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SUMMARY

The storage proteins of wheat (Triticum aestivum L.) form large polymers commonly
referred to as gluten. These polymers are critical in determining important traits,
especially in the processing qualities of dough. Vast amounts of research on the storage
proteins and the genes encoding them have revealed the impact of different alleles on the
properties of wheat dough. However, little is known about factors that may play a role in
the folding, association and deposition of the storage proteins. One such factor could
conceivably be the enzymes involved in catalysing folding of nascent proteins
appropriately, the ‘foldase’ enzymes, including members of the protein disulfide
isomerase (PDI) and cyclophilin families. Little is known about the genes encoding
these enzymes in wheat, this information being limited to expression data showing the
up-regulation of these genes in the developing endosperm, cDNA clones previously
isolated in our lab and a report of partial PDI genes. One strategy to determine an
association of the genes with important traits is to develop molecular markers and
identify any genetic linkage between these gene-specific markers and quantitative trait
loci related to dough quality. Thus, this project involved the characterisation of the gene
families encoding PDI and cyclophilin in wheat and assessment of these genes for inter-
cultivar polymorphism that could be used to develop ‘perfect’” molecular markers for
these genes. Further, orthology between the PDI loci in wheat and the esp2 locus in rice,
which has been associated with irregular storage protein deposition, is described.

Cloning and sequencing of the PDI genes of T. turgidum subsp. durum (TtPDI4A and
TtPDI4B) and that of Ae. tauschii (AetPDI4D) revealed a conserved 10 exon / 9 intron
structure and high sequence conservation (>95%). These sequences facilitated the
isolation and sequencing of sections of the corresponding genes from T. aestivum cv.
Katepwa by allele-specific PCR, revealing almost complete conservation (97-100%)
between the genes in the hexaploid and its tetraploid and diploid progenitors. This data
suggested the presence of three, two and one PDI genes in these species, respectively,
one per genome. Investigations into an additional PDI gene reported to be located on
chromosome 1B suggested that, if present, it is a partial gene and is unlikely to be

expressed.



The characterisation of the PDI gene family permitted the analysis of these genes in
eight cultivars used in the development of genetic maps. Partial sequencing of the three
PDI genes identified a single nucleotide polymorphism (SNP) in each of the genes on
chromosomes 4AL and 4BS, however, no polymorphism was identified in the PDI gene
on chromosome 4D of the eight cultivars after sequencing over 80% of this gene. The
SNP identified in the PDI gene on chromosome 4A was found to be polymorphic
between three crosses, while the SNP in the PDI gene on 4BS was found to be
polymorphic in one. These SNPs were used to develop molecular markers for both the
4AL and 4BS genes, exploiting restriction fragment length polymorphisms (RFLPs) for
Sml and Bsu36l, respectively, to identify each allele through the generation of
characteristic-sized restriction fragments due to the presence of the SNPs. The
molecular markers were subsequently used to screen the doubled haploid progeny of
each of the crosses containing the polymorphic SNPs revealing co-segregation of the
PDI4A marker (XvutPDI) with a number of amplified fragment length polymorphism
(AFLP) and simple sequence repeat (SSR) markers localised to chromosome 4A as well
as the GERMIN marker, linked to an oxalate oxidase gene (germin) involved in a number
of important traits including, germination, stress response and pathogen defence.
Similarly, the PDI4B marker (XvutPDIb) was found to be linked to a number of
anonymous, random SSR, RFLP and AFLP markers localised to chromosome 4B and the
XGERMINB marker, linked to a homeologue of the germin gene described above. A
literature search revealed several quantitative trait loci (QTLSs) mapped to chromosomes
4A and 4B.

Reports on the rice mutant, esp2, revealed the presence of aberrant storage protein
deposition in conjunction with the absence of PDI expression, suggesting a direct role for
PDI in storage protein deposition and thus presence of a hypothetical QTL for such a
trait at the esp2 locus of rice. As orthology has been established between the genomes of
many of the cereal crops, it was possible that this hypothetical QTL may be present in
wheat also. The lack of PDI expression in esp2 suggested that the mutation could be
directly in the PDI gene or its flanking regulatory sequences. To address these
questions, a comparison of the esp2 locus and the PDI gene of rice revealed they were
present at similar positions in the rice genome on the short arm of chromosome 11 distal
to the S20163S RFLP marker. In order to determine whether flanking genes present at
the PDI locus of rice were also present at similar loci in wheat, an analysis of a 1Mb



Vi

region of the TIGR rice genome assembly 2004 on chromosome 11 containing the PDI
gene to identify putative expressed wheat orthologues was undertaken. This work
revealed 34 tentative consensus (TC) sequences with high sequence similarity to
sequences at the PDI locus of rice. Subsequent analysis revealed that 5 of these TCs
contained sequence data from clones that had been used as probes in physical mapping
experiments as part of the US Wheat EST project. Two of these probes were specific for
the PDI gene of wheat and the three others for genes putatively orthologous to those
flanking the rice PDI gene. Analysis of this data revealed that all probes identified loci
on the group 4 chromosomes of wheat; however, the reported physical loci for the two
PDI probes were contradictory. To clarify this contradiction the PDI genes of wheat
were localised to chromosomal ‘bins’ using AS-PCR, confirming their presence on, and
refining their locations to, bins on the centromeric section of chromosome 4AL and
distal sections of chromosomes 4BS and 4DS. Thus, the present data provides strong
evidence of an orthology between the PDI loci of rice and wheat and therefore the

presence of a QTL involved in storage protein deposition at the PDI loci of wheat.

