minutes to remove any
excess ethanol present. Finally the column was then transferred to a fresh 50

ml disposable tube and 600 pl of nuclease free water was added into the
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PureYield™ Binding column. The tube was then centrifuged at 1500 rpm
for 5 minutes to elute the plasmid DNA.

2.2.7.3 Isolation of DNA fragments from agarose gels

The GelElute™ Gel extraction kit (Sigma) was used to isolate DNA
fragments from Agarose gels. Following fractionation and staining of
agarose gels using ethidium bromide the desired bands were excised,
viewing the gel on a long wave U.V transilluminator (340nm) with a sharp,
clean scalpel. The excess gel was trimmed away to minimize Agarose. The
gel slice was weighed in a 2 ml Eppendorff tube and 3 gel volumes of Gel
Solubilization Solution was added to the gel slice. The gel mixture was
incubated at 65°C for 10 minutes, vortexing for every 2-3 minutes during
incubation to dissolve the gel. Each of the GenElute Binding Columns
needed (G) was inserted into a 2 ml collection tube and 500 pl of the
Column Preparation Solution was added and the tube centrifuged at 13,000
rpm for 1 minute. The flow-through liquid was discarded after
centrifugation. After the gel slice is completely dissolved 1 gel volume of
100% isopropanol was added and mixed thoroughly by inverting 4-6 times.
The sample was then loaded into a GenElute Binding Column in 700 pl
portions and centrifuged at 13,000 rpm for 1 minute. The flow-through was
then discarded. 700 pl of diluted Wash solution was added to the column
and centrifuged at 13,000 rpm for 1 minute. The flow-through was then
discarded and centrifugation was repeated again at 13,000 rpm for 1 minute
without further addition of Wash solution. The binding column was then
transferred to a fresh 2 ml collection tube and 50 pl of pre-warmed
Nuclease-free water at 65°C was added to the column and incubated for 1
minute at room temperature. The tube was then centrifuged at 13,000 rpm

for 1 minute to elute the DNA.

2.2.7.4 Purification of PCR products
The PCR products were purified by using QIAquick PCR Purification kit
(QIAgen) for cloning or sequencing purposes. 5 volumes of buffer PB was
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added to 1 volume of PCR product and mixed thoroughly by inverting 4-6
times. A QIAquick spin column was inserted into a 2 m! collection tube and
the mixture was applied to it. The tube was then centrifuged at 13,000 rpm
for 1 minute and the flow-through was discarded. The column was placed
into the same tube and 750 ul of Wash solution was added to it and the tube
centrifuged at 13,000 rpm for 1 minute. The flow-through was then
discarded and centrifugation was repeated again at 13,000 rpm for 1 minute
without further addition of Wash solution. The QIAquick spin column was
then transferred to a fresh 2 ml collection tube and 50 ul of Nuclease-free
water was added to the column and incubated at 1 minute. The tube was

then centrifuged at 13,000 rpm for 1 minute to elute the DNA.

2.2.7.5 DNA sequencing
The gel eluted DNA or purified PCR products and or plasmid DNA was

sent to Geneservice, Nottingham, UK (www.geneservice.co.uk) for

sequencing using either stock primers at Generservice or gene specific
primers. The template DNA for sequencing was prepared according to
instructions of Geneservice. The flanking M13F and M13R primers were
used to sequence the genes inserted in pGEM T-Easy vector. 35S-seq-F,
GFP5-seq-R and T7R primers were used to sequence the gene inserted into

pGVT17 vector.

Table 2.1:  List of primers used for sequencing purposes

Stock primers Sequence Length (bp)
MI13F TGTAAAACGACGGCCAGT 18
MI3R CAGGAAACAGCTATGACC 18
35S-seq-F ATCCCACTATCCTTCGCAAGAC 22
GFP5-seq-R ATCACCTTCACCCTCTCCACTG 22

T7R GCTAGTTATTGCTCAGCGG 19
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2.2.8 RNA methods

2.2.8.1 Total RNA extraction

Total RNA was extracted from wheat tissues using the Trizol Reagent
(Gibco BRL.,). A small amount of tissue (100 mg) was ground in 250 pl
Trizol. After grinding, the volume was made up to 1 ml with further 750 pl
Trizol and incubated at room temperature for 5 minutes and centrifuged at
11,400 rpm at 4°C for 10 minutes. The supernatant was transferred into a
new tube. 200 pl of chloroform was added to it, and it was shaken
vigorously by hand for 15 seconds before incubation at room temperature
for 3 minutes. After centrifuging at 11,400 rpm at 4°C for 15 minutes the
aqueous phase was transferred into a new tube. 500 pl isopropanol was
added, mixed thoroughly and the tube centrifuged again at 11,400 rpm at
4°C for 10 minutes. The supernatant was removed and discarded. 1 ml 75%
ethanol was used to wash the pellet by inverting and spinning at 9,000 rpm
at 4°C for 5 minutes. The supernatant was removed with a pipette and the
pellet was briefly air dried for 5-10 minutes before being resuspended in
sterile Milli Q water (10-20 pl).

RNA extraction from Arabidopsis tissues was carried out using the RNeasy
mini kit (QIAGEN). A small amount of tissue (up to 100 mg) was ground
into fine powder in liquid nitrogen. To this powder 450 pl of buffer RLT
was added and this was mixed thoroughly by vortexing. The lysate was then
transferred to a QIAshredder spin column (lilac) placed in a 2 ml collection
tube, and centrifuged for 2 min at 13,000 rpm. The supernatant was then
carefully pipetted into a new 2 ml collection tube without disturbing the
pellet. To this 225 pl of Absolute ethanol was added and mixed thoroughly
by pipetting. The sample (usually 650 ul), including any precipitate that
may have formed was transferred to an RNeasy spin column (pink) placed
in a 2 ml collection tube and centrifuged for 15 s at 10,000 rpm. The flow-
through was discarded. To this 700 ul of Buffer RW1 was added to wash the
column and the tube was centrifuged for 15 s at 10,000 rpm and the flow-
through discarded. 500 pl Buffer RPE was added to the RNeasy spin

column and centrifuged for 15 s at 10,000 rpm to wash the spin column
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membrane and the flow-through discarded. Another 500 pl Buffer RPE was
added to the RNeasy spin column and centrifuged for 2 min at 10,000 rpm
to further wash the spin column membrane. The RNeasy spin column was
inserted into a new 1.5 ml collection tube and 50ul RNase-free water was

added directly to the spin column membrane and centrifuged for 1 min at

10,000 rpm to elute the RNA.

2.2.8.2 Quantification of RNA

The concentrations of RNA and plasmid DNA samples were determined
using the Nanodrop machine. Around 1.5 pl of sample was loaded on the
nanodrop machine after blanking the spectrophotometer with distilled water

or other appropriate buffer and readings were noted.

2.2.9 First strand cDNA synthesis

2.2.9.1 DNase treatment of RNA

RNA was subjected to DNasel treatment to digest any contaminating DNA.
20 pl of RNA was mixed with 2.5 ul 10x Turbo DNase Buffer, 0.5 pl Turbo
DNase and 2 pl nuclease free distilled water. The above mixture was
incubated at 37°C for 30 minutes. The enzyme was inactivated by the
addition of 5 ul of DNase inactivation reagent and incubated at room
temperature for 2 minutes. The mixture was then centrifuged at 10,000 rpm

at room temperature for 1 minute and the supernatant transferred to a new

tube.

2.2.9.2 Reverse Transcription

The DNase treated RNA was used for first strand cDNA synthesis using
Superscript III Reverse Transcriptase (Invitrogen). 10 ul of DNase treated
RNA was mixed with 1.0 pl of 50mM Oligo dT;g (Invitrogen), 1.0 pl of
10mM dNTP mix (NEB) and 8 pl of RNase free water and the mixture was
heated for 5 min at 65°C in a PCR machine. The mixture was then collected
by centrifugation and 4 pl of 5x first strand Buffer, 1 ul of 0.1M dTT, 1 nl

of RNase out and 1 ul Superscript III Reverse Transcriptase enzyme
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(Invitrogen) was added to it. The mixture was then incubated at 50°C for 1

hour and inactivated at 70°C for 15 minutes in a PCR machine.

2.2.10 PCR (Polymerase Chain Reaction) methods

2.2.10.1 Gradient PCR method

Gradient annealing temperature optimization PCR was carried out by using
Standard Taq DNA polymerase (NEB). Each individual reaction mixture
consists of 200 uM of each dNTP, 0.25 pM of each primer, 10-50 ng of
template DNA, 1 x Standard Taq Buffer (including MgCl,; finall.5 mM
MgCly) and 1 U of Taq DNA polymerase in a 20 pl volume. Each PCR
reaction was performed in a single PCR tube. Reactions were carried out
using the Thermo Hybaid gradient PCR with an annealing temperature
gradient ranging from 50-65°C and the rest of the conditions were the same

as in Table 2.2 for Standard Taq DNA polymerase.

2.2.10.2 General and Phusion PCR

Amplification of DNA was performed using either Standard Taq DNA
polymerase (NEB) or Phusion polymerase (Finnzymes). Standard Taq DNA
polymerase was used for routine amplifications and Phusion polymerase
was used where higher fidelity is needed (for cloning and sequencing). For
standard Taqg DNA polymerase, 200 uM of each dNTP, 0.25 pM of each
primer, 10-50 ng of template DNA, 1 x Standard Taq Buffer (including
MgCly;1.5 mM MgCl,) and 1 U of Taq DNA polymerase in a 20 ul volume
for each reaction. For Phusion, 200 pM of each dANTP, 0.5 uM of each
primer, 10-50 ng of template DNA, 1 x HF Buffer (including 7.5 mM
MgCl, final concentration) and 1 U of Phusion polymerase in a 50 pl
volume. The PCR reaction conditions for Standard Taq DNA polymerase

and Phusion polymerase are as shown in Table 2.2.
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Table 2.2 Reaction conditions for Standard and Phusion PCR

PCR step Standard Taq Phusion polymerase
Polymerase
Initial denaturation 94°C for 3 min 98°C for 30 sec
Denaturation 94°C for 30 sec 98°C for 10 sec
Annealing Tm°C for 30 sec Tm°C for 30 sec
Extension 72°C for 30sec/0.5kb 72°C for 30sec/0.5kb
Final Extension 72°C for 7 min 72°C for 7 min
No of cycles 35 30

(Tm°C — depends on the annealing temperature of the primer pair)

Optimum annealing temperature of the primer pair was determined by

performing a Gradient PCR.

2.2.10.3 Long Amp Taq DNA PCR

Long Amp PCR system (NEB) was used for the isolation of the full length
cDNA and genomic sequence of TaRAD35! and TaDMCI genes using
Highbury gDNA. Each PCR reaction consists of 200 uM of each dNTP, 0.4
UM of each primer, 10-50 ng of template cDNA, 1 x Long Amp Taq
reaction Buffer and 1 U of Long Amp Taq DNA polymerase in a 25 pl
volume. The PCR cycle conditions used were; denaturation at 94°C for 30
sec, then 35 cycles of 94°C for 10 sec, Tm°C (depends on the annealing
temperature of the primer pair) for 1 min, 65°C for 30sec to X min
(depending on the size of the fragment; for every 500bp a 30sec extension

time was used) and a final elongation step of 65°C for 10 min.

2.2.10.4 Colony PCR

Selection of the transformed E. coli and Agrobacterium colonies with
plasmid vectors containing the desired insert was carried out by colony PCR
using gene specific primers. The general PCR conditions for an individual
reaction were: 0.1 pg plasmid DNA (or 1 pl bacterial culture), 1.5 mM
MgCl, (NEB); 200 pM of each dNTP (NEB); 0.25 uM of each primers; 1 U
of Taq DNA polymerase (NEB) in 20 ul of 1X Reaction Buffer (NEB).
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PCR reactions were carried out in a Thermal cycler using the stated

conditions in Table 2.2

2.2.10.5 RT-PCR

Gene expression analysis was performed by RT-PCR at 35 PCR cycles.
Each PCR reaction consists of 200 pM of each dNTP, 0.5 uM of each
primer, 10-50 ng of template ¢cDNA, 1 x HF Buffer (including 7.5mM
MgCl,) and 1 U of Phusion polymerase in a 50 ul volume. The PCR cycle
conditions used were; denaturation at 94°C for 3min, then 30 cycles of 94°
C for 30s, Tm°C (depends on the annealing temperature of the primer pair)
for 30s, 72°C for 30s to 1 min (depending on the size of the fragment, for

every 500bp a 30 sec extension time was used) and a final elongation step of

72°C for 7 min.

2.2.10.6 Quantitative real-time PCR (Q-PCR)

Q-PCR amplification reactions were performed in the LightCycler® 480
instrument (Roche Applied Science, UK) using the 384 block system with
Brilliant® SYBR® Green QPCR Master Mix (QIAGEN). Q-PCR reactions
were done in triplicates and were set up in a total volume of 12 pl
containing 5 ul of cDNA (diluted to 1:10 in SDW), 6 ul of 2X master mix
and 1 pl of an equal mix of forward and reverse primers. The reaction
conditions for QRT- PCR were as follows: 15 min at 95°C followed by 45
cycles of 30s at 95°C, 30s at 60°C and 30s at 72°C. A melt curve was
obtained from the PCR product at the end of amplifications by heating from
70°C to 99°C.

2.2.11 Agarose Gel Electrophoresis

Agarose gels of appropriate concentration (generally 1%) were cast using
agarose melted in 0.5x Tris-borate EDTA (TBE) buffer in a microwave
oven. The molten gel was allowed to cool to 50-60°C and gels were
supplemented with ethidium bromide at a final concentration of 0.5pg/ml.
The molten agarose was then poured into a gel tray with its edges taped and

an appropriate comb or combs inserted. After the bubbles were removed the
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gel tray containing the agarose was then left at room temperature until it had
properly set. The gel tray was then submerged in a gel tank containing 0.5X
TBE buffer. The wells were loaded with DNA samples after mixing them
with an appropriate volume of 6x gel loading dye. After loading appropriate
size markers and samples, gels were run at 90 V for 1 hr unless otherwise
stated. The gels were then visualized through the U.V. transilluminator and

photographed using a video copy processor.

Size standards used were: (All from NEB)
e 1Kb ladder (10Kb-500bp, ~1kb intervals between bands)
e 100bp ladder (1.5Kb — 100bp, 100bp intervals)
e 2-log ladder (10kb-100bp, 100bp then 1kb intervals)

2.2.12 DNA cloning methods

2.2.12.1 Restric tion digestions for cloning

The plasmid DNA extracted from overnight cultured bacterial colonies was
digested with restriction endonucleases supplied by NEB. The restriction
conditions and selection of restriction enzymes differed with the plasmid
DNA (vector) to be digested and inserts. The restriction conditions for
pGEM T-Easy vector system for individual reactions in a total volume of 10
pl include 5 pl (0.5 pg) plasmid DNA, 1 pl (1X) of 10X Buffer 3, 1 pl (1X)
of 10X BSA and 0.2 pl of (2U) of Notl or EcoRlI restriction enzyme. The

reaction was incubated for 2hrs at 37°C and run on 1% Agarose gel at 90v

for 1hr.

The restriction conditions for the pGVT17 vector system for individual
reactions in a total volume of 100 pl include approximately 25 pl (0.5 pg)
plasmid DNA, 10 pl (1X) of 10X Buffer 4, 10 pl (1X) of 10X BSAand 1 U
of Xbal and Ascl/Pmel restriction enzymes. The reaction was incubated for

3hr at 37°C and a sample run on 1% Agarose gel at 90v for 1hr.
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Table 2.3  List of restriction enzymes used for cloning into pGEM T-Easy

and pGVT17 vectors
Restriction NEB Buffer  Type of cutter Recognition site
Enzyme Used+BSA
EcoR1 3 Cohesiveend 5 GAATTC 3
3 CTTAAG &
Notl 3+BSA Cohesiveend 5 . GCGGCCGC 3
3 CGCEGOLG 6
Xbal 4+BSA Cohesiveend 5. TCTAGA 3
3 AGATCT &
Ascl 4 Cohesiveend 5 GGCaGoaco 5
3CeGeaeaG b
Pmel 4 Blunt end 5 O GTTTAAAC 3
3.0 CAAN ‘l’ T1Go.5

2.2.12.2 Ligation into the pGEM T-Easy vector system

The purified PCR products were ligated into the pGEM T-Easy vector
system (Promega, UK) for sub-cloning and sequencing purposes (Figure
2.1). The ligation mixture was composed of a total reaction volume of 10 ul
containing a molar ratio of ~3:1 insert to vector DNA, 0.5 pl of vector (25
ng), 5 pl of ligation buffer (1x) and 0.5 pul of T4 DNA ligase. The mixture
was then incubated at room temperature for 1 hour or kept at 4°C overnight
to obtain more transformants after which the ligation mixture were directly

used for transformation.
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Figure 2.1 pGEM T-Easy vector restriction map and sequence reference

points (Www.promega.com).

2.2.12.3 Ligation into the pGVT17 vector system

The pGVT17 vector system was used for transforming wheat meiotic genes
into Arabidopsis (Figure 2.2). The Quick Ligation Kit (NEB, UK) was used
for cloning of purified PCR products amplified by the proof-reading
polymerase (Phusion polymerase) into the pGVTI17 vector system. The
ligation mixture was composed of a total reaction volume of 21 pl
containing 50ng of vector with the appropriate amount of DNA to obtain a
molar ratio of ~3:1 insert to vector DNA and made up to 10 ul with distilled
water, 10 pl of 2x Ligation buffer and 1 pl of T4 DNA ligase. The mixture
was thoroughly mixed and incubated at room temperature for 30 minutes

and chilled on ice after which it was directly used for transformation.
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Figure 2.2 Restriction map of the pGVT17 binary vector used for cloning
and transformation purposes (Figure courtesy of Dr. Philip
Vain, JIC)

2.2.13 E. coli methods

2.2.13.1 E. coli competent cells preparation

The E. coli competent cells were prepared for plasmid transformation
according to the Inoue ef al., (1990) protocol. DH5a cells were streaked out
from a glycerol stock and grown on an LB plate, incubated overnight at
37°C. A single colony was picked and inoculated into LB liquid media and
grown at 220 rpm in a 37°C rotary shaker incubator for 16-18 hours. Cells
were diluted to 1/100 in SOB and grown at 37°C until ODgy = 0.6. Cells
were then pelleted at low speed (2500 g) for 5 min at 4°C. The supernatant
was removed and the pellet was resuspended gently in 80 ml TB Buffer and
placed on ice for 10 min. Cells were pelleted again as before after adding
1.4 ml DMSO to 18.6 ml ice-cold TB buffer. The supernatant was removed,
cells were resupended in 20 ml TB-DMSO (7% DMSO in TB) and placed
on ice for 10 min. Cells were then aliquoted in batches in pre-cooled tubes

on ice and flash frozen immediately in liquid nitrogen and stored in -80°C.
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2.2.13.2 E. coli transformation using heat shock

An aliquot of frozen E. coli competent cells was thawed on ice at least 5
minutes before transformation. 100 pl of competent cells were used for a
single transformation reaction. 5 pl of Ligation mixture was added to the
cells directly and incubated on ice for 20 minutes. Following incubation the
cells were then heat shocked at 42°C for 45 sec and immediately placed on
ice for 2 minutes. 900 pl of room temperature LB was added to the cell
suspension followed by incubation at 37°C in an orbital shaker (220 rpm)
for 1 hour. The cells were then centrifuged at 5,000 rpm for 1 minute and

spread on LB agar plate containing appropriate antibiotics.

2.2.13.3 X-gal + IPTG (Blue / white) selection of E. coli transformants

Prior to the plating of transformed bacteria individual LB agar plates were
supplemented with 40 pl of X-gal (20 mg/ml) and 40 pl of 100 mM IPTG
which was spread onto the plates and the plates were then incubated upside
down in 37°C for 30 minutes to dry. After plating of transformed bacteria
onto the plates, they were allowed to dry for 30 minutes, before incubation
overnight at 37°C in an inverted position. After storage at 4°C for 2 hours,

positive, white colonies were picked up for further analysis by colony PCR.

2.2.13.4 Glycerol Stock preparation

Glycerol stocks were prepared by adding 0.5 ml of the overnight liquid
culture after plasmid preparation to an equal volume (0.5 ml) of 30% (v/v)
glycerol in LB medium. The tube containing the glycerol stock was then

mixed by inversion and snap frozen in liquid nitrogen and stored at -80°C.

2.2.14 Agrobacterium tumefaciens methods

2.2.14.1 Preparation of Agrobacterium electrocompetent cells

An overnight 5 ml of starter culture (in LB broth) with a single colony of
the EHA105 strain of Agrobacterium was grown at 220 rpm in 28°C rotary
shaker incubator for 16-18 hours. 200 ml of LB with appropriate antibiotics
was inoculated with the 1 ml of overnight culture of Agrobacterium and the

culture was incubated at 28°C with vigorous agitation until the cells have
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reached ODgo=0.8. The culture was chilled by standing it in an ice-water
bath. The cells were then pelleted in bench top centrifuge at 5000 rpm for 10
minutes at 4°C in a pre-chilled rotor. The supernatant was discarded and
5-10 ml of ice-cold sterile distilled water was added and the pellet was
pipetted with a wide-bore pipette gently up and down until no clumps were
remained. The volume was adjusted to 50 ml with ice-cold distilled water.
The above step was repeated twice before resuspension of the pellet in 5 ml
of 1 X TE buffer. The cells were then dispensed into 50 ul aliquots and snap

frozen in liquid nitrogen and stored in -80°C.

2.2.14.2 Transformation of Agrobacterium by Electroporation

Transformation of Agrobacterium electrocompetent cells was performed
according to the recommendations supplied with the Genepulsor (Biorad).
2.5 pl of plasmid DNA was mixed with 50 pl of Agrobacterium competent
cells that were thawed on ice for at least 5 minutes before transformation
and the mixture was transferred to an ice-cold disposable electroporation
cuvette (2mm electrode gap) and subject to electroporation with the
following conditions : Capacitance: 25uF, Voltage: 2.4V, Resistance: 200
Ohm and Pulse length: 5 msec. Immediately after electroporation, the cells
were mixed with 1 ml of LB and the bacterial suspension was transferred to
a fresh 1.5 ml eppendorf tube. The cells were then incubated on a rotary
shaker at 28°C for 3 hours with gentle agitation. The cells were then
centrifuged at 5,000 rpm for 1 minute and spread onto LB agar plate
containing the appropriate antibiotic for the T-DNA vector and incubated

overnight at 28°C incubator for 2-3 days.

2.2.15 Wheat methods

2.2.15.1 In vitro germination of wheat seeds

The wheat seeds were first surface sterilized with 5% Parazone for 10 min
and rinsed thoroughly with sterile distilled water three times before placing
them onto 120 mm? Petri dishes containing a 110 mm Whatman No. 1 filter

paper and 2 ml sterile distilled water. The dishes were sealed with parafilm
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and kept flat in a growth room at 22°C for 3-5 days before transferring them

to soil.

2.2.15.2 Mutagenesis methods

2.2.15.2.1 Fast-neutron mutagenesis

The Highbury wheat deletion lines were generated de novo by subjecting
3000 seeds of Highbury (CS5B) to a fast-neutron irradiation dose of 3.0
GyNf at the International Atomic Energy Agency’s laboratories
(Seibersdorf, Austria; protocol no.FN662). The M, generation was grown in
a greenhouse, allowed to self-fertilize, and the seed was harvested at John
Innes Centre (Norwich, UK). The M; and successive generations were

produced by self-fertilization under single-seed descent method (Figure 2.3).
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Figure 2.3 General strategies for the production of Highbury wheat
deletions lines using fast-neutron irradiation performed at John
Innes Centre (Norwich, UK).

2.2.15.2.2 Gamma ray mutagenesis

Seeds of Triticum aestivum cultivar Paragon (RAGT’s NABIM Group 1
variety) were used as starting material for the creation of gamma mutant
populations. Paragon wheat seeds were mutagenized with 25-250 Grays
doses of Gamma rays (Figure 2.4). The mutagenized seeds were grown to

M, plants at John Innes Centre (Norwich, UK) and because M, plants are
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heterozygous for mutations, the population was taken to M, lines by self-

pollination. Mjseed from individual M, plants was harvested and

catalogued.
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Figure 2.4 Principle for the creation of gamma mutant population of
Paragon wheat for reverse genetics (Source: Caldwell er al.,

2004).

2.2.15.3 Collection and meiotic staging of wheat anthers

Microscopic staging of wheat anthers was done according to Crismani ef al
(2006). Whole spikes were collected from the wheat plant when the flag leaf
had emerged by about 2 to 4 cm above the last true leaf. Single spikelets
were dissected from the rachis and all the three anthers were removed from
the primary floret using syringes. Two anthers were placed on a Petri-dish
on ice and the remaining anther was placed on microscopic slide and stained
with a 15 pL drop of 1% aceto-orcein for 5 minutes or until a dark ring is
formed on the edges of the drop. The anther was then sliced transversely
using sharp scalpel and a cover-slip was placed over it. The anther halves
were squashed gently but firmly to release the meiocytes. The meiocytes
were observed using a compound microscope under 40X magnification.

Around 7-10 anthers were pooled according to stages, snap frozen in liquid
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nitrogen and stored at -80°C for later use. For best results spikes were

collected early in the morning or mid-morning.

2.2.15.4 Rapid Amplification of cDNA ends (RACE)
RACE was performed for the amplification of the 3’ and 5’ ends of the

TaDMCI cDNA sequence using gene specific primers.

2.2.154.1 3’RACE

For 3' RACE, first-strand cDNA was synthesized from poly (A)" RNA
isolated from ‘Highbury’ meiotic spike tissue with 4 ul of 5 uM Oligo(dT)s)
primer plus the 3’ adapter primer (Table 2.4)and 1 pl of Superscript 111
Reverse Transcriptase enzyme. After first strand cDNA synthesis, the 3°
region of the TaDMC1 cDNA was amplified with DGSP1 and the 3* anchor
primer (Table 2.4) in the first PCR, and then a nested PCR was done with
DGSP2 in combination with the Norl anchor primer (Figure 2.5). The
amplification conditions were 94°C for 3 min, 35 cycles at 94°C for 30 sec,
55°C for 30 sec, 72°C for 1 min, with a final extension of 7 min at 72°C and
the nested PCR was done with 1:1000 diluted 1* PCR as template and the
amplification conditions were 94°C for 3 min, 35 cycles at 94°C for 30 sec,
55°C for 30 sec, 72°C for 1 min, with a final extension of 7 min at 72°C.
The amplified fragments after the 2™ nested PCR were then gel eluted and
cloned into the pGEM-T Easy vector system (Section 2.2.10.1) for

sequencing.
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Figure 2.5 General scheme for the amplification of 3’ ends of 7aDMC/

gene by 3’RACE.

2.2.154.2 5 RACE

The 5' of the TaDMC transcript was obtained with an Invitrogen 5' RACE

kit. The first strand cDNA was synthesized from Highbury meiotic spike

tissue with the gene specific primer DGSP3 (Table 2.4) and 1 pl of

Superscript II1 Reverse Transcriptase enzyme (Invitrogen). The specific

cDNA was then amplified by two rounds of PCR with the gene-specific

nested primers DGSP4 and DGSPS5 along with primers provided in the kit

(Figure 2.6).
suTR ATG TAG
mRNA | | Ak 24 A AAAAA3’
cDNA DAGSP3  1st PCR
AAP __\ DAGSP4 2™ PCR
AUARD DAGSP4 3" PCR

Figure 2.6  General scheme for the amplification of 5° ends of 7aDMC1
gene by 5° RACE.
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Table 2.4 RACE (3° & 5’) primers used to clone the full length

TaDMC] gene

Primer Sequence (5°-3%) Binding position
on wheat DMC1
c¢cDNA

Notl-adapter AACTGGAAGAATTCGCGGCCGCA -
primers GGAA(T)s
Notl-anchor AACTGGAAGAATTCGCGG -
primer
DGSP1 GAAGAGCCTTTCAGGCTTCTG 700
DGSP2 GGTGAACTTGCAGAGCGCCAG 772
DGSP3 CTGGCGCTCTGCAAGTTCACC 772
DGSP4 GGAAGACCCAGTTGGCTCAT 461
DGSP5 GGTGAACTTGCAGAGCGTCAG 207

2.2.15.5 Alexander staining

The evaluation of pollen viability of both wild type and mutant plants was
performed using Alexander stain. The viability of pollen grains was
observed by taking 6-8 anthers from mature flowers and squashing them
lightly in Alexander solution. After that, the debris was removed and the
pollen grains along with the Alexander solution was secured by placing a
cover-slip over the anther. The pollen grains were then observed under a
compound light microscope at 10X magnification. The pollen grains which
showed a spherical shape and stained dark purple/pink were scored as viable
pollen, while the pollen grains which showed small grains, aborted and were
light green were scored as non-viable or sterile pollen. Pollen viability of

each line was calculated from the average scores of pollen viability across

six plants.
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2.2.15.6 Cytogenetic analysis
Wheat spikes from both wild type and mutants at appropriate stages of

meiosis were collected (section 4.2.2) and individual ears were fixed in 80
ml of a mixture containing ethanol and Acetic acid (3:1) for 24 hours at
room temperature. The wheat spikes were then washed three times with
70% ethanol and stored in 70% ethanol at 4°C for future use. Meiosis in
anthers of pollen mother cells were observed by placing three to four anthers
onto a microscopic slide and squashing them lightly in 1% Aceto-orcein.
The squashed anther debris was removed and the microspores were secured
by placing a cover-slip on top. The microspores were then observed under

the compound light microscope at 40X magnification.

2.2.15.7 Fertility assessment

Wheat ears were harvested from the plants growing in the field and the
glasshouse and phenotypic characterization of both wild-type and mutant
plants were performed. Recorded were; number of spikelets/ear, number of
grains/ear, number of grains/spikelet and average grain weight. Ear fertility
was calculated as follows: average of the number of grains/spikelet in six

ears. To estimate the number of grains/spikelet, the number of grains/ear

was divided by spikelets/ear.

2.2.16 Arabidopsis methods

2.2.16.1 In vitro germination of seeds

To grow plants under in vitro conditions, Arabidopsis seeds were placed in a
1.5 ml microcentrifuge tube and sterilized with 10% (V/V) bleach, and
mixed by inversion. Seeds were then washed (3 times) with sterile water
containing 0.01% (V/V) Triton X-100. Finally, water-diluted ethanol at 70%
(V/V) was added to the tubes and all seeds were poured onto filter papers,
and allowed to dry. Seeds were spread onto 2 MS (0.8% agar, pH 5.8) (with

or without antibiotic selection). The plates were placed at 4°C for 2 days for
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stratification and to synchronize germination and transferred to standard

growing conditions thereafter.

2.2.16.2 Transformation of Arabidopsis by floral dipping

The transformation of Arabidopsis was done according to the floral dipping
method of Clough and Bent (1998) using Agrobacterium strain EHA105.
The plants were grown for 3 weeks under the above conditions before actual
transformation. After 3 weeks the emerging bolts were clipped to induce the
growth of secondary bolts. Two days prior to plant transformation the
Agrobacterium strain carrying appropriate binary vector was grown in 5 ml
of LB with appropriate antibiotics for 16-18 hours at 28°C. 2-3 ml of the
overnight grown culture was then inoculated into 400 ml of LB with
appropriate antibiotics and grown until ODg=0.8 or higher. The bacterial
suspension was then spun down and resuspended in 5% Sucrose (freshly
prepared). Silwett L-77 was then added to the resuspended culture at a final
concentration of 0.05% and the agrobacterium suspension was transferred to
a 1000 ml plastic beaker for dipping plants. The aerial parts of flowering
Arabidopsis were then dipped into Agrobacterium solution for 20 sec with
gentle agitation. The same suspension was used to dip 10-12 plants. After
dipping, the plants were then covered with plastic sleeves for 24 hours to
maintain high humidity. After 24 hours the plastic sleeves were opened and
the plants were watered and grown normally. The dried siliques from the

transformed plants were then harvested after 2-3 weeks.

2.2.16.2.1 Screening of Arabidopsis transformants

The dried siliques from the transformed plants were harvested and surface
sterilized (section 2.2.16.1). The seeds were then plated on » MS media
containing 30 pg/ml of Kanamycin. The Petri dishes were then cold treated
for 2 days in the dark to break dormancy and then transferred to the growth
room with 16/8hr photoperiod at 23°C. After 2 weeks, Kanamycin resistant

plants with true leaves and extended root system were then transferred into 9

cm pots.
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2.2.16.3 Genotypic analysis of the Arabidopsis rad51 and dmcl T-DNA
mutants

2.2.16.3.1 Genotypic analysis of the Arabidopsis rad51 T-DNA lines

Genotyping of the Arabidopsis rad5] T-DNA lines was done using a PCR-
based approach using primer information provided by Dr. Marie-Pascale
Doutriaux (Paris-Sud University, France). Genomic DNA was isolated
(section 2.2.7) from each plant within the line and used as the template for
PCR amplification corresponding to wild-type allele and the insertion allele.
For the wild-type allele amplification, primer ‘a’ and primer ‘c’ (Figure 2.7)
were used. These are designed based on the 4tfRAD5! genomic sequence in
the database (NM_122092). Primer ‘a’ was used with primer ‘b’ (which was
designed from the LB region of the T-DNA) to confirm the presence of the
T-DNA (Figure 2.7). PCR was performed separately with the two different
sets of primers (a & c; a & b) (Table 2.5) on single plant Arabidopsis
genomic DNA and the PCR products were mixed and run on an agarose gel

to identify the genotype of the Arabidopsis plant.

.\

Intron 4:: s:Intron 4

T-DNA insertion

Figure 2.7 Schematic representation of the AtfRAD5] T-DNA insertion
site. Exons are indicated by closed boxes. Primers a, b and ¢

used to define plant genotypes.
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2.2.16.3.2 Genotypic analysis of the Arabidopsis dmcl T-DNA lines

To genotype the Arabidopsis lines carrying the T-DNA insertion in the
DMC1 gene, PCR was done using primer information provided from Dr.
Marie-Pascale Doutriaux, as indicated below. The DNA was prepared from
the leaves of mature Arabidopsis plants growing in soil and amplified using
primers derived from the genomic sequence of 4zDMCI(NM_113188): the
‘a’ primer and the ‘¢’ primer were used to confirm the presence of the wild-
type allele. The ‘b’ primer was designed to the LB region of the T-DNA and
used in conjunction with ‘a’ primer to confirm the presence of the T-DNA
insertion allele (Figure 2.8). PCR was done separately with the two different
sets of primers (a & c; a & b) (Table 2.5) on Arabidopsis genomic DNA and

the PCR products were mixed and run on an agarose gel to identify different

genotypes of Arabidopsis.

a c d :
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Figure 2.8 Schematic representation of the At/DMCI genomic region.
Exons are indicated by open boxes. Primers a, b and ¢ used to

define plant genotypes as described in text.
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Table 2.5 Primers used for the genotypic characterization of the AtDMC]
and AtRAD5] T-DNA insertion lines

Primer name Sequence(5’-3°) Tm (°C)

AtRADS1 WT and T-DNA primers

AtRAD5] WT-F  GGTTCCATCACGGAGTTATATGG

AtRADSI WT-R AGCCATGATATTCCCACCAATC >
AtRADS5S1 MT-F  GAAACTTTTTGCTTTCCTTCTCTG
AtRAD51 MT-R ATATTGACCATCATACTCATTGC >
AtDMCI WT and T-DNA primers
AtDMCI WT-F~ CAGAGGCATGAGATGAGATTTTACT
AtDMCI WT-R GATTTGGTTAAAAGGATATGGCTTC >
AtDMC1 MT-F ATGCATACCAAGAAGGTATTAACCA

55

AtDMC!I MT-R  AAGTTGTCTAAGCGTCAATTTGTTT

2.2.16.3 Ligation of the CaMV355::TaRAD51(D)::+GFP and

CaMV358:: TaDMCI(D)::+GFP constructs for transformation

into Arabidopsis rad51 and dmcl T-DNA mutants, respectively
The CaMV35S::TaRAD51(D)::+GFP and CaMV35S::TaDMCI1(D)::+GFP
complementing constructs were generated as a translational fusion by
ligating a DNA fragment comprising the promoter with or without the 5’
end of GFP gene to TaRAD5! and TaDMCI cDNA sequences. The
TaRADS1 and TaDMCI cDNA fragments (1.1kb) were generated from
wild-type Highbury wheat spikelet cDNA by RT-PCR using primers which
amplify all three homoeologues (Table 2.6) and contain restriction sites for
insertion into the pGVT17 binary vector (Figure 2.2). Two different kinds of
constructs were prepared for each gene using two sets of primers, one set
(Xba+Asc) has no stop codon at the 3’ end and so GFP in the binary vector
pGVT17 is expressed by read-through (CaMV35S::TaRAD51(D):: +GFP
and CaMV35S::TaDMC1(D)::+GFP) (Figure 2.9) and the second set
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(Xba/Pme) has a stop codon at the 3’ end and GFP is removed from the
vector prior to insertion of the wheat gene. (CaMV35S::TaRAD51(D) and
CaMV'35S::TaDMC1(D) (Figure 2.10). The amplified RT-PCR products
with gene specific primers were sub-cloned into the pGEM T-Easy vector.
The transformed E. coli colonies were then screened for the D-
homoeologues of 7aRADS5! and TaDMC1 c¢DNA clones by colony PCR
using the D genome-specific primers (Table 2.6). These clones were
confirmed by sequencing. After digestion with the Xba+Asc and Xba+Pme
restriction enzymes, they were cloned into binary vector pGVT17 which has
been restricted with the same set of enzymes as the cloned fragments The
constructs were then electroporated into the Agrobacterium EHA105 strain

and the constructs were re-confirmed by colony PCR.
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Figure 2.9 Cloning of the 7aRAD51(D) and 7aDMCI(D) genes with
fusion to GFPS5 into the pGVT17 binary vector.
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Figure 2.10 Cloning of the 7aRAD51(D) and 7TaDMC1(D) genes into the
pGVT17 binary vector without the GFP5 fusion.