Characterisation of three isoforms of genes encoding cyclophilin A from eight wheat
cultivars revealed that they comprise a small, intronless multi-gene family, lack any
inter-cultivar polymorphisms and localise to chromosomal arms 6AS, 6BS and 6DS, in a
region where genes for other quality traits are localised, the locus at 6AS possibly having
duplicated genes. Further, cDNAs encoding two novel, endosperm-expressed classes of
cyclophilins were isolated in the course of this work, one putatively encoding a
cyclophilin with a signal peptide targeting it to the plastid and the other, a nuclear protein
with cyclophilin-like domains that appears to be related to SR-cyclophilins which may
be involved in RNA processing. In-silico analyses have further led to identification of
another form of cyclophilin A and a potentially ER-localised, endosperm-expressed
cyclophilin B. The plastid and ER-localised forms are of particular relevance to events
occurring during endosperm maturation. The results thus provide valuable data and
molecular tools for isolation and analysis of these genes, to address their roles and any

association with wheat quality traits.
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Chapter 1 General Introduction and Literature Review
ABSTRACT

The storage proteins of wheat form large polymers commonly referred to as gluten.
These are critical in determining important traits, especially in the processing qualities
of dough. Specifically, the polymer-forming ability of the storage proteins, and thus the
size of storage protein bodies in the wheat endosperm, are positively associated with the
elasticity and extensibility of the wheat dough, with highly visco-elastic doughs
generally preferred for the production of leavened products. Characterisation of the
storage proteins and the genes encoding them has revealed the importance of different
alleles in conferring beneficial (or undesirable) qualities to wheat dough. However,
little is known about factors that may play a role in the folding, association and
deposition of the storage proteins. One such factor could conceivably be enzymes
involved in the ensuring the appropriate folding and association of proteins, the
‘foldase’ enzymes, including members of the protein disulfide isomerase (PDI) and
cyclophilin families. PDI is responsible for the reduction, oxidation and isomerization
of disulfide bonds in nascent proteins in the endoplasmic reticulum and cyclophilins are
members of the peptidyl-prolyl cis-trans isomerase (PPlase) family, which catalyze the
cis-trans isomerization of peptide bonds preceding prolyl residues. Support for the
involvement of these enzymes in protein body formation is limited to the apparently
non-random, rapid association and deposition of the storage proteins and the up-
regulation of these enzymes prior to and during protein body formation in the wheat
endosperm. However, little is known about the genes encoding these enzymes, limited
to cDNA clones previously isolated in our lab and a report of partial PDI genes. Thus,
this project aimed to characterise the gene families encoding PDI and cyclophilin in
wheat and assess these genes for inter-cultivar polymorphism that could be used to
develop ‘perfect’ molecular markers for these genes. Further, orthology between the
PDI loci in wheat and a locus in rice associated with irregular storage protein deposition
was investigated. This chapter will describe the necessary background information on
the storage proteins, their deposition into protein bodies and the biochemical activities
of PDI and cyclophilins, the genes encoding these enzymes and their role in storage
protein deposition. Genetic analyses in wheat and our current knowledge of orthology

between crop species are also reviewed.
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1.1 WHEAT PRODUCTION AND WHEAT QUALITY

1.1.1 The importance of wheat research

Common wheat (Triticum aestivum L.) is arguably the most important food crop grown
in the world in being cultivated in more areas throughout the world than any other crop
and being the primary source of dietary protein for the world’s population and its
livestock. As such, the global demand for wheat is high, with current demand
outstripping production. Global utilization of wheat was calculated to be 614.8 million
tonnes in 2002/2003 compared to production of 569.6 million tonnes of wheat during
the same period (Food and Agricultural Organization of the United Nations (FAO,;
www.fao.org)). Although demand is predicted to fall by 1.3% during 2003/2004,
production is predicted to fall further, by 1.9% over the same period. In Australia,
wheat production is quite low by world standards, representing about 3% of the world’s
total. However, the small population of Australia means 80% of all Australian wheat is
exported, representing 8-15% of the wheat traded on the global market, worth $3,412
million in 2000-2001, or 4% of Australia’s total exports (Australian Wheat Board;
www.awb.com.au). The demand for wheat poses a significant challenge to increase the
yield of wheat crops to maintain adequate supplies. In addition, the quality of this
wheat must be of an appropriate standard to meet the needs of the end-user. To meet
this challenge, research must be undertaken to increase the yield of wheat, whilst

maintaining the quality characteristics required for end-uses.

1.1.2 Genetic and environmental determinants of overall grain quality

The wheat grain consists primarily of the starchy endosperm, making up >80% of the
dry weight of the grain, with the remainder of the grain consists of the embryo and seed
coat or bran layers that make up the pericarp/testa (Figure 1.1). The endosperm is
separated from the other grain components during the milling process to generate white
flour and it is the properties of this flour that determine the potential end-uses of wheat.
There are a number of factors that can influence these potential end-uses, including (i)
the composition and quality of starch; (ii) the quantity and quality of protein; (iii) grain
hardness; (iv) lipids and lipoproteins; (v) non-starch carbohydrates; and (vi) the colour

of the endosperm and pericarp (Morris, 1998). Most of these quality traits are
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Figure 1.1  Basic structure of the wheat grain.
A longitudinal section of a wheat grain highlighting the main tissue types (Pomeranz,
1987).
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determined genetically, by the expression of specific genes during the maturation of the
endosperm, making this particular tissue the focus of much research. In addition, these
traits can be affected by environmental conditions, primarily temperature, drought,

abiotic and biotic stressors and availability of nutrients.

About 50% of the protein content of the wheat endosperm is in the form of storage
proteins. The physiological role of the storage proteins is to act as a reservoir of amino
acids for the germinating plant; however, researchers have focussed on the storage
proteins due to their nutritional value and even more so, their role in determining the
visco-elastic properties of wheat dough. The latter trait is important in determining end
use of wheat as those cultivars that produce highly elastic (strong) doughs are generally
used for pan breads, while those that producer weaker doughs are used for the
production of noodles, biscuits, cakes and flat breads (Shewry et al., 2003). The role of
the storage proteins in determining the visco-elastic properties of dough is discussed
below (Section 1.4.2).

1.2  WHEAT TAXONOMY AND THE GENOMES OF WHEAT

Taxonomy in wheat is an area of some uncertainties at both the generic and species
levels, with 13 different classification systems currently in use (Wheat Genetics
Resource Center at Kansas State University website, available at http://www.k-
state.edu/wgrc/Taxonomy/taxintro.html). Wheat and its wild relatives (Triticum spp. &
Aegilops spp.) are members of the tribe Triticeae, of the Pooideae subfamily of the
grass family Poaceae or Gramineae (Germplasm Resources Information Network
(GRIN); http://www.ars-grin.gov/). The Triticeae tribe is further subdivided into
Triticinae (consisting of many genera including Triticum, Aegilops and Secale), and
Hordeinae (consisting of Hordeum and related genera). In this project, the bread wheat
lineage followed is as described by Van Slageren (1994) i.e., the hexaploid wheat as T.
aestivum L., the tetraploid wheat as T. turgidum and the diploids as T. urartu, T.

monococcum subsp. monococcum, Ae. speltoides and Ae. tauschii.

The genera Triticum and Aegilops contain 13 diploid and 18 polyploid species, most of

which are allopolyploids with genomes consisting of genetic material proposed to have
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originated from two (or more) evolutionary distinct diploid species (as opposed to
autopolyploids, wherein polyploidy is achieved through duplication of a single diploid
genome). The diploid species of Triticum and Aegilops species contain one of eight
distinct genomes, designated as A (A and A”A™), D, S (S, S°, S°, S, S), M, C, U, N
and T and the polyploids contain an additional two, B and G, as the diploid sources of
these genomes remain unclear. The genomes of the polyploids are designated by their
proposed diploid sources, for example, AABB for the tetraploid T. turgidum spp. durum

(durum wheat) and AABBDD for the hexaploid T. aestivum (common wheat).

1.3  EVOLUTION OF THE T. aestivum GENOME

1.3.1 The putative origins of the A, B and D genomes of T. aestivum

Common wheat, T. aestivum (AABBDD, 2n=6x=42) is a hexaploid, or more accurately,
an amphidiploid, a polyploid containing three evolutionary distinct diploid genomes (A,
B and D). Research into the evolution of the wheat genome supports the origin of T.
aestivum approximately 8000 years ago through spontaneous hybridisation of one of the
(cultivated or wild) subspecies of the tetraploid T. turgidum with the wild diploid goat
grass Ae. tauschii (Sax, 1922; McFadden and Sears, 1946; Lubbers et al., 1991; Dvorak
et al., 1998) (Figure 1.2).

1.3.2 Current theories on the donors of the A and B genomes to T. turgidum

Although there is strong evidence supporting T. turgidum as the tetraploid donor of the
A and B genome to T. aestivum, the diploid donors of the A and B genomes have been,
and remain, the subject of much controversy. Much of the early cytogenetic evidence
and later, C-banding analysis, isoenzyme and amino-acid sequence analysis supported
T. monococcum as the diploid donor of the A genome to polyploid wheat (Sax, 1922;
Lilienfeld and Kihara, 1934; Morris and Sears, 1967; Gill and Kimber, 1974; Jaaska,
1980; Jones and Mak, 1983). The identification of T. urartu as also carrying an A
genome, raised the possibility that this species could be the donor of the A genome,
which has since been supported by investigations into repetitive DNA (Dvorak et al.,
1988; Dvorak et al., 1993) and comparison of gene sequences (Huang et al., 2002) and