Table 2.6 List of primers used for the isolation of ORF’s and genome-
specific clones of the 7TaRAD51 and TaDMC1 genes

Primer name Sequence(5’-3’) Tm
(°C)

TaRADS51 gene primers (to amplify ORFs)

TaRAD51-Xba-F ~ ATCTAGAAAGGAGATATAACAATGTCGTCGGCGGCG

TaRADS51-Asc-R SCGGCGCGCCGATCCIT AACATCTGTGACGCCT 60

TaRAD51-Pme-R ~ AGTTTAAACTCAATCCTTAACATCTGTGACGCCT 60

TaDMCI gene primers (to amplify ORFs)

TaDMC1-Xba-F ~ ATCTAGAAAGGAGATATAACAATGGCGCCGTCCAAG

TaDMC1-Asc-R gggCGCGCCGGTC’ITTCACATCCATCAATCCGCCTG 60

TaDMC1-Pme-R

AGTTTAAACTCAGTCTTTCACATCCATCAATCCGCCT

D genome-specific primers

TaRADS5ID-F
TaRAD5ID-R
TaDMCID-F

TaDMCID-R

TGGGGATACATCGTGTATTGGCCT
TGGTGGTCCAATATCACATAGGAG
ATTAAGCGAAAGTCTGTTGTCC

CTCATAGGTGTAGGCACGAGCA

60

65

65
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2.2.17 Microarray methods

2.2.17.1 Microarray data access

To study gene expression profiling of AtRAD5] and AtDMCI in silico
GENEVESTIGATOR and eFP were used. For rice, OsRADS5IAI,
OsRAD5142 OsDMCIA and OsDMCIB genes were studied in silico using
RiceGE. For wheat, microarray expressions profiling of 7aRADSI and
TaDMC1 homoeologous genes were studied in silico by accessing
microarray experiment (TA3) using the PLEXdb analysis tools. In addition,
the dataset containing expression profiles of seven meiotic time courses in
wheat anther was obtained from NCBI-GEO (Record: GSE6027) and gene
expression analysis was performed using the GeneSpring software
(Version:GX10, Agilent technologies, USA).

2.2.17.2 Probe set identification

For Arabidopsis, the cDNA sequences of ATRAD51 and AtDMC1 were used
in the query tool of PLEXdb
(http://www.plantgdb.org/cgibin//prj/PLEXdb/ProbeMatch.pl) using
Arabidopsis ATH1 22K. For wheat, after the cloning of 7aRADS5!/ and
TaDMC1 cDNA homoeologues were done, the cDNA homoeologue
sequences were used in the query tool of PLEXdb using Wheat 61K gene
chips to identify probe sets. For rice, the locus names (TIGR) of the
OsRAD51A1  (LOC_11g40150), OsRAD5IA2 (LOC_Os12g31370),
OsDMC 14 (LOC_Os12g04980) and OsDMCIB (LOC_QOs11g04954) genes
were used in the query tool in RiceGE (http://signal salk.edu/cgi-
bin/RiceGE) and the Os_51K array was chosen.

2.2.17.3 BLAST for probe specificity

The oligonucleotide sequences from each perfect match probe in each probe
set for RAD51 and DMC1 examined were submitted to the NCBI database
(http://www.ncbi.nlm.nih.gov/BLAST/). Using the BLAST tool, the number

of perfect and partial sequence matches was recorded for each probe set for

which sequence was available within the databases.
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2.2.17.4 GeneSpring Software

Analyses of the wheat meiotic time course microarray datasets were
primarily performed using GeneSpring. The data, comprising the expression
profiles of seven meiotic time courses in the wheat anther, was obtained
from NCBI-GEO (Record: GSE6027) loaded and normalized in GeneSpring
using the default normalization methods. These included setting any signal
values below 0.01 to 0.01, total chip normalization to the 50th percentile,
and normalization of each gene to the median based on its measured levels
of expression. A major aim of this work was to determine the expression
profiling of the TaRAD5I and TaDMCI genes expressed during seven
meiotic time courses in wheat anther. The gene expression profiles of both

TaRADS51 and TaDMCI genes were then studied after entering the probe-set

id numbers of the corresponding genes.
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CHAPTER 3: MICROARRAY EXPRESSION
PROFILING OF RAD51 AND DMCI IN
ARABIDOPSIS, RICE AND WHEAT

3.1 Introduction

The patterns of gene expression and simultaneous expression assessment of
thousands of genes at a given time can be determined at the genome level using
microarray technologies. In plants, microarrays have become a widely-used tool
for transcriptome analysis. Due to the advancements of genome technologies
many kinds of microarray technology platforms that can measure global gene
expression in plants have arrived (Galbraith, 2006). Essentially, microarrays
consist of an immobilized array of oligonucleotides (probes) which are
hybridized in situ using fluorescently-labelled sequences which are prepared by
reverse transcription of polyadenylated transcripts. The process of measurement
of gene expression by microarray starts by extraction of mRNA from the cells
or tissues of interest and hybridizing the same to the 25-mer probes on the
microarray, for Affymetrix arrays (Affymetrix, 2001). This is followed by
imaging of the hybridized array and computational analysis using microarray
analysis software. Through microarrays, the RNA transcript level can be
measured either in relative terms using glass slide microarrays (Schena et al.,

1995) or in absolute terms using Affymetrix GeneChip arrays (Lipshutz et al.,
1999).

Each gene is represented on an Affymetrix GeneChip array by a probe set. The
probe set on the microarray consists of a perfect match probe (PM), with a 25-
base sequence identical to the gene of interest, and a mismatch probe (MM),
whose sequence is the same as the perfect match except for a mismatch at
thirteen position, where the base is set to the complementary of the perfect

match. The mismatch probe was introduced by Affymetrix as a measure of
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cross-hybridisation during microarray experiments to assess potential
background levels of ‘noise’. This probe pairing design helps to identify and
deduct the non-specific hybridization and background signal for microarray
analysis. Probe sets ideally represent unique regions of the gene allowing
detection for specific and individual gene transcripts, even among genes from
the same gene family. In practice, this can be difficult to achieve without
complete genome sequence information. Each array also contains probe sets for
controls that are spiked into the sample prior to hybridization. Determination of
gene expression using microarray consists of measurement of temporal and
spatial expression patterns that can be associated with a specific phenotype or
in response to a specific stimulus or in a specific tissue in a microarray
experiment. In practice, the design of the experiment and use of appropriate
materials is more important than the technical aspects of carrying out the

experiment itself.

The experimental data from microarray experiments can be deposited in high-
throughput gene expression / hybridization data repositories, such as the NCBI-
Gene Expression Omnibus (GEQO). However, this repository only make the data
sets available to public users, but they do not readily allow researchers to search
for specific genes of interest based on sequence information or community
annotation, nor do they allow flexible on-line analysis that provides links
between probe set expression and probe set annotation. Online microarray
database analysis tools will help to resolve this problem and can be used to
identify the expression profile and function of an unknown gene by accessing a
large collection of expression data from mutants, tissues or treatments using a
variety of gene expression databases. Some of the examples of the databases
which provide species-specific resources for Arabidopsis, are TAIR (Rhee et
al., 2003), GENEVESTIGATOR (Zimmerman et al., 2004) and NASC Arrays
(Craigon et al., 2004). TAIR provides detailed annotation information for
Arabidopsis genes as well as tools for microarray data analysis.

GENEVESTIGATOR has an extensive set of on-line tools for analysis and
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visualization of Arabidopsis datasets. NASC Arrays uses all of the GeneChip
data from their facility and other projects publicly available for download for
use in relational databases and for further expression pattern analysis. The Rice
Expression Database (RED) and the associated Rice Pipeline (Yazaki et al.,
2004) project compile genomics data (genome sequences, full-length cDNAs,
gene expression profiles, mutant lines, cis elements) into one data source with
full annotation. For barley there are many reference experiments using the
barley 22K GeneChip (Close et al., 2004) available through the BarleyBase
expression database (Lishuang er al., 2005) and analysis tools for gene
expression are also available through Genevestigator. BarleyBase has expanded
to PLEXdb (Plant expression database), with the addition of expression data
from several plant species such as Arabidopsis, barley, grape, maize, Medicago,
soybean, Fusarium, rice, tomato and wheat. Expression data experiments for
soybean generated using a spotted cDNA arrays are available through the
Soybean Genomics and Microarray Database (SGMD) (Alkharouf and
Matthews, 2004). Likewise large quantities of expression data for the
Solanaceae, including potato and tomato, are available through the Solanaceae
Gene Expression Database, and the tomato gene expression data are also

available through a tomato expression database (Table 3.1).
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Table 3.1 Publicly available plant microarray expression databases and their

URLs.
Plant species Database URL address
Arabidopsis NASC Arrays http://affymetrix. Arabidopsis.in
fo/narrays/experimentbrowse.pl
Arabidopsis TAIR http://arabidopsis.org
Arabidopsis GENEVESTIGATOR http: .genevestigator.ethz
-ch/
BAR Poplar Expression database  http./BAR .utoronto.ca
Barley Barleybase http.//www.barleybase.org
Generic Gene Expression Omnibus  http://www.ncbi.nlm.nih.gov/pr
(GEO) ojects/geo
Generic PLEXdb http://www.barleybase.org/plex
db/htmV/index.php
Generic ArrayExpress http.//www.ebi.ac. uk/. Xpr
ess
Rice NSF Rice Oligonucleotide ~ http://www.ricearray.org
Array Project and Database
Rice Virtual Center for Cellular  http://130.132 8 .83/rc
Expression Profiling in Rice
Rice Rice Expression Database http://red.dna.affrc.go.jp/RED
Solanaceae Solanaceae Gene http://www tigr.org/tdb/potato
Expression Database
Soybean Soybean Genomics and http://psi081_.ba.ars.usda.gov/S
Microarray Database GMD/default htm
Tomato Tomato Expression http://ted.bti.cornell.edu

Database
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Comprehensive Affymetrix GeneChip platforms have now been developed for
wheat based on extensive EST collections. PLEXdb supports all currently
available array platforms and it provides an integrated web interface for
functional interpretation of highly parallel microarray experiments. It can also
provide gene expression data in the form of expression graphs, hierarchical
clustering and heat maps for a variety of crop and model plant species, from a
large array of experimental or field conditions. The array data in turn are
interlinked to analytical and biological functions (e.g., Gene and Plant
Ontologies, BLAST, spliced alignment, multiple alignment, regulatory motif
identification, and expression analysis), allowing anyone to access and analyze

comparative expression experiments in conjunction with their own data.

PLEXdb is complementary but not repetitive in comparison to other microarray
databases such as NCBI - GEO (E dgar et al., 2002; Barrett et al., 2005),
Stanford microarray Database (Gollub et al., 2003; Ball er al., 2005) and
ArrayExpress (Brazma et al., 2003). PLEXdb supports all of the available plant
and pathogen GeneChip arrays including, Affymetrix 57K rice, 61K wheat,
22K barleyl, 18K first-generation maize, 8K sugar cane, Fusarium
graminearum, 61K soybean/Phytopthoralcyst nematode, 16K grape as well as

cotton, poplar, citrus, tomato, Medicago, and the full-genome maize, with

complete annotation and analysis support.

GENEVISTIGATOR is both a database and web-browser data mining interface
for facilitating expression analysis of Affymetrix Gene Chip data for
Arabidopsis and other species, such as barley, mouse, yeast, E. coli and human.
It comprises of a number of online querying and analysis tools to identify gene
function. GENEVESTIGATOR specifically allows the data to be presented in
the terms of plant development, plant organ, and environmental conditions, both
for individual genes or for families of genes. The main objective of the software
is to assign contextual information to gene expression data and allows the

design of new experiments and gene functional ~discovery. The
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GENEVESTIGATOR allows two types of queries in its software structure: The
first one is a gene-centric approach reporting signal intensity values for
individual genes and the second one is a genome-centric approach providing
lists of genes fulfilling chosen criteria. The results obtained from any tool are
based on all available signal intensity values and the corresponding annotations.
The different functional tools incorporated in the GENEVESTIGATOR include
Digital Northern, an online analysis tool for retrieving the signal intensity
values of a gene of interest for a chosen selection of GeneChip experiments. Up
to 10 probe sets can be queried simultaneously and will be displayed in several
colors, shapes, with filling revealing both signal intensity values and ‘present’
call (closed symbols) and ‘absent’ call (open symbols) information. The Gene
Correlator is an analysis tool for comparing the signal intensities of two genes
throughout all chosen experiments. Gene Atlas is a tool for providing the
average signal intensity values of a gene of interest in all organs or tissues
annotated in the database.

Expression analysis tools at the BAR (The Bio-Array Resource for Arabidopsis
Functional Genomics) include the Expression Angler, the electronic
Fluorescent Pictograph (eFP) Browser and e-Northemns with Expression
Browser tools. The Arabidopsis eFP (http.//www.bar.utoronto.ca/) browser is
an online microarray analysis tool for interpreting and exploring large-scale
biological datasets (Winter et al., 2007). The eFP Browser engine allows the
input of large-scale datasets onto pictographic representations of the
experimental samples used to generate the data sets. The gene of interest is
queried in the form of the AGI ID (Arabidopsis Genome Initiative identifier)
and upon submission, the plant tissues are coloured according to the expression
level of the gene of interest in a particular tissue under a particular treatment
condition. The eFP tool is a quick and easy means of identifying tissues where
there is differential expression and is particularly useful when exploring gene
families to facilitate hypothesis generation. There are three different modes in
eFP for the functional analysis of the gene of interest. In “Absolute,” mode the
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expression level for a gene of interest in each tissue is compared directly to the
highest signal recorded for the given gene, with low levels of expression are
indicated as yellow and high levels are coloured red. The “Relative” mode
displays the ratio of a tissue's expression level to appropriate control signal —
typically the median or mock treatment — for its group. The output in relative
mode has tissues with expression levels above the control signal value coloured
between yellow and red, and expression levels below the control signal value
coloured between yellow and blue. In the “Compare” mode expression of two
genes can be compared directly. The eFP browser accepts two gene identifiers
(two genes of interest) as input and then compares the primary relative
expression level of one gene to another in each of the tissue using the same
colouring scheme as for the Absolute mode. The compare mode is useful for
identifying tissues in which one gene is more abundantly expressed relative to

another.

Rice GE is a Rice Functional Genomic Express Database tool developed by the
Salk Institute (http:/signal.salk. i-bin/Ri ).

In this current chapter, transcriptional expression profiling pattern of the
AtRADS1, AtDMC1 genes were studied in silico using GENEVESTIGATOR
and Arabidopsis eFP browser. The OsDMC1 and OsRADS51 genes were studied
using Rice GE. The studies of both spatial and temporal transcriptional
expression patterns of the TaDMC! and TaRADS51 genes were studied in silico
using online microarray database tool such as PLEXdb and the GeneSpring
software respectively. However it is well known fact that meaningful
comparative expression analyses using microarray platforms based solely on
EST collections can be difficult because of the frequent and confounding
presence of multiple splice forms, paralogues and orthologues, as well as, in the
case of polyploids, homoeologues with near-identical sequence (Poole et al.,
2007). So care must be taken when performing comparative transcript analysis
of these genes. Because the 61,115 probe sets on the Wheat GeneChip reflect
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the complete collection of publicly available wheat ESTs at the time of design
of the chip, this dataset serves as an 'expression atlas' for hexaploid wheat,

rather than comprehensive transcriptome coverage.
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3.2 Results
3.2.1 Identification of the probe sets corresponding to the RAD5I and

DMCI genes of Arabidopsis, rice and wheat
The probe sets and expressed probe sequences (oligonucleotides) corresponding
to the probe sets of AtRAD51, AtDMCI, OsRAD5IAI, OsRADS5IA2,
OsDMCIA, OsDMCI1B, TaRADS51 and TaDMC1 were obtained from PLEXdb

(Table 3.2).

Table 3.2 Probe set identification numbers of RAD51 and DMCI genes of

Arabidopsis, rice and wheat.

Gene name AGI code/ Probe set id
Accession no

AtRADS1 At5g20850 246132 at
AtDMC1 At3g22880 256832 _at
OsRADSIAI LOC_Os11g40150 0s.57536.1.S1_at
OsRADS51A2 LOC_0Os12g31370 0s.19630.1.S1_at
OsDMC 14 LOC_0s12g04980 0s.13051.1.S1 _at
OsDMCIB LOC_Os11g04954 0s.22122.1.S1 _at
TaRADS51-7A FJ594479* Ta.7197.1.A1 at
TaRADS51-7B F)594480* Ta.7197.1.A1 at
TaRADS5I1-TD F1594481* Ta.7197.1.A1 _at
TaDMCI-5A F1594476* Ta.30833.1.S1_at
TaDMCI-5B F1594477* Ta.30833.1.S1_at
TaDMC1-5D F1594478* Ta.30833.1.S1_at

*submitted by Devisetty et al, (24/12/2008)
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3.2.2 Gene specificity of probe sequences of R4D51 and DMCI in
Arabidopsis, rice and wheat

Before subjecting the probe sets for expression analysis, the individual
oligonucleotide probe sequences corresponding to each gene were checked by
BLASTN to confirm their target gene specificity. The BLASTN examination of
probe sequences representing AfRAD51, AtDMC1, OsRAD5141, OsRADS1A2,
OsDMCI1A and OsDMC1B by BLASTN revealed that the oligonucleotides are
represented only by the target gene, with little or no chance of cross-
hybridization to other genes (Table 3.3, 3.4, 3.5, 3.6, 3.7 and 3.8). All the three
cDNA homoeologues of TaRAD51 as well as all three cDNA homoeologues of
the TaDMC! were being represented by only a single probe set on the wheat
Affymetrix chip. The examination of individual oligonucleotides with in the
probe sets for both TaR4AD5] and TaDMC! indicated that they match one or
two or all cDNA homoeologues (Table 3.9 and 3.10).



Table 3.3 BLASTN search results of the oligonucleotides (probes) in AtRADS51 probe set (246132 _at)

Gene and Probe Probe sequence (5’-3°) BlastN hit E-value Length
D

GGAACATTCAGGCCACAAAGACTCT At5g22880 1.20E-07 25

At5g19400 0.76 15

AAACGTTGCCTATGCGAGGGCGTAT At5220850 1.20E-07 25
ACAGATCATCAGTCAAGGCTTTTGC At5g20850 1.20E-07 25

At1g66360 0.75 15

At5g53060 0.76 15

AACAAGGTTTGCTCTCCTGATTGTC At5g20850 1.20E-07 25

At3g02950 0.75 15

At2g06000 0.76 15

TGATTGTCGATAGTGCTACCGCTCT At5g20850 1.20E-07 25

AtRADS1 At1g42180 0.74 15
At5g20850 | CTACCGCTCTCTACAGAACAGATTT At5g20850 1.20E-07 25
246132_at At2g28370 0.75 15
GAGCTTTCGGCTCGACAAATGCATC At5220850 1.20E-07 25
TGGTTCAGCTCTTTTIGCTGGTCCC At5g20850 1.20E-07 25

At2g01505 0.76 15

At3g55320 0.76 15

TGCTGGTCCCCAATTTAAGCCGATT At5g20850 1.20E-07 25
ATATCATGGCTCATGCCACCACAAC At5g20850 1.20E-07 25

At4g01910 0.76 15

A2g16390 0.76 15

TGATAAGCTCGCCATGTTTGCCAGA At5g20850 1.20E-07 25

At1g24764 0.76 15




Table 3.4 BLASTN search results of the oligonucleotides (probes) in AtDMC1 probe set (256832 _at)

Gene and Probe Probe sequence (5°-3°) BlastN hit E-value Length
1D

CACTACGCAGCTACCTACAAACATG At3g22880 1.20E-07 25
GGAACCTTCCGTCCTGATAGGATTG At3g22880 1.20E-07 25
ATTTATGCTCGTGCTTATACCTATG At3g22880 1.20E-07 25
TCAGTACAACTTGCTTCTTGGCCTT At3g22880 1.20E-07 25
At3g43128 0.76 15
TTGACTCGATCATTGCTTTATTCCG At3g22880 1.20E-07 25
At4g23630 0.16 20
AtDMCI At3g27500 0.16 16
At3g22880 ACTAGCTCAGATGCTTTCCAGGCTA At3g22880 1.20E-07 25
256832 at At2g39240 0.035 17
At4g16330 0.75 15
GAGGAGTTCAACGTTGCTGTCTACA At3g22880 1.20E-07 25
At4g19985 0.16 16
GTGGTCATGTACTAGCTCACGCAGC At3g22880 1.20E-07 25
At5g20770 0.74 15
GTCTGCAAAGTCTACGATGCTCCGA At3g22880 1.20E-07 25
TGCTCCGAATCTCGCTGAAGCTGAA At3g22880 1.20E-07 25
AGCTGAAGCCTTTCCAGATTACTCA At3g22880 0.0013 25




Table 3.5 BLASTN search results of the oligonucleotides (probes) in OsRADS5141 probe set (0s.57536.1.S1_at)

Gene and Probe ID Probe sequence (5’-3’) BlastN hit E-value Length
AAGCTCTCCATGCTTGGCTGAAGCC LOC Osl11g40150 2.30E-07 25
LOC_Os10g42660 0.31 16
LOC Os04g15990 1.4 15
GCCGAAGCAAGGTTTCAGATAGCAT LOC_Os11g40150 2.30E-07 25
LOC_0Os04g17900 1.5 15
LOC 0Os07g31460 1.5 15
TCTCTGCTCAGTGCTAAGCGCTAAC LOC Os11g40150 2.30E-07 25
LOC_0s03g02640 1.4 15
LOC Os10g43075 1.5 15
TAAGCGCTAACTGGCAACAGCTTCC LOC Os11g40150 2.30E-07 25
OsRADS1A1 AGTTCCCACATGTGTTGCTCTCCTG LOC Osl1g40150 2.30E-07 25
LOC_Os11g40150 | TGATTGCGCTACCACCCCTGAAGGG LOC_Os11g40150 2.30E-07 25
0s5.57536.1.S1 _at LOC_0s03g08500 1.4 15
LOC_0Os04g16100 1.5 15
AACTGATGTGATGCTCCTGTTCTGA LOC _Os11g40150 2.30E-07 25
LOC_Os06g17930 1.5 15
LOC Os07g10150 1.5 15
GTTCTGAATCCGACAACCACTTATT LOC Os11g40150 2.30E-07 25
LOC 0Os06g39290 1.4 15
GTGCACATCTGTGTCACTGTTGTAG LOC Os11g40150 2.30E-07 25
GTATAAAACGTTGTCTGCCCTGCAA LOC_Os11g40150 2.30E-07 25
LOC_Os06g45910 1.5 15
TGCCCTGCAAGGCTGCAATGCATGT LOC_Os11g40150 2.30E-07 25
LOC_0s03g06320 0.064 17
LOC Os03g52180 0.066 17




Table 3.6 BLASTN search results of the oligonucleotides (probes) in OsRAD51A42 probe set (0s.19630.1.S1_at)

Gene and Probe ID Probe sequence (5’-3°) BlastN hit E-value Length
CTGGCCAAGTTTCTTAGGAGCCTTC LOC_0Os12g31370 2.30E-07 25
LOC_0s02g03060 1.4 15
LOC 0s02g03060 1.4 15
GTGCTGCAATGTTTGGGCCACAGAT LOC_Os12g31370 2.30E-07 25
LOC_0s02g25260 0.067 17
GCCACAGATCAAACCTATCGGCGGG LOC_Os12g31370 2.30E-07 25
LOC_0Os04g57220 0.31 16
LOC_0s02g58550 1.4 15
TATCGGCGGGAACATCATGGCTCAT LOC_Os12g31370 2.30E-07 25
LOC_Os11g40150 0.31 24
OsRADS51A2 LOC 0509239680 1.5 15
LOC _Os12g31370 | GTAAGGTAGTAAGCTCTCCCTGTCT LOC Os12g31370 2.30E-07 25
0s.19630.1.S1_at | GATATCACCGGAAGGCGTCACAGAT LOC_Os12g31370 2.30E-07 25
LOC_0Os05g34140 1.5 15
TTGCAATCCCAGTGTGGTGGACGCT LOC_Os12g31370 2.30E-07 25
LOC Os04g24490 1.5 15
ATTGATGTAGGCCATCCTGTTCAAC LOC Os12g31370 2.30E-07 25
TAGCGCCCTGGAATCCTGGATGGAA LOC Os12g31370 2.30E-07 25
GGGTGTACAGCAAGTCGCCACAATT LOC_Os12g31370 2.30E-07 25
LOC_Os01g54960 1.4 15
LOC Os06g03710 1.5 15
CTTGGCACCAGCGATGTTGTTGTTC LOC_Os12g31370 2.30E-07 25
LOC_0Os02g51060 0.32 16




Table 3.7 BLASTN search results of the oligonucleotides (probes) in OsDMC1A probe set (0s.13051.1.S1_at).

Gene and Probe ID Probe sequence (5°-3") BlastN hit E-value Length
TAACTGACCTGAAAAAACCAGCGGG | LOC 0s12g04980 2.30E-07 25
CCATATAGGTTTGGTACATTGACTA LOC_Os12g04980 2 30E-07 25

LOC 0s01g52760 14 1

CATTGACTAAACTACTACTGCTACT LOC_Os12g04980 2.30E-07 25
LOC_0s02g35180 031 20

LOC_0s06g08130 1.4 15

TACTACTGCTACTTTGCCACTGTCG LOC_Os12g04980 2.30E-07 25
LOC_0s02g13870 1.4 15

LOC_0s01g13800 1.5 15

GCTACTTTGCCACTGTCGAGGAAAT LOC_Os12g04980 2.30E07 25
LOC_0s03g15760 1.4 15

OsDMC1A GCCACTGTCGAGGAAATATGCAACC LOC_0s12g04980 2.30E-07 25

LOC_0s12g04980 LOC_0s03g58910 1.5 15

0s.13051.1.S1_at LOC 0s03g58910 1.5 15
ATATGCAACCTCATTTATCCAGACG LOC_Os12g04980 2.30E-07 25

LOC_Osl1g04954 0.066 21
LOC 0s08g39210 1.5 15
TGCAACCTCATTTATCCAGACGATT LOC_0s12g04980 2.30E-07 25
LOC_0Os11g04954 0.066 21
LOC_0s08g39210 1.5 15
ATCCAGACGATTATACCTTAAAATG LOC Os12g04980 2.30E-07 25
ATGGGTATTTTTCTATGCTTATGAG LOC_0s12g04980 2.30E-07 25
ATGCTTATGAGATCAACAGTTGTAC LOC_Os12g04980 2.30E-07 25
LOC_Osl1g04954 0.066 21
LOC_0s01g12650 1.4 15

¢ indicates potentially cross-hybridizing probes




Table 3.8 BLASTN search results of the oligonucleotides (probes) in OsDMCIB probe set (0s.22122.1.S1 _at).

Gene and Probe ID Probe sequence (5°-3") BlastN hit E-value Length
GTTCATAACTGACCCGAAGAAACCT LOC_Os11g04954 2.30E-07 25
LOC_Os04g27630 032 16
LOC Os08g16190 1.5 15
CCGAAGAAACCTGCGGGAGGCCACG LOC _Os11g04954 2.30E-07 25
LOC_0s02g40520 14 15
LOC Os05g27970 1.4 15
CCATATAGGTTAGGTACATTGATAA LOC Osl11g04954 2.30E-07 25
TGCTATGTTTTTGCCACTGCTGAGG LOC_Os11g04954 2.30E-07 25
LOC_0s05g26290 0.067 17
LOC _0s05g26170 0.067 17
OsDMCIB GTTTTTGCCACTGCTGAGGAAAGAG LOC _Osl1g04954 2.30E-07 25
LOC_Os11g04954 LOC_Os05g41510 0.32 16
0s.22122.1.S1_at LOC 0s06g02590 1.5 15
AGAGGCAACCTCATTTATCAAGACG LOC _Osl1g04954 2 30E-07 25
LOC_Os12g04980 0.066 21
LOC_Os11g35860 14 15
GACGGTTATATCTCACATTGGGTAT LOC _Osl1g04954 2.30E-07 25
TGAGTTATGTGATCAACAGTTGTAC LOC _Os11g04954 2.30E-07 25
LOC_0s12g04980 0.066 21
LOC Os01g33370 1.4 15
GTTGTACTGAAACAAGTGCTAGTAT LOC _Os11g04954 2.30E-07 25
LOC_Os12g04980 14 15
LOC_Os01g54784 1.5 15
AGTGCTAGTATTGTCTTAAGTGAAA LOC_Os11g04954 2.30E-07 25
LOC Os12g04980 0.0026 19
TATAAGAGGTTAACATGTTGGTTTC LOC_Os11g04954 2.30E-07 25

¢ indicates cross-hybridizing probes



Table 3.9 BLASTN search results of the oligonucleotides (probes) in TaRADS51 probe set (Ta.7197.1.A1_at).

No | Probe set Probe sequence No. of nucleotides in oligos matching Overall
id homoeologues genome assignment
A B D
1 | Ta7197.1.A1_at | GATCTGTAAGGTGGTGAGCTCTCCC 25 25 25 ABD
2 | Ta7197.1.Al_at | TCCCTGCCTGGCTGAAGCTGAAGCA 25 25 25 AB,D
3 | Ta7197.1.Al_at | GATATCACCTGAAGGCGTCACAGAT 25 25 25 AB,D
4 | Ta7197.1.Al_at | AGCCTGCTGTTTGCATCTTCAGCAA 25 25 25 ABD
5 | Ta7197.1.A1_at { AACAGATGCTAGCTTGTGCCGATGA 25 25 25 ABD
6 | Ta7197.1.A1_at | AATGTTGTACAGCTAATCTCCCATA 25 25 25 ABD
7 | Ta7197.1.A1_at | AATCTCCCATAGTTTGCTTGTTCTA 25 25 25 ABD
8 | Ta7197.1.A1_at | GCTTGTTCTATCTTTTTCAGTGGTT 25 23 23 A
9 | Ta7197.1.Al_at | ATGTAGTTGCTCACTTTGTTTCAAA 25 25 25 ABD
10 | Ta7197.1A1_at | AAATCCTTGGTCTTCTAGGACATTG 25 23 23 A
11 | Ta7197.1.A1_at | GGACATTGACATTGTCTCCTATGTG 25 24 24 A




Table 3.10

BLASTN search results of the oligonucleotides (probes) in TaDMC1 probe set (Ta.7197.1.A1_at).

No Probe set Probe sequence (5°-3°) No. of nucleotides in oligos Overall
id matching homoeologues genome assignment
A B D

1 | Ta30833.1S1 at | TGGTATGTTCATCACTGACCCCAAA 25 25 25 A,B,D
2 | Ta30833.1.S1_at | TCTGCAAGATCTTTGACGCCCCTAA 25 25 25 A,B,D
3 | Ta30833.1.81_at | GGAGAAGCTGTTTTCCAGATCACAA 25 25 24 A B

4 | Ta30833.1.81_at | GACTGATTGTTCATCCAGGGCGCTT 25 25 25 A,B,D
5 | Ta30833.1.S1 at | GGCGCTTCCTGTCTTAAACTGTTGA 25 24 25 A,D

6 | Ta30833.1.51_at | AAAGGCTACTGCACCGTTACTCTGT 25 25 25 A,B,D
7 | Ta30833.1.Sl_at | GTTACTCTGTTTTTGCCACTGCAGA 25 25 24 D

8 | Ta30833.1.S1_at | AATTGGGCAACCTCTATGCTGTTTA 25 25 25 A.B,D
9 | Ta30833.1Sl_at | TATGCTGTTTATACCTCCTGTTGGG 25 25 25 A,B,D
10 | Ta30833.1S1 at | TGGGTGTTCCGTAAGCTTGTAATGC 25 25 24 D
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3.2.3 Transcriptional expression profiling of the RADS5I gene in
Arabidopsis, rice and wheat using microarray databases
To investigate the expression of R4D51 gene in Arabidopsis, rice and wheat
publicly available microarray data were analyzed. The Gene Atlas tool of
GENEVESTIGATOR showed that the maximum level of expression for
AtRADS1 is in cell suspension at signal intensity of 1038. There is a significant
level of expression of AfR4AD51 in other vegetative tissues such as shoot apex
and root tissue (Figure 3.1). Analysis of AtRADS5! gene expression using the
gene chronologer tool showed that the strongest gene expression was found to
be at sub-stages:14.0 to 17.9 days old seedling (rosette growth) and 21.0 to 24.9
days old seedlings (inflorescence emergence) (Figure 3.2). Arabidopsis eFP
browser output for AtRADJ1 gene revealed the highest level of expression in
the datasets to be in the shoot apex inflorescence, shoot apex (transition), shoot
apex vegetative and vegetative rosette; weaker expression in flower stage 9,

seed stage 10 and low expression levels in leaf stage 2 and 6, leaf cauline, leaf

senescence, and dry seed (Figure 3.3).
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Figure 3.1 Expression profiling of AtRADS5! using gene atlas tool of
GENEVESTIGATOR
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246132 at 246132 s Arabidopsis eFP Browser at bar.utoronto.ca

Winter ef a/, 2007. PLoS One 2(8) €718

Figure 3.3 Expression pattern of AtRAD5] gene in developmental menu of
the absolute mode of Arabidopsis eFP browser. Red colour
denotes higher expression and yellow colour denotes lower

expression. The more the red colour the stronger is the expression.

In rice, the OsRADS51AI gene is ubiquitously expressed in all developmental
tissues analyzed. Higher expression levels were detected in many tissues with
the mean signal intensity values ranging from 1,285 to 1900 and lower levels
were detected in the stigma and ovary (Figure 3.4). On the other hand,
OsRAD51A2 showed lower expression levels in every tissue analyzed with the
mean signal intensity values not more than 152. However, the highest level of
signal intensity was detected in the stigma with the mean signal intensity at 152
(Figure 3.5; note that the Y-axis scale for Figure 3.4 and 3.5 are different).
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Figure 3.4 Expression profiling of OsRAD51A1 gene in different tissues

using gene atlas tool in Rice GE database.

0s-19630-1-S1_at [ 0s12g31370 ]

Buy1peas pro-fep-£iT069359
(dep 62-12 ‘GS) PIIS:EERIIT
(dep 0Z-TF ‘¥S) P335:£639359
(dep 0T-G “ES) P335:0609350
(dep p-¢ “2S) PIISIE689359
(dep 2-0 “TS) PaISiE609359

(W9 0§~7Z ‘Gd) 39U30SIOT JI[36689350

| (%0 ZZ-GT “Gd) S0U3TSIJOTIU]:E689359

(% GT-0T “bd) S0URISIOTHUT£689359

(43 0T-G “Ed) 30U0S3J01U1:£689350

(W0 G-§ 2d) 30U3083J0[JU]1E6R9ISY

(0 € 038N ‘Td) 30U30$IJ0TJUT BUNOA:EER9SO
4097 A1C639350

031 umyey: 069359

Buy1pass pro-fiep- ‘3004 6689359

FaeA0: 196359

eud 1331 1950350

Figure 3.5 Expression profiling of OsRAD51A2 gene in different tissues

using gene atlas tool in Rice GE database.
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The wheat expression dataset for spatial expression of TaRADS1 and TaDMC]
genes was obtained from PLEXdb (experiment TA3; Schreiber et al., 2009).
The wheat gene atlas tool of PLEXdb revealed that the TaRADS5! gene is
ubiquitously expressed in all developmental tissues starting from germinating
seeds to filled grains even though the expression levels vary across the tissues.
TaRADS1 was found to be highly expressed during the immature inflorescence
stages with a signal intensity of 11.2 and low expression was found at the
anthesis stage with a signal intensity of 2.5 (Figure 3.6). For studying temporal
gene expression of TaRADSI, the dataset corresponding to the “Microarray
expression analysis of meiosis and microsporogenesis in hexaploid wheat”
(experiment: GSE6027; Crismani et al., 2006) was only loaded into the
Genespring software and not datasets corresponding to TA3 as they were not
publicly available. The analysis revealed that TaRAD5I expression is
significantly elevated during the pre-meiosis to diplotene-pachytene of
prophase I and there is decrease in TaRADSI gene expression levels from
diplotene-pachytene to the mature anther stage. As meiosis concludes,

transcript levels are minimal (Figure 3.7).
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Figure 3.7 TaRADS5I expression levels observed from microarray analysis of
meiotic dataset (experiment: GSE6027; Crismani er al., 2006)
using Genespring GX10 software. Abbreviations used are PM -
Pre-Meiosis; LP - Leptotene-Pachytene; DA - Diplotene-Anaphase
I; TT - Telophasel-Telophasell; T - Tetrad; IP - Immature Pollen;
MAN - Mature Anther.

32.4 Transcriptional expression profiling of the DMCI genes in
Arabidopsis, rice and wheat using microarray databases

In order to investigate the molecular changes that are brought about by the

expression of DMCI gene in Arabidopsis, rice and wheat, analysis of gene

expression by transcript profiling was done using available expression data in

microarray databases such as GENEVESTIGATOR, eFP (for Arabidopsis),

RiceGE (for Rice) PLEXdb and Genespring (for wheat).