isoenzymes (Jaaska, 1997) between diploid and tetraploid wheat.
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Investigations into the diploid donor of the B genome to polyploid wheat has been more
controversial. It is generally accepted that members of the Sitopsis section of Aegilops
(Ae. speltoides, Ae. sharonensis, Ae. bicornis, Ae. longissima and Ae. searsii) are the
most likely donors of the B genome, however, many alternative theories exist. The
‘polyphyletic origin’ school of thought proposes that the B genome has evolved from >1
of these diploid species as suggested by work with isoenzymes by Vittozzi and Silano
(1976), studies of the Pur-B1l locus of T. turgidum and T. aestivum which encode
purothionins with amino acid sequences very similar to those analysed in three of the
five putative donors of the B genome from the Sitopsis section (Kerby et al., 1990) and
RFLP data, demonstrating that >1 member of the Sitopsis section has the same patterns
as T. aestivum (Takumi et al., 1993). There is also extensive evidence supporting the
alternative school of thought, of a ‘monophyletic origin’ i.e., only one species of the
Sitopsis section donated the B genome to polyploid wheat. Many studies identified Ae.
speltoides as the likely donor, e.g., comparisons of the rRNA spacer at the major NOR
locus of many diploid wheats to that in T. aestivum found only Ae. speltoides shares
close homology (Gill and Appels, 1988), analysis of two repetitive DNA sequences and
a low-copy number DNA sequence revealed that these sequences from the B genome of
T. aestivum were most closely homologous to those of Ae. speltoides than the other
members of the Sitopsis section (Talbert et al., 1991; 1995), an Ae. speltoides-derived
repetitive sequence that was not present in other members of the Sitopsis section but
found in the B genome of T. turgidum and T. aestivum (Daud and Gustafson, 1996), C-
banding analysis revealing that Ae. speltoides is more similar to the B genome of
polyploid wheat than to other members of the Sitopsis section (Badaeva et al., 1996)
and single-copy DNA sequences at fourteen loci in various wheat species (Blake et al.,
1998). However, other researchers believe that the single donor is not Ae. speltoides, as
argued by Miyashita et al. (1994), who base it on RFLP differences between Ae.
speltoides and T. turgidum / T. aestivum and Mori et al. (1997), who base it on variation
in the coxll intron. An alternative, unidentified, member of the Sitopsis section has
been suggested to be the donor, based on glutenin subunits in wheat (Randhawa et al.,
1997) and it has also been suggested that no currently existing species of the Sitopsis
section is the donor of the B genome, although they probably share a common ancestor
(Blake et al., 1999; Huang et al., 2002).
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Taking into consideration the above evidence, the origin of the B genome remains
equivocal. While significant amounts of evidence support Ae. speltoides as being the
donor of the B genome to polyploid wheat, the various alternative lines of argument

(discussed above) suggest that it is possible that the true donor has yet to be identified,

o JOXO)

or is now extinct.

Ae. speltoides T. urartu Ae. speitauies T. monococcum
SS AA subsp.
Plas mon I Plasm(m II aegilopoides
AmAm
T4A-5A-7B @ @ T6A-1G—4G /
T. turgidum T. timopheevii
AABB AlAlGG
Ae. tauschii T. monococcum
DD AmAm
T. aestivum T. zhukovskyi
AABBDD AtatamamGa

Figure 1.2 Current theory of the evolution of wheat.

The proposed diploid and tetraploid progenitors of the A (T. urartu (AA) and T.
turgidum (AABB)), B (Ae. speltoides (SS) and T. turgidum (AABB)) and D (Ae.
tauschii (DD)) genomes of the hexaploid T. aestivum. The depiction of Ae. speltoides
(S genome) as the donor of the B genome remains controversial (Section 1.3.2) (Figure
from the Wheat Genetics Resource Center -
http://www.ksu.edu/wgrc/Extras/evolve.html).
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1.4  THE STORAGE PROTEINS OF COMMON WHEAT

1.4.1 Classification of the storage proteins

As mentioned above, the protein content of (6.5%-18%) of the wheat grain consists of
approximately 50% storage proteins. When white flour is mixed with water to form
dough, these storage proteins form a continuous, elastic network in the mature grain that
collectively is referred to as ‘gluten’. Early investigations into the protein composition
of gluten revealed that the major storage protein fraction consisted primarily of the
alcohol/water mixture-soluble prolamins (Osborne, 1924), so-named due to their high
content of the amino acids proline and glutamine. Subsequently the definition was
widened to include proteins insoluble in alcohol/water because they were bound
together in disulfide-bond stabilised polymers. The early classification system divided
the prolamins into two main fractions that are still commonly used, i.e., the monomeric
gliadins which are soluble in alcohol/water solutions and the polymeric glutenins which
are insoluble in these. Subsequent analysis of the amino acid sequences of the glutenins
and gliadins led to their reclassification into three groups: the sulfur-poor prolamins (S-
poor), the sulfur-rich prolamins (S-rich), and the high molecular weight (HMW,
occasionally referred to as HMM) prolamins (Miflin et al., 1983) (Figure 1.3). To
understand how each of these fractions affects the functionality of wheat dough, their

structure and their ability (or inability) to form polymers must be described.

Wheat Gluten Proteins
(Prolamins)

S-POOR S-RICH HMW

o _oliadi Y-type o-type
glladms<0) g‘la ™ liadins  gliadins

. D-type C-type C-type B-type
S bumite | LMW LMW LMW LMW (R
Subunits Subunits Subunits  Subunits

Figure 1.3  Classifications of wheat prolamins
The classes and nomenclature of wheat prolamins (Shewry et al., 2003).
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1.4.1.1 S-poor prolamins

The S-poor prolamins of wheat are called so due their general lack of cysteine residues
and hence the inability to form disulfide bonds and thus to form polymeric structures in
gluten. The basic structure of the S-poor prolamins, typified by the C-hordein in barley
and the w-secalins in rye, is almost entirely of a repetitive octapeptide motif (Pro-GlIn-
GIn-Pro-Phe-Pro-GIn-GlIn) flanked by short, unique sequences of 12 residues at the C-
terminal and 6 at the N terminal (4 in w-secalins) (Shewry et al., 1995) (Figure 1.4). In
wheat, the largest group of S-poor prolamins are the w-gliadins, found as monomers in
the wheat endosperm due their absence of polymer-forming cysteine residues.
However, Masci et al. (1991a; 1991b; 1993; 1999) have reported a polymer-forming
class of S-poor prolamins, the D-type glutenin subunits, which appears to be a mutant
form of w-gliadin with a Ser-Cys mutation in the central repetitive domain. This
suggestion is based on the identification of at least three genes encoding D-type glutenin
subunits on chromosomes 1B and 1D at or near the Gli-1 loci (loci of w-gliadins), with
the proteins encoded by the genes on chromosome 1D having similar electrophoretic
mobility and N-terminal sequences to the w-gliadins (Masci et al., 1991b; Masci et al.,
1993).

s-RICH
we s [l wodime S <o
FF
1 2 3456 7B
s-POOR i
NH2- SP . PFPQPQ 0 lccn:uH

Ty

/
* * *x &k X "III-'IIII.J: *

Figure 1.4  Generalised structures of the prolamin families

The proteins depicted are y-gliadin (wheat) for the S-rich prolamin class, C hordein
(barley) for the S-poor class and HMW subunit 1By9 (wheat) for the HMW prolamin
class (Shewry et al., 1995). Amino (NH2) and Carboxyl (COOH) termini are shown.
1-8: SC1-SC8 cysteine residues involved in intra-subunit disulfide bonds in the S-rich
prolamins. *: Cysteine residues in the HMW subunits. A/B/C: Related regions in the
S-rich and HMW subunits. SP: Signal peptide.
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1.4.1.2 S-rich prolamins

As their name suggests, the S-rich prolamins contain cysteine residues, allowing the
formation of inter- and intra-subunit disulfide bonds. This group of prolamins
represents the major storage protein group in wheat, accounting for 80-90% of the total
prolamin fractions and comprise a diverse family, containing a monomeric fraction,
wherein all of the cysteine residues are involved in intra-protein disulfide bonds and a
polymeric fraction wherein at least some cysteines are involved in inter-protein
disulfide bond formation. Traditionally, the monomeric S-rich prolamins are classified
into three groups, the o, B and vy gliadins, based on their mobility on SDS-PAGE, but
analysis of amino acid sequences has revealed a close relationship between the a- and
B- gliadins (Tatham et al. 1990), which are now commonly grouped together as the o-
gliadins (Figure 1.3). The y-gliadins form a second, distinct family, which also includes
the polymeric LMW-glutenins, containing cysteine residues involved in both intra- and
inter-protein disulfide bonds. The S-rich LMW glutenins are also divided, based on
mobility on SDS-PAGE, into the C-type LMW-glutenins, related to the o and vy gliadins
and a third group, the B-type LMW-glutenins (Figure 1.3) (Payne and Corfield, 1979;
Jackson et al., 1983).

All S-rich prolamins consist of 250 to 300 residues, with 1/3 to 1/2 of their structure
consisting of proline/glutamine-rich repeat motifs which vary between the three
subfamilies: a-gliadins: PF/YPQs.6; y-gliadins: PFPQ(PQQ)1-2; and LMW-glutenin: P;.
2FP/SQ2.s (Anderson and Blechl, 1998), while their N-termini consist of short, unique
amino acid sequences (Fig 1.4). The remainder of these proteins consist of non-
repetitive sequences that contain three short conserved domains, known as A, B and C,
that are related to one another and to the HMW:-prolamins, providing evidence of a
close evolutionary relationship between the different members of the prolamin
superfamily (Kreis et al., 1985; Kreis and Shewry, 1989) (Figure 1.4). Sequences

outside of these domains are more variable within the S-rich prolamin family.

The pattern of disulfide bond formation in the S-rich prolamins has been an area of
considerable research due to its implications to the functional properties of dough. The

non-repetitive C-terminal sequences of the S-rich prolamins contain cysteine residues at
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8 conserved positions, SC1 to SC8 (Shewry and Tatham, 1997). The a-gliadins contain
6 of these residues (missing SC2 and SC3), the y-gliadins contain all 8 and the LMW-
glutenins contain 6 (missing SC6 and SC8) (Shewry and Tatham, 1997). The pattern of
intra-protein disulfide bonds in these proteins, as proposed by Thompson et al (1994)
and further clarified by Miller et al. (1998), involves bonds between residues SC1/SC4,
SC2/SC3, SC5/SC7 and SC6/SC8 (Figure 1.4). The LMW-glutenins contain two
additional residues that are not able to form an intra-protein disulfide bond and are
therefore believed to be free for polymer formation through inter-protein bonds. One of
these cysteine residues is located in the non-repetitive sequence at the N-terminal, and
the other between SC5 and SC7 (Kohler et al., 1993; Keck et al., 1995; D'Ovidio et al.,
1997). Although gliadins are considered to be primarily monomeric, the isolation of
bound y-gliadin subunits from the polymeric glutenin fraction has revealed a y-gliadin
with a Phe—Cys substitution in the repetitive domain. This y-gliadin does not have a
second free cysteine to form an intra-protein disulfide bond, thus allowing incorporation
of this subunit into polymers with LMW and HMW glutenins (Shewry and Tatham,
1997).