In Arabidopsis analysis of DMCI gene by Gene Atlas tool in
GENEVESTIGATOR revealed that the gene is found to be expressed
ubiquitously in all developmental tissues even though the levels of expression
differed (Figure 3.8). The highest level of DMC1 gene expression was found to
be in cell suspension with a signal intensity value of 3252 Apart from cell
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suspension, tissues where signal intensities of above 1000 were found are
inflorescence, flower and shoot apex. The gene chronologer tool in
GENEVESTIGATOR was used to report the level of expression of the DMC1
gene in ten different growth sub-stages of Arabidopsis (seed germination, leaf
development, rosette growth, inflorescence emergence, flower production,
silique and senescence). The analysis revealed that the highest gene expression
was found to be in stages: 1.0 to 5.9 day old seedling (germinated seed) and
21.0 to 24.9 days old seedlings (inflorescence emergence) (Figure 3.9). Finally
the eFP browser was used to reveal the level of expression of DMC in each of
the Arabidopsis tissues in electronic Fluorescent Pictograph form. Arabidopsis
eFP browser output for DMC!I in absolute mode revealed very strong
expression in flower (Stage 9) and shoot apex. The lowest level of expression

was found to be in leaves, seeds and siliques (Figure 3.10).
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Figure 3.8 Expression profiling of 4/DMCI gene using gene atlas tool of
GENEVESTIGATOR.



128

# of
Arrays 101 680 397 118 104 250 511 80 56 O
Mean 1381 681 562 567 1091 359 602 792 802 O
ShEmr 130 13 11 3% T8 32 271 8 121 O
1600~
3 1200+
:
o |
&
o
~
K* 800
=
x
-
-
1
~
~
-
b I l I I
! '
Q-
Stage group - - . . /
symbol ".:l - s . ‘ /
Age 1.0- 6.0- 140- 180- 210- 250- 29.0- 36.0- 450-
(days) 59 139 179 209 249 289 359 449 50 ND

0.10-

Stage 0 0.7
1.00- 1.03- 1.06- 1.09- 1.13-

Stage 1 102 105 108 112 1.14
Stage 3 3.2 3.5 3.7 3.9
Stage 5 51
6.00- 6.30-
Stage 6 6.1 65 69
Stage 8 8
Stage 9 9.7

Figure 3.9 Expression profiling of AtDMC1 gene using chronology tool of

GENEVESTIGATOR.
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256832 _at 256832 _at Arabidopsis eFP Browser at bar utoronto.ca
Winter ef a/, 2007. PLoS One 2(8) e718

Figure 3.10 Expression pattern of 4zDMCI gene using the developmental
menu of the absolute mode of Arabidopsis eFP browser. Red
colour denotes higher expression and yellow colour denotes lower

expression. The more the red colour the stronger is the expression.

In the RiceGE database, expression of OsDMCIA gene could be detected
ubiquitously but at variable levels. The higher expression levels of OsDMC1A4
was reported in stigma, inflorescence (5-10 cm, 10-15 ¢m, 22-30 cm), sped (0-2
dap and 3-4 dap; day after post-anthesis) with the mean signal intensity values
from 500 to 590. The lower levels of signal intensity values were reported in 7
day-old seedling, mature leaf, and seed 21-29 dap (Figure 3.11). The highest
levels of gene expression of OsDMC1B were detected in seed 5-10 dap with a
mean of signal-of 1,072. In addition, the seed 34 dap showed a mean signal of
560, similar to OsDMCIA. Héwever, low levels of signal intensity were
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detected in many tissues (Figure 3.12; note that the Y-axis scale on Figures 3.11
and 3.12 is different).
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Figure 3.11 Expression profiling of OsDMC1A gene in different tissues using
gene atlas tool in Rice GE database
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Figure 3.12 Expression profiling of OsDMCIB gene in different tissues using
gene atlas tool in Rice GE database.

The wheat gene atlas tool in PLEXdb was used to reveal spatial gene
expression of 7aDMCI in a series of tissues and developmental stages ranging
from leaf, crown, caryopsis, anther, pistil, inflorescence, bracts, mesocotyl,
endosperm, embryo and coleoptiles. This analysis revealed that the gene is
expressed ubiquitously even though the levels of expression varied. 7aDMC'1
was also found to be highly expressed during the immature inflorescence stage
with a signal intensity of 10.3 and very low expression was found at anthesis
stage with a signal intensity of 2.5 (F igure 3.13). For studying temporal gene
expression of 7aDMCI, the dataset corresponding to the “Microarray
expression analysis of meiosis and microsporogenesis in hexaploid wheat”

(experiment: GSE6027; Crismani et al., 2006) was loaded into Genespring
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software. The analysis revealed that TaDMC1 expression significantly elevated
during pre-meiosis to diplotene-pachytene of prophase I. There is sharp

decrease in TaDMC1 gene expression levels from immature pollen to mature

anther stage (Figure 3.14).
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Figure 3.13 Expression pattern of 7aDMC1 gene during different stages of wheat development (experiment

TA3; Schreiber et al., 2009) using Gene atlas tool in PLEXdb.
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Figure 3.14 TaDMCI expression levels observed from microarray analysis of
meiotic dataset (experiment: GSE6027; Crismani e al., 2006)
using Genespring GX10 software. Abbreviations used are PM-
Pre-Meiosis; LP - Leptotene-Pachyteng; DA - Diplotene-Anaphase
I; TT - Telophasel-Telophasell; T - Tetrad; IP - Immature Pollen;
MAN - Mature Anther.
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3.3  Discussion

Microarray technology provides an opportunity to examine the gene
transcriptional profile which can assist in the prediction of putative function of
gene/genes. Currently thousands of microarray datasets encompassing millions
of measurements have been generated, although the majorities are still currently
clustered in model species, such as Arabidopsis and rice. Even though these
datasets may not provide a complete understanding of a particular question but
they can be an excellent starting point for planning experiments, generating
hypotheses or for confirmation of previous published results. For the
interpretation of the microarray results, various web-based resources allow the
mining of information for each gene analyzed and thereby enabling the
comparison of the target sequences of the probe sets with information about the
gene structure. Microarray data analyses from this study using online database
analysis tools here report the expression profiles of R4D5] and DMC1 genes in
Arabidopsis, rice and wheat. Their expression profiles suggest that their
expression is reasonably ubiquitous. This contrasts with the expression of
DMC1 in Saccahromyces cerevisaea, where expression is limited to meiotic
stages (Shinohara, 2003). The microarray mining data is consistent with RT-
PCR and QRT-PCR results in Arabidopsis, rice and wheat (Klimyuk and Jones
(1997); Doutriaux et al., 1998; Ding et al., 2001; Shimazu et al., (2001);
Kathiresan et al., (2002); Osakabe et al., 2002; Khoo et al., 2008).

3.3.1 RADSI expression in Arabidopsis, rice and wheat

Microarray expression profiling of AtRAD31 showed expression in both
vegetative and reproductive tissues and at many developmental stages. This can
be attributed to its role in DNA repair and meiosis and is consistent with earlier
reports of studies in Arabidopsis using RT-PCR (Doutriaux et al., 1998; Li et
al., 2004 and Seo et al., 2007). Moreover, Doutriaux et al., (1998) reported that
the strongest level of expression for AtfRADS51 gene appears in RNA extracted

from an exponentially growing Arabidopsis suspension cultures and microarray
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data analysis supported this observation. In RiceGE database, the results of
OsRADS51A1 and OsRADS51A42 microarray analysis revealed that transcripts are
detected in both mitotically active tissue and meiotic tissues. In wheat,
TaRADS51 was found be expressed in both mitotically active tissue and meiotic
tissues. Temporal expression analysis patterns revealed that highest expression
of TaRAD51 was confined to the pre-meiosis and diplotene-anaphase. This
result is similar to the results reported by Khoo et al., (2008) using a QRT-PCR
based approach. They showed that TaR4D5141 gene expression was relatively
constant at Pre-meiosis and Leptotene-Pachytene but gradually increase from
Diplotene-Anaphase I until the Tetrad stage. The highest level of TaRADS51
gene expression seen during Leptotene to Pachytene and Diplotene-Anaphsel

was expected based on these stages being when meiotic recombination is

underway.

In summary, the results of AtRADS5I, OsRADI15141, OsRAD5IA2 and
TaRADS51 expression analysis showed that the RAD51 gene is expressed in both
meiotic and in mitotically-active tissues and suggests it could have a role in

mitotic/repair recombination as well as in meiotic exchange.

3.3.2 DMCI expression in Arabidopsis, rice and Wheat

For Arabidopsis, a three-fold increase in DMC1 gene expression was found in
cell suspension cultures compared to inflorescence material and high levels of
expression were also found in actively dividing tissues such as shoot apex, seed
and young leaves. This is similar to the observations by Doutriaux er al., (1998)
and Klimyuck and Jones (1997) using an RT-PCR based approach. Based on
these two reports, it can be concluded that the microarray expression analysis of
AtDMC] is consistent with the published results. According to Doutriaux et al.,
(1998), the increase of DMC1 expression in suspension cultures could be due to
the loss of a repressive promoter element or the inactivation of a regulatory

protein that was responsible for non-meiotic repression. Because of the
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detection of AtDMCI transcripts in root and leaf, it may also suggest that if
deregulation is responsible for this widened pattern of expression, it may not
simply be restricted to actively dividing cell types found in the suspension
cultures. But this needs to be investigated further. An analysis of gene
expression profiling of 4#DMC] during different stages revealed that it was up-
regulated through the leaf formation stage to the inflorescence initiation stage.
Surprisingly the AtzDMC1 gene showed high levels of expression in the early
seedling stage. This could be indicative of a role in seed germination or
homologous recombination during mitosis. Microarray expression analysis
using RiceGE database suggests that the OsDMCIA gene transcript was
detected at high levels in young developing seed, medium levels in
inflorescence and low levels in seedling tissue. For OsDMCIB, the RiceGE
database showed high levels of expression after pollination (from R5 to R9
stages). This is similar to the results reported by Kathiresan et al., (2002).
Microarray analysis of spatial expression of TaDMCI showed that transcripts
are detected in both vegetative and reproductive tissues as well. Temporal
expression analysis of TaDMC1 gene clearly indicated expression of TaDMC1
in meiotic tissue, with the highest expression predominantly confined to pre-
meiosis and leptotene to pachytene. The leptotene to pachytene result is
consistent with the stages when recombination occurs. This is consistent with

the results reported by Khoo et al., (2008) using a QRT-PCR based approach.

In summary, the results of AtDMCI, OsDMCIA, OsDMCIB and TaDMCI
expression analysis showed that the DMC! gene is expressed in both meiotic
and mitotically active tissues, especially in flower bud and seedling. This could
argue that the DMCI gene is not only functional during meiotic homologous
recombination but also might be functional in DNA repair by mitotic
homologous recombination in a similar fashion to RADS51. Both this and the
expression of DMC1 in mature leave and root (non-dividing cell) are intriguing

and need to be investigated further.
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While microarray expression profiling of R4D51 and DMC] genes for diploid
genome such as Arabidopsis and Rice are straight forward, one complication
with microarrays for species such as wheat is the polyploid nature of the
genome. For wheat, studying gene expression aimed at individual
homoeologues is complicated by genome duplication and the likely high
similarity of nucleotide sequences of the three homoeologues, thereby resulting
in cross-hybridization of the probes. The reliability of expression profiling of
TaRAD51 and TaDMC1 genes using the current Affymetrix Wheat chip needs
to be interpreted carefully. Depending on the stringency of the probeset design,
an expression profile of any gene derived from the Wheat GeneChip may
receive contributions from one, two or three homoeologues. The current results
suggest that in case of TaRADS51 gene, out of 11 oligo probes, 8 were found to
cross-hybridize to all the three homoeologues and only 3 were found to cross-
hybridize ‘A’ homoeologue. For the TaDMC]1 gene, out of 10 oligo probes, 6
were found to cross-hybridize to all the three homoeologue, 1 probe to both (4)
and (B), 1 probe for both (4) and (D) and only 2 probes specify (D)’
homoeologue. So, overall most of the oligos for both TaRADS51 and TaDMC
are found to cross-hybridize to all the three cDNA homoeologues. The detailed
study of homoeologue expression patterns across tissues in wheat awaits the
construction of microarray platforms that specifically target regions of

homoeologue sequence divergence and/or studies employing direct

transcriptome sequencing.

In summary, the current study has established that overall there are similarities
between the expression patterns of RAD5] and DMCI genes in the three
species analyzed (Arabidopsis, rice and wheat). This is partially expected
because of their conserved roles during homologous recombination in
eukaryotes. Even though microarray experiments provide invaluable
information regarding the gene expression pattern and putative functions of

known or unknown genes, the results of these datasets need to be considered
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carefully and further experimental evidence is needed in order to investigate

their putative roles.
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CHAPTER 4: CLONING AND MOLECULAR
CHARACTERIZATION OF RAD51
AND DMC1 cDNA HOMOEOLOGUES
IN WHEAT (Triticum aestivum L.)

4.1 Introduction

Meiotic recombination in eukaryotic cells generally requires two
homologues of the E. coli RecA protein - Rad51 and Dmc1 - which were
first discovered in budding yeast (Bishop et al., 1992; Shinohara et al.,
1992). Rad51 forms an ATP-dependant nucleofilament with strand-
exchange activity, which has been shown to have roles in meiosis, mitosis,
homologous recombination and DSB repair (Symington, 2002). Dmcl, a
meiotic homologue of Rad51, is important in early recombination events in

eukaryotes and is involved in converting double stranded breaks into hybrid
joint molecules (Bishop ef al., 1992).

RADS51 and DMC1 homologues have been identified in diverse organisms
such as fungi, animals and plants (Stassen ef al., 1997). In vitro and in vivo
studies indicate that these genes are highly conserved across eukaryotes,
share common properties and resemble characteristic features of E. coli
RecA homologue. Very little information is available on the structural and
functional properties of the RAD5] and DMCI genes and the derived
proteins in plants. The RAD51 gene exists as a single copy in Arabidopsis,
tomato and poppy while maize and Physcomitrella patens have two copies
each (Stassen et al., 1997; Doutriaux et al., 1998; Franklin et al., 1999;
Ayora et al., 2002; Markmann et al., 2002). Bioinformatics searches with
the available databases also show the presence of two copies of RADSI
(OsRAD5141 and OsRAD51A2) in the genome of rice located on
chromosome 11 and 12 respectively. DMCI gene sequences have been
reported only in a few plant species. While the Arabidopsis and barley
genomes contain one copy of the DMCI gene (Klimyuck and Jones, 1997),
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rice has two copies: OsDMCIA and OsDMCIB, which are located on
chromosomes 12 and 11, respectively (Ding et al., 2001).

Information on the genes and gene homoeologues of RAD5] and DMC]I in
wheat is very limited and only a single partial cDNA sequence of DMC1 has
been published (Petersen and Seberg, 2002). Recent studies by Khoo et al.,
(2008) reported the cloning and preliminary molecular characterization of
four RAD5] gene family members in hexaploid wheat (TaRADS5IAI,
TaRADS51A2, TaRADS51C, TaRADS51D and TaDMC1). But it was not known
whether the homoeologues of these genes were all functional and the level
of homology of their coding regions. In particular, the sequences at the N-
terminal and C-terminal ends of these proteins are thought to be important
for interactions with other HR proteins. The studies undertaken to identify
interaction domains within the Rad51 paralogues have shown that any
deletion in either the N-terminal or the C-terminal ends of the proteins
eliminate protein—protein interactions (Dosanjh et al., 1998; Kurumizaka
et al., 2003; Miller et al., 2004) and even a very short deletion can severely
disturb the folding of the Rad51 paralogues (Miller et al., 2004).

In this chapter molecular cloning, molecular characterization and functional
expression of the TaRAD51 and TaDMCI cDNA homoeologues was
undertaken as a first step towards in planta functional analyses in hexaploid
wheat (Triticum aestivum L.). Extensive sequence homology between rice
and wheat allowed the cloning of the TaRAD5I cDNA sequence. Full-
length cDNA sequences of the TaDMCI cDNA sequence was cloned using
primers designed on a published partial 7aDMCI cDNA sequence. In order
to confirm the identity of the TaRADS5! and TaDMCI cDNA sequences,
nucleotide sequence alignments, BLASTX searches and phylogenetic
analysis were undertaken with other eukaryotic RADS5] and DMCI
homologues. The isolation of the cDNA sequences of TaRADS5! and
TaDMC1 homoeologues was based on sequence differences that existed
between individual homoeologues of the respective genes. Finally molecular

characterization and functional expression analysis of TgRADS5! and
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TaDMCI homoeologues was performed using comparative & structural

protein analysis and Q-PCR respectively
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4.2 Results
4.2.1 Isolation and molecular cloning of wheat R4D51 cDNA sequence

The isolation and molecular cloning of the wheat R4D51 cDNA sequence
was performed using ‘Highbury’ wheat spikelet first strand cDNA. To
isolate the wheat RADS5I cDNA sequence, previously published
OsRAD51A41 cDNA sequence (Gen Bank accession number ABO80261)
was used and a total of four primer sets were designed to amplify different
sized fragments covering the full-length cDNA sequence of OsRADS51A1
(Table 4.1). RT-PCR amplification reactions were performed using
Highbury spikelet first strand cDNA with the above primers. Sequencing of
the different cloned RT-PCR products and subsequent alignments resulted
in the isolation of full-length RADS51 cDNA sequence of wheat. BLASTX
and comparative amino acid analysis showed that the wheat R4D5] cDNA
sequence was highly similar with OsRAD51A] and A2 (90% and 93%
respectively) and AtRAD51 (85%) cDNA sequences. Based on these results,
the RAD51 ¢cDNA sequence was designated as TaRADS51. The particular
TaRAD51 cDNA homoeologue (A, B or D) could not be assigned at that

time.
Table 4.1 Primer pairs and their location that were used to clone the
wheat RAD51 cDNA sequence
Region Sense primer Antisense primer Product
size (bp)
Exon 1-2 CCTCACATCCCGAGCA TCACATCAACTGCAGCTAT 171

TCTC TCCAG

Exon 8-9 GGTAGTGGCCCAAGTG TGGTGGTCCAATATCACAT 564
GATG AGGAG

Exon 1-7 ATGTCGTCGGCGGCGG CTCATCCGCTAATTTCTGA 889
AGGC

Exon2-9 AAGTCGATAAGATAAT CTGAAACCTTGCTTCAGCT 879
TGAAGCA TCAG
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4.2.2 Isolation and molecular cloning of the wheat DMCI cDNA
sequence
To isolate the full-length wheat DMCI c¢DNA sequence, RACE was
performed on Highbury wheat spikelet first strand ¢cDNA to obtain
sequences at the 3’ and 5° ends and primers were also designed to the partial
DMC1 cDNA sequence of wheat (Gen bank accession number DQ247845).
RT-PCR amplification reactions were performed using Highbury spikelet
first strand cDNA with the above primers. Sequencing of the different
cloned PCR products and subsequent alignments resulted in the isolation of
the full-length wheat DMCI ¢cDNA sequence. BLASTX and comparative
amino acid analysis showed that the wheat DMC! cDNA sequence was
highly similar with OsDMCIA and B (95% and 97%) and AtDMC1 (81%)
c¢DNA sequences. Based on these results, the DMCI] cDNA sequence was
designated as TaDMCI. The particular TaDMC! ¢cDNA homoeologue (A, B

or D) could not be assigned at that time.

4.2.3 Molecular cloning and chromosome location of TaRAD5I and
TaDMC1 cDNA homoeologues
4.2.3.1 Development of Genome Specific Primer sets (GSPs) for the
TaRADS51 and TaDMC1 cDNA sequences
The Highbury wheat spikelet cDNA amplified using the 5° & 3’ UTR
primer sets for TaRAD51 (Table 4.2) produced a fragment of size of about
1500bp. In the absence of different sized fragments using the full-length
primers, the single fragment was then gel eluted, cloned and 15 clones,
expected to contain a mixture of homoeologues, with correct insert size as
determined by colony PCR were sequenced. Only one sized fragment was
obtained in all the clones as expected but sequence analysis of the all the 15
clones identified 3 distinct sequences that differed mostly at 3’UTR
sequence sites for the TaRAD51 cDNA sequence. Putative sets of Genome-
Specific primers were designed based on the sequence differences identified
and coupled with a generic primer (where there is no sequence difference
between homoeologues) (Figure 4.1 and Table 4.2). Nuylli-Tetrasomic
analysis with the Genome-Specific primers for TaRAD5] revealed that the
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TaRAD51 ¢cDNA sequence was located on Group 7 chromosomes with a
copy on each of the A, B and D genomes of hexaploid wheat (Figure 4.3).

The Highbury wheat spikelet cDNA amplified using the 5° & 3’ UTR
primer sets (Table 4.2) produced a fragment of size of 1500bp for TaDMC
cDNA sequence. In the absence of different sized fragments using the full-
length primers, the single fragment were then gel eluted, cloned and 18
clones with correct insert size as determined by colony PCR were
sequenced. Only one sized fragment was obtained in all the clones as
expected but the sequence analysis of the all the 18 clones identified 3
distinct sequences that differed mostly at 5’UTR sequence sites for the
TaDMC1 cDNA sequence. Putative sets of Genome-Specific primers were
designed based on sequence differences identified and coupled with a
generic primer (where there is no sequence difference between
homoeologues) (Figure 4.2 and Table 4.2). Nulli-Tetrasomic analysis with
the Genome-Specific primers for TaRADS5I revealed that the TaRADS5!
cDNA sequence was located on Group 5 chromosomes with a copy on each

of the A, B and D genomes of hexaploid wheat (Figure 4.4).
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Figure 4.1 Alignment of 3 downstream region of the three 7aRADS1

cDNA homoeologues and design of Genome-Specific primers.

The three different coloured letters (Red, blue and green)

represent the three putative genome-specific primers and bold

letters represent the generic primer. The red arrows indicate the

position of forward and reverse primers. Only part of the

sequence is shown here.
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Figure 4.2 Alignment of the 5 upstream region of three 7aDMCI cDNA

homoeologues and design of Genome-Specific primers. The

three different coloured letters (Red, blue and green) represent

the three putative genome-specific primers and bold letters

represent the generic primer. The red arrows indicate the

position of forward and reverse primers. Only part of the

sequence is shown here



Table4.2 UTR and Genome-Specific primers

148

(GSP) used for

amplification and sequencing of TaRADS5! and TaDMCI
cDNA homoeologues. The TaRADS5! and TaDMC! GSP

primers were also used to determine expression profiles in mitotic

and meiotic tissues.

Gene  Sequence (5’-3’°) Tm Product
name Forward Reverse (°C) length
(bp)
RADS1
UTR CCTCACATCCCGAGCAT CTCCTATGTGATATTGGACCA 63 1528
primers CTC CCA
A-specific GGGGATACCTCGTGTA  TGGTGGTCCAATATCACATA 58 328
primers TCAGACTT GGAG
B-specific  GATACATCGTGTATCG  TGGTGGTCCAATATCACATA 58 328
primers GACA GGAG
D-specific TGGGGATACATCGTGT  TGGTGGTCCAATATCACATA 65 327
primers ATTGGCCT GGAG
DMCI
UTR ATGATCCACATTCCACC CACTGCAGAAAAGAAATTGG 63 1268
primers CGC GCAAC
A-specific  AGCCTCCGCCCCACTTC CTTGTCGATGGACTCGAAGC 65 150
primers CTTC ACTC
B-specific AGCCTTGGCCCCACTTC CTTGTCGATGGACTCGAAGC 65 150
primers CTC ACTC
D-specific TTCTCCTCCAGCAGCAC CTTGTCGATGGACTCGAAGC 65 150
ACTC

primers GCGAA

Q-PCR Control primers

Tubulin TCTTCATGGTGGGCTTC
primers GC

CGCCTCGGGTGAACTCCATCT

55

475
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Figure 4.3 PCR assay for the confirmation of 7TaRAD5! Genome-
Specific primers with Nulli-tetrasomic lines for Group 7
homoeologues. TaRADS51(4) Genome -Specific primers (a),
TaRADS51(B) genome specific primers (b) and TaRADS51(D)
genome specific primers (c); 1-NT7A7B, 2-NT7A7D, 3-
NT7B7A, 4-NT7B7D, 5-NT7D7A, 6-NT7D7B, 7-Water
control and 8-Highbury control; M, 2-log ladder.



Figure 4.4 PCR assay for the confirmation of 7aDMC! Genome-
Specific primers with Nulli-tetrasomic lines for Group 5
homoeologues. 7aDMC1(A) Genome-Specific primers (a),
TaDMC1(B) Genome-Specific primers (b) and TaDMC1(D)
Genome-Specific primers (c); 1-NTSA5B, 2-NT5AS5D, 3-
NTSBSA, 4-NT5BSD, 5-NTSDSA, 6-NT5D5B, 7-Water
control and 8-Highbury control; M, 2-log ladder.

4.2.3.2 Isolation of the full-length TaRAD5I and TaDMCI c¢DNA
homoeologues
The confirmed Genome-Specific primers of 7aRADS51 ¢cDNA sequence
were used to screen the 15 clones of 7aRADS51 ¢cDNA sequence previously
cloned. Colony PCR showed that a majority of the clones (10) belonged to
the (D) homoeologue of 7aRADS5I! and only 3 and 2 belonged to
TaRADS51(4) and (B) homoeologue, respectively (Figure 4.5). The clones
were sequenced and named as cRADS51-7A, cRADS1-7B and cRAD51-7D
respectively. The cDNA sequences were submitted to NCBI and were

assigned the GenBank accession numbers: FJ594479  FJ594480 and
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FJ594481, respectively for cRAD51-7A, ¢cRAD51-7B and ¢cRADS51-7D

homoeologues.

The confirmed Genome-Specific primers of 7aDMC1 ¢cDNA sequence were
used to screen the 18 clones of 7aDMC1 previously cloned. The colony
PCR revealed that a majority of the clones (14) belonged to the (D)
homoeologue of 7aDMCI and only 1 and 3 clones belonged to TaDMC1(A)
and (B) homoeologue respectively (Figure 4.6). The clones were sequenced
and named as cDMC1-5A, ¢cDMC1-5B and ¢cDMC1-5D, respectively. The
cDNA sequences were submitted to NCBI and were assigned the GenBank
accession numbers: FI594476, FJ594477 and FJ594478, respectively for
c¢cDMC1-5A, ¢cDMC1-5B and ¢cDMC1-5D.
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Figure4.5 Colony PCR with TaRAD51 Genome-Specific primers for
the isolation of full-length cDNA sequences of the TaRADS51
cDNA homoeologues. TaRAD51(A) Genome-Specific
primers (a), TaRAD51(B) Genome-Specific primers (b),
TaRAD51(D) Genome-Specific primers (c); 1-15:7aRADS1
gene clones; Colony 5 is amplified by both (4) and (D) GSP

indicative of mixed clone; M, 2-log ladder.



Figure 4.6
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Colony PCR with 7aDMC1 Genome-Specific primers for the
isolation of full-length ¢cDNA sequences of the 7TaDMCI
homoeologues. 7aDMC1(4) Genome-Specific primers (a),
TaDMC1(B) Genome-Specific primers (b), TaDMCI(D)
Genome-Specific primers (c); 1-18:7aDMC] c¢DNA
sequence clones; Colony 6 is amplified by both (4) and (D)
GSP indicative of mixed clone; M, 2-log ladder.

4.2.4 Analysis of amino acid sequence homology of full-length
TaRADS51 and TaDMCI ¢cDNA homoeologues
Two of the TaRAD51 cDNA clones (7aRAD51(A) and (B)) have a

continuous ORF of 1032bp, capable of encoding a protein of 343 amino

acids and the other ¢cDNA clone TaRADS51(D) has a deletion of three

nucleotides at the N-terminal end thus putatively encoding a predicted

protein of 342 amino acids residues. Further analysis of the three translated

TaRADS51 homoeologues revealed that there is a deletion of one amino acid

at position 17 corresponding to an ‘E’ residue (Glutamic acid) and single

amino acid substitutions at positions 4, 31 and 115 (Figure 4.7). SIFT
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predictions for the three cDNA homoeologues of TaR4 D51 revealed that the
amino acid substitutions does not affects protein function based on sequence
homology and the physical properties of amino acids (Table 4.3). The amino
acid multiple alignment of the three TaRAD5! homoeologues with the
already reported TaRAD51A41 and TaRADS51A42 amino acid revealed that in
fact the reported cDNA sequences were not paralogues as TaRADSIAI is
100% identical to TaRAD51(D) homoeologue and TaRADS51A2 is truncated
version of TaRADS51(A) albeit with few differences in sequence (Figure 4.8).

All three ¢cDNAs for TaDMC! (4), (B) and (D) homoeologues have a
continuous ORF of 1035 bp which encodes a predicted protein of 344 amino
acids. Further analysis of the three translated TaDMCI! homoeologues
revealed that the differences found between the three cDNA homoeologous
sequences were due to single amino acid substitutions at positions 114, 166,
214, 310 and 316; no insertions or deletions were detected (Figure 4.9).
Multiple alignments of the amino acid sequence of the three cDNA
homoeologues of TaDMCI cloned in this thesis with TaDMC| reported by
Khoo et al., (2008) revealed that the TaDMC1 is the (D) homoeologue
(Figure 4.10). SIFT predictions for the three ¢cDNA homoeologues of
TaDMCI revealed that the amino acid substitutions does not affects protein

function based on sequence homology and the physical properties of amino

acids (Table 4.4).

Protein alignment was performed to compare the deduced amino acid
sequences of TaRAD5! and TaDMC! ¢DNA homoeologues. Sequence
analysis of TaRAD51 cDNA homoeologues revealed that there is a high
level of conservation at the amino acid level. Between individual cDNA
homoeologues, the level of conservation is 99%. For TaDMC] the level of
conserved amino acids is 98%. This suggests functional redundancy of these

cDNA homoeologues in the wheat genome is likely, if all are expressed.



TaRADSI1A
TaRADS1B
TaRADSID

TaRADS1A
TaRADS1B
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TaRADS1A
TaRADSIB
TaPADSID

TaRADS1A
TaRADS1B
TaRADS1D

TaRADS1A
TaRADS1BE
TaRADS1D

TaRADS1A
TaRADS1B

MSSAAAHOKAAAAAPVEEERAGEHGPFPIEHLQASGIAAVDVRKLKDAGLCTVESVAYSP
MSSSAAHIKAAMAAPVEEERAGEHGPFPIEHLQASGIAAVDVKKLKDAGLCTVESVAYSP
MSSSAAHORAAARAPV-EERAGEHGPFPIEQLQASGCIAAVDVKKLKDAGLCTVESVAYSP
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REDLLQIKCISRARVDKIIRAASKLVPLGFTSATQLHAQRLEITIQVTTGSRELDKILEGG
RKDLLQIKGISEARVDKIIRAASKLVPLGFTSATQLHAQRLEIIQVTTGSRELDRILEGG
RRDLLQIRGISEARVDKIIEAASKLVPLGF TSATQLHAQRLEITQVTTGSRELDRILEGG
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IETGSITELYGEFRSGKTQLCHTLCVTCQLPLDQGGGECRALYIDARGT FRPQRLLQIAD
IETGSITELYGEFRSGKTQLCHTLCVTCQLPLDQGGGEGKALYIDARGTFRPQRLLQIAD
IETGSITELYGEFRSGKTQLCHTLCVTCQLPLDQGGGECGKALYIDARGTFRPQRLLQIAD

R R A R T T T T T R T N T T T A A AT T A AR AN AR AR RS

RFGLNGADVLENVAYARAYNTDHQSRLLLEAASMMVETRFALMVIDSATALYRTDFSGRG
RFGLNGADVLENVAYARAYNTDHQSRLLLEAASMMVETRFALMVIDSATALYRTDFSGRG
RFGLNGADVLENVAYARAYNTDHQSRLLLEAASMMVETRFALMVIDSATALYRTDFSGRG

R R R R R R R R R R T T T R N N R R N A T A AR TR RAI R AT ANT TR N

ELSARQMHLAKFLRSLOKLAD EFCVAVVISNQUVAQVDGGAMFAGPQIKPIGGNTMAHAS
ELSARQMHLAKFLRSLOKLADEFCVAVVISNQUVAQVDGGAMFAGPQIKPIGGNIMAHAS
ELSARQMHLAKFLRSLQKLAD EFGVAVVISNQUVAQUDGGAMFAGPQIKPIGGNIMAHAS

R R R R R R R R T N R T N N A R R AR R R R AR RART AT RIATA RS

TTRLYLRKGRAEERICKVVSSPCLAEAEARFQISPEGVTDVKD 343
TTRLYLRKGRAEERICKVVSSPCLAEAEARFQISPEGVTDVKD 343
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60
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120
120
119

180
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240
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300
300
299

TaRADSID TTRLYLFKGRAEERICKVVSSPCLAEAEARFQISPEGVIDVKD 342

T T A R A T R R TR AT AR ALY

Figure 4.7 Alignment and comparison of the deduced amino acids of the

TaRADS51 cDNA homoeologues. Conserved amino acids are
indicated by black with a yellow background. The amino acid
differences between the three c¢cDNA homoeologues are

indicated by black with a grey background.

Table 4.3  SIFT predictions for the amino acid substitutions for the three
cDNA homoeologues of 7TaRADS51
SNP TaRADS51 homoeologues SIFT
Position predictions
A B D
4 A S S Tolerated
31 H H Q Tolerated
115 K R K Tolerated




TaRAD51A1
TaRAD51D
TaRAD51B
TaRADS51A
TaRADS51A2

TaRAD51A1
TaRAD51D
TaRADS51B
TaRADS51A
TaRAD51A2

TaRADS51Al
TaRADS1D
TaRAD51B
TaRADS1A
TaRAD51A2

TaRADS51Al
TaRADS51D
TaRADS1B
TaRADS1A
TaRAD51A2

TaRADS51A1
TaRADS51D
TaRAD51B
TaRADS1A
TaRAD51A2

TaRAD51Al
TaRAD51D
TaRADS1B
TaRADS1A
TaRADS51A2

MSS: QKAAAAAP GPFPI \SGIAAVDVKKLKDAGLCTVESVAYSP
MS GIAAVDVKKLKDAGLCTVESVAYSP
MSSSAAHQKAAAAAPVEEEERGEBGPFPIEHLQ&SGIAAVDVKKLKDAGLCTVESVAYSP
MSS!AAHQKAAAAAPVEEEEAGEHGPFPIEQLQASGIAAVDVKKLKDAGLCTVESVAYSP
MSSAAAHQKAAARAPVEEEEAGEHGPFPIEHLQASGIAAVDVKKLKDAGLCTVESVAYSP

T R e e R R R R R R R R Rl T I SR e ap ap g

RKDLLQIKGISEAKVDKIIEAASKLVPLGFTSATQLHAQRLEI IQVTTGSRELDRKILEGG
RKDLLQIKGISEAKVDKIIERASKLVPLGETSATQLHAQRLEIIQVTTGSRELE'ILEGG
RKDLLQIKGISEAKVDKIIEAASKLVPLGFTSATQLHAQRLEI IQVTTGSRELDRILEGG
RKDLLQIKGISEAKVDKIIEAASKLVPLGFTSATQLHAQRLEIIQVTTGSRELDKILEGG
RKDLLQIKGISEAKVDKIIEARSKLVPLGFTSBTQLHAQRLEIIQVTTGSRELDSILEGG

R T L e e e e e R R R R R R R S

IETGSITELYGEFRSGKTQLCHTLCVTCQLPLDQGGGEGKALYIDAEGTFRPQRLLQIAD
IETGSITELYGEFRSGKTQLCHTLCVTCOLPLDQGGGEGKALYIDAEGTFRPQRLLQIAD
IETGSITELYGEFRSGKTQLCHTLCVTCQLPLDQGGGEGKALYIDAEGTFRPQRLLQIAD
IETGSITELYGEFRSGKTQLCHTLCVTCQLPLDQGGGEGKALYIDAEGT FRPQRLLQIAD
IETGSITELYGEFRSGKTQLCHTLCVTCQLPLDQGGGEGKALYIDAEGTFRPQRLLQIAD

R L R e e

RFGLNGADVLENVAYARAYNTDHQSRLLLEAASMMVETRFALMVIDSATALYRTDFSGRG
RFGLNGADVLENVAYARAYNTDHQSRLLLEAASMMVETRFALMVIDSATALYRTDFSGRG
REGLNGADVLENVAYARAYNTDHQSRLLLEAASMMVETRFALMVIDSATALYRTDFSGRG
RFGLNGADVLENVAYARAYNTDHQSRLLLEAASMMVETRFALMVIDSATALYRTDFSGRG
RFGLYGADVLENVAYARAYNTDHQSRLLLEAASMMVETRFALMVIDSATALYRTDFSGRG

P T e Y

ELSARQMHLAKFLRSLQKLADEFGVAVVISNQVVAQVDGGAMFAGPQIKPIGGNIMAHAS
ELSARQMHLAKFLRSLOKLADEFGVAVVISNQVVAQVDGGAMFAGPQIKPIGGNIMAHAS
ELSARQMHLAKFLRSLQKLADEFGVAVVISNQVVAQVDGGAMFAGPQIKPIGGNIMAHAS
ELSARQMHLAKFLRSLOKLADEFGVAVVISNQVVAQVDGGAMFAGPQIKPIGGNIMAHAS
ELSARQMHLAKFLRSLQKLADEFGVAVVISNQVVAQVDGGAMFAGPQIKPIGGNIMAHAS

B e e

TTRLYLRKGRAEERICKVVSSPCLAEAEARFQISPEGVTDVKD 342
TTRLYLRKGRAEERICKVVSSPCLAEAEARFQISPEGVTDVKD 342
TTRLYLRKGRAEERICKVVSSPCLAEAEARFQISPEGVTDVKD 343
TTRLYLRKGRAEERICKVVSSPCLAEAEARFQISPEGVTDVKD 343
TTRLYLRKGKGGGADL ——~ -~ === === === === — o mmmmme o 316
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Figure 4.8 Alignment and comparison of the deduced amino acids of the

TaRAD51 ¢DNA homoeologues with already reported

TaRAD5I1AI and A2 paralogues. Conserved amino acids are

indicated by black with a yellow background. The amino acid
similarities between the 7aRAD5IAl and TaRADS5I1(D) is
indicated by black with green background and similarities
between TaRADS51A2 and TaRAD51(A) is indicated by black

with grey background.



TaDMC1lA
TaDNC1D
TaDMC1B

TaDMC1lA
TaDMC1D
TaDNC1B

TaDMC1lA
TaDMC1D
TaDMC1B

TaDMClA
TaDMC1D
TaDMC1B

TaDMC1A
TaDMC1D
TaDMC1B

TaDMClA
TaDMC1D
TaDMC1B
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MAPSKQYDEGGQLQLMEADRVEEEEECFESIDRLISQGINS CDVKKLQDAGIYTCNGLMM
MAPSKQYDEGGQLQLMEADRVEEEEECFESIDKLISQGINSGDVKKLQDAGIYTCNCGLMM
MAPSKQYDEGGOLQLMEADRVEEEEECFESIDKLISQGINS CDVKKLQDAGIYTCNGLMY

P R R R R R R s e e ey

HTKRSLTGIKGLS REAKVDKICEAAERLLSQGFMTGSDLLIKMRSVVRIT TGS QALDELLG
HTRKSLTGIKCLSEARVDRICEAAERLLSQGFMTGSDLLIKMKSVVRITTGSQTLDELLG
HTKKSLTGIKGLSEARVDKICEAAERLLSQGFMTGSDLLIKMRSVVRIT TGS QALDELLG

R T T R R T A R R R R R R R T N A T A R AN AR AR AR AR AR - AR

GCIETLCITEAFGEFRSGKTQLAHTLCVSTQLPLHMHCCNGRVAYIDTEGTFRPERIVPI
GGIETLCITEAFGEFRSGRTQLAHTLCVSTQLPLHMHGCNGRVAYIDTEGTFRPERIVPI
GGIETLCITEAFGEFRSGRTQLAHTLCVSTQLPLHMHGGNGKVAYIGTEGTFRPERIVPI

PR s e sttt B Bt L b B b b o b b e

AERFGMDANAVLDNIIYARAYTYEHQYNLLLCLAAKMAEEPFRLLIVDSVIALFRVDFSG
AERFGMDANAVLDNIIYAPAYTYEHQYNLLLCLAAKMAEEPFRLLIVDSVIALFRVDFSG
AERRFCMDANAVLDNIIYARPAYTYEHQYNLLLGLVAKMAREPFRLLIVDSVIALFRVDFSG

’”'.'""Q”'ﬁ'”"""'""”"". R b o e

RCELAERQQKLAQMLSRLTRIAEEFNVAVYITNQVIAD PGGGMF I TD PKKPAGCHVLAHA
RGELAERQQRLAQMLSRLTRIAEEFNVAVYITNQVIAD PGGGMF I TD PKKPAGGHVLAHA
RGELAERQQKLAQMLSRLTKIAEEFNVAVYITNQVIAD PGGGMF I TD PKKPAGGHVLAHA

sttt st Bl b bR SR b Bt B b b b b b b b L e L

ATIRLMLRKSKGEQRVCKIFDAPNLPEGEAVFQITTGCLMDVKD 344
ATIRLMLRKCKGEQRVCKIFDAPNLPEGEAVFQITTGCLMDVED 344
ATIRLMLRKGKGEQRICKIFDAPNLPEGEAVFQITTGGLMDVKD 344
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Figure 4.9 Alignment and comparison of the deduced amino acids of the

TaDMC1 cDNA homoeologues. Conserved amino acids are
indicated by black with a yellow background. The amino acid
differences between the three ¢cDNA homoeologues are

indicated by a black with grey background.
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Table 4.4  SIFT predictions for the amino acid substitutions for the three
c¢DNA homoeologues of TaDMC1

SNP TaDMC1 homoeologues SIFT
Position predictions
A B D
114 A T A Tolerated
167 D D G Tolerated
214 A A A% Tolerated
310 S G G Tolerated
316 v \" I Tolerated
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TaDMC1-5D MAPSKQYDEGGQLQLMEADRVEEEEECFESIDKLISQGINSGDVKKLQDAGIYTCNGLMM 60
TaDMC1 MAPSKQYDEGGQLQLMEADRVEEEEECFESIDKLISQGINSGDVKKLQDAGIYTCNGLMM 60
TaDMC1-5A  MAPSKQYDEGGQLQLMEADRVEEEEECFESIDKLISQGINSGDVKKLQDAGIYTCNGLMM 60
TaDMC1-5B  MAPSKQYDEGGQLQLMEADRVEEEEECFESIDKLISQGINSGDVKKLQDAGIYTCNGLMM 60

B L T bt kPP A R,

TaDMC1-5D HTKKSLTGIKGLSEAKVDKICEAAEKLLSQGFMTGSDLLIKRKSVVRITTGSQELDELLG 120
TaDMC1 HTKKSLTGIKGLSEAKVDKICEAAEKLLSQGFMTGSDLLIKRKSVVRITTGSSILDELLG 120
TaDMC1-5A HTKKSLTGIKGLSEAKVDKICEAAEKLLSQGFMTGSDLLIKRKSVVRITTGSQALDELLG 120
TaDMC1-5B HTKKSLTGIKGLSEAKVDKICEAAEKLLSQGFMTGSDLLIKRKSVVRITTGSQALDELLG 120

B e Tt e 22 2R 2 R R R R R T R R R R T ST Y
.

TaDMC1-5D GGIETLCITEAFGEFRSGKTQLAHTLCVSTQLPLHMHGGNGKVAYIBTEGTFRPERIVPI 180
TaDMC1 GGIETLCITEAFGEFRSGKTQLAHTLCVSTQLPLHMHGGNGKVAYIDTEGTFRPERIVPI 180
TaDMC1-5A  GGIETLCITEAFGEFRSGKTQLAHTLCVSTQLPLHMHGGNGKVAYIDTEGTFRPERIVPI 180
TaDMC1-5B GGIETLCITEAFGEFRSGKTQLAHTLCVSTQLPLHMHGGNGKVAYIGTEGTFRPERIVPI 180

P R e e e e R R R A

TaDMC1-5D  AERFGMDANAVLDNIIYARAYTYEHQYNLLLGLAAKMAEEPFRLLIVDSVIALFRVDFSG 240
TaDMC1 AERFGMDANAVLDNIIYARAYTYEHQYNLLLG EPFRLLIVDSVIALFRVDFSG 240
TaDMC1-5A  AERFGMDANAVLDNIIYARAYTYEHQYNLLLGLAAKMAEEPFRLLIVDSVIALFRVDFSG 240
TaDMC1-5B AERFGMDANAVLDNIIYARAYTYEHQYNLLLGLVAKMAEEPFRLLIVDSVIALFRVDESG 240

***t*****************************_**tt**t*****t**********ﬂ**

TaDMC1-5D RGELAERQQKLAQMLSRLTKIAEEFNVAVYITNQVIADPGGGMFITDPKKPAGGHVLAHA 300
TaDMC1 RGELAERQQKLAQMLSRLTKIAEEFNVAVYITNQVIADPGGGMFITDPKKPAGGHVLAHA 300
TaDMC1-5A  RGELAERQQKLAQMLSRLTKIAEEFNVAVYITNQVIADPGGGMFITDPKKPAGGHVLAHA 300
TaDMC1-5B RGELAERQQKLAQMLSRLTKIAEEFNVAVYITNQVIADPGGGMFITDPKKPAGGHVLAHA 300

P R R O

TaDMC1-5D ATIRLML GEQ KIFDAPNLPEGEAVFQITTGGLMDVKD 344
TaDMC1 ATIRLML GEQ! KIFDAPNLPEGEAVFQITTGGLMDVKD 344
TaDMC1-5A ATIRLMLRKSKGEQRVCKIFDAPNLPEGEAVFQITTGGLMDVKD 344
TaDMC1-5B ATIRLMLRKGKGEQRICKIFDAPNLPEGEAVFQITTGGLMDVKD 344

f****i***.*****:***********i*****t**********

Figure 4.10 Alignment and comparison of the deduced amino acids of the
TaDMCI c¢DNA homoeologues with already reported
TaDMC1. Conserved amino acids are indicated by black with a
yellow background. The amino acid similarities between the
TaDMCI and TaDMCI(D) is indicated by black with green
background.
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4.2.5 Phylogenetic analysis of the TaR4AD5] and TaDMCI c¢DNA
homoeologues
To determine the level of conservation and evolutionary relationships
between the TaRADS5] and TaDMCI gene homoeologues across a diverse
range of species, previously annotated database entries (Table 4.5) in
addition to currently cloned TaR4D51 and TaDMC] cDNA homoeologues
were used to construct a neighbour-joining tree. The phylogenetic tree in
Figure 4.11 shows the three main branches, with RADS1 and DMCI
members clustered in one branch, RAD51B, RAD51C, RAD51D, XRCC2
and XRCC3 into another branch and the prokaryotic RecA falling
independently into a separate third branch. This indicates that RADS51 and
DMC1 were paralogues and are likely to be descendants of the ancestral
RecA gene. As expected the three cDNA homoeologous of TaRADS1 and
TaDMC1 were clustered together and fall into their respective branches.
The strongest similarity was found between the proteins of wheat and rice

RADS51 and DMC1 cDNA sequences as would be expected due to their

evolutionary relatedness.

Further analysis of RAD51 and DMCI1 branches in the phylogenetic tree
revealed three kingdoms, with a clear distinction between plant, animal and
fungal sequences. While in the plant RAD5! and DMCI1 cluster,
monocotyledonous plant sequences can be distinguished from the
dicotyledonous plant sequences. This is more evident in the RADS]1 clade

than the DMC1 because of large number of RADS1 gene entries in the

database.



160

61 A TaRADS1-7A
) A TaRADS51-7B
i A TaRADS1.7D
3 A OsRADS1A2
o8 A ZMRAD51A2
A OsRADS1A1
a3 93 { A SHRADS1
a9 A ZMRADS1A1
A AtRADSA
94 67 { A LeRADS1
47 A PnRADS1
4. ScRADS1
A DmRADS1
® A GgRADS1
80 ® P A HsRADS1
—BE'L_—: A MMRADS1 I
) ScDMCA
93— @ HsDMC1
L— @ MmpmCt
80 &7 O AtDMC1
4 O GmDMCH
63 4“4 L O vvDMC1
O LLIM15
96— O SbOMC1
» L O zZmDMC1
53 = a8 O osbMmC1A
) O osDMC1B
73 O HvbMC1
e O TaDMC1-58
87 {O TaDMC1-5A /
a7 O TaDMC1-6D
_55’.[: ¥ ZnRADS1C _\
84 WV OsRADS1C
2 X7 TaRAD51C
) ¥ AtRADS1C
W HsRADS1C
] ————_—_m_d{: W MmRADS1C
v 42— AXRCC3
L HsXRCC3 > 11
< AtRADS1B
h 99— @ HsRADS18
22 L @& MmRADSIB
5 39 1 AtRADS1D
O TarADS1D
91 B HsRADS1D /
_1705': W MmRAD51D
AXRCC2

RecA ——— III




Figure 4.11

Table 4.5
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Phylogenetic tree obtained from deduced amino acid
sequences of the TaRADS5! and TaDMC! cDNA
homoeologues with a wide range of RAD51 and DMCI gene
paralogues using the neighbour-joining (NJ) method.
Symbols used in the tree are: open triangle, plant RADSI;
closed triangle, animal RADS1; closed grey triangle, yeast
RADS1; open circle, plant DMCI1; closed circle, animal
DMCI; open grey circle, yeast DMC1; open diamond, plant
RADS5I1B; closed black diamond, animal RADS1B; open
inverted triangle, plant RADSIC; closed black triangle,
animal RADS51C; open squares, plant RAD51D; closed black
squares, animal RADS1D; XRCC2, XRCC3 and RecA are

without symbols.

Annotated nucleotide sequences used for phylogenetic

analysis (Coding sequences were translated and aligned in

the program MEGA 4.0)

Meiotic gene Accession number Common name Source
RecA
EcRecA V00328 E. Coli RecA NCBI
DMCI
OsDMCIA AB079873 Rice DMCI1A NCBI
OsDMCIB AB079874 Rice DMCIB NCBI
AtDMC1 NM_113188 Arabidopsis DMC1 NCBI
TaDMC1 EU915561 Wheat DMC1 NCBI
HvDMCI AF234170 Barley DMC1 NCBI
SbDMC1 Sb04g008730 Sorghum DMC/ Gramene
SbDMC1 Sb08g001020 Sorghum DMC1 Gramene
YwDMC1 GSVIVG0002006500 Grape DMC! Gramene
GmDMC! U661836 Soybean DMC1 NCBI
HsDMC1 NM_007068 Human DMC/ NCBI
ScDMC1 M87549 Yeast DMC/
MmDMC1 NM_010059 Mouse DMC! NCBI
RADSI
OsRADS1A1 AB080262 Rice RADS1A] NCBI



OsRADS5142
AtRADS1
ZmRADS 14
ZmRADS5 1B
TaRADS141
TaRADS51A42
SbRADS1
SbRADS1
LeRADS1
PnRADS1
HsRad51
MmRADS1
DmRad51
GgRad5!
OcRADS1
ScRADS1
RADSIB

AtRADSIB
HsRADS5IB

MnRADSIB
RADSIC
AtRADSIC
TaRAD5IC
HsRADSIC
MnRADSIC
RADSID

AtRADSID
TaRADS51D

HsRADSID
MnRADS1D
XRCC2
AtXRCC2
XRCC3
AtXRCC3
HsXRCC3
Limi5
LiLIM15

AB080264
NM_122092
AF079428
AF079429
EU915557
EU915558
Sb02g037320
Sb05g024565
U22441
AB269815
NM_002875
D13803
NM_079844
NM_205173

NM_001082024

YER095SW

NM_128416
NM_133510

NM_009014

NM_130091
EU915559
NM_058216
NM 053269

NM_100649
EU915560

AF034956
AF034955

NM_001037064

NM_125127
NM 005432

D21821

Rice RAD5142
Arabidopsis RADS51
Maize RAD5141
Maize RADS5]142
Wheat RADS51A]
Wheat RAD5142
Sorghum RADS
Sorghum RADS5/
Tomato RADS1
Poplar RADS1
Human RADS1
Mouse RADS1
Fruit fly RADS1
Chicken RADS]
Rabbit RADS51
Yeast RADS !

Arabidopsis RAD5 /B
Human RADS5IB

Mouse RADS51B

Arabidopsis RADSIC
Wheat RAD51C
Human RADSIC
Mouse RADSIC

Arabidopsis R4D5 1D
Wheat RAD5 1D

Human RADS51D
Mouse RAD51D

Arabidopsis XRCC2

Arabidopsis YRCC3
Human XRCC3

Lily LIM15

NCBI
NCBI
NCBI
NCBI
NCBI
NCBI
Gramene
Gramene
NCBI
NCBI
NCBI
NCBI
NCBI
NCBI
NCBI
NCBI

NCB!
NCBI

NCBI

NCB!
NCBI
NCBI
NCBI

NCBI
NCBI

NCBI
NCBI

NCBI

NCBI
NCBI

NCBI
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4.2.6 Comparative protein analysis of the TaR4AD5I and TaDMCI
c¢DNA homoeologues
A comparative protein analysis of TaRad51 cDNA homoeologues revealed
that the three cDNA homoeologues of the TaRad51 were highly similar
except for one amino acid difference between the three cDNA
homoeologues in o-helix 1 at the N-terminal end. Conservation was also
strong with regards to the structural motifs and catalytic domains which are
spaced identically across these entire homoeologous gene. The Walker A

and Walker B motifs of TaRad51 cDNA homoeologues were also exactly
identical (Figure 4.12).

Sequences from the three cDNA homoeologues of TaDmcl revealed very
high levels of similarity to one another for all the domains analyzed. The
Walker A and Walker B motifs of TaDmcl ¢cDNA homoeologues were also
exactly identical (Figure 4.13).

This uniformity in structural features for TaRAD51 and TaDMC! cDNA
homoeologous suggests that the protein structure was also well conserved

and is likely to be under selective pressure.
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N-terminal domain

TaRADS1A
TaRADS1B
TaRADS1D

TaRADS1A
TaRADS1B
TaRADS1D

Hairpin residues Conserved Gly

residue
a-helix 1 l a-helix 2 1 a-helix 3

— M~ — it

27 P 8 GIA AVDVRRLK DAGLCT VESVAY 58
27 PI S GIA AVDVRRLR DAGLCT VESVAY 58

27 By S GIA AVDVRRLK DAGLCT VESVAY 57

: Hairpin residues !

a-helix 4 a-helix 5
A\ ) X
— ¢ ™

62 KDLLQIR GIS EARVDRIIEAASKL
62 RDLLQIK GIS EARVDRITEAASKL
61 KDLLQIK GIS EARKVDRKIIEAASKL

Linker region a-helix 6

g,

TaRADS1A 93 ATQLHAQRL
TaRADS1B 93 ATQLHAQRL
TaRADS1D 92 ATQLHAQRL
Walker A Walker B

e R

TaRADS1A 132 GEFRSGKT--[84]--1LMVID2Z6
TaRADS1B 132 GEFRSGKT--[84]--LMVIDZ26
TaRADS1D 131 GEFRSGKT--[B83]--LMVID225

Figure 4.12 Comparative amino acid sequence analysis between the three

TaRADS1 cDNA homoeologues. The amino acid residue that
is different between the three ¢cDNA homoeologues is
indicated by red colour. Within the N-terminal domain, five
a-helices form two consecutive helix-hairpin-helix (HhH)
motifs (a -helix 1-hairpin residues— a -helix 2 and o -helix
4-hairpin residues— a -helix 5) connected together by an a -
helix (a -helix 3). The conserved polar non-charged glycine
residue (green colour) is indicated with a red arrow. The
linker region consists of a nine amino acid « -helix, and the
C-terminal domain contains the Walker A and Walker B

motifs in all sequences.
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N-terminal domain

Conserved Gly
residue

a-helix 1 1 a-helix 2 l a-helix 3

f_—A_—W puian B f__Jk__W

Hairpin residues

TaDMClA 31 IDRLIS GIN  SGDVRKLQD DAGIYT CNGLMM &0
TaDMC1B 31 IDRLIS GIN SGDVRKLQD DAGIYT CNGLMM 60
TaDMC1D 31 IDKLIS GIN SGDVRRLQD DAGIYT CNGLMM 60
Hairpin residues
a-helix 4 l a-helix 5
A

( \ — # N
TaDMClA 62 RRSLTGIK GIR EARVDKICEAAERLL
TaDMC1lB 62 RRSLTGIK GIK EARKVDKICEAAEKLL
TaDMC1D 62 RRSLTGIK GIK EARVDRICEAAEKLL
Linker region

o-helix 6
TaDMClA 94 GSDLLIK
TaDMC1B 94 GSDLLIK
TaDMC1D 94 GSDLLIK
C-terminal domain

Walker A Walker B

oy e R

TaDMClA 132 GEFRSGRT-- [83] --LLVID228
TaDMC1B 132 GEFRSGRT-- [83] --LLVID228
TaDMC1lD 132 GEFRSGRT-- [83] --LLVID228

Figure 4.13 Comparative amino acid sequence analysis between the three

TaDMC1 c¢DNA homoeologues. Within the MN-terminal
domain, five a-helices form two consecutive helix-hairpin-
helix (HhH) motifs (a -helix 1-hairpin residues— a -helix 2
and a -helix 4-hairpin residues— o -helix 5) connected
together by an a -helix (o -helix 3). The conserved polar non-
charged glycine residue (green colour) is indicated with a red
arrow. The linker region consists of a nine amino acid q -
helix, and the C-terminal domain contains the Walker A and

Walker B motifs in all sequences.
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4.2.7 Structural conservation of the protein sequences of the TaRADS!
and TaDMCI cDNA ¢cDNA homoeologues
3D molecular modeling of the TaRad51 and TaDmcl ¢cDNA homoeologues

sequences was done to show the level of structural conservation at the

protein level.

For TaRad51 c¢DNA homoeologues, the predicted 3D overlays
superimposed onto each other revealed that all the three cDNA
homoeologues were conserved and there is a high level of conservation for
secondary (a-helices and anti-parallel B-strands) and tertiary structures as
well. The only noticeable structural dissimilarity observed between the three
c¢DNA homoeologues of TaRADS1 is in peptide loops; seen between o-
helix 13 and a-helix 14 (represented by white arrow in Figure 4.14a). The
predicted 3D overlays for the TaDmcl ¢cDNA homoeologues superimposed
onto each other revealed very high levels of conservation for secondary (a-

helices and anti-parallel B-strands) and tertiary structures as well (Figure
4.14b)
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Figure 4.14 3D predictive modeling of TaRad51 (a) and Tadmcl (b)
c¢DNA homoeologues superimposed on to each other. The 3D
structure of TaRad51(A) 1s represented in red, TaRad51(B)
in green and TaRad51(D) in yellow in figure 4.14a and the
3D structure of TaDmcl(A) 1is represented in red,
TaDmcl(B) in green and TaDmcl(D) in yellow in figure
4.14b. White arrow indicated the major structural
dissimilarity between the three TaRad51 cDNA

homoeologues.

4.2.8 Homoeologue-specific expression patterns of 7aRADS5I and
TaDMCI ¢cDNA homoeologues
Q-PCR was undertaken to analyze the mitotic and meiotic expression
patterns of TaRADS5I and TaDMCI c¢DNA homoeologues using eight
different staged tissues from wild type wheat. The tissue stages include root
tip, mature leaf and meiosis specific stages: Pre-meiosis, Leptotene-
Pachytene, Diplotene-Anaphasel, Telophasel-Telophasell, Tetrads and
[mmature pollen. The primers used were the same primers that were used to
isolate the different cDNA homoeologues of TaRADS51 and TaDMC! (Table
4.2). The specificity of primers was again confirmed by Nulli-tetrasomic
analysis and the amplification efficiency of all primers was tested before
actual assay. Finally the expression of each gene was normalized against

Tubulin gene expression using Tubulin primers (Table 4.2).
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The Q-PCR assay of TaRAD51 ¢cDNA homoeologues indicated that all the
three cDNA homoeologues were expressed in both mitotic and meiotic
tissues and the overall expression patterns of all three TaRADS5I
homoeologues remained essentially the same (Figure 4.15A). Even though
the expression of the TaR4D51 ¢cDNA homoeologues was seen in mitotic
tissues, higher expression was observed in meiotic stages (Figure 4.15,
stages PM to TT). There is a sharp drop in expression of TaRADS5! cDNA
homoeologue transcripts at the end of Meiosis I but they increase again in
the Tetrad stage. There was a difference in the level of transcript of the three
c¢DNA homoeologues, particularly during the meiotic stages which may
suggests that they could have different roles in meiotic recombination. The
expression of TaRAD31(B) was significantly higher than TaRADS51(4) and
TaRADS51(D) in all meiotic stages suggesting it could be the version with

the greatest role in meiosis.

The Q-PCR assay of TaDMCI cDNA homoeologues indicated that all the
three cDNA homoeologues were expressed in both mitotic and meiotic
tissues and the overall expression patterns of all TaDMC! c¢DNA
homoeologues remained essentially the same (Figure 4.15B). However
higher expression was found in meiotic stages (Figure 4.16, stages PM to
TT) compared to mitotic tissues. There is rather a sharp spike in expression
of all three TaDMCI ¢cDNA homoeologues during the Tetrad stage. There
was a difference in the amount of transcript of the three homoeologous
genes of TaDMCI in the observed tissues, which may suggest that they
could have different roles in meiotic recombination. Both TaDMCI(B) and
TaDMC1(D) were highly expressed in all meiotic stages, except for Tetrad
stage, (where expression of TaDMCI(A) was relatively higher compared to
other stages) compared to the transcript level of TaDMCI(4) suggesting

they could be the version with the greatest role in meiosis.
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Figure 4.15A Expression analysis of the 7aRAD51 cDNA homoeologues by
Q-PCR. The green bars represents 7aRADS5I-7A, pink bar
represents 7TaRAD51-7B and blue bar represents TaRADS |-
7D. The meiotic time course was according to Crismani et
al., (2006). Abbreviations used: PM, pre-meiotic interphase;
LP, leptotene-pachytene, DA, diplotene-anaphase I; TT,
telophase I- telophase II; T, tetrad; IP, immature pollen; RT,

root tips; L, leaves.

Figure 4.16B Expression analysis of 7aDMCI cDNA homoeologues by Q-
PCR. The green bars represents 7aDMCI-7A, pink bar
represents 7aDMCI-7B and blue bar represents TaDMCI-
7D. The meiotic time course was according to Crismani et
al., (2006). Abbreviations used: PM, pre-meiotic interphase;
LP, leptotene-pachytene, DA, diplotene-anaphase I; TT,
telophase I- telophase II; T, tetrad; IP, immature pollen; RT,

root tips; L, leaves.
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4.3 Discussion

Hexaploid wheat ‘Highbury’ was used for the amplification of the RADS/
and DMC1 cDNA sequences from the three genomes. Hexaploid wheat and
not the tetraploid and diploid progenitors of hexaploid wheat were chosen
for the amplification of the TaRAD31 and TaDMC1 homoeologous genes.
This is because it has been reported that polyploidization induces genetic
and epigenetic modifications in the genomes of higher plants (reviewed by
Comai, 2000). Hence the sequences cloned from the tetraploid and diploid
wheat may not represent the actual sequences or the patterns of expression

of those genes in hexaploid wheat may be different.

4.3.1 The RADSI in hexaploid wheat

Nulli-tetrasomic analysis revealed that hexaploid wheat has three TaRADS |
c¢DNA homoeologues located on Group 7 chromosomes with a copy on each
of the three genomes. This study found that there was only one copy of
TaRADS5I per haploid genome. The duplication of the R4DS5] gene have
been seen in other cereals such as rice (OsRAD5141 and OsRAD51A42) and
maize (ZmRAD51A41 and ZmRAD51A2) (Franklin et al., 1999 and Li et al.,
2007) but they were mapped onto two different chromosomes and the
current wheat results agree with the existence of single RADS] per haploid
genome. This contrasts with published reports in hexaploid wheat that the
RAD51 cDNA sequence exists as two copies TaRAD5141 (Gen bank
accession number EU915557) and TaRAD5142 (Gen bank accession
number EU915558), both residing on the same chromosome Group 7 (Khoo
et al., 2008). They suggested that these two cDNA sequences might be
allelic variants of the same gene from two out of the three different genomes
in wheat and may not represent two highly-similar yet distinguishable
genes. The current study does not agree with the results of Khoo ef al.,
(2008). We found that the reported TaRADSIAI is actually the (D)
homoeologue and TaRAD51A2 is the truncated (4) homoeologue of

TaRADS51.
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There is a high level of conservation of coding nucleotides, exon/intron
structure and regulatory motifs among the ¢cDNA homoeologues of
TaRADS51. The similarity among the cDNA homoeologues of TaRADS51 was
97% at the nucleotide level and reached 99% when comparing the proteins.
Similar levels of conservation were found for the Mrell gene isolated from
all the three progenitor genomes of wheat using Triticum monococcum
(genome A) and Ae. tauschii (genome D) and the tetraploid Triticum
turgidum (genomes A and B) (De Bustos er al., 2007). This strong
conservation might suggest the important role played by the TaRADS5I
c¢DNA homoeologues and possibly other genes involved in the process of
homologous recombination and repair. That all three cDNA homoeologues

of TaRADS1 continue to be expressed in hexaploid wheat may add weight to

this argument.

The Phylogenetic analysis of the TaRADS5! homoeologous genes in this
study is according to the method of Lin et al., (2006). Phylogenetic analysis
revealed that the cDNA homoeologues of TaRAD51 were very similar to

rice and maize R4AD51s which suggests they are the orthologues of the rice

and maize genes.

All three cDNA homoeologues of TaRAD51 were found to code for highly
conserved N-terminal, linker and C-terminal domains. Since there is a
deletion of one amino acid (Glutamic acid) in the (D) homoeologue, the
numbering of amino acids differed within the domains. Apart from one
deletion and few substitutions, all the three cDNA homoeologues of
TaRADS1 are very identical. Miller et al., (2004) reported that even a very
short deletion at the N-terminal can severely disturb the folding of the
Rad51 paralogues. But how far the deletion of one amino acid could have
affected the overall protein structure of TaRADS51(B) compared to other two
needs further investigation. Zhang ef al., (2005) found that substitution of a
conserved polar non-charged glycine residue at position 103 in ScRADS!
with a negatively-charged glutamic acid residue leads to the loss of RADS!
DNA-binding ability. This glycine residue was found be conserved in all the

three homoeologous genes of TaRADS51 sequences analyzed. SIFT analysis



172

was undertaken to find out if the substitution of amino acids has any effect
on the protein structure. However all the amino acid substitutions are highly
tolerable indicating that there is no affect on protein structure. In addition to
this amino acid, the most important motifs Walker A and B (Walker et al.,
1982) in the C-terminal region which give RecA both its ATP-binding and
hydrolysis abilities allowing it to work as ATPase, were conserved and
identical spaced for all the three homoeologous genes of TaRADS5I.
Analysis of TaR4AD51 ¢cDNA homoeologues and their predicted secondary
structures revealed that these proteins contain five a-helices in the N-
terminal domain that are found to stack upon each other to form consecutive
HhH motifs, also known as (HhH), domain. 3D predictive protein modeling
with TaRADS51 homoeologous proteins superimposed onto each other
indicated that the secondary and tertiary structures of these homoeologous
genes share many similar features. As just only one amino acid differences
among the cDNA homoeologues of TaRADS51 was in the important motif,

no significant difference were found in the final secondary and tertiary

structures of these proteins.

Q-PCR is widely used as a tool for the quantification of mRNA in basic
molecular research, with applications in bio-medicine and biotechnology
(Bustin, 2002). This technique has been used in many plant studies and in
wheat (De Bustos ef al., 2007). One important feature of Q-PCR is the use
of an endogenous control for the normalization of the RNA content between
the samples and across tissues. For the current study B-Tubulin was used as
the endogenous control because it was reported to show limited variation
during Q-PCR experiments (Crismani ef al., 2007). Very few studies have
involved comparing the relatively expression of homoeologous genes in
hexaploid wheat (Loukoianov, 2005; Shitsukawa et al., 2007a and 2007b;
Bustos et al., 2007). Q-PCR expression analysis results of the TaRADS]
¢DNA homoeologues in the current study were compared with microarray
expression profiling of TaRAD5!I in Chapter 3. Because the Affymetrix
GeneChip used in the microarray experiment is a discovery chip and does
not differentiate between wheat homoeologues, most of the oligos for

TaRADS1 are found to cross-hybridize to all three cDNA homoeologues. So



173

the microarray expression profile of TaRAD51 will have contributions from
all the three cDNA homoeologues and the displayed expression could be an
overall effect from all the three cDNA homoeologues. The current study has
attempted to split the observed microarray expression patterns of TaRADS I
gene into Q-PCR expression patterns of individual cDNA homoeologues. Q-
PCR expression analysis of the TaRAD5] ¢cDNA homoeologues indicated
that all the three cDNA homoeologues are expressed in both vegetative and
reproductive stages but they are up-regulated during the reproductive phase.
Similar expression patterns were observed in microarray expression
profiling of TaRADS1 transcripts (Chapter 4) and published in reports from
Arabidopsis, rice and wheat (Doutriaux et al., 1998; Ding et al., 2001;
Osakabe et al., 2002; Khoo et al., 2008). However, the one contrasting
difference observed in the current Q-PCR result with that of microarray
expression results by Khoo et al., (2008) in wheat is the elevated expression
levels of one of the three TaRAD51 ¢cDNA homoeologues (TaRADS51(B))
during the Tetrad stage of meiosis. This needs to be further investigated.
Because the combined Q-PCR results of TaRAD31 ¢cDNA homoeologues
from the current study correlate with that of the microarray expression
pattern in Chapter 3, it can be concluded that the microarray expression
profile of TaRAD51 will have contributions from all the cDNA

homoeologues.

4.3.2 The DMCI in hexaploid wheat

Hexaploid wheat has three TaDMCI! c¢DNA homoeologues located on
Group 5 chromosomes with a copy on each of the three genomes as revealed
by Nulli-tetrasomic analysis. This study found that there was only one copy
of TaDMC] per haploid genome. The duplication of the DMC1 genes has
been seen in other cereals such as rice (OsDMCI1A and OsDMC1B) (Ding et
al., 2001). But no duplication of the DMCI genes was observed in
hexaploid wheat, per genome. The current study also found that the
TaDMCI cDNA sequence reported by Khoo et al., (2008) is actually the D
homoeologue of TaDMCI gene. There is a high level of conservation of

coding nucleotides, exon/intron structure and regulatory motifs among the
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homoeologous genes of TaDMCI. The similarity among the cDNA
homoeologues of TaRAD51 was 97% at the nucleotide level and reached
99%, when comparing the proteins. This strong conservation might suggest
an important role played by TaDMCI ¢cDNA homoeologues. That all three
cDNA homoeologues of TaDMC1 continue to be expressed in the hexaploid
wheat may add weight to this argument in a similar way to the expression of
all TaRAD51 cDNA homoeologues in this study. Phylogenetic analysis
revealed that the cDNA homoeologues of TdDMCI were very similar to rice
and barley DMCI which suggests they are the orthologues of the rice and

barley genes.

Apart from a few amino acid substitutions, all three TaDMC1 cDNA
homoeologues were found to code for highly conserved N-terminal, linker
and C-terminal domains. SIFT analysis was undertaken to find out if the
substitution of amino acids has any effect on the protein structure. However
all the amino acid substitutions are highly tolerable indicating that there is
no affect on protein structure. The glycine residue was found be conserved
in all the three homoeologous genes of TaDMCI sequences analyzed. In
addition to this amino acid, the most important motifs Walker A and B
(Walker et al., 1982) in the C-terminal region are conserved and identically
spaced for all the three cDNA homoeologues of TaDMCI. Analysis of the
TaDMCI ¢cDNA homoeologues and their predicted secondary structures
revealed that these proteins contain five a-helices in the N-terminal domain
that are found to stack upon each other to form consecutive HhH motifs,
also known as (HhH), domain. 3D predictive protein modeling with
TaDMC1 cDNA homoeologues superimposed onto each other indicated that
the secondary and tertiary structures of these homoeologous proteins share
many similar features. No difference was found in the final secondary and
tertiary structures of these proteins, with the only major predicted changes

being in linker regions, as for the TaRADS5 1 homoeologues.
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Q-PCR expression analysis of the TaDMC1 cDNA homoeologues indicated
that all the three are expressed in both vegetative and reproductive stages
and they are up-regulated during meiosis. Contrasting differences were
observed in the current Q-PCR study with that of the microarray expression
and results by Khoo et al., (2008) during the Tetrad stage where elevated
expression patterns of all the three TaDMCI ¢ DNA homoeologues was
observed. This needs to be further investigated. Because the Q-PCR results
of only one of the three TaDMC1 cDNA homoeologues from the current
study correlate with that of the microarray expression pattern, it can be
concurred that the microarray expression profile of TaR4ADS51 gene will have
contributions from only one out of the three cDNA homoeologues. This can
be explained on the basis that only the two oligos corresponding to the
TaDMC1(D) (Chapter 4) will carry maximum signal intensities compared to

the rest of 8 oligos.

In summary, all the three cDNA homoeologues of TaR4D5] and TaDMCI
have been cloned from hexaploid wheat based on sequence differences
identified. Nucleotide alignments, amino acid alignments and intron/exon
structure indicated that all the three cDNA homoeologues of TaRADS51 and
TaDMC] are identical with very few substitutions of amino acids and one
insertion/deletion of an amino acid (for the TaRAD51(D) homoeologue).
Phylogenetic analysis of the three cDNA homoeologues of TaR4DS5! and of
TaDMC]1 with the eukaryotic R4D5] and DMC1 showed that they are the
true orthologues of other cereals strand-exchange proteins, such as rice,
maize and barley. 3D predictive protein modeling of TaRADS5! and
TaDMCI homoeologous proteins superimposed onto the corresponding
homoeologues indicated that the secondary and tertiary structures of these
homoeologous genes share many similar features despite minor changes.
Finally Q-PCR expression profiling experiments revealed that there are
differences in the expression levels of the three cDNA homoeologues of
TaRADS5I and TaDMCI, possibly reflecting a difference in their roles in
homologous recombination. But overall relative patterns of expression

remained same for all the three cDNA homoeologues of 7gRADS5! and
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TaDMCI genes, respectively. Whether these differences have any functional

significance will be pursued in the next chapter.
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CHAPTER 5: FUNCTIONAL CHARACTERISATION
OF THE RADS51 AND DMC1 GENES
IN WHEAT (Triticum aestivum L.)