1.4.1.3 HMW prolamins

The HMW prolamins represent the most extensively studied group of gluten proteins
due to their central role in determining the functional properties of wheat dough. An
understanding of the genes encoding these proteins is essential to understand how allelic
variations and the deposition of these proteins with other glutenin (and some gliadin)

subunits in the endosperm affects dough rheology (Section 1.4.2).

The chromosomal locations of the genes encoding the HMW glutenin subunits were
first determined during the 1970’s by Bietz et al. (1975) using the nullisomic/tetrasomic
lines of wheat (Section 1.8.3). It is now firmly established that the HMW glutenins are
encoded by two tightly linked genes on the short arms of the group 1 chromosomes, at
the Glu-Al, Glu-B1 and Glu-D1 loci. These two genes encode units of high and low
molecular weight, referred to as x- and y-types, respectively. Despite the presence of
six HMW glutenin gene loci in bread wheat, only three to five genes are expressed in

various cultivars due to the silencing of different alleles. The y-type gene at Glu-Al is
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always silent in T. aestivum and the x-type gene at Glu-Al and the y-type gene at the
Glu-B1 locus are only expressed in some cultivars. Early analysis of allelic variation of
the HMW glutenin genes, through electrophoretic analysis of 300 wheat cultivars,
revealed three alleles encoded by the Glu-Al locus, eleven by Glu-B1 and five by Glu-
D1 and a numbering system was devised for describing these alleles (Payne and
Lawrence, 1983).

The proteins encoded by the x- and y-type genes reveal a similar structure, consisting of
unique N- and C-termini and a central domain consisting of a repetitive motif of
variable length from 481 to 696 residues (Figure 1.4) that explains much of the variation
in the size of the subunits, varying from 627 residues (1Dy10) to 827 (1Dx5) and
molecular weights of 67,476 Da to 88,128 Da (Shewry et al., 2003). One of the major
differences between the proteins encoded by these two gene types is the presence of
tripeptide, hexapeptide and nonapeptide motifs in the x-type subunits and only the latter
two in the y-type subunits. These repeat motifs are rich in glutamine (~35 mol%),
glycine (~20 mol%) and proline (~10 mol%) with high conservation of glutamine
positions, essentially forming a glutamine backbone, which may have some functional
significance in the association of these subunits in the gluten polymer (Section 1.4.2).
Further, the relatively high amount of proline may be significant in determining the
conformation of these proteins due to cis/trans proline isomerism. Van Dijk et al.
(1996), using model cyclic peptides of the repetitive domain of the HMW glutenins,
found 50% of proline residues occur in the cis conformation in the repetitive motif
YPTS, while 90% of the remaining prolines occur in the trans conformation. Another
difference with potential functional significance is the number of cysteines in the x- and
y-type subunits. The unique N- and C- terminal domains contain most (or all, in some
alleles) of the cysteine residues in the protein, with three (x-type) and five (y-type) in
the N-terminal domain and one (in all subunits) in the C-terminal domain (Shewry and
Tatham, 1997) (Figure 1.4). An additional cysteine is present in the repetitive domain
of some subunits (e.g. 1Dx5) (Shewry and Tatham, 1997).

HMW glutenins are found as polymers in the storage protein bodies, thus requiring the
formation of inter-protein disulfide bonds as well as non-covalent interactions with

other subunits. Little is known about the actual organization of the individual subunits
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within these polymers, but some data is available from the reduction of the gluten
polymer and subsequent stabilisation of the resulting oligomers. These studies reveal
that many of these disulfide-bound oligomers consist of HMW x-y dimers (Lawrence
and Payne, 1983; Werner et al., 1992), in a head-to-tail arrangement, i.e., the C-terminal
of one subunit is connected to the N-terminal of the adjacent subunit (Tao et al., 1992).
This arrangement of alternating x-y subunits forming the backbone of the gluten
polymer is consistent with the model proposed by Graveland et al. (1985). The analysis
of peptides produced by enzymic digestion of gluten polymers and analysis of disulfide
bonds between the products (Kdhler et al., 1993; Keck et al., 1995) revealed further
disulfide bonding between HMW subunits and LMW subunits, suggesting that the
LMW subunits are present as branches off the HMW subunit backbone (Figure 1.5). In
addition, these studies identified y-type homodimers (Kdhler et al., 1993; Keck et al.,
1995), not detected in other studies (Lawrence and Payne, 1983; Werner et al., 1992),
possibly due to their low frequency. These different arrangements of disulfide bonds
have led to a theoretical model of the glutenin polymer based around an HMW-glutenin
backbone with LMW-glutenin branches (Shewry et al., 2003) (Figure 1.5).