5.1 Introduction
Forward and/or Reverse Genetics are the two main approaches that are used

to determine the function of a particular gene/genes through screening the
phenotype or genotype of individual mutants. In the Forward Genetics
approach, one starts with a particular identified phenotype or biological
process (such as flower colour or ear fertility or plant height) and the
sequence of the particular gene responsible is ultimately deduced, often
through the genetic and phenotypic analysis of large numbers of
mutagenized individuals. This approach is particularly useful when no
sequence information is available for the gene of interest or for related genes
in other species. Forward Genetic approaches are not practical for genome
wide analysis in many crops because they are labour intensive and time
consuming to screen large numbers of mutagenized plants to identify each
gene coding for a particular phenotype (Alonso and Ecker, 2006). It is also
less applicable for those gene/genes with no clear phenotype or with

potentially quantitative phenotypes.

In the Reverse Genetics approach, one starts with the known gene sequence
and mutant populations are screened to identify individuals with sequence
alterations for that particular gene of interest or the associated non-coding
regions, such as promoters. By contrast to the Forward Genetics approach,
this can approach is less time consuming and the widespread availability of
sequence data in a number of model plant species makes this approach
attractive for researchers, to rapidly design Reverse Genetics strategies to
functionally characterize the effects of modification of a particular
gene/genes. In both Forward and Reverse Genetic approaches, the function

of a particular gene/genes are typically assigned to a specific biological
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process by analyzing the phenotypic consequences of altering the activity of

that particular gene/genes.

A long-recognized large-scale approach for achieving random gene
inactivation is to induce mutations in a population of plants using chemical
or physical mutagen agents. This approach is of particular feasible because
it is amenable to most plant species regardless of their transformability.
When coupled with sensitive methods for the detection of 'aberrant’ DNA
fragments in complex PCR-derived mixtures, this previously random
approach becomes amenable to the identification of mutations in targeted

genes by reverse genetics.

Chemical mutagenesis is a well recognized large-scale method for achieving
random DNA sequence modification in a population of plants. This
approach is of particular interest because it is applicable to most plant
species regardless of their transformability. This approach can easily be
coupled with sensitive methods for the detection of ‘aberrant’” DNA
fragments in complex PCR-derived mixtures for the identification of
mutations in targeted genes by Reverse Genetics. EMS ( Ethyl Methane
Sulphonate) mutagenesis methods can cause gene disruption/modification
by base substitution and this approach is relatively independent of genome
size, with high levels of mutation possible. This reduces the overall
population size required (McCallum et al., 2000a, b). This method has been
used successfully to develop two large-scale mutant populations in barley
(Hordeum vulgare cv. Optic) to promote both Forward and Reverse

Genetics (Caldwell et al., 2004).

In plants, fast neutrons have been shown to be a very effective mutagen
(Koornneef et al., 1982). Around 2500 lines treated with fast neutron
radiation at a dose of 60 Gy are required to inactivate every gene once on
average in Arabidopsis, as an example (Koornneef et al., 1982). As the
Arabidopsis genome contains about 25,000 genes (Arabidopsis Genome
Initiative, 2000), it is estimated that on average 10 genes are randomly

disrupted in each line derived from the above mutagenesis treatment.
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Molecular characterization of the Arabidopsis gal-3 (Sun et al., 1992) and
tomato prf-3 (Salmeron et al., 1996) genes further demonstrated that fast

neutron bombardment induces deletion mutations.

Insertional mutagenesis methods use DNA elements that are able to insert
generally at random into chromosomes, such as transposons (Sundaresan et
al., 1995) or the T-DNA of Agrobacterium tumefaciens (Azpiroz-Leehan
and Feldmann, 1997) to create loss of function mutations in plants. It is one
of the most powerful methods and has been widely used to analyze gene
function in mice, yeast, E. coli, Arabidopsis and rice (Koller et al., 1989;
Kempin et al., 1997).

Hexaploid wheat (Triticum aestivum L.) provides an experimental challenge
to researchers because of its polyploid nature. Both Forward and Reverse
Genetics approaches have been tried in wheat. In general Forward Genetics
approaches are more difficult in wheat than in diploid species because of the
potentially redundant nature of the genes in the hexaploid making it more
difficult to produce loss of function mutants that produce phenotypes. EMS
induced Reverse Genetic approaches such as TILLING (Targeting induced
local lesions in genomes) were shown to be suitable for wheat. Slade er al.,
(2005) have demonstrated the use of TILLING in two commercially
important crops with complex genomes: bread and durum wheats. By
creating and screening two genetically diverse populations, they identified
246 modified alleles of the waxy gene in elite TILLING cultivars. An RNAi
based Reverse Genetics strategy was successfully used by Fu et al., (2007)
to suppress the action of three homoeologous genes, even in polyploid
wheat. In wheat the use of ionizing radiation were shown to have significant
effect as it can delete large portions of the chromosome and often complete

gene homoeologues, which can aid in both Forward and Reverse Genetics

approaches (Roberts et al., 1999).

Successful Reverse Genetics approaches for characterizing homoeologous
genes in wheat depend on the development of Genome-Specific markers.

Genome-Specific PCR primers have been designed for various purposes,
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such as amplifying specific genomic sequences from hexaploid wheat for
direct comparison between wheat and its diploid progenitors (Talbert et al.,
1998) and for monitoring segregating alleles in breeding populations (Blake
et al., 2004). The development of Genome-Specific PCR primers is more
realistic if they are based on intragenic sequences rather than exonic
sequences as introns and untranslated regions are generally more
polymorphic than exons (Haga ef al., 2002). Genomic DNA amplified using
exon-anchored primers which amplify across one or more introns allow the
cloning and sequencing of introns and the development of allele-specific
markers (e.g., Van Campenhout et al., 2003). The location of introns in
wheat genes can often be inferred by the alignment of wheat cDNA and
EST sequences with the rice genomic sequence since the intron positions are
usually highly conserved between wheat genes and those of its Triticeae
relatives and rice genes (Dubcovsky et al., 2001; Ramakrishna et al., 2002).

Even though there are recent reports of the molecular characterization of
TaRADS5I and TaDMCI genes (Khoo et al., 2009), there is not a single
report on the in planta functional characterization of these genes and gene
homoeologues in hexaploid wheat. In this chapter, both Forward and
Reverse Genetics approaches were used to functionally characterize the
TaRAD51 and TaDMCI genes both of which have three copies
(homoeologues) that are expressed in wheat, using two kinds of
mutagenized population. The identified mutant lines were used to
provisionally study the individual effects of the deletion of the
homoeologous gene on observed phenotype, genotype and cytology, in

comparison to the wild-type wheat cultivar.
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5.2 Results
52.1 Design of exon-anchored primers for the TaRADSI and

TaDMCI genes
Because the genomic sequence of the TaRADS! and TaDMCI

homoeologous genes had not been reported in the database at the time of the
design of Genome-Specific Primers, OsRAD51AI (Gen Bank accession
number AB0O80261) and OsDMCIA (Gen Bank accession number
AB079873) c¢DNA sequences were used to predict the exon/intron
boundaries of the TaRADS51 and TaDMC1. Based on this prediction both
TaRADS51 and TaDMCI ¢cDNA sequences were expected to contain nine
exons. Primer sets were designed anchored in exons and spanning one or
more introns, based on this alignment. Primers were designed for TaRAD5 1

and also for TaDMC1 which were expected to amplify fragments of all three

homoeologues at once (Table 5.1).

Table 5.1 Exon-anchored oligonucleotide primer pairs used to amplify
the intergenic regions of the TaRADS51 and TaDMC! genes.

Gene/Location Sequence (5’-3’) Tm Product
(°C)  size (Kb)

TaRADS1
Exon 8 CCATGATGGTGGAGACAAGG
3’UTR TGGTGGTCCAATATCACATAGGAG © %2
TaDMCI
5’UTR ATGATCCACATTCCACCCGC
65 2.5

Exon 6 ATGAGCCAACTGGGTCTTICC
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5.2.2 Genome-Specific Primer design for the TaRADS51 and TaDMCI

genes
5.2.2.1 TaRAD51 Genome-Specific Primers
Multiple alignments of sequences obtained from the TaR4AD51 cDNA exon-

anchored primers identified three distinct groups of sequences which
differed mostly in the introns. Putative primers which amplify a particular
homoeologue were designed and coupled with an original exon anchored
primer in a PCR reaction containing gDNA of Chinese Spring as template.
As the gene had already been mapped to group 7 chromosomes on the wheat
genome (Chapter 4), the same combination of primers was used to amplify
the 7 group of Nulli-tetrasomic stocks in a PCR-based Nulli-tetrasomic
analysis to test for the genome specificity of the primer sets. Screening with
several combinations of primer sets identified one primer combination
which amplified two products in Chinese Spring and in NT7B7A and
NT7B7D but one product in NT7A7B, NT7A7D, NT7D7A and NT7D7B.
The two product sizes in NT7B7A and NT7B7D can be assigned to
chromosomes 7D and 7A based on their absence in respective NT lines
(Figure 5.1). To further design primers that amplify a particular
homoeologue either 7A or 7D, these PCR amplified products were cloned,
sequenced and aligned to reveal a 26-bp insertion/deletion (indel) event that
distinguishes the 7D and 7A sequences. Screening with another primer set
amplified a product from Chinese Spring, NT7A7B, NT7A7D, NT7D7A
and NT7D7B but not from NT7B7A and NT7B7D so that this primer set is
B genome-specific. The list of Genome-Specific Primers used to amplify a

particular TaR4AD51 homoeologue is shown in Table 5.2
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Figure 5.1 PCR assays to test genome-specific 7aRADS5I primers.
TaRAD51 (A) and (D) genome-specific primer PCR
amplification (a); The two black arrows on the right indicate
TaRAD51 (4) and (D) genome specific bands; 7aRADS51(B)
Genome-Specific Primer PCR amplification (b); 1-NT7A7B,
2-NT7A7D, 3-NT7D7A, 4-NT7DAB, 5-NT7B7A, 6-NT7B7D,

7-Water control and 8-Paragon control; M, 2-log ladder.

5.3.2.2 TaDMCI1 Genome-Specific Primers

Multiple alignments of sequences obtained from the 7aDMC1 ¢cDNA exon-
anchored primers identified three distinct groups of sequences with variation
mostly in the introns. Putative primers which amplify a particular
homoeologue were designed and coupled with an original exon-anchored
primer in a PCR reaction containing gDNA of Chinese Spring as template.
As the gene had already been mapped on group 5 chromosomes of the
wheat genome (Chapter 4), the same combination of primers was used to
amplify the 5 group of Nulli-tetrasomic stocks in a PCR-based Nulli-
tetrasomic analysis to test for the genome specificity of the primer sets.
Screening with several combinations of primer sets identified one primer
combination for each of the homoeologues of DMC/ gene. Each of which

could be assigned to chromosomes 5A, 5B and 5D based on their absence in

AGSP

DGSP
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the appropriate NT lines (Figure 5.2). The list of Genome-Specific Primers

used to amplify a particular 7aDMC1I homoeologue is shown in Table 5.2

1.0kb

0.5kb

1.0kb [
0.5kb

1.0kb

0.5kb

Figure 5.2 PCR assays to test for genome-specific 7aDMCI primers.
TaDMC1(A) genome-specific primer PCR amplification (a),
TaDMC1(B) genome-specific primer PCR amplification (b),
TaDMC1(D) genome-specific primer PCR amplification (c);
1-NT5A5B, 2-NT5BS5SA, 3-NT5D5A, 4-Water control and
5-Paragon control; M, 2-log ladder
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Table 5.2 TaRADS5I and TaDMCI Genome-Specific Primers used for
genotyping purposes.

Gene Sense sequence Antisense sequence Tm Product
(°C) size(bp)

TaRADS1
Adand D— CGGAAGGATTGGTA CACTCAGAAATGACG
specific  AAAAAT AAAAAGG 55 420 and
Boeoccific ATGGTGGAGACAA GTACACTAGCATTAC
-Spectlic  GGTGAG GGTACAG 63 500
TaDMCI
Aespecis AGCCTCCGCCCCA ACAAACGCAACACGA
“Specilic  ~TTCCTTC GCACACG 63 500
Bocoecific  AGCCTTGGCCCCA ACGCGCTGCACGCA
-specttic  ~r1CcCTC CCAAA 63 500
. CTCCTCTGACGCAG  ACGCGCTGCACGC
D-specific
GCGGA ACCAAA 63 389

5.2.3 Forward and Reverse Genetic screening of the Highbury
deletion lines

5.2.3.1 Estimation of mutation frequency in the Highbury deletion lines

Because the Highbury population was at a late (M7) generation, the lines
were initially tested with a set of ten microsatellite primer pairs (SSR
markers) sampling all the three wheat genomes (Table 5.3) to determine the
frequencies of deletions left in the population. But because two of the SSR
markers (CFA2141 and CFD86) are on the same chromosome amplifying
two homoeologues simultaneously (5A/5D, SB/5D respectively) and if at all
there are deletion for one homoeologue, analysis will be difficult because
the other homoeologues may compensate for the lost band (if they amplify
the same size as the other). So for estimating the frequency of deletions and
for analysis purposes, only eight markers are considered. PCR amplification
of the first 200 M; plants tested over several regions of the genome with

eight microsatellite primers identified no clear deletions (through consistent
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loss of the microsatellite band amplification) suggesting that limited

numbers of gene-specific deletions would be expected in the full set of 1060

Mj lines.

Table 5.3 Genome-specific SSR markers used for estimating the frequency
of deletions in the Highbury deletion population. The sequence
of the SSR primers was obtained from the Graingene database
(www.wheat. pw.usda.gov).

SSR Sense Primer Antisense Primer Tm Chromo
° -some

Marker 0 o

CFA2141  GAATGGAAGGCGGACATAGA GCCTCCACAACAGCCATAAT 60  SA/SD

CFA2219  TCTGCCGAGTCACTTCATTG  GACAAGGCCAGTCCAAAAGA 60 1A

WMS610  CTGCCTTCTCCATGGTTTGT ~ AATGGCCAAAGGTTATGAAGG 60 A

WMS4 GCTGATGCATATAATGCTGT CACTGTCTGTATCACTCTGCT 55 4A

WMS15S CAATCATTTCCCCCTCCC AATCATTGGAAATCCATATGCC 60 3A

WMS261  CTCCCTGTACGCCTAAGGC  CTCGCGCTACTAGCCATTG 5 2D

WMS304  AGGAAACAGAAATATCGCGG  AGGACTGTGGGGAATGAATG sS sA

WMC416 AGCCCTTTCTACCGTGTTTCTT TATGGTCGATGGACTGTCCCTA 61 6D

CFD86 TTAATGAGCGTCAGTACTCCC ~ GCAACCATGTTTAAGCCGAT 60  SD/SB

BARC37  AGCGCTCCCCGACTCAGATCC GCGCCATGTTICTTTTATTACTC S5 6A

TT

ACTTT

5.2.3.2 Forward genetic screening of Highbury deletion lines

For Forward Genetics screening, a total of 21,200 Highbury seeds from

1060M; lines with 20 plants per row (each row representing one My line)

were so®n in the field. Ten typical ears for each My line were harvested and

fertility assessment was done in terms of number of grains/spikelet. Out of
togal of 1060 My lines, only 10 My lines showed phenotypic differences in

terms of partial sterility with the arbitrarily chosen level indicating a

potentially interesting line of grains/s'elet is <2 when a single ear was
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analysed. To investigate this initial result further, the remaining 9 ears
collected for the lines were analysed. Significant effects on fertility across
all the 10 ears were confirmed using Duncan stastical analysis for just four
M, lines (N—476, N-349, N-897 and N-296) where the average number of
grains/spikelet from all 10 ears was <2 (Table 5.4 and Figure 5.3). All ten
M, lines were selected for further characterization even though six of the M,
lines (N-742, N-800, N-58, N-620, N-700 and N-213) had an average
number of grains/spikelet > 2. These were drawn from the initial 10 M, lines

and were included in the analysis and treated as controls (Table 5.4 and

Figure 5.3).

Table 5.4 Ear fertility (number of grains/spikelet-average from 10 ears)
values in Highbury wheat deletion lines by a Forward Genetics

approach.
Highbury deletion Ear fertility (grains/spikelet)
line number

N - 476 0.8944+0.10"

N — 800 2.8289 £0.23f
N -58 2.4133+0.26°
N - 349 1.6622+0.19%
N - 620 2.3978+0.28¢
N - 742 2.0644+0.32%
N — 897 1.0344+0.17%®
N - 700 2.2956+0.25%¢
N -213 2.50000.16°"
N - 296 0.9833+0.21%

Values are means of 10 replicates per treatment +s.e. Values for the same parameter
labeled with the same letter are not significantly different (P<0.05)
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Figure 5.3 Bar graph showing a comparison of 10 selected Highbury M,
lines for partial ear fertility (grains/spikelet; average from 10

ears).

5.3.3.2.1 Genetic analysis of the identified Highbury deletion lines
identified by Forward Genetic screening
The 10 identified Highbury deletion lines were screened with the 7aRADS5/
and 7aDMC1 Genome-Specific Primers (Table 5.2) to check if the observed
partial sterility is due to deletions in any of the 7aRAD5/ and TaDMC]
homoeologues. PCR amplification of the ten Highbury deletion lines did not
identify any line with deletions for the 7aRADS51 homoeologous genes, as
might be expected, indicating that the partial sterility observed did not result
from a deletion of any of the 7aRAD51 homoeologues. The 10 identified
Highbury mutants with reduced fertility were also subjected to screening
with 7aDMC1 Genome-Specific Primers to identify any 7aDMC! genome
specific deletions. PCR amplification of the ten Highbury deletion lines did
not identify any lines with deletions for the 7aDMC1 homoeologous genes.
The identified lines have been kept, but the low apparent level of deletions

observed has led to the work in this population being discontinued for the

moment.
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5.2.4 Forward and Reverse Genetic screening of the Paragon deletion
lines

5.2.4.1 Estimating mutation frequencies in the Paragon population

The mutation frequencies in the Paragon deletion population were
determined by DArT analysis for 90 Paragon deletion lines by Simon
Orford (JIC, Norwich). The results of DArT analysis indicated that majority
of lines harbor deletions of at least one marker or in some cases deletion of a
block of several markers in the genome of wheat, suggesting that a
reasonable number of gene-specific deletions would be expected in the full

set of 450 M, lines (personal communication-Simon Griffths, JIC,

Norwich).

5.2.4.2 Reverse Genetics screening of the Paragon deletion population
with the TaRADS51 and TaDMC1 Genome-Specific Primers
For the current experiment, ~450 M, lines of the Paragon deletion
population together with unmutated Paragon were grown under glasshouse
conditions at JIC, Norwich. Genomic DNA from 450 M; lines was extracted
from young leaf material by me and PCR amplified with the TaR4DS51 and
TaDMC1 Genome-Specific Primers (Table 5.2). Deletions within/of any of
the gene homoeologues were expected to produce either as total absence of
band or a shorter band compared to the full-length PCR product in
unmutated Paragon. In the current study, where a change was identified in
any of these six homoeologues the total absence of band was observed,
indicating that the deletion size is likely to be bigger than the GSP product
in all cases. An example of the PCR assay using the TaR4AD51(B) Genome-
Specific Primers and the TaDMCI(4) Genome-Specific Primers with the

Paragon deletion lines is shown in Figure 5.4.
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Figure 5.4  An example of mutation screening of Paragon deletion lines
with the Genome-Specific Primers. PCR screening with the
TaRADS51(B) Genome-Specific Primers (a), TaDMCI(A)
Genome-Specific Primers (b); Arrows indicate Paragon lines
with deletions identified with respective primers; M, 2-log

ladder.

5.2.4.2.1 Screening for deletions with TaRAD51 Genome-Specific
Primers
Preliminary PCR screening of ~450 M; lines of the paragon deletion
population with the TaRAD51 Genome-Specific Primers identified one M,
line lacking the TaRAD51(4) gene (line 319¢c), three lines deleted for the
TaRADS51(B) gene (lines 16b, 81a and 287a) and one line deleted for the
TaRADS51(D) genome (line 221). PCR reamplification was done using
gDNA from Paragon and the appropriate Nulli-tetrasomic lines (Group 7 for
RADS51) to verify genome specificity and the presence of the deletion.
Finally four M; lines were confirmed to have deletions for TaRADS! gene
homoeologues (319¢ for 4 genome, line 81a and 287a for B genome and
221 for D genome) with the line 16b giving a false negative result in the
initial PCR screening with TaRADS51(B) Genome-Specific primers (Figure

5.5).
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Figure 5.11 Identification of Paragon mutant lines with 7aRADS5]
Genome-Specific Primers and confirmation of the presence
of a deletion using the appropriate Nulli-tetrasomic stock.
TaRADS51(A) and (D) genome-specific PCR (a); 1-line 319c,
2-line 221, 3-NT7A7B, 4-NT7B7A, 5-NT7D7A, 6-Water
control and 7-Paragon control; Black arrows indicates A
Genome-Specific deletion and D Genome-Specific deletion;
TaRAD51(B) genome specific PCR (b); 1-line 16b, 2-line
81a, 3-line 287c, 4-NT7A7B, 5-NT7A7D, 6-NT7B7A, 7-
NT7B7D, 8-NT7D7A, 9-NT7D7B, 10-Water control and 11-
Paragon control; White arrows indicate Paragon lines with

TaRADS51(B) specific deletions only; M, 2-log ladder.

5.2.4.2.2 Screening for deletions with 7aDMC1 Genome-Specific
Primers
Preliminary PCR screening of ~450 M plants of the Paragon population
with TaDMC1 Genome-Specific Primers identified two deletion lines
lacking the TaDMC1(4) gene (lines 176¢ and 24b), three deletion lines for
the TaDMC1(B) gene (lines 21b, 287a and 368¢) and three deletion lines for
the TaDMC1(D) genome (lines 1a, 24b and 260a). PCR reamplification was
done using DNA from Paragon and the appropriate Nulli-tetrasomic lines

(Group 5 for DMC1 genes) to verify genome specificity, Finally five M,
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lines were confirmed to have deletions for the 7aDMC1 gene homoeologues

(lines 176¢ and 24b for 4 genome, line 287a for B genome and lines 24b and

260a for D genome) (Figure 5.11). The rest of the lines (21b, 368c and 1a)

initially identified were found to be non-deletion lines which gave false

negative results in the initial PCR screening.

Figure 5.6

[dentification of Paragon mutant lines with 7aDMC1 Genome-
Specific Primers and confirmation using appropriate Nulli-
tetrasomic stock. 7aDMC1(4) Genome-Specific PCR (a); 1-
line 176¢, 2-line 24b, 3-NTSAS5B, 4-NT5AS5D, 5-NT5BS5A, 6-
NT5B5D, 7-NT5D5A, 8-NTS5D5B, 9-Water Control and
10-Paragon Control; TaDMCI1(B) Genome-Specific PCR (b);
1- line 21b, 2-line 287a, 3-line 368c, 4-NT5A5B, 5-NT5A5D,
6-NT5B5A, 7-NTSB5SD, 8-NT5D3A, 9-NT5DSB, 10-Water
Control and 11-Paragon Control; 7aDMCI1(D) Genome-
Specific PCR (c); 1-la, 2-24b, 3-260a, 4-NT5A5B, 5-
NTS5ASD, 6-NT5B5A, 7-NT5B5D, 8-NT5D5A, 9-NTSDSB,
10-Water Control and 11-Paragon Control: White arrows

indicate Paragon lines with deletions only; M, 2-]og ladder.
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5.2.4.2.3 Forward genetic screening of M; progeny of the confirmed
TaRADS51 and TaDMCI homoeologous gene mutants

Out of six confirmed M, deletion lines for both TaR4ADS5I and TaDMCI

genes, only three lines: TaR4D51(B) (line 81a), TaDMC1(4) (line 176¢c) and

TaDMC1(D) (line 260a) survived probably because of heavy mutation load

within this population. The seed obtained from these M, lines has been

grown to Mj for confirmation of the presence of the deletion and also for

Forward Genetics screening.

5.2.4.2.3.1 Confirmation of the transmission of the deletion and
Forward Genetic screening of the TaR4ADS5]1 homoeologous
gene mutants
Both TaRADS51(4) and (D) homoeologous gene mutants identified by PCR
(lines 319¢ and 221) did not survived and no seed from previous generation
(M) was available. So only the TaR4D51(B) homoeologous mutant (line
81a) could be grown at Nottingham. Twelve M; lines for line 81a (M2) were
grown as ear rows under glasshouse conditions. Before subjecting the
deletion lines to Forward Genetics, the transmission of the deletion in the
M; progeny was confirmed by PCR amplification with the TaRAD51(B)
genome-specific primer and as a control with TaRADS5I(4) and (D)
Genome-Specific Primers (Table 5.2). As expected, the PCR amplifications
indicated that the deletion was transmitted to all M; progeny (Figure 5.7).
Visible phenotypes, if there were any, were scored regularly during the
growing season including key developmental time points for all the M;

progeny in the glass house.



194

. N 0 P N 5 VRl P . TR T [ .

s pm M SIS SUUNY RUTR memew

Figure 5.7 PCR amplification of M; progeny of the TaRAD51(B) genome
specific deletion line (line 81a) with the 7aRAD51(B) Genome-
Specific Primers (a), PCR amplification with 7aRAD51(4) and
(D) Genome-Specific Primers (b). 1-12 are M3 progeny derived
from line 8la M, parent; 13-water control and 14-Paragon
control; the absence of PCR products in lanes 1 and 9 suggests

low DNA quantity for PCR amplification; M, 2-log ladder.

5.2.4.2.3.2 Confirmation of the transmission of the deletion and
Forward Genetic screening of the TaDMCI homoeologous
gene mutants
Only the 7aDMC1(A) and (D) homoeologous gene mutants identified by
PCR survived (lines 176¢ and 260a) and no seed from previous generation
(M;) was available to. Eight Mj lines for each of M, parent (lines 176¢ and
260a) were planted. Before examining the deletion lines for Forward
Genetics, the transmission of the deletion in the M3 progeny was confirmed
by PCR amplifications with 7aDMC1(4) and (D) Genome-Specific Primers,
as tests and as controls, depending upon the lines being examined (Table
5.2). As expected, the PCR amplifications indicated that the deletion is
transmitted into the M; progeny for all the lines tested (Figure 5.8 and 5.9).
Visible phenotypes, if there were any, were scored regularly during the
growing season including key developmental time points for all the M;

progeny in the glasshouse.
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Figure 5.8 PCR amplification of the M3 progeny of the 7aDMCI(A)
Genome-Specific deletion line (line 176¢c) with TaDMC1(A)
Genome-Specific Primers (a); PCR amplification with the
TaDMC1(D) Genome-Specific Primers (b); 1-8 are M;
progeny derived from TaDMC1(4) genome-specific M, parent

(line 176¢), 9-water control and 10-Paragon control; M, 2-log

ladder.
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Figure 5.9 PCR amplification of the Ms progeny of the 7aDMCI(D)
Genome-Specific deletion line (line 260a) with the
TaDMC1(D) Genome-Specific Primers (a); PCR amplification
with TaDMC1(A) Genome-Specific Primers (b); 1-8 are Mj
progeny derived from 7aDMC1(D) genome specific M, parent
(line 176¢), 9-water control and 10-Paragon control: M, 2-log

ladder.
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5.2.4.2.4 TaRAD51 and TaDMCI gene expression analysis in the
identified Paragon deletion lines and unmutated Paragon

5.2.2.2.4.1 TaRADS51 expression analysis

Expression analysis for the identified 7aRAD51(B) mutant (line 81a) in
inflorescence and mature leaves was determined by RT-PCR using the
TaRADS1(B) Genome-Specific Primers (Chapter 4, Table 4.2). As a control,
NT7B7A along with unmutated Paragon were used. As expected, no
transcripts were detected in the 7aRADS51(B) mutant (line 81a) as well as in

Nulli-tetrasomic 7B7A but transcripts were found in the unmutated Paragon

control (Figure 5.10a).

1.0kb

0.5kb B¢

Figure 5.10 RT-PCR of the 7aRAD5I1(B) mutant (line 81a) amplified
with the TaRAD51(B) Genome-Specific Primers (a) and the
Tubulin primers (b); 1-line 8la (leaf), 2-line 8la
(Inflorescence), 3-NT7B7A (leaf), 4-NT7B7A

(inflorescence) and 5-Paragon (inflorescence).

5.2.2.2.4.2 TaDMCI expression analysis

TaDMC1 expression analysis by RT-PCR was determined for the identified
TaDMC1(4) (line 176¢) and TaDMCI1(D) (line 260a) genome specific
mutants along with unmutated Paragon using the 7aDMCI Genome-
Specific Primers (Chapter 4, Table 4.2). As a control, the same sets of
primers were used to amplify unmutated Paragon. As expected, mRNA was
not detected in the 7aDMC'1(A) mutant (line 176¢) and 7aDMC](D) mutant
(line 260a) with TaDMC1(4) and (D) Genome-Specific Primers,



197

respectively, but expression was found in the unmutated Paragon control

(Figure 5.11a and c).

1.0kb

0.5kb

1.0kb

0.5kb

1.0kb

W 0.5kb

1.0kb
0.5kb

Figure 5.11 RT-PCR of the TaDMC1(A) (line 176¢) mutant amplified with

the TaDMC1(4) Genome-Specific Primers (a) and Tubulin
primers (b); 1-line 176¢ (leaf), 2-line 176¢ (inflorescence), 3-
NT5A5D (leaf), 4-NTSASD (inflorescence) and S5-Paragon
(inflorescence); RT-PCR of the 7TaDMCI(D) (line 260a)
mutant amplified with the TaDMCI(D) Genome-Specific
Primers (¢) and Tubulin primers (d); 1-line 260a (leaf), 2-line
260a (inflorescence), 3-NTS5D5A  (leaf), 4-NTSDSA

(inflorescence) and 5-Paragon (inflorescence);
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5.2.4.2.5 Pollen viability assay in the identified Paragon deletion lines
of TaRAD51 and TaDMCI homoeologous genes and
unmutated Paragon
The pollen viability assay of the 7aRAD5I(B) deletion (line 81la),
TaDMC1(A) deletion (line 176¢) and 7aDMC1(D) (line 260a) genome
deletion lines along with unmutated Paragon was determined using the
Alexander staining method (Figure 5.12 and 5.13). The results of the pollen
viability showed 99% pollen viability for the unmutated Paragon plants
analyzed. For the deletion lines, there is a significant reduction in viability
with 70.0+13.8, 67.3%+7.0 and 54.5%+10.9 viable pollen for the
TaRAD51(B), TaDMC1(4) and TaDMC1(D) homoeologous gene mutants
respectively. Statistical analysis by the Duncan method revealed that there is
a significant difference between the percentage of pollen viability of all the
three homoeologous mutants when compared to unmutated Paragon (Table

5.5 and Figure 5.14).

Figure 5.12  Pollen viability assay with Alexander’s stain in unmutated
Paragon plants (a) and line 81a (7aRAD51(B)) mutant plants

(b). The arrow indicate the non-viable pollen.
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Figure 5.13  Pollen viability assay with Alexander’s stain in unmutated
Paragon plants () line 176¢ (7aDMC1(4)) mutant plants (b)
and line 260a (7aDMC1(D)) mutant plants (c). The arrows

indicate non-viable pollen.

Table 5.5 Pollen viability percent in unmutated Paragon, 7aRADS51(B)
(line 81a), TaDMC1(A) (line 176¢) and TaDMC1(D) (line
260a) mutant lines as determined by Alexander staining.

Line name Genotype % Pollen viability
Paragon Unmutated (Wild-type) 99+0.25°
8la TaRADS51(B) mutant 70.0+13.8"
176¢ TaDMC1(A) mutant 67.3+7.0"
260a TaDMC1(D) mutant 54.5+10.9°

Values are means of six replicates per treatment +s.e. Values for the same parameter
labeled with the same letter are not significantly different (P<0.05)
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Figure 5.14 A bar graph showing the percent of pollen viability in
TaRAD51(B) (line 8la), 7aDMCI(A) (line 176¢) and
TaDMC1(D) (line 260a) mutant lines compared with

unmutated Paragon.

5.2.4.2.6 Meiotic assessment of identified Paragon deletion lines of the
TaRADS51 and TaDMC1 homoeologous genes and comparison
with unmutated Paragon
Cytogenetic analysis of meiocytes in anthers was performed using Aceto-
orcein staining of 7aRAD51(B) (line 81a), TaDMCI(4) (line 176¢) and
TaDMC1(D) (line 260a) mutants along with unmutated Paragon. No major
differences between the 7aRADS51(B) (line 81a) mutant and the unmutated
Paragon were observed at any stage of meiosis. The 7aRAD5/(B) mutant
behaved normally in male meiosis and no abnormalities were detected
indicating that the presence of non-viable pollen could be because of factors
other than male meiosis. However slight abnormalities at diakinesis (Figure
5.15aa), early anaphase I (Figure 5.15bb) and the final tetrad stage (Figure
5 15¢c and dd) were observed in some meiotic spreads of the 7aDM(C/
mutants. No other abnormalities were detected in other stages of meiosis in
these mutants. How far these abnormalities lead to a reduction in pollen

viability needs further investigation.
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Figure 5.15 Male meiosis | in unmutated Paragon wild type plant (a to d)

compared with 7aDMC1(A) and TaDMC] (D) mutant plants
(aa to dd). The white arrow indicates dyads among tetrads in

CC.



202

5.2.4.2.7 Fertility assessment of identified Paragon deletion lines of
TaRAD51 and TaDMCI homoeologous genes and unmutated
Paragon
The ear fertility assessment of 7aRAD51(B) (line 81a), 7TaDMC1(A) (line
176¢) and 7aDMC1(D) (line 260a) mutants along with unmutated Paragon
wheat were done after harvest in terms of number of grains/spikelet from six
ears that were allowed to self-pollinate. The ear fertility results of unmutated
Paragon indicated rather low ear fertility (~1.1 grains/spikelet) compared to
levels often seen with wheat grown under glasshouse conditions. The results
of the analysis indicated that the ear fertility of the 7aRADS5I(B),
TaDMC1(A) and (D) mutants were lower than in unmutated Paragon (Figure
5.16 and Table 5.6). Statistical analysis by the Duncan method indicated that
the ear fertility comparing between unmutated Paragon and 7aRADS51(B),
TaDMC1(A) and (D) mutants indicated a significant difference between
unmutated Paragon and the 7aDMC1(A4) and (D) mutants only (Table 5.6
and Figure 5.17). Given the low levels of fertility seen even with the

unmutated Paragon, this analysis needs to be repeated, preferably in the
field.

-«

Paragon Tarad51(b) Tadmcl1(a) Tadmcl(d)

Figure 5.16 Ear fertility (grains/spikelet) comparison between unmuated
Paragon and the 7aRADS51(B), TaDMC1(4) and TaDMC1(D)

mutants.
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Table 5.6 Ear fertility (grains/spikelet) values in unmutated Paragon,
TaRADS51(B), TaDMC1(A) and (D) mutants after harvest.

Line name Genotype Ear fertility
(grains/spikelet)
Paragon Wild type 1.1342+0.23"
81a TaRADS51 B mutant 1.0570+0.23"
176¢ TaDMC1 A mutant 0.6144+0.12%
260a TaDMC1 D mutant 0.2467+0.07°

Values are means of six replicates per treatment +s.e. Values for the same parameter
labeled with the same letter are not significantly different (P<0.05)
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Figure 5.17 A bar graph showing the ear fertility (grains/spikelet)
comparisons between Paragon wild type and the
TaRADS51(B), TaDMC1(A4) and (D) mutants.
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5.3 Discussion
Genome-specific primer sets were designed for the analysis of TaRADS]

and TaDMCI genes for Forward and Reverse Genetics, as such primer sets
would in effect allow hexaploid wheat to be treated as a diploid species with
regard to DNA-based molecular analysis. In the absence of the genomic
sequence of TaRAD51 and TaDMCI for the design of Genome-Specific
Primers within the introns (as the exons are nearly identical), the cDNA
sequences of the TaRAD51 and TaDMCI genes were aligned with the
OsRAD5141 and the OsDMCIA cDNA sequences respectively, allowing
the provisional identification of exon/intron boundaries and design of exon-
anchored primers which amplify intronic regions. Variation within the
intronic regions of these genes once amplified from genomic DNA allowed
the design of putative Genome-Specific Primers. Subsequent Nulli-
tetrasomic analysis confirmed these Genome-Specific Primers for TaRADS5 |
and TaDMC1 . Using this strategy, Blake ef al, (2004) have developed
Genome-Specific Primer sets to amplify the starch biosynthesis-related

genes from the three genomes of hexaploid wheat.

Initial screening of the Highbury population with microsatellite primers to
estimate the frequency of mutation suggested few deletions. Forward
Genetic screening identified 10 lines with potentially reduced or partial
fertility and a more extensive analysis confirmed four lines with consistent
grains/spikelet < 2 in one field season. In order to confirm that these
mutants arise because of deletions in target genes, PCR amplification using
TaRADS51 and TaDMCI1 Genome-Specific Primers was performed. The
results indicated that none of the putative lines showing reduced fertility
contained deletions for these genes, which is not unexpected given that there
are many potential causes of reduced fertility. Given the low levels of
Genome-Specific deletions identified, the full Highbury population was not
screened with the TaRAD51 and TaDMCI Genome-Specific Primers.
Reduced fertility lines have been stored for later analysis. The lack of
deletions detected using microsatellite analysis might be explained on the
basis that Mz and successive generations of Highbury were produced by

self-fertilization under single-seed descent, resulting in ~97% of the
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mutations being homozygous at Ms, while losing a quarter of all unfixed
mutations at each generation. Even weak selection against the presence of

deletions could lead to a reduction in their frequency over the generations.

In the second experiment, a gamma mutagenized population of Paragon
wheat was used to characterize the TaRAD51 and TaDMCI homoeologues.
Initial screening of the population with TaRAD51 and TaDMC! Genome-
Specific Primers identified four and five lines with deletions for target genes
(TaRADS5!1 and TaDMC1, respectively), covering all six homoeologues.
Unfortunately not all of the M; lines survived in the glasshouse, probably
due to a very high mutational load and a potentially deleterious phenotype
leading to reduced fertility (as seen in the remaining lines). Before
subjecting the M3 progeny of the homoeologous deletion lines of TaRAD51
and TaDMCI to Forward Genetics, the presence of the deletion was
confirmed using the TaRADS51 and TaDMC1 Genome-Specific Primers. The
PCR analysis of the M3 population indicated that the deletion was fixed and
transmitted into the M3 lines analyzed. The RT-PCR analysis of unmutated
Paragon, TaRAD51(B), TaDMC1(4) and TaDMCI1(D) mutants revealed the
deletion of the expected homoeologous genes in the M3 progeny of the
mutants which resulted in an absence of expression of the expected
transcript. The unmutated Paragon wheat has all three homoeologous

transcripts in all tissues analyzed for TaR4AD51 and TaDMC1.

The results of data analysis at various growth stages including key
developmental time points indicated no significant differences in vegetative
growth of the deletion lines compared with unmutated Paragon. This is also
in accordance with the report in atrad51 and atdmcl mutants in Arabidopsis
(Couteau et al., 1999 and Li et al., 2004), Zmrad5lal and ZmradSia2
mutants in maize (Li et al., 2007) and OsDMCI-RNAI line in rice (Deng
and Wang, 2007) where the loss of function of either the RADS5] gene or the
DMC] gene has no visible effect on vegetative growth and so loss of a
single copy of one of the homoeologues of RADS51 and DMC]I genes in
wheat would also be predicted to have no clear effect on the vegetative

growth of the plant. Given that wheat is a hexaploid, it is likely that the
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other two homoeologues provide partial insulation against the effect of
mutations in individual homoeologues (Stadler, 1929). So in order to
elucidate the role of RAD5! and DMCI homoeologous genes at various
vegetative growth stages in hexaploid wheat, the availability of double and
even triple deletions of RAD5I and DMCI homoeologous genes is

necessary.

The investigation of the effect of TaRADS51(B), TaDMCI(4) and
TaDMCI(D) deletions at the reproductive stages of the mutant using a
pollen viability assays gave an initial indication of a significant difference in
pollen viability in the mutant lines compared to unmutated Paragon. But the
pollen viability results in this research are in sharp contrast to the reports
published with other species. The pollen viability of the TaR4ADS5I(B)
mutant was found to be around 70% compared to 99% for the unmutated
Paragon. By contrast the pollen viability of atrad51-1 was found to be 0%
(Li et al., 2004). The pollen viability of TaDMC1(4) and (D) mutants were
found to be around 67% and 55%, respectively. This is in contrast to the
atdmcl-1 mutant where the mutant shows just 1.5% pollen viability
(Couteau ef al., 1999) and pollen in the RNAIi knockout line of rice which
showed less than 10% viability (Deng and Wang, 2007).

To correlate the reduction in pollen viability of the wheat mutants with
abnormalities in meiosis - particularly male meiosis, cytogenetic analysis of
male meiocytes was done. No meiotic abnormalities were observed in the
TaRADS51(B) mutant indicating that the TaRADS51(B) homoeologue is not
necessary for proper functioning of male meiosis in hexaploid wheat and
that the deletion of the TaRAD51(B) gene is not necessarily the direct cause
of the low pollen fertility observed here. This assumption is again in
contrast with the atrad51-1 mutant where AfRAD51 gene is essential for
normal male and female meiosis (Li ef al., 2004). It can be speculated that
the other two TaRADS51 homoeologues might be the important versions for
male meiosis in wheat. However, a few meiotic abnormalities at diakinesis,
prophasel and the tetrad stage (frequent dyads) were observed for the
TaDMCI(A) and (D) mutants. Similar but more drastic meiotic
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abnormalities were observed in atdmcl-1 mutant in which the homologous
chromosomes at diakinesis stage were completely unpaired and ten
univalents were found (five bivalents were seen in the wild-type plants)

scattered throughout the cytoplasm (Couteau et al., 1999).

Finally ear fertility analysis was carried out for the TaRAD5I(B),
TaDMC1(4) and TaDMC1(D) mutant lines and compared with unmutated
Paragon. No significant difference in ear fertility between TaRADS5I(B)
gene mutant (located on 7B chromosome) and unmutated Paragon was
observed. Similar observations were made by Sears (1954) and found that
Nullisomic of group 7 (nulli-7A, nulli-7B and nulli-7D) differ very little
from euploid at the seedling and maturity stages and are distinguishable
only by a slight reduction in vigor and height and by certain spike
characters. The seed fertility and grain production of Nullisomic of 7B and
7D are nearly equal to euploid but is greatly reduced in Nullisomics of 7A
due to pistilloidy. Endo and Gill (1996) has observed almost complete
fertility as well with deletion lines of group 7 chromosomes. Both these
reports confirm the current results and indicate that genes present on 7B
chromosome are redundant (including TaR4D51) and partial or complete

deletion of them doesn’t have major effect at any stage of the plant

development.

However, the ear fertility of TaDMCI1(A) and (D) gene mutants (located on
5A and 5D respectively) was significantly different from unmutated
Paragon and meiotic abnormalities appear to be partially responsible for the
lower ear fertility of the TaDMC1(A) and (D) mutants. Sear (1954) observed
that Nullisomics of group 5 have narrow leaves and slender culms, are late
in maturity, spikes are reduced in size and have small glumes and seeds;
they are female fertile and male sterile. Because critical genes for male
fertility are located in those chromosomes (Sears and Sears 1978) it is not
surprising to find very low levels of fertility or in some cases complete
sterility in Nullisomic lines. Chromosomes 5D and 5A have an effect on
premeiotic association opposite to that of their homoeologue 5B. It is

assumed that the 5B gene was derived as an antimorphic mutation from an
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association-promoting gene like those carried by 5D and 5A (Feldman,
1966). Endo and Gill (1996) observed that homozygotes for larger deletions
in the long arms of chromosomes 5A, 5B, and 5D could not be obtained
because of sterility. And as the size of the deletion increased in 5A
chromosome, especially over 50% of the long arm, the seed set decreased to
several grains per spike. Sears and Sears (1978) reported that the
ditelosomic 5DS is male sterile. The above reports confirm the current
results of the research. Because no complete sterility is observed with
deletions in these homoeologues it can be speculated there might be other
important genes on these chromosomes which are more important than
DMC1 gene for ear fertility. The difference in the levels of fertility between
the TaDMCI1(A4) and (D) deletion lines may be because of their relative

importance of the homoeologues in meiosis.

In summary, results from evaluation of the wheat homoeologous deletions
for TaRADS51(B), TaDMC1(4) and TaDMC!(D) and Arabidopsis rad5] and
dmcl clearly demonstrated that both the genes are dispensable for vegetative
growth stages of the plant. However, differences were observed in the
reproductive stages of these gene mutants. While atrad5/ mutants are male
and female sterile, the TaRAD51(B) mutant is male fertile (although with a
significantly reduced pollen viability) and does not display a significantly
reduced seed set. This result is similar in some ways and contrasts in others
with the observation in Zmrad51A1 and Zmrad51A42, that homozygous
single mutants of either gene develop normally, are fully male fertile, and do
not display reduced seed set (Li er al., 2007). This result is also to the
observation of seed fertility in Nullisomic of 7B chromosomes. From the
results of Arabidopsis and maize mutants and also from Nullisomic data, it
can be concluded that in wheat TaRAD5I(B) appear to be functionally
redundant in planta. However future experiments involving the other
TaRADS51 homoeologue mutants (4 and D) may give a clearer picture. In
the case of the atdmcl mutant, even though meiotic abnormalities were
found it does not lead to complete sterility. Similar results (albeit less
dramatic ones) were observed for 7aDMCI(4) and TaDMC (D) mutants.
This argues that the function of DMCI is conserved among plants and
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observed abnormalities in meiosis do not lead to cell death as in the case of
yeast and mouse. From these initial results it can be concluded there is likely
to be a dosage effect of TaDMCIl homoeologues on the observed
phenotypes. However future experiments involving the TaDMCI(B)
homoeologue mutant and combinations of these genes may give a clearer
picture. Perhaps an unexpected result for the TaDMC1(4) and TaDMC1(D)
mutant lines is that the deletion of a single copy of these should have a
phenotypic effect on meiosis (assuming that these mutations are causing the
mild disruption of meiosis) which argues that the buffering capacity is
limited for these homoeologues. Finally the results of deletions of TaR4D5 1
and TaDMCI needs to be considered with caution because apart from the
confirmed deletions there can be other deletions in those lines and the
observed phenotype may not be true indication of the deleted gene. So it is
important to backcross the deletion mutant with original parent line from
which it is derived to remove any additional deletions. The deletion lines for
target genes (TaRADS51 and TaDMC1) in this study have only been studied
for one generation and so to relate the observed phenotype to the deletions
in target genes only and to remove any additional deletions, future research

should aim to backcross the mutants with parent.
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CHAPTER 6: FUNCTIONAL CHARACTERISATION
OF THE TaRAD51 AND TaDMC1 GENES

IN Arabidopsis thaliana

6.1 Introduction
A variety of approaches such as mutagenesis, RNAI etc., have been used to

disrupt the function of genes in plants. Insertional mutagenesis has been
extensively used, particularly in Arabidopsis. It is based on the insertion of
unrelated DNA into the gene of interest. In Arabidopsis, insertional
mutagenesis involves the use of transposable elements (Sundaresan ef al., 1995;
Martienssen, 1998) or the T-DNA of Agrobacterium tumefaciens (Azpiroz-
Leehan and Feldmann, 1997). The introduced foreign DNA not only disrupts
the production of viable transcripts of the target gene but also acts as a marker
for identification of the mutated locus in subsequent generations. In
Arabidopsis, insertional mutagenesis has been utilized to produce large
numbers of mutants. The success of this approach is partly due to small intron
size and high density of coding sequence — a reflection of the small genome
size of Arabidopsis. The T-DNA insertion is in the order of 5 to 25 kb in length
and generally produces a loss of the gene function in Arabidopsis, although
there are numerous examples of the T-DNA being excised at the transcript level
to give functional expression of the gene (Matzke et al., 1994) Mutations that

are homozygous lethals can also be maintained within lines in the form of

heterozygous plants.

Insertional mutagenesis lines for many genes have been generated in
Arabidopsis by various research groups throughout the world. The major
groups of lines generated for research and the research groups involved are
SALK lines (SALK Institute Genomic Analysis Laboratory, USA) (Alonso et
al., 2003), GABI-Kat lines (Institute of Genome Research, Bielefeld
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University, Germany) (Rosso ef al., 2003) and SAIL lines (Syngenta
Arabidopsis Insertion Library, USA) (Sessions et al.,, 2002). These large
collections of T-DNA insertion lines are curated and are provided by the NASC

to Europe and by the Arabidopsis Stock Center at Ohio State University for the
US.

In Arabidopsis both the characterised RAD5] and DMC! gene mutants are
generated by T-DNA insertional mutagenesis and have been genetically well
characterized (Couteau et al., 1999; Li et al., 2004). Insertional mutagenesis
into both the AtRAD51 and AtDMC] genes produces a loss of the functional
allele. Homozygous Atrad5] plants show no apparent abnormal phenotype
during the vegetative phase, but pollen from the homozygous atrad51 plants is
non-viable and seed set does not occur. Similarly, homozygous atdmc! plants
developed normally in the vegetative stage, but show strongly reduced fertility

during the reproductive phase.

Phylogenetic analysis based on amino acid sequences show significant
homologies between the Arabidopsis (a dicot species) and the wheat (a
monocot species) RADS5] and DMC1 genes (Chapter 4). So the functions of
TaRADS5! and TaDMCI could be investigated by complementing the
Arabidopsis rad5! and dmcl mutant phenotypes by over-expression of the
corresponding wheat allele. Any complementation of Arabidopsis mutant
phenotype with TaRAD51 and TaDMC1 genes would be a strong evidence for
functional relatedness. Delhaize et al., (1999) showed that yeast cho! mutants
that lacked PSS (phosphatidylserine synthase) activity can be complemented by
the expression of TaPSSI gene.

Li et al. (2004) showed that the Afrad51 mutant can be complemented by the
introduction of a CAMV35S::MYC::AtRAD51 construct into heterozygous
AtRADS1/Atrad51 plants. This completely restored fertility in the homozygous
atrads] mutants. Couteau et al., (1999) also showed that the Atdmc] mutant
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can be complemented by the introduction of an 11-kb DNA fragment covering
the full sequence of AtDMCI (Columbia ecotype) used into heterozygous
(AtDMC1/Atdmc1) plants. Both these reports and also numerous reports from
other genes in Arabidopsis (Mysore et al., 2000) indicate that the
complementation method can successfully be utilized to functionally
complement mutant phenotype by the wild-type version of the respective gene,
derived from the same species. However, the use of these T-DNA mutants for
complement studies involving genes from unrelated species has not been
reported to date. In this current work, the (D) homoeologue of the TaRADS!
and TaDMCI genes were cloned into over-expression constructs to test for

potential complementation in Arabidopsis rad5! and dmcl T-DNA lines

respectively.

Francis et al., (2007) reported a fluorescence-based tetrad analysis system for
detecting meiotic recombination events such as crossover interference, gene
conversion and evaluating cross-over frequencies in Arabidopsis. This analysis
system is based on the grt mutant background of Arabidopsis which produces
tetrads in which the four meiotic products are held together by undegraded
callose, thus allowing all four products of a single meiotic event to be studied
relative to one another. This is coupled with a series of transgenic marker genes
that express different coloured fluorescent proteins in pollen (Stewart, 2006).
Each of the transgenic marker genes encodes one of the three fluorescent
proteins (red, cyan and yellow) under the control of the post meiotic pollen-
specific promoter (LAT52) (Figure 6.1). By transforming large numbers of
plants with either a red, cyan or yellow construct, a series of lines containing
random insertions into the five chromosomes of Arabidopsis were generated.
Different colour markers can be combined through crossing or re-
transformation to produce lines that carry linked different colour marker
constructs. Genetic intervals can be visually assayed for recombination
frequency by scoring for non-parental inheritance of linked markers. The gr

background allows this to be taken a step further, with all four ordered meiotic
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products scorable. This system can thus be used to study the effect of over-
expression of the wheat meiotic recombination genes (7aRADS51 and TaDMCI)

on genetic intervals and recombination frequencies in Arabidopsis.

[CHnptil or Bar{LAT52P| Gateway

C

Figure 6.1 Fluorescence-based tetrad system for analyzing meiotic
recombination events in Arabidopsis. An Agrobacterium T-DNA
construct containing eCFP, eYFP and DsRED driven by LATS2
promoter (A); T, plants expressing the fluorescent protein in
their pollen (B); Crossing lines with differently colored
transgenes on the same chromosome (C, D and E) enables
detection of crossing over events in the interval between the
transgenes (C and D with E, a merged image of C and D with
arrow indicating recombinant tetrad) (Source: Francis et al.,

2007).

In the current chapter, molecular and phenotypic characterization of the
Arabidopsis T-DNA insertion lines for the RAD5! and DMCI genes was
undertaken to confirm the reported results of Li ef al., (2004) and Couteau et
al., (1999). Complementing constructs were prepared with one of the wheat
RAD51 and DMCI homoeologues driven by a CaMV35S promoter and

transformed into heterozygous mutant lines (AtRADS51/Atrad51 and
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AtDMC1/Atdmcl). Functional complementation by over-expression of the
wheat strand exchange genes in Arabidopsis was analyzed by phenotypic
assessment and expression analysis by RT-PCR. Finally the florescence-based
tetrad analysis system was provisionally used to examine whether there was any
effect of over-expression of the TaRADS51 and TaDMCI genes on genetic
distances and recombination frequencies in Arabidopsis. For the current study,
only the TaRAD5! gene was used to study the effects of over-expression on
genetic distances and recombination frequencies in Arabidopsis because of the
report of a two-fold increase of recombination frequency upon overexpression
of RADS1 in Arabidopsis (Betzner and Stefan er al., W0O/2002/008432). But in
the current work, overexpression was tested with TaRADS51(D) instead of
AtRADS1 version. This was initially undertaken without recovery of the grr
background. Construction and analysis of lines over-expressing TaDMC!(D) in

a fluorescent tester background for recombination is underway.
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6.2 Results
6.2.1 Comparative amino acid sequence analysis between the AfRADS1

and the TaRADS51 ¢cDNA homoecologues
Comparative amino acid sequence analysis of TaRADS5I (cTaRADSI-TA,
cTaRAD51-7B and cTaRAD51-TD; FJ594479, FI594480 and FJ5944781)
homoeologous genes against AfR4D5]1 (NM_122092) was performed and the
analysis revealed a high level of sequence conservation between the three
c¢DNA homoeologues of TaRADS5I and AtRAD51 cDNA sequence, except for
the first 30 amino acids at 5’- end of the sequences (Figure 6.2). As there is a
high level of sequence conservation between the three cDONA homoeologues,
for the current study only one cDNA homoeologues (TaRADS5 (D)) was used to
test for functional complementation of the Atrad51 T-DNA insertional mutant

and also for studying recombination frequencies in the fluorescent tetrad lines

of Arabidopsis by over-expression.
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TaRADS1A MSSHAAHQKAAAAAPVEEEEAGEHCPFPIRHLQASGIARVDVKKLKDACLCTVESVAYSP 60
TaPADSIE MSSSAAHOKAAAAAPVEEEEAGEHGPFPIEHLQASGIAAVDVKKLKDAGLCTVESVAYSP 60
TaPADSID MSSSAAHOKAAAAAPVEEEAGEHGPFPIEJLQASCIAAVDVKKLKDAGLCTVESVAYSP 59
ATRADS1 urmomowooovnn-mrmolmmmnmncwnmnp 59
- -”."-Q '" '” LA & & & 2 "Q"*Q' "' -
TaPADS1A nxm.x.omcxsnxmxmmvrnarumnmuxnmcsnmmxcc 120
TaRADSIE RKDLLQIKGISEAKVDKIIEAASKLVPLGFTSATQLHAQRLEITIQVTTGSRELDBILEGG 120
TaPADS1D RKDLLQIKGISEAKVDKIIRAASKLVPLGFTSATQLHAQRLEIIQVTTGSRELDKILEGG 119
ATPADS] PRKDLLQIKGISDAKVDKIVEAASKLVPLGFTSASQLHAQRQEIIQITSCSRELDKVLEGG 119
”"'"9'”: Q’”’!:QQ””.’”"": TREEREN "":*: """: 4 TEETY
TaPADS1A IETGSITELYGEFRSCGKTQLCHTLCVTCQLPLDQGGGECKALYIDARGTFRPQRLLQIAD 180
TaPADS1B IETGSITELYGEFRSGRTQLCHTLCVTCQLPLDQGCCECKALYIDARGTFRPQRLLQIAD 180
TaPADS1D IETCSITELYGEFRSGKTQLCHTLCVTCQLPLDQGGGECKALYIDAEGTFRPQRLLQIAD 179
ATRADS] IETGSITELYGEFRSGKTQLCHTLCVTCQLPMDQGGGEGKAMYIDAEGTFRPQRLLQIAD 179

B st e

TaPADS1A RFGLNGADVLENVAYARAYNTDHQSRLLLEAASMMVETRFALMVIDSATALYRTDFSGRG 240
TaPADS1B RFGLNGADVLENVAYARAYNTDHQSRLLLEAASMMVETRFALMVIDSATALYRTDFSGRG 240
TaPADS1D RFGLNGADVLENVAYARAYNTDHQSRLLLEAASMMVETRFALMVIDSATALYRTDFSGRCG 239
ATPADS] RFGLNGADVLENVAYARAYNTDHQSRLLLEAASMMIETRFALLIVDSATALYRTDFSGRG 239

B e T

TaRADS1A ELSARQMHLAKFLRSLQKLADEFGVAVVISNQVVAQUDGGAMFAGPQIKPIGGNIMAHAS 300
TaPADS1E ELSARQMHLAKFLRSLOKLADEFGVAVVISNQVVAQUDGCAMFAGPQIKPIGGNIMAHAS 300
TaPADS1D ELSARQMHLAKFLRSLQKLADEFGVAVVISNQUVAQUDGCAMFAGCPQIKPIGCNIMAHAS 299
ATRADS] ELSARQMHLAKFLRSLQKLADEFGVAVVITNQVVAQVDGCSALFAGPQFKPIGGNIMAHAT 299

FE s 2222 22 2ot A a bbbttt b bbb it AR RARS £ - iRRREY IRRARRRERANN .

TaPADS1A TTRLYLRKGRAEERICKVVSSPCLAEAEARFQISPEGVIDVED 343
TaPADS1E TTRLYLPRCRAEERICKVVSSPCLAEAEARFQISPEGVTDVKD 343
TaPADS1D TTRLYLPRGRAEERICKVVSSPCLAEAEARFQISPECVIDVKD 342
ATPADS] TTRLALPRKGRAEERICKVISSPCLPEAEARFQISTECVTDCKD 342
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Figure 6.2  Comparison of the amino acid sequences of 7aRADS51 cDNA
homoeologues with 4tRADS51 cDNA sequence. The residues in
yellow indicate conserved amino acids, the residues in red
indicate amino acids that are different between the three
TaRAD51 cDNA homoeologues and residues in blue indicate
amino acids that are different between TaRADS5! and AtRADS|.
Numbers on the right indicate positions of the amino acid

residues with the predicted protein sequence.

6.2.2 Comparative amino acid sequence analysis between the 4tDMC1
and TaDMCI ¢cDNA homoeologues

Comparative amino acid sequence analysis of TaDMCI (cTaDMCI1-5A,

cTaDMCI-5B and cTaDMCI-5D; FJ594482, FJ594483 and FJ594484)

homoeologues against AZDMCI1 (NM_113188) was performed and revealed a

high level of sequence conservation between the three cDNA homoeologues of
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amino acids at 5°- end of the sequences. As there is a high level of sequence

conservation between the three cDNA homoeologues, for the current study only

one cDNA homoeologue (TaDMCI(D)) was used to test for the functional

complementation of the Atdmcl T-DNA insertional mutant by over-expression.

TaDMC1-5A
TaDMC1-5D
TaDMC1-SB
ATDMC1

TaDMC1-5A
TaDMC1-5D
TaDMC1-SB
ATDMC1

TaDMC1l-5A
TaDMC1-5D
TaDMC1-5B
ATDMC1

TaDMC1-54
TaDMC1-5D
TaDMC1-SB
ATDMC1

TaDMC1-5A
TaDMC1-5D
TaDMC1-5B
ATDMC1

TaDMC1-5A
TaDMC1-5D
TaDMC1-5B
ATDMC1

Figure 6.3

MAPSKQYDEGGQLQLMEADRVEEEEECFESIDRLISQGINSGDVKKLQDAGIYTCNGLMM 60
MAPSKQYDEGGQLQLMEADRVEEEEECFESIDKLISQGCINSGDVRKKLQDAGIYTCNGLMM 60
MAPSKQYDEGGQLQLMEADRVEEEEECFESIDKLISQGINSGDVKKLQDAGIYTCNGLMM 60
MMASLKAEETSQMQLVEREEND EDEDLFEMIDKLIAQGINAGDVRKLQEAGIHTCNGLMM 60
- * - -" ’ ”-' e o -'-'- R ARARN - 'Q’Q-"Q**’ﬁ f"-’*"'*'
msnrcmslmmcmmocmcsnummmnrcsumnw 120
HTRKSLTGIKCGLS EARVDKICEAAERLLSQGFMTGSDLLIKRKSVVRITTGSQELDELLG 120
HTKKSLTGIKGLSEARVDKICEAAERKLLSQCFMTGSDLLIKRKSVVRITTGSQALDELLG 120
HTRKNLTGIKGLS EAKVDKICEAAEKIVNFGYMIGSPALIKRKSVVKITTGCQALDDLLG 120
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GGIETLCITEAFGEFRSGKT QLAHTLCVS TQLPLHMHGGNGRVAYID TEGTFRPERIVPI 180
GGIETLCITEAFGEFRSGKTQLAHTLCVS TQLPLHMHGGNGRKVAYIDTEGTFRPERIVPI 180
c;cnrx.cnmr.xnsmo!.ml.cvsrunrnmmducrnrnxwx 180
GGIETSAITEAFGEFRSGKT QLAHTLCVT TQLPTNMRGGNGRVAYIDTEGTFRPDRIVPI 180
TR L "”"Q'Q**”'*""”: LA & & = ': "'"**"_ "f""*': AEREN
AERFCMDANAVLDNIIVARAYTYEHQYNLLLGLAARMAEEPFRLLIVDSVIALFRVDFSG 240
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AERFGMDPCAVLDNIIYARAYTYEHQYNLLLGLAAKMSEEPFRILIVDSIIALFRVDFTC 240
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RGELAERQQKLAQMLSRLTRIAEEFNVAVYITNQUVIAD PCGGMFITD PRKKPACGCHVLAHA 300
RGELAERQQKLAQMLSRL TRIAEEFNVAVYITNQVIADPGGGIFITD PKKPAGGHVLAHA 300
RCELAERQQKLAQMLSRL TRIAREFNVAVYITNQVIADPCGGMFITD PRKPACCHVLAHA 300
RGELADRQQKLAQMLSRLIKIAERFNVAVYMTNQVIAD PGGGMF ISD PKKPAGGHVLAHA 300
”"': EA 22t b bt o b & & ’*’f’*""': "'f”'*’""': LA A 2 2 B 2 8 L b b L 22
ATIRLMLRKEKGEQRVCKI FDAPNLPEGEAVFQITTGGLMDVKD 344
ATIRLMLRKGKGEQRVCKI FDAPNLPEGEAVFQITTGGLMDVKD 344
ATIRLMLRKGKGEQRJCKI FDAPNLPEGEAVFQITTGCLMDVKD 344

ATIRLLFRKGKGD TRVCKVYDAPNLARARASFQITQGGIADAKD 344
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of TaDMC]

homoeologues with AtDMCI1. The residues in yellow indicate

Comparison of amino acid sequences
conserved amino acids, the residues in red indicate amino acids
that the three 7aDMCI c¢DNA
homoeologues and residues in blue indicate amino acids that are

different between 7aDMC! and AtDMCI. Numbers on the right

are different between

indicate positions of the amino acid residues.
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6.2.3 Comparative sequence analysis of the TaR4D51(D) and AtRADS51

amino acids
Comparative amino acid analysis of TaRAD31(D) against AtRADS51 revealed

the structural motifs and catalytic domains were spaced identically across both
of these sequences even though amino acid differences were found in many of

the motifs. The Walker A and Walker B motifs were also identically spaced
(Figure 6.4).

6.2.4 Comparative sequence analysis of the TaDMCI1(D) a nd AtDMCI
amino acids

Amino acid sequence analysis of TaDMCI(D) against AtDMC]1 revealed very

high levels of similarity to one another for all the domains analyzed. The

structural motifs and catalytic domains were spaced identically across both of

these sequences even though amino acid differences were found in many of the

motifs between the sequences. The Walker A and Walker B motifs were also
identically spaced (Figure 6.5).
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N-terminal domain

Hairpin residues Conserved Gly

residue
a-helix 1 l a-helix 2 l a-helix 3

— e g o

TaRAD51D 27 PIEQLQAS GIA AVDVKKLK DAGLCT VESVAY 57
AtRAD51 27 PVEQLQAA GIA  SVDVKKLR DAGLCT VEGVAY 57

: Hairpin residues ,
a-helix 4 a-helix 5
o o Rl
f_H /—L—\ g N\
TaRAD51D 61 KDLLQIK GIS EAKVDKIIEAASKL
AtRAD51 61 KDLLQIK GIS DAKVKKIVEAASKL

Linker region a-helix 6

TaRAD51D 92 ATQLHAQRL
AtRAD51 92 ASQLHAQRQ

C-terminal domain
Walker A Walker B

s SRR

TaRAD51D 131 GEFRSGKT--[83]-LMVID 225
AtRAD51 131 GEFRSGKT--[83]—-LLVID 225

Figure 6.4  Comparative amino acid sequence analysis of 7aRADS5I(D)
against AtRAD5]. The amino acid residues that are different
between the two genes are indicated in red. The conserved polar
non-charged glycine residue (green) is indicated with a red

arrow



N-terminal domain

Hairpin residues ~ Conserved Gly
residue
a-helix 1 l a-helix 2 l a-helix 3
TaDMC1D 31 IDKLIS GIN SGDVKKLQ DAGIYT CNGLMM 60
AtDMC1 31 IDKLIA GIN AGDVKKLQ EAGIHT CNGLMM 60
Hairpin residues
a-helix 4 l a-helix 5
LA
f—_H 2 4 .
TaDMC1D 62  KKSLTGIK GIK EAKVDKICEAAEKLL
AtDMC1 62  KNSLTGIK GIK EAKVDKICEAAEKIV
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AtDMC1 94 GSDALIK
C-terminal domain
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Figure 6.5
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Comparative amino acid sequence analysis of 7aDMC1(D)

against A/DMC]. The amino acid residues that are different

between the two genes are indicated in red. The conserved polar

non-charged glycine residue (green) is indicated with a red

amrow
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6.2.5 Structural conservation of the protein sequences of the TaRADS]1
and AtRADS51
3D molecular modelling of the TaRAD5I1(D) and AtRAD5! amino acid
sequences indicated both of these Rad51 proteins are structurally highly
conserved (Figure 6.6a). Predicted 3D overlays displayed high levels of
conservation for secondary (a-helices and anti-parallel B-strands) and tertiary
structures. The only noticeable region of structural dissimilarity seen between
the two Rad51 proteins were two peptide loops; one between a-helix 13 and o-
helix 14 (Figure 6.6a, indicated by the white arrow), and the other between B-

strand 5 and a -helix 15 (not shown due to model orientation).

6.2.6 Structural conservation of the protein sequences of the TaDMCI
and AtDMC1

3D molecular modelling of the TaDMCI(D) and AtDMCI amino acid

sequences indicated both of these Dmcl proteins are conserved (F igure 6.6b).

Predicted 3D overlays displayed high levels of conservation for secondary (a-

helices and anti-parallel B-strands) and tertiary structures.



Figure 6.6 3D predictive modeling of TaRad51(D) and AtRad51

superimposed on to each other (a); The 3D structure of
TaRad51(D) is represented in green, and AtRad51 is represented
in blue; The white arrow shows one of the peptide loop
(AtRad51) that show disparity between the two proteins. The
other peptide loop is not shown because of the images presented;
3D predictive modeling of TaDmcl(D) and AtDmcl
superimposed on to each other (b); The 3D structure of
TaDmc1(D) is represented in green and AtDmcl is represented

in blue.

6.2.7 Molecular and phenotypic characterization of the Arrad51 and
Atdmcl T-DNA insertional lines
Atrads1 and AtdmcCl T-DNA insertional seed was obtained from Dr. Marie-
Pascale Doutriaux (University Paris-Sud, France). To be able to use these lines
for complementation experiments involving the TaRADS51 and TaDMC1 genes,
these insertional mutants first underwent molecular and phenotypic
characterization to confirm the expected genotype and phenotype were
consistent with the reported results of Couteau er al., (1999) and Li et al.,

(2004). While phenotypic assessment of the plants was undertaken for
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vegetative growth and also for pollen viability, genotyping of plants was
performed by PCR using the wild-type and mutant allele specific primers

(Table 2.5).

6.2.7.1 Molecular and phenotypic characterization of Arabidopsis rad51 T-
DNA insertional mutants
The Arabidopsis rad51 T-DNA insertional mutant seed was obtained from Dr.
Marie-Pascale Doutriaux. Systematic characterization of plants derived from a
single AtRADS51/Atrad51 plant was performed using PCR with primers specific
for either the mutant or the wild-type AtRADS5! alleles (Table 2.5) to define
their genotypes. Systematic analysis of 25 plants derived from a single self-
fertilized AtRADS51/Atrad5] showed 7 of them to have just the wild-type
alleles, 10 of them to have both alleles (indicating a heterozygote) and 8 of
them to have the mutant allele to produce an approximate 1:2:1 ratios of the

wild-type/ heterozygous/homozygous plants ()(2 = 0.749; P=0.687) (Figure 6.7).

Phenotypic characterization of the progeny derived from a self-fertilized
heterozygous AtRADS51/Atrad5 1 plant was also undertaken. Homozygous plants
with the atrad5l/atrad51 genotype showed normal vegetative development as
did the other two genotypes, with similar rates of growth and similar numbers
of rosette and cauline leaves, but the double mutant plants were completely
sterile and failed to set any seeds. The phenotypic ratio of the 25 plants gave an
approximately 3:1 ratio in terms of fertile to sterility (17 fertile: 8 sterile; 3 =
0.653, 1df = n.s.). The anthers of wild-type and heterozygous plants produced
normal pollen whereas in the anthers of the homozygous atrad5l/atradsi
plants no viable pollens grains were observed and the grains were variable in

shape and much smaller than for the wild-type and heterozygous plants (Figure

6.8).
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Figure 6.7 PCR determination of the genotypes of progeny derived from a
self-fertilized heterozygous AtRADS51/Atrad51 plant. Wild-type
and mutant alleles are indicated by red arrows. Amplification
with primers for wild-type and mutant alleles identifies the
genotype of the sample analyzed; 1-25: progeny from a self-

fertilized heterozygous plant; M, 2-log ladder.

Figure 6.8  Pollen viability assay with Alexander’s stain in AtRADS5] wild-

type (a) and Atrad51 T-DNA homozygous mutant (b).
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6.2.7.2 Molecular and phenotypic characterization of Arabidopsis dmcl T-
DNA insertion mutants
The Arabidopsis dmcl T-DNA insertional mutant seed was obtained from Dr.
Marie-Pascale Doutriaux. One heterozygous AtDMCI1/Atdmcl plant was
selected and systemic characterization by PCR analysis using primers (Table
2.5) specific for either the mutant or the wild-type 4tDMCI alleles was done
for a population of 25 plants derived from the self-fertilized heterozygous plant.
Systematic analysis of 25 plants derived from a single self-fertilized
AtDMC1/Atdmcl showed 7 of them to have just the wild-type alleles, 15 of
them to have both alleles (indicating a heterozygote) and 3 of them to have the

mutant allele to produce an approximate 1:2:1 ratios of the wild-type/

heterozygous/homozygous plants (x’=2.879; P=0.237) (Figure 6.9).

Phenotypic characterization of progeny derived from a self-fertilized
heterozygous AtDMCI/Atdmcl plant was also undertaken. There is no
phenotypic difference between the wild-type/heterozygous/homozygous
mutants in terms of vegetative development. Plants with the atdmcl/atdmci
genotype showed strongly reduced fertility (17.5%), whereas plants with the
other two genotypes AtDMCI/AtDMCI and AtDMCI/Atdmecl showed the
normal fertile phenotype. The phenotypic ratio of the 25 plants gave an
approximately 3:1 ratio in terms of fertile to sterility (22 fertile: 3 sterile; x’- =
1.40, 1df = n.s.). The Atdmcl/Atdmcl plants produce smaller and curved
siliques with few seeds compared to the wild-type and heterozygous plants. In
the anthers of the homozygous mutant plants, shortened filament were found
and contain only a few viable pollen grains, compared to wild-type and
heterozygous plants, where the anthers contain normal filaments and viability

of pollen grains was much higher (Figure 6. 10).
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Figure 6.9 PCR determination of the genotypes of progeny derived from a
single self-fertilized heterozygous AtDMC1/Atdmcl plant. The
top band represents the wild-type allele and the bottom band
represents the mutant allele. Amplification with specific primers
for wild-type and mutant alleles gives the genotype of the
sample analyzed; 1-25: progeny from a self-fertilized

heterozygous plant; M, 2-log ladder.

Figure 6.10 Pollen viability staining with Alexander’s solution in AtDMC!

wild-type (a) and Atdmcl homozygous mutant (b).

Wild-type
allele
Mutant typ
allele
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6.2.7.3 Expression analysis of theA7ZRADS51 and AtDMCI T-DNA insertional
mutants
RT-PCR expression analysis of A1RAD51 and AtDMC1 genes was evaluated
using first strand cDNA of Arabidopsis wild-type and homozygous mutants
synthesized from the following tissues: leaf, root, floral bud and siliques and
amplified with the AtTRAD51 and AtDMC]I primers (Table 2.5). The expression
of the AtRADS51 and AtDMC1 genes was found in leaf, root, floral bud tissues,
and siliques in the wild-type genotype (Figure 6.11b and 6.11d). No expression
was found in any of the tissues with the above primers in the homozygous
mutant genotype, indicating the loss or lack of accumulation of the transcripts

for the AtRADS51 and AtDMC1 gene (Figure 6.11b and 6.11d).

et R endla il 0.5k K R

" Tubulin Wt ~  Tubulin Mt ARADSTWt Atrad51 Mt
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I

Tubulin Wt Tubulin Mt

Figure 6.11 RT-PCR to determine the expression of the Tubulin gene in
wild-type and mutant plants of Arad51 and Atdmcl insertional
lines (a and c), expression of the AtTRADS5] gene in wild-type and
mutant plants in Atrad51 insertional lines (b) and expression of
AtDMC1 gene in wild-type and mutant plants of Atdmcl
insertional lines (d); 1-Leaf, 2-root, 3-flower and 4-silique; M, 2-

log ladder.
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6.2.7.4 Genetic  transformation of CaMV35S::TaRADS5S1(D)::+GFP
complementation constructs into the Afrad5]1 T-DNA insertional
mutant

As homozygous Atrad51/Atrad5] T-DNA insertional mutants of Arabidopsis

are sterile, heterozygote plants were transformed with the

CaMV35S::TaRADS51(D)::+GFP complementing constructs (Section 2.2.16.4).