B - terminal domain B repetitive domain

disulfide honds

= terminal domain . LMW subunits

Figure 1.5  Hypothetical structure of wheat glutenin polymers.

The basic structure shows a head-to-tail arrangement of x- and y-type HMW glutenin
subunits with branches of LMW-glutenins (Shewry et al., 2003). The presence of an
additional cysteine in the repetitive domain of the 1Dx5 subunit may allow the
interaction with another HMW glutenin subunit, leading to the stronger doughs
observed in cultivars containing this allele.
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1.4.2 Role of the storage proteins in determining dough rheological properties

The molecular basis of the balance between elasticity and extensibility in wheat gluten
that allows the use wheat dough in a wide range of end-use products has been the
subject of investigation for many years. A direct association between particular storage
proteins and bread-making quality was established by Payne et al. (1979) followed by
the association of other HMW subunits with good bread-making qualities, including
1Dx5 + 1Dyl0 and 1Ax2* (Moonen et al., 1982, 1983). Field et al. (1983)
demonstrated that cultivars that contain higher amounts of polymeric protein have
stronger (highly visco-elastic) doughs, while those with a lower polymeric:monomeric
protein ratio have weaker doughs (Fido et al., 1997). This provides a general rule that
the glutenin component is largely responsible for the elastic properties and the
monomeric gliadins are responsible for the extensible properties of gluten (Fido et al.,
1997), the balance between these two properties being responsible for the unique visco-
elastic properties observed in the dough of a particular wheat cultivar. Theories on
molecular basis of the visco-elasticity of the gluten network revolve around the structure
of the HMW subunit backbone and its interactions with other subunits in the polymer as
well as with the monomeric gliadin fraction. Thus, the molecular characterisation of the
individual glutenins and gliadins (especially the HMW glutenins) has been, and
continues to be, the focus of research aimed at determining how differences in the
individual proteins affect the organization of the gluten polymer and consequently the

bread-making qualities of different cultivars of wheat.

Evidence for an increase in dough strength through the presence of more disulfide
bonded polymeric protein has been suggested by different experimental approaches.
For example, the incorporation of purified glutenin polymers was found to increase the
resistance of dough to extension, but only when free thiol groups were available to
allow incorporation of the added proteins to the gluten polymer (Schropp and Wieser,
1996; Antes and Wieser, 2001). Likewise, incorporation of exogenous HMW subunits
into the gluten polymer through a reduction/reoxidation cycle, allowing the formation of
disulfide bonds between the incorporated and endogenous subunits, always led to an
increase in dough strength, while incorporation of LMW subunits led to varying results,

depending on the type of subunit incorporated (Sissons et al., 1998). Further, an
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increase in HMW:LMW subunit ratio led to an increase in dough strength and reduced
extensibility (Uthayakumaran et al., 2000). Incorporation of analogue glutenin subunits
comprising most of the repetitive domain of the HMW subunit 1Dx5 with 0, 1 or 2
cysteine residues at each of the N- and C-termini revealed that incorporation of the
subunit containing two free cysteine residues at each end resulted in stronger doughs
(Buonocore et al., 1998). In a similar experiment involving incorporation of analogue
glutenins based C-hordein from barley, it was found that subunits with a free cysteine at
a single terminus act as chain terminators, reducing the size of the gluten polymers and
thus dough strength, while subunits with a free cysteine at each terminus increased
dough strength, presumably through chain extension and increase in polymer size
(Tamés et al., 2002).

Although the disulfide bonds between glutenin subunits clearly play an important role
in determining the elastic properties of gluten through the stabilization of this massive
polymer, other studies highlight the importance of non-covalent interactions, especially
hydrogen bonding. This was suggested by experiments wherein esterification of
glutamine residues in gluten resulted in reduced resistance to extension and the use of
deuterium oxide (D,0) instead of water results in increased resistance (Beckwith et al.,
1963; Mita and Matsumoto, 1981). More recent spectrophotometric analyses have
further highlighted the role of hydrogen bonding in determining the physical properties
of gluten (Belton et al., 1994; Belton et al., 1995; Wellner et al., 1996; Belton et al.,
1998; Gilbert et al., 2000). These studies led to a hypothetical model being proposed by
Belton (1999) describing the basis of elasticity in wheat gluten, wherein it is proposed
that at low hydration levels there are many protein-protein interactions between the
storage proteins, primarily through H-bonding between glutamine residues in a B-spiral
conformation. An increase in hydration leads to a p-sheet-like conformation between
neighbouring protein chains in a ‘train’ conformation, with further hydration leading to
an increase in H-bonding between the glutamines and water at the expense of
glutamine-glutamine interactions, resulting in ‘loops’ of peptide chains H-bonding with
water, the equilibrium between ‘loops’ and ‘trains’ being determined by the hydration
level (Figure 1.6). Extension of the dough will thus lead to stretching of ‘loops’ and
separation of ‘trains’. This mechanical alteration from the equilibrium of ‘loops’ and

‘trains’ would lead to the storing of potential energy and a gradual increase in
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resistance, as is observed during dough mixing (Figure 1.6). Continued application of
extension would, however, lead to breaking of disulfide bonds, breakdown of the gluten
polymer and subsequent weakening of the dough, also observed through over-mixing of
dough. It must be noted that both an increase in length of the repetitive domains of the
HMW glutenin subunits as well as that in the number of subunits making up the
glutenin backbone will increase the number of protein-protein interactions and therefore
resistance to extension, explaining the contribution that HMW glutenin alleles with
longer repetitive domains and/or an additional cysteine residue available for inter-
protein bonding (e.g. 1Dx5) make to bread-making qualities. Further, Belton (1999)
describes the contribution of the significant number of monomeric gliadins present in
the dough as providing a viscous medium that also contributes to the resistance to

extension through non-covalent interactions such as Van de Waals forces.