The heterozygous AtRAD51/Atrad3 1 line was identified by using PCR primers

that amplify the wild-type allele and the T-DNA allele (Section 6.2.3).

6.2.7.4.1 Genetic  transformation of the CaMV35S::TaRADSI(D)

complementation construct into the Afrad51 T -DNA insertional

mutant
After transformation and plating the harvested seeds on selection medium (%
MS media containing Kanamycin), 12 Kanamycin resistant putative
transformants (To) were recovered fromthe Arabidopsis plants tran sformed
with the CaMV35S::TaRAD51(D) construct. PCR analysis of the putative
primary transformants (To) showed that all the 12 Kanamycin resistant plants
for CaMV35S::TaRADS51(D) contained the construct as they amplified a 1.1kb
fragment which was expected from the full length TaRADS5I1(D) cDNA
sequence (Figure 6.12a). Genotypic analysis of the plants indicated that out of
12 Kanamycin resistant plants, 4 transformants were heterozygous for the T-
DNA insertion (containing both wild-type and T-DNA allele) and the
remaining 8 transformants contained only the wild-type allele (Figure 6.12b).
PCR was repeated twice to test for consistency. As no plant with the
homozygous Atrad51/Atrad5] genotype was found, two independent
heterozygous AtRADS51/Atrad51 transformants (To) (plants 1 & 10) were
selected and segregated to T, to generate homozygous Atrad51/Atrad51 plants
containing the TaRADS51(D) transgene to test for complementation. PCR
analysis of the transformants (T;) from plant no.10 indicated that all 32 plants

contain the integrated construct as they amplified the expected 1.1kb fragment,
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probably indicative of more than one insertion of the construct into the genome
at T, for this plant. Upon genotyping with primers that amplify the wild-type
allele and mutant T-DNA alleles, 18 plants were found to be heterozygous for
the T-DNA, five plants were wild-type and nine plants were found be
homozygous for the T-DNA insertion (Figure 6.13). For plant no.1, only 10 out
of the 14 T, segregants contained the integrated construct, amplifying the
expected 1.1kb fragment (Figure 6.14a). Upon genotyping with primers that
amplify the wild-type allele and mutant T-DNA allele, seven plants were found
to be heterozygous for the T-DNA, three plants were wild-type and three plants
were found be homozygous Atrad51/Atrad51 (PCR failed in one sample)

(Figure 6.14b).

a
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0.5kb
L A% ]
L
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0.5kb B —— — PP E— Mutant allele

Figure 6.12 PCR analyses of Ty plants obtained from transformation with the
CaMV35S::TaRAD51(D) construct into  AtRADSl/Atrad5 1
heterozygous plants. PCR analysis was used to check for the
presence of the construct (a) and PCR analysis used to genotype
To plants for the wild-type and T-DNA alleles at the AtRADS ]
locus (b); 1-12: To plants, 13-water control and 14-positive

control; M, 2-log ladder.
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Figure 6.13 PCR analyses of T, plants obtained from a Ty transformant (plant
no.10) transformed with the CaMV35S::TaRADS51(D) construct.
PCR analysis to check for the presence of the construct (a) and
PCR analysis to genotype the T, plants for the wild-type and T-
DNA alleles at the AtTRADS51 gene (b); 1-32: T, plants, 33-water

control and 34-positive control; M, 2-log ladder.
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Figure 6.14 PCR analyses of T, plants obtained from a T transformant (plant
no.l) transformed with the CaMV35S::TaRAD51(D) construct.
PCR analysis to check for the presence of the construct (a) and
PCR analysis to genotype T, plants for the wild-type and T-
DNA alleles at the AtRADS51 locus (b); 1-14: T, plants, 15-water
control and 16-positive control;, DNA from plant 4 failed to

amplify; M, 2-log ladder

6.2.7.4.2 Genetic transformation of the CaMV35S::TaRADS5I(D)::GFP
construct into the Afrad51 T-DNA insertional mutant line
After transformation and plating the harvested seeds on selection medium ('
MS media containing Kanamycin), four Kanamycin resistant primary putative
transformants (To) were recovered. PCR analysis of the primary putative
transformants (To) showed that out of four transformants only one transformant
contained the expected construct fragment of 1.1kb fragment (Figure 6.15a).
Genotypic analysis of the plants with AtRADS51 wild-type and mutant T-DNA
primers indicated the single primary putative transformant was heterozygous

for the T-DNA insert (Figure 6.15b). The PCR was repeated twice to check for
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consistency. The single transformant was selected and allowed to self-pollinate
to produce T, seed. PCR analysis of the T, was performed and showed that all
20 T, transformants contained the expected 1.1kb fragment, indicating that
there were probably multiple construct insertions in this Ty plant (Figure 6.16a).
Upon genotyping, six plants were found to be heterozygous for the T-DNA,
eight plants were wild-type and six plants were found be homozygous
AtradS1/Atrad51 (although no band was observed in sample 7, phenotypically
it is sterile suggesting that it is a homozygous mutant) (Figure 6.16b).

wit
T-DNA

1.0kb

0.5kb

a

Figure 6.15 PCR analyses of T, plants obtained from transformation with the
CaMV358S::TaRADS51(D)::GFP  construct  into  Atrad5|
heterozygous plants. PCR analysis to check for the presence of
the construct insert (a) and PCR analysis to genotype T, plants
for the wild-type and T-DNA allele at the AtRADS51 locus (b);
1-4: Ty plants, 5-water control and 6-positive control; M, 2-log

ladder.
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Figure 6.16 PCR analyses of T, plants obtained from transformation with the
CaMV35S::TaRAD51(D)::GFP  construct into  Awrad5l
heterozygous plants. PCR analysis to check for the presence of
the construct insert (a) and PCR analysis to genotype T, plants
for the wild-type and T-DNA alleles at the A/RADS51 locus (b);

1-20: T, plants, 21-water control and 22-positive control; M, 2-

log ladder.

6.2.7.5 Genetic transformation of CaMV3585::TaDMCI(D)::+GFP
complementation constructs into the AZDMC1 T-DNA insertional
mutation line

As the homozygous Atdmcl/Atdmel T-DNA insertional mutants are only

partially fertile, genetic transformation of the CaMV35S::TaDMC1(D).::+GFP

constructs were done into the heterozygous AtDMC1/Atdmc] insertion mutants.

The heterozygous AtDMC1/Atdmcl line was identified by using PCR primers
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that amplify a portion on the wild-type allele and a portion on the T-DNA

allele.

6.2.7.5.1Genetic transformation of CaMV35S::TaDMCI1(D)
construct into the AtDMCI1 T-DNA insertional mutant line
After transformation and plating of the harvested seeds on selection medium (%
MS media containing 30pug/ml Kanamycin), only three putative primary
transformants (To) were identified with the CaMV35S::TaDMC1(D) construct.
PCR analysis of the three putative primary transformants showed that all three
Kanamycin resistant plants contain the expected construct 1.1kb fragment
(Figure 6.17a). Genotypic analysis of the plants with AtDMC1 wild-type and
mutant T-DNA primers indicated that all three transformants were
heterozygous for T-DNA insert (Figure 6.17b). The PCR was repeated twice for
consistency. One heterozygous AtDMCI/Atdmcl transformant with the
TaDMC (D) transgene (plant no. 3) was selected and allowed to self-pollinate
to produce T, plants. PCR analysis of the T, indicated that all 40 T, plants did
not contain the expected 1.1Kbp fragment indicative of the construct (Figure
6.18). This result might be explained by the failure to select the T, segregants
on selection media (2 MS +Kan). The same transformant (T, plant no.3) was
again plated on selection medium. No plants with Kanamycin resistance were
recovered among T; segregants on selection medium. No plants with
Kanamycin resistance were found with the other two (To) transformants also
(Plant no. 1 & 2). The attempts to recover more primary transformants with
CaMV35S::TaDMC1(D) construct failed despite numerous attempts. The
primary reasons could be that the original transformation constructs may not
have been stably integrated in the genome or that the transformants were
strongly selected against in planta or the two T-DNA inserts apart from the
original A#DMC! T-DNA in the Fieldman line have Kanamycin marker in them

and the current construct have also the same maker and so the selection was

difficult.
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Figure 6.17 PCR analyses of T, plants obtained from transformation with the
CaMV35S::TaDMC1(D) construct into the AtDMCI1/Atdmcl
heterozygous T-DNA insertion plants. PCR analysis to check for
the presence of the construct (a) and PCR analysis to genotype
plants for the wild-type and T-DNA alleles at the A/DMC' locus
(b); 1-3: Ty plants, 4-water control and 5-positive control; M, 2-

log ladder.
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Figure 6.18 PCR analyses of T, plants obtained from transformation with the
CaMV35S::TaDMC1(D) construct into AtDMC1 T-DNA
heterozygous plants. PCR analysis to check for the presence of
the insert (a) and PCR analysis to genotype T, plants for the
wild-type and T-DNA alleles at the AzDMC1 locus (b); 1-40: T,
plants, 41-water control and 42-positive control; M, 2-log

ladder.

6.2.7.5.2 Genetic transformation of the CaMV35S::TaDMCI1(D)::GFP
construct into the AtDMCI T-DNA insertional mutant line
After transformation and plating of the harvested seeds on selection medium (%
MS media containing 30 pg/ml Kanamycin), only two putative transformants
(To) were recovered with the CaMV358::TaDMC1(D)::GFP construct. PCR
analysis of the two putative primary transformants (Ty) showed that only one
Kanamycin resistant plant contained the correct construct, amplifying the
expected 1.1kb fragment (Figure 6.19a). Genotypic analysis of the plants with
AtDMC1 wild-type and T-DNA mutant primers indicated that the single (T,)
transformant has wild-type alleles only (Figure 6.19b). The PCR was repeated
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twice to check for consistency. The attempts to recover more primary
transformants with the CaMV35S::TaDMC1(D)::GFP construct failed despite

numerous attempts.
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Figure 6.19 PCR analyses of Ty plants obtained from transformation with the
CaMV358S::TaDMC1(D)::GFP construct into AtDMC1 T-DNA
insertion heterozygous plants. PCR analysis to check for the
presence of the construct insert (a) and PCR analysis to genotype
plants for the wild-type and T-DNA alleles at the AtDMC'I locus
(b); 1-2: Ty plants, 3-water control and 4-positive control; M, 2-

log ladder.

In the absence of any primary transformant (To) with either a heterozygous or
homozygous Atdmcl background, the primary CaMV35S::TaDMC1(D)::GFP
transformant in an Arabidopsis wild-type background was crossed to a
heterozygous AtDMC1/Atdmcl plant (Figure 6.20). The F, progeny that are
heterozygous for AtDMC1/Atdmcl expressing the transgene were produced but
there was insufficient time to analyze the F> progeny in this work. The presence

of the GFP fusion is also a potential cause for concern as there is currently no
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plant containing the construct for over-expressing TaDMCI(D) without this

fusion.
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Atdmcl/Atdmcl+ TaDMCl/Tadmcl(D)
Atdmcel/Atdmc 1 + Tadmel/Tadmel (D)

Figure 6.20

Diagram depicting the crossing strategy employed to transfer the
TaDMCI(D) transgene from the wild-type background to a
Atdmcl/Atdme]l  homozygous  mutant  background  in
Arabidopsis.



Table 6.1a

Overall summary of cloning and transformation results with the TaR4D51 and TaDMC1 complementation constructs

Gene Homoeol Cloned ClonPro35S: Transformed Complementation Complementati No. of (T))
ogue Pro35S:: : pGVT17 into by on by crossing homozygous
pGVT17 ::GFPS heterozygous T-  Transformation transformants for
DNA insertion complementation
line
TaRADS1 (D) Yes - Yes Yes No 9+3=12
TaRADS1 (D) - Yes Yes Yes No 6
TaDMC1 D) Yes - Yes No Yes -
TaDMC1 (D) - Yes Yes No No -




Table 6.1b  Overall summary of cloning and transformation results with the TaR4AD51 and TaDMC1

Complementation constructs to date

Gene Construct No. of Ty No. of Ty No. of T T segregation
recovered used for generated for construct-
on selection complementa from each Ty insert by PCR
medium tion studies
TaRADS1(D) CaMV35S 12 2 40 and 14  40/40 and 9/14
TaRAD51(D) CaMV35S::GFP 1 1 20 20/20
TaDMCI(D) CaMV35S 3 1 40 0/40
TaDMCI1(D) CaMV35S::GFP 1 1 - -
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6.2.7.6 Confirmation of TaRADS5I1(D) expression in Atrad51 homozygous
transformed plants
Expression analysis by RT-PCR showed that the 7aRAD51(D) gene produced a
transcript in leaf, flower and siliques of one of the plants (Plant no.12)
transformed with the CaMV35S::TaRADS51(D).::GFP construct but no bands
were found in non-transformed, wild-type or homozygous mutant plants, as
expected (Figure 6.21b). This also confirms that the transcripts from the
TaRADS51(D) can be distinguished clearly from the endogenous Arabidopsis
version. This results also confirmed that all the transformant plants express the
TaRADS51(D) gene when the relevant construct was present (checked by
genomic PCR for construct insert) and hence these plants could be used to

study any potential functional complementation effects.

1.0kb & A
0.5kb "—c—b—--——__——_

1.0kb
0.5kb

Figure 6.21 RT-PCR expression analysis of transformant (plant no.12) of
CaMV35S::TaRADS51(D)::GFP construct with Tubulin primers
(a) and with the TaRADS51 gene primers (to amplify ORF) (b); 1-
leaf, 2-silique and 3-flower from the transformant plants; 4-leaf,
5-flower and 6-silique from the A7RAD5] wild-type plants; 7-
leaf, 8-silique and 9-flower from AtRAD5] T-DNA mutant

plants; M, 2-log ladder.
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6.2.7.7 Complementation of the Atrad51 insertional mutation line with the
over-expressing CaMV35S::TaRADS1(D)::+GFP construct

6.2.7.7.1 Complementation with the CaMV'35S::TaRADS1(D) construct
From 46 (32+14) T, transformants derived from the T, plant by segregation
only 41 were found to carry the over-expressing constructs and the remaining
five did not have it. Among these 46 transformants, 34 were found to contain at
least one wild type allele (4¢RADS51), while the other 12 plants did not contain
any wild type alleles. To examine the ability of the TaR4AD51 gene product to
functionally complement the homozygous mutants caused by disruption of
AtRADS] gene, these 12 homozygous T-DNA mutant lines carrying the over-
expression CaMV358S.:TaRADS51(D) construct were phenotypically analyzed.

Among 12 (9+3) Kanamycin-resistant T, plants over-expressing the
CaMV35S::TaRADS51(D) construct two different kinds of phenotypes were
observed in the plants, particularly in the inflorescence and in the anther
structure. The first kind of transformants displayed a similar phenotype to the
homozygous Atrad5l/Atrad5] mutants with regard to the inflorescence and
anther structure (sterile siliques, filaments not elongated and sterile anthers)
(Figure 6.22 and 6.23). The second kind of transformants displayed a slightly
different phenotype compared to the homozygous Atrad51/Atrad5] mutants
(fertile siliques on the plant, viable pollen grains in the anther and slightly more

elongated filaments) (Figure 6.22 and 6.23)

6.2.7.7.2 Complementation with the CaMV35S::TaRADS5SI(D)::GFP
construct

All 20 T, transformants derived from the single To transformant by segregation

were found to carry the over-expressing constructs. Among these 20

transformants, 14 were found to contain at least one wild type allele

(AtRADS51), while the other six plants did not contain any wild type alleles. To

examine the ability of the TaR4D51 gene product to functionally complement
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the homozygous mutants caused by disruption of 4tR4DS5I gene, these six
homozygous T-DNA mutant lines carrying the over-expression construct were
analyzed phenotypically. All the lines displayed the same phenotype as the
homozygous Atrad51/Atrad51 mutant with regard to inflorescence and anther

structure (for example sterile siliques, filaments not elongated and sterile
anthers) (Figure 6.22 and 6.23).



Figure 6.22

Flower morphology of the wild-type (A and B), the Atrad5]

homozygous mutant (C) and the Atrad5! homozygous
transformant over-expressing CaMV35S::TaRADSI(D) (D, E
and F). Red and black arrows indicate fertile and sterile anthers
(mixed-type anthers) in the same flower, blue arrow indicates
sterile anthers (mutant-type anthers) and green arrow indicates

fertile anther (wild-type anthers).



246

Figure 6.23

The plant habit and inflorescence structure of the AtRAD5 ] wild-
type plant (A and D), Atrad51 homozygous mutant plant (B and
E) and Atdmcl homozygous mutants over-expressing
CaMV33S::TaRAD51(D) (C and F; G and H). Plant (G) showed
a mixed inflorescence (fertile siliques are represented by red
arrows and sterile siliques by white by white arrows) with the

CaMV35S::TaRADS 1(D) construct.
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Among 12 (9+3) Kanamycin-resistant T, plants over-expressing from the
CaMV35S::TaRAD51(D) construct in an Atrad5] homozygous mutant
background, two different phenotypes were also observed on pollen viability
tested using Alexander staining. The first transformant class displayed a similar
phenotype to the homozygous atrad51 mutants with regards to pollen viability,
with all the anthers produce non-viable pollen grains or no pollen at all was
produced in some cases (Figure 6.24C). The second transformant class
displayed a different phenotype compared to the homozygous atrad5] mutants,

having viable pollen grains as well as non-viable pollen (Figure 6.24D and E).

Among six Kanamycin-resistant T, plants over-expressing from the
CaMV35S::TaRADS51(D)::GFP constructs in Atrad5/ homozygous mutants,
five plants showed similar phenotypes to the homozygous atrad5! mutants with
regards to pollen viability, with all anthers producing non-viable pollen grains
or no pollen was produced in some cases (Figure 6.24C). Only one Kanamycin-

resistant T; plant was found to produce some viable pollen grain as well as non-

viable pollen (Figure 6.24F)

The results of crossing of the T, plant (plant no.12) over-expressing the
CaMV35S::TaRADS51(D) construct by assisted pollination (self-pollination) and
out-crossing (with wild-type pollen) revealed that there is an increase in the size
of the silique in assisted pollination compared to normal silique (Figure 6.25).
The out-crossing of the transformant with wild-type pollen revealed an increase

in silique size compared to self-assisted and normal silique (Figure 6.25).
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Figure 6.24 Pollen viability assay with Alexander’s stain in wild-type (A),
the Atrad5] homozygous mutant (B) and the Atrad5l
homozygous mutants over-expressing CaMV35S::TaRADS51(D)
(C,D, E and F).
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Figure 6.

N

5

Phenotype of the siliques observed after assisted self-pollination
and out-crossing with wild-type pollen of transformants over-
expressing from the CaMV35S::TaRAD5I1(D) construct.
Crossing of transformant plant with wild type pollen (A) and
assisted self-pollination of the transformant (B). Microscopic
images of non-selfed silique (C), siliques obtained by crossing
the transformant with wild-type pollen (D and E) and siliqu;

obtained by assisted self-pollination of a transformant (F)
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Because the atrad51 homozygous mutant plants over-expressing TaRADS51(D)
+GFP generally produced small siliques in most of the transformants, similar to
the homozygous Atrad5] mutant, but with some variability of size, the seed
weight from transformants was used to compare fertility between the

homozygous mutant and wild-type plants, with and without expression of the

constructs.

The two different types of plants differed in seed set also. The result of seed set
showed that the T transformants of the CaMV35S.:TaRAD51(D) over-
expressing constructs produced two different kinds of plants: one which
produced seeds (6 plants) and the other without (2 plants). The result of seed set
analysis for 6 plants showed that they produce 0.046+0.030g average seed
weight per plant and the remaining two plants produced no seed (Table 6.2).
The combined result showed an average seed weight per plant of 0.035+0.03g,
whereas the non-transformed AtRADS51 wild-type and the Atrad51/Atrad5]
homozygous mutant plants produced 0.244+0.051 g and 0.0g per plant
respectively (n=10 for both), (Table 6.2). Statistical analysis by the Duncan
method revealed no significant difference in average seed weight per plant of
the T, transformants in a mutant background (either complementing type or
non-complementing type) and the Atrad5 1/Atrad51 homozygous mutant. There
was a significant difference between these and the wild-type plants (Table 6.3
and Figure 6.26). Whereas seed weight in the homozygous mutant background,
not expressing the TaRAD51(D) gene was reduced to 0% of the wild-type plant
seed weight, the seed weight in the homozygous mutant background over-
expressing the TaRAD51(D) gene was reduced to 18% and 0% respectively for
two different types of plants, with a combined average of 14% of the wild-type
plant seed weight. This suggests that the over-expression of the TaRAD51(D)

gene using the above construct is leading to some limited complementation of

the mutant line.

The result for the T; transformants of the CaMV35S.:TaRADS1(D)::GFP over-
expressing construct in the Atrads1/Atrad51 homozygous background showed
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0.005+£0.001g seed weight per plant (n=6), while the non-transformed 4tR4D51
wild-type and the Atrad5l/Atrad5l homozygous mutant plants produced
0.244+0.051 g and 0.0g per plant (n=10 for both), respectively (Table 6.4).
Statistical analysis by the Duncan method revealed no significant difference in
the average seed weight per plant of T, transformants in a mutant background
compared with the 4trad51/Atrad51 homozygous mutants plants not expressing
the construct (Table 6.5 and Figure 6.27). Both were significantly different
from the wild type seed weight though. Compared to the wild-type seed weight,
the mutant background over-expressing the CaMV35S::TaRADS1(D)::GFP

produced only 2% complementation.
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Table 6.2 Seed weight per plant in T segregants of Atrad5] homozygous
mutants over-expressing from the CaMV35S::TaRADS51(D)
construct compared with the Afrad5] homozygous mutant and
the AtRADS5! wild-type plants. Transformants expressing a
‘sterile’ phenotype and transformant expressing a ‘mixed’
phenotype have been indicated.

Atrad51 homozygous AtRADSI wild-type  CaMV35S::TaRADSI(D)
mutants plants T, transformants

Plant | Seed weight Plant | Seed weight Plant no. | Seed weight

no. ® | no. (&) ®

1 0.00 1 0.13 2 0.02

2 0.00 2 0.26 3 0.04

5 0.04

3 0.00 3 0.32 z 510

4 0.00 4 0.29 7 0.02

5 0.00 5 0.25 8 0.06

6 0.00 6 0.26 Mean 0.046

7 0.00 7 0.22 SD 0,030

8 0.00 8 021 ! 0.00

9 0.00 9 0.24 4 0.00
10 0.00 10 0.26 Mean 0.00
Mean | 0.00 Mean | 0.244 SD 0.00
.00 SD +0.051 Mean 0.03

SD +0.0 of both
means
SD +0.030
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Table 6.3 Average seed weight per plant in the T, segregants of Atrad5/
homozygous mutants over-expressing CaMV35S::TaRADS51(D)
compared with the Arad51 homozygous mutant and AtRADS51
wild-type plants.

Line name Average seed weight (g)

Atrad5 1 homozygous mutant 00.0+0.00"

AtRADS1 wild-type 0.31+0.04"

Atrad51+TaRAD51(D) 0.04+0.01"*

(Complementing type)

Atrad51 + TaRADS51(D) 00.040.00"

(non-complementing type)

Atrad51+TaRADS51(D)- overall 0.03+0.01*

Values are means of eight replicates per treatment +s.e. Values for the same parameter labeled
with the same letter are not significantly different (P<0.05)

R X-

Average seed weight(g)
L
o N

Paf
PR B
-

HM WT TCM TNCM TCMO

Figure 6.26 Bar graph showing the average seed weight per plant in T,
segregants of Atrad5] homozygous mutants over-expressing
from the CaMV35S::TaRAD51(D) construct compared with the
Atrad51 homozygous mutant and AtRAD51 wild-type plants;
WT: AtRADS51 wild-type plants; HM: Atrad51 homozygous
mutant; TCM: CaMV358::TaRAD51(D) complementing plants

Atrad51/Atrad51 background; TNCM:

CaMV35S8::TaRAD51(D) non-complementing plants in a

Atrad51/Atrad51 background; TCMO: CaMV35S::TaRADS51(D)

plants in a Atrad51/Atrad51 background

in a
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Seed weight per plant in T; segregants of Atrad51 homozygous

CaMV358S::TaRADS51(D):.GFP

compared with the Atrad5] homozygous mutant and AtRADS/

AtRADS1 wild-type CaMV35S::TaRADSI(D) ::GFP
T, transformants

Plant
no.

Seed weight
®

1

0.00

0.00

0.00

0.00

2
3
4
5

0.00

6

0.02

Mean

0.005

SD

+0.001

Table 6.4
mutants  over-expressing
wild-type plants.
Atrad51 homozygous
mutants plants
Plant | Seed weight Plant | Seed weight
no. @® no. ®
1 0.00 1 0.13
2 0.00 2 0.26
3 0.00 3 0.32
4 0.00 4 0.29
5 0.00 5 0.25
6 0.00 6 0.26
7 0.00 7 0.22
8 0.00 8 0.21
9 0.00 9 0.24
10 0.00 10 0.26
Mean 0.00 Mean 0.244
SD +0.00 SD +0.051
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Table 6.5 Average seed weight per plant in T, segregants of Atrad5]
homozygous mutants over-expressing CaMV35S::TaRAD51(D)
in a homozygous mutant background compared with the Atrad51
homozygous mutant and AZRAD51 wild-type plants.

Line name Average seed weight (g)
Atrad51 homozygous mutant 0.0040.00*
AtRADS1 wild-type 0.25+0.01°
Atrad51+TaRADS5 1(D)::GFP 0.00+0.00*

Values are means of six replicates per treatment +s.e. Values for the same parameter labeled
with the same letter are not significantly different (P<0.05)

Average seed weight(g)

Figure 6.27 Bar graph showing the average seed weight per plant in T,
segregants of the Arrad51 homozygous mutants over-expressing
CaMV358::TaRAD51(D)::GFP compared with the Awrads]
homozygous mutant and ARADS5I wild-type plants; HM:
Atrad51 homozygous mutant, WT: A7RAD5] wild-type plants;
™: CaMV358::TaRAD51(D)::GFP plants in a
Atrad51/Atrad51 background.
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6.2.8 Effect of over-expression of the TaR4ADSI gene on genetic distances
and recombination frequencies
To determine genetic distances that can be visually assayed for recombination
frequencies by over-expression of the TaRADS51 transgene in Arabidopsis,
heterozygous AtRADS1/Atrad51 plants over-expressing the
CaMV35S::TaRADS51(D) construct (used as the female plant) were crossed to
Arabidopsis fluorescent tetrad line I;a (used as male) carrying differently
colored markers (Red, cyan and Yellow) on the same chromosome to produce
F, progeny carrying both markers in trans and creating a genetic interval
bounded by two visible markers (Figure 6.28). COs were observed in the pollen
grains and not pollen tetrads produced by these F\ plants by visually scoring the
segregation of the two fluorescent proteins (Red and Yellow) (Figure 6.30).
PCR amplification of the F; plants (20 plants) with the TaR4D51 gene primers
(to amplify the ORF) as well as AtRADS5I wild-type and T-DNA primers

identified five different classes of F, progeny as against expected six different

classes (Figure 6.29).

Three plants each containing the CaMV33S::TaRAD51(D) construct
(expressing type) and without the CaMV35S::TaRAD51(D) construct (non-
expressing type) were carried forward for an initial fluorescent analysis. The
results of the analysis are presented as percentages of recombination. The
preliminary results show that the percentages of recombination for the
expressing type were two-fold higher than for the non-expressing type for all
the plants analyzed. The average percentage of recombination of the expressing
type was 38.7% compared to 17.8% of non-expressing type plants (Table 6.6).
However this data is based on only few pollen grains (n=200) but needs to carry

out at a large scale.
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AtRADS 1/atrad51 X
+TaRAD31(D)
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Figure 6.28 Diagram depicting the crossing strategy employed to transfer the

TaRADS1 transgene from a heterozygous background into the
fluorescent tetrad lines of Arabidopsis.
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Figure 6.29 PCR amplification of the F; progeny using the 7aRADS5! gene
primers (to amplify the ORF) (a) and using AtRAD5] WT and T-
DNA primers (b); 1-20-F, progeny from the cross between
AtRADS1/atrad51+CaMV35S:: TaRAD51(D) and fluorescent
tetrad line [3a, 21-water control and 22-positive control; M, 2-

log ladder.



Figure 6.30 Fluorescent analysis of Arabidopsis pollen. Only two markers
were used to calculate crossover frequencies in both expressing
and non-expressing plants. Three plants are shown here to
indicate parental and recombinant pollen. AB, CD and EF are
three plants visualized using two different filters (Red and
Yellow). White arrows represent non-parental pollen and all the
pollen without arrows are one of the parental type pollen.
Recombinant pollen appears when a pollen grain expressed one
FP, but not the other. No expression or expression of both FPs

indicates the parental types.
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Table 6.6 Scoring of pollen for the Fi progeny of the cross between
AtRADS1/atrad51+TaRADS51(D) and the fluorescent tetrad line

I,a as recombination percentages.

Plant Genotype of  Genotype of Pollen
the plant for  the plant for Recombination
DO T.DNAinsert  TaRADSI Total  Recombinants (%)
1 Heterozygous  Expressing 24 9 37.5
2 Heterozygous  Non- 31 9 21.0
Expressing
4 Wild-type Expressing 21 9 42.8
7  Heterozygous Non- 14 3 214
Expressing
8 Wild-type Non- 18 2 11.1
Expressing
10  Heterozygous  Expressing 45 16 35.5
Expressing 38.7%
Average
Non- 17.8%
Expressing

Average




261

6.3 Discussion
6.3.1 Wheat RADS] functional studies in Arabidopsis T-DNA lines

The three homoeologues of TaRADSI gene share 99% amino acid sequence
similarity. Multiple alignments of the three TaR4D5/ homoeologues with the
AtRADS1 gene indicated a high percentage of similarity (81%) as well. Initially
only one homoeologue (D) of TaRAD5! was chosen for functional
complementation studies in the present work. Comparative amino acid analysis
and Predicted 3D overlays of TaRAD51(D) against AtRADS] revealed the
highly conserved nature of these proteins.

The AtRADS51 T-DNA insertional lines of Arabidopsis was obtained from Dr.
Marie-Pascale Doutriaux (University Paris-Sud, France) and were characterized
phenotypically and genotypically as a first step towards functional
complementation assays with the TaR4D51(D) gene. No obvious differences
were observed in all three (wild type, heterozygote and homozygous) self-
fertilized segregants of AfRADS5I heterozygote at any stage of vegetative
development. At floral development, a reduction in filament length in
homozygous mutants was observed. However, a reduction in pollen viability
was observed between wild-type/heterozygote and homozygous mutants. Wild
type/heterozygote plants of AfRADS51 had completely viable pollen (98%)
whereas the atrad5] homozygous mutants had 0% pollen viability and was
completely sterile. Expression evaluation of the AtRADS5] gene confirms the
results of Li et al., (2004). Very high levels of expression of AtRADS] were
observed in inflorescences of the wild-type plant indicating their active role
during meiosis. The AfRAD51 gene transcript was also found in leaf, root and
silique of wild-type plants. No transcripts were found in any of the tissues
analyzed in Atrad51 homozygous T-DNA mutants indicated that the disruption
of these genes by the T-DNA resulted in loss of function alleles and,
presumably, no protein formation. It is possible that transcripts are produced,

but are unable to accumulate, perhaps due to rapid degradation. This would also
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be likely to produce a reduction (if not complete elimination) of the active

protein for these genes.

Heterozygous mutants of the AtRAD51 T-DNA lines were chosen for
transformation because of complete sterility observed in AfR4D51 homozygous
mutant. It is still possible that AtRAD5] mutants could have an effect on
transformation efficiency, even in the heterozygous mutant state. An
examination of pollen viability and seed set indicate that heterozygotes have
wild-type levels of pollen viability and seed set which argues against a strong
effect. Any increase in pollen viability or seed set would be an indication of a

degree of functional complementation in homozygous mutant lines, when the

wheat gene is over-expressed.

The transformant plants in the mutant background were first tested by RT-PCR
to prove that only TaRAD31 was transcribed in leaf, flower and silique, but that
AtRADS1 was not transcribed in the same tissues. Initial transformation results
from the CaMV35S::TaRADS51(D) construct in a heterozygous T-DNA line of
AtRADS1 resulted in 12 To transformants and genotypic analysis indicated that
eight of them had only the wild-type allele while the remaining four had both a
wild-type and a mutant alleles. No transformants with only mutant alleles were
recovered. T segregation analysis of one of the To transformants indicated a
segregation ratio of approximately 3:1 (31 transformants out of 43) (3*= 0.14,
P=0.708) carrying the transgene, indicating that the transgene is likely to have
integrated as a single copy into the Arabidopsis genome. Complementation
analysis of the TaRAD31 transformants was calculated in terms of percentage
of seed set compared to the non-transformed homozygous T-DNA mutant and
wild-type. Preliminary results of the complementation analysis revealed that
there is a significant increase in the pollen viability and a 18% and 0% seed set
(compared to wild type) in the two different types of transformants (one
completely sterile pollen and other partially viable pollen) over-expressing the
CaMV35S::TaRAD51(D)  construct.  Across  the two types of
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CaMV35S::TaRADS51(D) construct plants there is 14% seed set with the above
construct, compared with wild type plants. However, statistical analysis by
Duncan revealed no significant difference in seed set between homozygous

mutants and transformants with over-expressing CaMV35S::TaRAD51(D)

construct.

Even though all the T, transformants were found to express transgene, some
transformants were found to be completely sterile with regard to pollen viability
and seed set and were phenotypically similar to the Atrad51 homozygous
mutant. The simplest explanation for potential differences between lines in
terms of level of transgene expression would be that we expect the transgene to
be segregating within this generation and individual plants may have one or two
copies of the transgene. The low levels of seed set suggest that there is only
borderline complementation of the mutation, so having two copies of the
transgene rather than one could make a difference. This could be investigated in
the next generation, where any heterozygotes would segregate for the
Kanamycin resistance carried on the construct, while homozygotes for the
construct would all be Kanamycin resistant. When analyzed by RT-PCR, the
transgene seem to be expressed at similar levels in all the transformants.
However, RT-PCR is not quantitative and Q-PCR could be used to further
investigate this. Another possibility could be varying levels of translation of the
transgene for which no experiments were done currently. As all plants are

derived from a single transformation event, this also seems less likely.

To investigate the low levels of seed set in transformants and determine
whether it might be due to lower pollen viability or due to the shorter anther
filament structure in the transformants (also present in both T-DNA mutants),
assisted self-pollination of the four siliques of the transformant with its own
pollen and also crossing with wild-type pollen was performed. The results
suggest that while assisted self-pollination does increase the size of the silique

marginally compared to normal siliques on a wild-type plant, a more dramatic
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effect is seen when out-crossing with wild-type pollen which leads to a clearly
increased size of silique. However, the size of silique obtained with wild-type
pollen is still not as great as a wild-type silique. This would imply that there is a
still maternal defect because and the original T-DNA lines are reported as
female sterile (Li et al., 2004). Transformation with the over-expressing
construct could not complement this defect fully. Based on these observations it
may be concluded that the anther structure, the amount of fertile pollen (pollen
viability) in the anthers as well as the fertility of stigma are important factors in
the observed lack of substantial complementation. The fertility of the silique
can be increased towards wild-type levels either by modifying the anther
structure, effectively compensating for the short filament phenotype in the
mutant or potentially by increasing the pollen available. The reason why some
transformant plants display both sterile and fertile siliques on the same plant is
intriguing and should be investigated further. The simplest explanation would
be copy number of the transgene, but this is currently speculation.

The fact that TaRADS51 could only complement the Afrad51 mutation to a very
limited extent may indicate that there might be a genuine functional difference
between the TaRADS51 and AtRADS51 genes, perhaps due to the observed amino
acid sequence differences at the N-terminal ends of these proteins which might
affect how these proteins bind to DNA. However comparative amino acid
alignments and predicted 3D modeling did not indicate functional disparity
between the two proteins. The second possibility is that the TaR4D51 gene may
need a meiosis-specific or a strongly active promoter in meiosis (such as
AtRADS1 or AtMREII) rather than the CaMV35S promoter. Li et al., (2004)
reported the successful complementation of the Atrad5] mutant with a
CaMV35S promoter construct where they used the AtRAD51 gene. This would
argue against this possibility, but it has not yet been formally tested within this
work. If a larger sampling of To transformation events using a CaMV35S-
driven TaRADS51 failed to produce complementation, it would be argue that the

CaMV35S promoter is not the intrinsic reason for lack of complete
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complementation. Thirdly in the current work, the functional complementation
was investigated using a cross species approach. Recent studies indicated only
partial functional complementation between plant and yeast genes (Shaked et
al. 2005; Klutstein et al., 2008). Alternately, the wheat R4D51 gene may not be
a functional orthologue of the Arabidopsis AZRADS] gene and it could also be
the case that the version chosen, while expressed in wheat, is not functionally
active or as active as other homoeologues. The extremely limited seed set in the
GFP fusion transformant (2%, compared with 14% for the non-fusion version)
is a good argument that the fusion protein is less able to act as a substitute for
the endogenous gene than the non-fusion wheat gene. This seems likely, as the
protein is active as a nucleofilament and additional coding sequence of the GFP

protein may well interfere with formation and biological activity of this

nucleoftlament.

The effects of over-expression of CaMV33S::TaRAD5I1(D) constructs on
recombination frequencies and genetic distances were investigated using the
Copenhaver fluorescent system in Arabidopsis. Preliminary results appear to
show that the over-expression of TaRAD51(D) in Arabidopsis driven by a
CaMV35S promoter produces an increase in genetic distances (2-fold; 38.7%
recombination in wild-type segregants between YFP and RFP, compared with
17.8% in TaRADS5I expressing plants). However, this needs to be further

examined using larger numbers of pollen grains and also in a full grf tetrad

genetic background.

6.3.2 Wheat DMCI functional studies in Arabidopsis T-DNA lines

Multiple alignments of the amino acids of the three 7aDMCI homoeologues
against AtDMCI gene indicated a high percentage of similarity (87%). Because
of high similarity of the three TaDMC1 homoeologous gene sequences at the
amino acid level (98%), initially only one homoeologue (D) of TaDMCI was
chosen for functional complementation studies similar to the TaR4D51(D) gene
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used in this study. Comparative amino acid analysis and Predicted 3D overlays
of TaDMC1(D) against AtDMC1 showed the highly conserved nature of these
proteins at both amino acid level and structural level as well,

The AtDMCI T-DNA insertional lines of Arabidopsis obtained from Dr. Marie-
Pascale Doutriaux (University Paris-Sud, France) were characterized
phenotypically and genotypically. No phenotypic differences were observed in
all three (wild type, heterozygote and homozygous) self-fertilized segregants of
AtDMC heterozygotes at any stage of vegetative plant development. However,
at floral development a reduction in filament length in homozygous mutants
was observed. During reproductive stages, a reduction in pollen viability was
observed between wild-type/heterozygote and homozygous mutants. Wild
type/heterozygote plants of 4tDMCI were completely viable with 98% pollen
viability whereas the Atdmcl homozygous mutant retained some pollen
viability (17.5%). Because of this, Atdmcl homozygous mutants were able to
produce limited numbers of seed (1.5%). Expression analysis by RT-PCR
confirmed the observations reported by Couteau et al. (1999). Very high levels
of expression of AtDMC1 gene were observed in inflorescences of wild-type
indicating their active role during meiosis. 4#DMCI gene transcripts were also
found in leaf, root and silique of wild-type plants. However no transcripts were
found in any of the tissues analyzed in the Afdmcl homozygous T-DNA
mutants indicating that the disruption of these genes by the T-DNA resulted in a
loss of function allele and, presumably no protein formation. It is possible that
transcripts are produced, but are unable to accumulate, due to rapid degradation.

This would also be likely to produce a reduction (if not complete elimination)

of active protein for these genes.

In this current work, the D homoeologue of the TaDMC genes was cloned into
over-expression constructs to test for potential complementation. Heterozygous
mutants of the AtDMCI T-DNA lines were chosen for transformation because

of very low fertility in 42DMC1 mutants. The initial transformation results
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using a CaMV35S.: TaDMC1(D) over-expressing constructs indicated an initial
recovery of three T, transformants but further T, segregation analysis could not
recover any of these transformants. However, one transformant from
CaMV35S::TaDMC1(D)::GFP was recovered in an Arabidopsis wild-type
allele background. The 7aDMCI(D)::GFP transformant in the wild-type
background was crossed with the T-DNA AtDMC1/Atdmel genotype and
complementation will be studied in the F,. Due to insufficient time only the F,

has so far been generated and the F, progeny are currently growing in the

glasshouse.

In summary, in this current work multiple alignments of TaRAD5! and
TaDMC1 homoeologous genes with AfRAD51 and AtDMC1 genes, respectively
were done and revealed a high level of amino acid sequence similarity. An
over-expression complementation construct involving the D homoeologue
versions of TaRAD51 and TaDMCI was prepared and used to transform
homozygous Atrad5l and Atdmcl mutants. Preliminary complementation
results of the TaRADS51 constructs without GFP fusion indicated a low level of
complementation of the full T-DNA mutant for both pollen viability and seed
set. No significant complementation was observed with TaRADS5! constructs
with GFP fusion. The complementation analysis of the TaDMC1 has yet to be
completed. Finally the over-expression of TaR4AD31(D) in Arabidopsis appears
to decrease crossover frequencies, based on an initial analysis using the

Copenhaver fluorescent tetrad lines.
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CHAPTER 7: GENERAL DISCUSSION

There are three primary fates attained by the homoeologous genes during the
course of evolution in allopolyploid species: functional diversification, gene
silencing and retention of the original function (Lynch and Force, 2000). In
polyploid species, knowledge of these processes will be essential for a better
understanding of the role of a particular gene in question and the unraveling of
associated crop traits. For example He et al., (2003) estimated that 7-8% of
genes are silenced in established wheat hexaploids and suggested that the
genomic origin of silenced genes is non-random, and specifically that D
homoeologue copies are silenced at a higher frequency than their A or B
counterparts. In polyploid species, the function of a gene needs to be studied in
terms of individual homoeologues rather than the gene orthologues as a whole,
but very few studies to date have been aimed at studying the function of

individual homoeologues for the genes involved in important processes in plant

development (Ciaffi et al., 2006).

>

Homologous Recombination is an essential process involved in maintaining
genome integrity through accurate repair of DNA damage (DNA repair) and
correct meiotic cellular division. HR has been extensively studied in many
diverse eukaryotes, such as human, animal, fungi and plants owing to its
importance. Homologous recombination involves tight regulation on many
levels and many important and well-conserved components participate in these
processes. This study has become more intense in recent years, since the
realization that DNA repair genes (Rad51 and Dmcl) are found to interact with
Brca2, the mutation of which causes breast cancer in humans (Dray et al.,
2006). During meiosis, HR is the process underlying strand exchange between
paternal and maternal chromosomes and thereby generates diversity among the
progeny derived from them (reviewed by Filippo ef al., 2008). The two major
strand-exchange genes involved in HR in eukaryotes are R4AD5] and DMCI.

The Rad51 recombinase is mainly involved in strand exchange of DNA



269

between homologous chromosomes and is active in mitosis and meiosis. The
Dmcl recombinase promotes similar associations between homologous DNA
but is active in meiosis only (Masson and West, 2001). Because it has been
demonstrated that RAD51 and DMC1 gene orthologues are involved in HR in
other cereal species and Arabidopsis (model species) (Doutriaux et al., 1998;
Franklin et al., 1999; Kathiseran et al., 2002; Li ef al., 2007) these genes have
been investigated for their role in HR in hexaploid wheat. The study of meiotic
cellular processes and HR genes involved in meiosis are important as current
breeding strategies for hexaploid wheat have been hampered by the relatively
low frequencies and strongly localized distribution of recombination events
during meiosis. Broadening our current knowledge of the molecular basis of
meiosis with respect to the functioning of HR genes would not only enable
further understanding of meiosis in hexaploid wheat but also present
opportunities for wheat breeding programs to exploit increases in
recombination frequencies which would help to reduce linkage drag during
gene introgression and also increase the number of breakpoints in meiosis. The
roles of HR genes, RAD51 and DMCI in wheat have been investigated in this
current thesis. Very few meiotic genes have been characterized to date in

hexaploid wheat, partly due to the large genome size and complexity of this

polyploid.

Before cloning the HR cDNA homoeologues from hexaploid wheat, our initial
focus was to analyse microarray transcript profiling of both R4D5] and DMC1
genes in Arabidopsis, rice and wheat to confirm the results of previous reports
and as a starting point for planning experiments (Chapter 3). For all the three
c¢DNA homoeologues of TaRAD51 and TaDMC! only one probe set could be
retrieved even though the E-values of the probe set differed with the
homoeologues. This is probably because the Affymetrix GeneChip does not
allow for the differentiation of individual homoeologues. The results of the
microarray study using available microarray databases indicated strong

similarity between the expression patterns of the TaRAD5] and corresponding
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orthologues in rice (OsRAD5IAl and OsRAD5IA2) and Arabidopsis
(AIRADS1). The RADSI gene was found to expressed in both mitotically and
meiotically active tissues in all three plants. This is similar to RT and Q-PCR
results reported by Ding et al., (2001), Li et al., (2004) and Khoo er al., (2008).
But the expression of TaRAD51 in mitotically inactive tissue such as mature
leaves is intriguing and a likely explanation would be that the low level

expression observed us due to its role in DNA repair.

The microarray analysis for TaDMCI indicated that it is expressed in both
mitotically and meiotically active tissues and follows a similar expression
profile pattern as the Arabidopsis and rice DMCI genes. This is consistent with
Doutriaux ef al., (1998); Kathiseran et al., (2002) and Khoo et al., (2008) using
RT and Q-PCR techniques. Unlike in yeast, DMC! in Arabidopsis, rice and
wheat is expressed in both vegetative and reproductive tissues. In fact the
highest expression was found to be in cell suspension cultures. URS1 was
found to be the main regulator for this kind of expression and was first
observed in yeast (Vershon et al., 1992; Prinz et al., 1995). URSI is a
transcriptional repressor site found in the promoters of a wide variety of yeast
genes. During vegetative growth in yeast, transcriptional activation of the
meiotic promoter is repressed by the factors that act at the URSI site. However,
after cells enter meiosis, URSI switches its function and becomes an activator
site and results in high level of expression of meiotic gene. In the context of
meiotic promoters, URSI sites act as repressor sequences during mitosis and
function as activator sites during meiosis. Doutriaux et al. (1998) was of the
opinion that loss of this negative promoter element was responsible for non-
meiotic repression and could explain the observed regulated mitotic expression
of AtDMCI in cultured cells. The detection of A#zDMC] transcripts in root and

leaf as well suggests that this regulation may not simply be restricted to the cell

suspension cultures.
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At the beginning of the studies in this thesis, genetic analysis of the R4D51 and
DMC1 genes and their homoeologues in hexaploid wheat had not been
reported. To gain more insight into the HR pathway in hexaploid wheat and
compare it with rice and Arabidopsis, the RADS5I and DMCI cDNA
homoeologues were cloned from hexaploid wheat (Chapter 4). A remarkable
level of synteny has been observed between the genomes of cereals especially
wheat and rice (Kurata ef al., 1994) and this has allowed the cloning of the
wheat RADS5] ¢cDNA sequence using a rice RAD5141 cDNA sequence as a
starting point. A partial cDNA sequence of wheat DMC1 was reported in the
database and was used as the basis to clone the full-length wheat DMC! cDNA
sequence. The individual cDNA homoeologues of 7aR4D5! and TaDMCI
were cloned based on the sequence differences identified among the coding and
non-coding regions of these cDNA sequences. Genome-specific primers were
designed based on sequence differences identified and a PCR-based genome-
specific test devised. A similar strategy was used by Blake er al (2004) to
develop genome-specific primer sets and isolated the starch biosynthesis-
related genes from the three genomes of hexaploid wheat. Recently Khoo ef al.,
(2008) reported coding sequences of TaRADS!1 and TaDMC1 and preliminary
molecular characterization of the TaRADS5! and TaDMCI cDNA sequences,
but they do not report the individual homoeologues.

This study has found that there is only one TaR4AD31 gene per haploid genome.
However, recently Khoo e al., (2008) reported that there are two paralogues,
TaRADS1A1 and TaRAD51A2, both located on the same chromosome Group 7.
This result is in contrast to other reports of RADS5I gene in rice and maize
where two paralogues of RAD51 were found to be located on different
chromosomes (Franklin et al., 1999 and Li et al., 2007) and are almost certainly
the result of duplication between Chr.11 and Chr.12, in the case of rice
(Kathiseran et al., 2002). Multiple alignments of the TaR4D5] homoeologues
d in this work with the published TaR4AD51A41 and TaRADS51A2 revealed

clone
that TaRAD51A1 was found to be similar to the TaR4D51(D) homoeologue and
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TaRADS 142 was found to be a truncated homoeologue of TaRADS1(4). It may
be that in the cultivar investigated by Khoo ez al., (2008) this is due to a gene
translocation/rearrangement event. We found one TaDMCI per genome and

were able to identify the reported TaDMC1 sequence by Khoo e al., (2008) to
be the (D) homoeologue of TaDMCI.

In this study, the three cDNA homoeologues of 7aR4D5! and three cDNA
homoeologues of TaDMCI were found to share high amino acid identity of
99% and 98%, respectively, albeit with few amino acid substitutions between
the three cDNA homoeologues of respective genes. SIFT analysis revealed that
the amino acid substitutions between the three cDNA homoeologues of
TaRADS1 and TaDMCI genes are all tolerable and were likely to have no
deleterious effects on the structure of final protein. The amino acid analysis of
the three cDNA homoeologues of TaRAD5! and the three cDNA
homoeologues of TaDMCI homoeologues revealed high levels of identity to
the rice and Arabidopsis orthologues. Comparative amino acid sequence
analysis and 3D modeling revealed high levels of structural conservation
among these proteins in Arabidopsis, rice and wheat. To further elucidate the
evolutionary relationships within the family of RAD51 and DMCI paralogues,
phylogenetic analysis was performed. The analysis revealed that all three
¢cDNA homoeologues of TaR4D5I and all three cDNA homoeologues of
TaDMC1 were closely related to each other, as would be expected based on
their amino acid sequences. The analysis also revealed that there is a clear
separation between Rad51, Dmcl and the other RadS1 protein paralogues. The
phylogenetic tree created in this research confirmed the reports of previous
phylogenetic trees from the literature and reviews (Bleuyard et al., 2005; Lin et

al., 2006; Li et al., 2007 and Khoo et al., 2008).

The analysis of expression of individual cDNA homoeologues of TaRADS51 and
TaDMCI was performed using Q-PCR in this study. Previously Northern
blotting and cDNA-SSCP (Adams and Cronn, 2003) were used for expression
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analysis of cDNA homoeologues but they have certain limitations, such as use
of radioactive materials or the use of fluorescence to measure gene expression.
Q-PCR has been used in various applications for expression analysis and in the
current research, the same technique was used successfully. The Q-PCR results
in this research revealed that all the three cDNA homoeologues of TaRADS5!
and TaDMCI1 were expressed in all stages of meiosis and the expression
patterns of the three cDNA homoeologues of TaRADS51 were similar, as were
three cDNA homoeologues of TaDMCI. Considering that the three
homoeologues of many wheat genes are frequently all expressed (70%, as
estimated by Mochida et al., 2004) it is not surprising to find the expression of
all three homoeologues of TaRADS51 and TaDMC1. This result also agrees with
the Q-PCR result reported by Khoo ef al., (2008) for the expression of the (D)
homoeologue of TaRADS51 and TaDMC1. The expression level of co-expressed
homoeologues can sometimes be equal (Wknox-1, Morimoto er al., 2005;
Wsep, Shitsukawa et al., 2007) or vary (TaBx, Nomura et al., 2005;
TaGA200x1, Appleford ef al., 2006). In the current study, the expression of one
of the cDNA homoeologues (TaRAD51(B) and TaDMC1(B)) was higher when
compared to the other two homoeologues, which may indicate an uneven
contribution by the different homoeologues to meiotic recombination.. The Q-

PCR results obtained here were shown to be consistent with the microarray

expression analysis undertaken earlier.

In this research, two broad experimental approaches were employed for genetic
analysis of TaRADS1 and TaDMCI homoeologues. One is ‘in planta’ analysis
using Forward and Reverse Genetics in hexaploid wheat (Chapter 5). Forward
and reverse genetics strategies have been successfully employed to study many
genes and their homoeologues in hexaploid wheat (Slade et al., 2005).
Therefore, these strategies were used to try to study the function of R4D5/ and
DMCI gene homoeologues in hexaploid wheat. The main aim of Forward
genetics is to perform phenotypic screening of the mutagenized population for

any observable characters leading to ear sterility. As both R4D51 and DMC1
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genes are involved in meiosis, any disruption of the expression of these genes
in hexaploid wheat could result in partial or complete fertility depending on the
level of mutation and number of homoeologues deleted in the population.
Reverse genetic analysis was used to perform genotypic screening of the
mutagenized population for the identification of lines with deletions in target
genes and their homoeologues (RADS51 and DMCI) and to try to assign their
function based on phenotype. The second method is a cross species approach
which utilizes Arabidopsis T-DNA lines to study the function of the target
genes (TaRADS1 and TaDMC1 gene homoeologues) by trying to complement
the mutant phenotype (Chapter 6). This is an indirect method of analyzing gene

function because it is performed in a heterologous species.

In general it is more difficult to use Forward Genetic strategies in bread wheat
because the phenotype of the mutant plant with deletions in the target gene
might be masked as bread wheat genome could be highly buffered because of
polyploidy. Reverse genetics screening has been successfully applied to
identify deletions in the targeted genes of many plant species (McKinney et al.,
1995; Krysan et al., 1996). For both Forward and Reverse genetics, the use of
an appropriate method to induce mutations in the population is important for
polyploid species. Because methods such as chemical mutatgenesis, gene
silencing by antisense/sense suppression and intron-spliced hairpin often
produce partial inactivation of the endogenous gene it is not possible to predict
the extent of targeted gene disruption, data interpretation is difficult (Héfgen
et al., 1994; van der Krol ez al., 1990). Therefore the use of wheat populations
irradiated with Fast neutron and Gamma rays which produce bigger deletions
compared to the above methods were utilized to study the role of target genes

and their homoeologues (TaRADS51 and TaDMC! )

Forward genetic screening of a Highbury Fast neutron population indicated the
absence of any detectable deletion with phenotyping of the lines. One possible

reason could be that the detection method used for screening the frequency of
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deletions left in the population. This is because only ten microsatellite markers
were used for initial screening. Secondly the characters that we are looking at in
this generation (partial sterility/partial fertility) could have been selected against
in previous generations. Although morphological screening yielded four
potential lines with reduced fertility among 1060Ms lines, further analysis
indicated lack of any deletions in the target genes. The observed reduced
fertility in those four lines may be because of deletions in some other genes
mostly related to meiosis other than target genes or even due to non-meiotic,
energy production (as pollen production is the most energy intensive process a
plant undergoes or environmental factors. Reverse Genetic screening of the 200
lines of the Fast neutron population with ten microsatellite markers spread
across the whole genome is consistent with Forward genetic screening result
and no deletions were observed with any of the markers indicative of the fact

that the population has little or no deletions left in them.

Unlike for the Highbury fast neutron mutant population, we were able to
demonstrate that deletion mutants can be identified for targeted plant genes and
homoeologues (TaR4D51 and TaDMCT) by screening of the Paragon Gamma
mutant population using a simple PCR screening procedure. Li et al. (2001)
showed the effectiveness of similar PCR-based reverse genetic approach for
detecting mid-sized deletions (1 kbp) caused by fast-neutron irradiation and
was able to find deletion mutants for more than 80% of the 25 loci tested in a
population of 51, 840 Arabidopsis fast neutron lines. The isolation of deletion
mutants in target genes in the Paragon population could support our earlier
conclusions that the Highbury Fast neutron population is at very advance stage
(Ms) compared to the Paragon gamma mutant population (M;) by which time
most of the mutations either become homozygous or have been selected against
in the previous generations. Although wheat appears to be particularly suitable
for mutant screening experiments since it is able to carry a very high mutation
load, only one deletion line of TaRAD51(B), one deletion line of TaDMC1(4)
and one deletion line of TaDMC1(D) survived, despite the initial detection of
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at least one line for each homocologue at the M; stage. Most of the gamma ray-
induced mutations create large-scale deletions of up to 6 Mb (Naito et al., 2005)
and in this context lower rate of survival could be because of such large
deletions. The M3 progeny from the deletion lines grown in Nottingham
revealed that the deletion for the gene has been inherited to the M; generation
and RT-PCR expression analysis confirmed that the deletion lines did not

accumulate transcripts of the relevant genes.

Preliminary phenotypic analysis of one deletion line (TaR4D51(B)) and two
deletions lines (TaDMC1(4) and TaDMCI(D)) indicated that both TaRADS!
and TaDMCI genes are dispensable for vegetative growth of the plants. This
observation is consistent with the earlier reports of these genes in Arabidopsis
where a single copy of AZRAD51 and AtDMC] exists (Doutriaux et al., 1998; Li
et al., 2004). In plants where there are two copies of the R4D5] gene exists
such as ZmradSla and Zmrad51b in maize, the plants homozygous for single
mutants of either Zmrad5la or Zmrad51b develop normally (Franklin et al.,
2003). Based on the above results it is not surprising that single homoeologous
gene mutants are viable vegetatively in hexaploid wheat. However, to be able
to investigate any effect of the deletion of TaR4AD5! and TaDMCI
homoeologues on vegetative growth of the wheat plant, the development of
double or triple deletions would be necessary, due to potential functional
redundancy in hexaploid wheat. As these genes are involved in meiotic
recombination, the possible effect of deletions on processes such as meiosis and
the consequent level of pollen viability were examined. The results showed that
there are significant differences between the pollen viability of unmutated
Paragon and that of the deletion lines. This implies that there might be
abnormalities in meiosis occurring in these deletion lines. The cytological
examination of male meiosis performed in these deletion lines indicated
contrasting results for the TaRAD51(B) and for TaDMCI(A) and TaDMCI(D)
deletions lines when comparing pollen viability resuits. Even though a pollen

viability of only 70% was obtained for the TaRADS51(B) deletion line when
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compared to unmutated paragon (99%), no meiotic abnormalities were found in
any of these lines. This may suggest that the observed low pollen viability has
been caused by a factor other than the effect of the deletion of the TaR4D51(B)
homoeologue on meiotic progression. For the TaDMCI(4) and TaDMCI(D)
deletion lines, meiotic abnormalities were observed during diakinesis and tetrad
formation (frequent dyads are observed among tetrads). So the observed pollen
viability of 67% and 54%, respectively, for TaDMC1(4) and TaDMCI(D)
deletion lines when compared to unmutated paragon (99%) may be at least
partly attributed to defects in meiosis. Literature searches on the deletion of
RADS1 and DMCI in other species such as rice, maize and Arabidopsis
indicated very low pollen viability (0%-10%) (Doutriaux ef al., 1998; Franklin
et al., 1999; Kathiseran et al., 2002; Li et al., 2007) accompanied with defects
in meiosis (SC assembly and chromosomal instability and fragmentation in
Atrad5] mutants). In the nullisomics of group 5, frequent meiotic aberrations

have been observed during diakinensis and resulting univalents are constantly

seen during Prophase I (Sears, 1954).

Ear fertility (grain/spikelet) of the deletion lines compared with unmutated
Paragon indicated that the combined effects of paternal and (presumably)
maternal defects led to the ear fertility dropping to 93%, 54% and 18% of wild-
type levels in the TaRADS51(B), TaDMC1(4) and TaDMC1(D) deletion lines,
respectively. The ear fertility results of the TaRADS51(B) deletion line indicated
only a 7% reduction in ear fertility when compared to wild-type, suggesting that
this highly expressed homoeologue can be missing from meiosis with minimal
effects on the ear fertility. This is in contrast to Atrad51 but similar to the
ZmradSlal and Zmrad51a2 mutants. The Atrad5] mutant was completely
sterile but ZmradSlal and Zmrad51a2 mutants were completely fertile but the
double mutants are completely sterile. This implies that the deletion of
TaRADS5 1(B) homoeologue has minimal effects similar to the situation in maize
(however with reduced yield compared to wild-type, so not identical to maize).

If the other two homoeologous mutants have similar effects on ear fertility and
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the triple deletions have complete sterility then it is appropriate to say that
polyploid wheat behaves similar to diploid maize, which is an ancient tetraploid
having two copies of the genes. The other possibility is even though the
TaRADS51(B) homoeologue is highly expressed in meiosis it might be a non-
functional homoeologue. However comparative amino acid analysis and SIFT
analysis does not give any evidence to indicate a non-functional homoeologue.

Assuming that TaR4D51(B) is functional it suggests a lot of buffering from the
other two homoeologues of TaR4ADS 1.

The aneuploids of bread wheat, such as the Nullisomic, lines (Sears 1954, 1966;
Sears and Sears 1978) have been extensively used to assign genes and
molecular markers to individual chromosomes and chromosome arms. Sears
(1954) observed that the three Nullisomics belonging to the group 7
chromosomes have the least effect upon the phenotype of the euploid when
compared with Nullisomics for chromosomes of other homoeologous groups.
Based on the Nullisomic observation it is not surprising the deletion of
TaRADS1 has least effect on the ear fertility of the lines investigated. Until
deletion lines for the other two TaRAD5I homoeologues (4 and D) can be
recovered, characterized and combined, the current work remains inconclusive
assumption. The drastic reduction in ear fertility of TaDMCI(D) and
TaDMC1(4) homoeologue mutants (18% and 54% of wild-type levels) was
observed suggesting that they play a significant role in meiosis. Previously Q-
PCR results showed relatively higher levels of expression for B and D
homoeologues compared to 4 homoeologue and by comparing the ear fertility
scores, the order of the relative importance of these homoeologues would be
expected to be D>B>A, assuming similar levels of protein activity for each
homoeologue Unless the deletion lines for the B homoeologue can be recovered
this remains speculation. Sear (1954) reported that Nullisomics of group 5 have
narrow leaves and slender culms, are late in maturity, spikes are reduced in size
and the have small glumes and seeds. Sears and Sears (1978) also mentioned

that important genes related to fertility are located on these chromosomes.
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Literature searches on the genes present on the group 5 chromosomes revealed
a number of genes related to abiotic stress and the current TaDMC! gene. As
complete sterility is not observed in the TaDMC1 gene homoeologous mutants,
it is likely that there is buffering effect of the other homoeologous genes for this
gene. Unless the deletion lines for the TaDMCI homoeologue (B) can be
recovered and characterized this remains unproven. Future research will also be
required to further investigate these effects in wheat by the development of
double and triple deletion lines involving 7aDMC gene homoeologues.

The Forward and Reverse genetic approaches illustrated that these techniques
can be used to characterize the effects of deletion of individual homoeologue of
wheat genes, but where there is not complete functional
redundancy/compensation between homeologues, some deletion lines may be
difficult to obtain. When a phenotype is observed in a deletion line using
Forward and Reverse Genetic approaches, complementation tests (by
transforming the mutant with the wild type gene) need to be conducted to link
gene to phenotype. Because complementation tests are difficult to conduct in
hexaploid wheat, in the present research Arabidopsis T-DNA mutant lines with
insertions in target genes (RAD5! and DMCI) were used to test for
complementation by the wheat target genes. Arabidopsis T-DNA lines were
used to examine the effects of over-expression of TaR4AD51 and TaDMCI
genes on the functional complementation of the appropriate mutant line and on
recombination frequencies in Arabidopsis (Chapter 6). Apart from being a
relatively quick and in planta analysis, this system also adds additional data to
the findings of genetic analysis obtained through Forward and Reverse Genetics
screening. More importantly this experiment illustrates the potential of
Arabidopsis T-DNA lines for functional complementation of heterologous
genes in Arabidopsis. Only one homoeologue of the TaRADS51 and TaDMC1
genes was tested for functional complementation studies because of highly
similar sequence of the homoeologous sequences. There could still be subtle

differences between the homoeologues and this needs to be considered, even if
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the sequence and SIFT analysis suggested that no major functional differences

were expected between the homoeologues.

Initial results of the functional complementation tests indicated that
overexpressing CaMV35S::TaRAD51(D) constructs without the GFP reporter
gene gave an low level of functional complementation in the homozygous
mutant plant background. On the other hand over-expressing
CaMV35S::TaRAD51(D) constructs with the GFP reporter gene gave no
significant functional complementation in the homozygous mutant plant
background. In both cases, the morphology of the siliques were quite similar to
the homozygous mutants, although the pollen viability was slightly increased
(non-significant). ~ However the  expressing lines  with  the
CaMV35S::TaRADS51(D) constructs without GFP reporter constructs produced
14% seed compared to 0% in the homozygous mutant (compared to the wild
type controls). On the hand, the expressing lines with the
CaMV35S::TaRAD51(D) construct with a GFP reporter fusion only produced
2% seed compared to 0% in the homozygous mutant. This implies that
although there is an increase in pollen viability and the gene was expressed, the
TaRADS5 1-overexpressing plants did not show strong complementation of
mutant phenotype. This observation is different from results obtained from
AtRADS5 1-overexpression Arabidopsis. Li ef al., (2004) reported that AtR4DS51
overexpression under a CaMV35S promoter in Arabidopsis was able to
complement the mutant phenotype fully. Potentially, this might argue that the
wheat TaRADS5I gene may not be a complete functional orthologue of the
Arabidopsis AtRAD51 gene since their proteins shared only about 81% identity
and that functional dissimilarities between the wheat and Arabidopsis RAD5/
genes did not allow complete functional complementation, even if the level of
expression in meiosis of the transgene driven by CaMV35S was sufficient. The
very low functional complementation of the CaMV35S::TaRADS51(D) construct
with the GFP reporter gene compared to the construct without GFP could be
explained on the basis that fusing the GFP fragment (246 amino acids) onto the
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gene may interfere with protein-protein interaction and the establishment of the

nucleofilament.

The lack of elongation of siliques in the homozygous mutants was thought to be
due to the short anther filament phenotype and the low yield of pollen (Li ef al.,
2004). The anthers of 7TaRADS5I-overexpressing plants have shortened
filaments similar to atrad5! homozygous mutant plants. However an increase
in pollen yield and viability was observed. Elongated siliques compared to
normal silique were obtained by assisted self-pollination and even more
elongated siliques were obtained when assisted crossing used wild-typepollen.
Unlike the limited elongation of siliques with assisted self-pollination, the later
ones produced near normal siliques. However this data needs to be considered
carefully because this is based on a limited number of crossings. Over-
expressing constructs of TaDMC1 have been produced in a heterozygous
AtDMC1/Atdmc1 background, but lack of time prevented the further functional

complementation analysis in an Ardmc! homozygous mutant background.

TaRADS 1-overexpressing plants in an Atrad5] homozygous background were
crossed to one of the Copenhaver fluorescent tetrad lines to investigate if there
are changes in recombination frequencies and genetic distances associated with
expression of the construct, compared to non-expressing plants. Looking at a
genetic interval on Chromosomes 3, we observed an average 46% increase in
genetic distances in meiotic crossing over in the TaRA4D5I-overexpressing
plants, compared to non-expressing segregants. This is similar to the
observation by Betzner and Stefan et al., (W0/2002/008432) where the over-
expressing constructs using the AtRADS5! gene in Arabidopsis was found to
increase the genetic distance by 2-fold. Berchowitz ef al., (2007) reported that
the Armus8] mutants showed a 9% reduction in the interval on Chromosome 3
(6,710 tetrads) using this technique. The reduction in genetic distances was
observed in Atmus8] mutants related to meiosis where a lack of meiotic

crossovers leads to decreased genetic distance. This provisional result was
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based on using a non-quartet background and was also based on very limited
numbers of pollen grains (n=200). So, the results of this assay needs to be

considered with caution, until a more extensive analysis can be completed.

The prospects for further research to characterize the HR genes and their
homoeologues in hexaploid wheat depends on alternate strategies from using
mutagenized populations by forward and reverse genetic approaches. Firstly, it
is both time consuming and laborious to screen large populations for mutants.
Secondly even though deletion mutants screened from mutagenized population
are an excellent source of material for analyzing the function of the target genes
there are a few potential limitations. The observed phenotype could be caused
by deletion in some other gene apart from the target gene. For example
Arabidopsis meiotic genes such as R4D51, MND1, MEII, and SPO!1 exhibit
decreased pollen viability when disrupted, either as a result of chromosome
fragmentation or segregation defects and ultimately this leads to sterility (Li et
al., 2004; Kerzendorfer ef al., 2006; Grelon et al., 2003). In such cases it is
important to backcross the deletion mutant with original parent line from which
it is derived to remove any additional deletions. The deletion lines for the target
genes (TaRAD51 and TaDMCI) in this study have only been studied for one
generation and so t0 relate the observed phenotype to the deletions in target
nes only and to remove any additional deletions, future research should aim

ge
to backcross the mutants with the parent.

The low level of polymorphism in wheat due to its polyploidy and the recent
origin of the hexaploid wheat genome have hampered both forward genetics
and the genetic mapping of wheat. To overcome this, Endo and Gill (1996)
have proposed the use of deletion lines. They have reported the isolation of 436
deletions which have been extensively used in molecular mapping of the wheat
genome. Apart from genetic mapping they can be used for forward genetic

approaches also. They are easy to maintain unlike nullisomics and the gene can

be mapped on the deletion lines easily.
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Alternately in the absence of full set of deletion lines for the target genes and
their homoeologues, the availability of characterized Nulli-tetrasomic lines
gives us an opportunity to substitute for the deletion lines. In addition, they can
also be used to estimate the relative contribution each genome makes to the full
transcription profile and ask whether the gene product of one genome is more
frequently represented than expected. CS Nulli-tetrasomic cytogenetic stocks
were used in this research to locate the homoeologues and confirm their
genome specificity. Nulli-tetrasomic analysis revealed that the TaRADS5/] and
TaDMC1 genes were located on Group 7 and 5 chromosomes, respectively,

with a single copy on each of the genome (A, B and D).

Finally future studies should focus on the mechanism by which these HR genes
are regulated in hexaploid wheat, and of particular interest is how these
individual homoeologues are involved in different stages of meiotic
recombination, particularly homology search, as well as crossing-over.
Homologous recombination is a fundamental process in maintaining cell
integrity and also in evolution, through meiotic recombination and the
reassortment of genes on individual chromosomes. To be able to manipulate
this process could have major implications for conventional breeding and also
for gene targeting for transgenic crop improvement approaches. This study is
the first to investigate the function of the two major strand-exchange genes in

hexaploid wheat, one of the two major cereal crops for world food production.

7.1  Future perspectives
7 1.1 Isolation of full-length genomic clones of TaRADS1 and TaDMCI

homoeologous genes
The full-length genomic clones of TaRAD51-7A, TaDMCI-5B and TaDMCI-
5D have already been isolated from hexaploid wheat in the lab and the isolation
of the rest of the genomic clones: T aRADS51-7B, TaRADS51-7D and TaDMCi-

54 is in progress. The aim of this research is to elucidate the structure of
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genomic clones for intron/exon organization, differences of intronic regions
among the three homoeologous genes of TaRADS5! and also among the three
homoeologous genes of TaDMCI. This background work helps us to make a
comparison between the genomic organization of wheat R4D5! and DMCI

genes with that of other plants.

7.1.2 Screening for the isolation of TaRADSI (4), (D) and TaDMCI1 (B)
homoeologous gene mutants by Reverse Genetic analysis

As only a few deletions of the homoeologous gene mutants have been obtained

for the current work, future work aims to screen an enlarged mutagenized

population of Paragon wheat for the isolation of all the homoeologue deletions

of TaRADS5I and TaDMCI. This would serve better for comparisons of

expression analysis and phenotypic analysis. Also they would be useful for the

production of double or triple deletion lines involving the individual deletion

lines.

7.1.3 Over-expression studies of the TaDMCl! gene in Atdmcl
homozygous mutants for possible complementation
The current work aimed to carry out over-expression studies of TaDMCI
constructs in an Atdmcl homozygous mutant background for possible
complementation. One transformant with the CaMV35S::TaDMC1(D):GFP
construct was obtained in a wild-type background. In order to transfer the
construct into Atdmcl homozygous background, the transformant was crossed
with a heterozygous AtDMC1/Atdmcl background and a F, heterozygote
AtDMC1/Atdme1 with the over-expressing TaDMCI constructs was obtained.
Future work aims to segregate this heterozygous AtDMC1/Atdmcl plants to
analyze homozygous Atdmcl/Atdmel plants with over-expressing TaDMCI
constructs for possible complementation of mutant phenotype. Given the
reduction in complementation observed in the seed set for TaRADSI(D):.GFP
compared with the GFP- version, a similar approach with TaDMCI(D) is also

needed.
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7.1.4 Use of over-expressing constructs with gene specific (RAD51/DMCI)
promoters
The over-expressing CaMV35S::TaRAD51(D) construct could not complement
the mutant phenotype of the Atrad51 homozygous plants. In order to exclude a
role of the promoter in this limited complementation, gene-specific promoters
(AtRADS51/AtDMC]I) will be evaluated for their ability to drive the TaRADS!I
and TaDMC1 genes and produce higher levels of complementation in the
appropriate mutant background. Failure to achieve full complementation of the

appropriate mutant phenotype would argue for functional differences between

the wheat and Arabidopsis versions of these genes.

7.1.5 Studying the recombination frequency in over-expressing lines of
TaDMC1

Only over-expressing lines of TaRAD51 have been used to study recombination

frequencies and genetic distances by crossing with the fluorescent tetrad lines

so far. Future research aims to also evaluate over-expressing lines of TaDMC/

for possible effects on recombination frequencies and genetic distances by

crossing with appropriate fluorescent tetrad lines of Arabidopsis.
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