1]
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Figure 1.6  Effect of dough extension on gluten polymer interactions

(@) The equilibrium configuration of loops and trains between neighbouring proteins;
(b) The deformation of ‘loops’ caused by dough extension; (c) The eventual separation
of “trains’ caused by further dough extension breaking the inter-protein hydrogen bonds
and allowing the chains to slip over each other. This deformation from the equilibrium
provides the potential energy that explains the elastic properties of gluten.

1.4.3 Storage protein deposition and protein body formation

The models described above, outlining the structure and role of the wheat storage
proteins in the gluten polymer, provide the basis for the central role of the storage
proteins in determining the unique visco-elastic properties of dough. However, it must

be noted that these storage proteins must be first synthesised in the developing
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endosperm cells then be folded into their correct conformations and interact with other
storage proteins to form the building blocks of the gluten polymer described above.
These processes and the role molecular chaperones and, more precisely, ‘foldase’

enzymes may play in directing and regulating these are described below.

A comparison of the putative protein products encoded by the storage protein cDNA
sequences and the N-termini of mature proteins reveals an N-terminal signal peptide
responsible for targeting the storage proteins to the secretory pathway within the
developing endosperm cells. This pathway involves synthesis of the storage proteins on
the surface of the rough endoplasmic reticulum (RER), translocation into the lumen of
the ER, cleavage of the signal peptide, folding and disulfide bond formation. As the
physiological role of the storage proteins is to provide an adequate supply of amino
acids which can be mobilised rapidly during seed germination and growth of the
developing plant, it is expected that the storage proteins would be packaged in an
orderly manner, as opposed to a random interaction and aggregation, as supported by
the non-random organization of the gluten polymer (Sections 1.4.1.2 and 1.4.1.3).
Further, the presence of soluble intermediates in the folding of glutenins and gliadins,
preventing the random aggregation of these proteins in the ER, has been demonstrated
(Shimoni and Galili, 1996; Orsi et al., 2001).

The storage proteins are observed as large protein bodies in the endosperm cells,
wherein they coalesce during late grain development to form a continuous protein
network surrounding the starch granules and two pathways have been identified in this
process. Some proteins, primarily the monomeric gliadins, appear to follow the
standard secretory pathway, i.e., via the Golgi apparatus to the vacuole, where they
coalesce to form protein bodies. The other pathway involves direct accumulation of
protein bodies, presumed to consist primarily of glutenins, within the lumen of the ER
(Rubin et al., 1992). The mechanisms of this selection process or its regulation are
unknown. Analysis of amino acid sequences of the storage proteins reveals no classical
ER-retention signal, -KDEL or —HDEL (Denecke et al., 1992). The expression of
HMW glutenins reveals accumulation of these proteins directly in the ER (Shani et al.,
1994) and a similar experiment involving expression of y-gliadin in transgenic tobacco

reveals that it is transported via the secretory pathway, presumably to the vacuole,



Chapter 1 21

where it is degraded (Napier et al., 1997). Although no direct evidence is available, it is
presumed that the monomeric gliadins in their soluble intermediate form are competent
for transport via the Golgi apparatus, whereas the glutenins form high M, polymers
through the formation of disulfide bonds in the oxidising environment of the ER, which
subsequently form insoluble aggregates that cannot be transported via the classical
secretory pathway. Levanony et al. (1992) have proposed that the ER-derived protein
bodies are later enclosed in vesicles and transported to the vacuole, where they fuse to

form a single population.

The organization of subunits within the gluten polymer, as well as the selective
transport of gliadins in a soluble form implies roles for molecular chaperones and/or
‘foldase’ enzymes, i.e., in preventing the random aggregation of the nascent storage
proteins, directing the correct folding of these proteins and association of the glutenin
subunits to form polymers. These enzymes include the molecular chaperone Binding
Protein (BiP) as well as the foldase enzymes, protein disulfide isomerases (PDI) and
peptidyl-prolyl cis-trans isomerases (PPlase). The focus of this study is on PDI and a
subfamily of PPlase, the cyclophilins. As such, a review of our current knowledge of

these enzyme families is necessary.

15 PROTEIN DISULFIDE ISOMERASE (PDI)
1.5.1 The structure of PDI

PDI is a member of the thioredoxin superfamily of proteins, characterised by the
presence of at least one thioredoxin fold, consisting of a conserved secondary structure
encompassing the redox-active site CXXC. PDI was first isolated from rat liver by
Goldberger et al. (1963) and subsequently became the focus of many studies to
elucidate its in vivo roles: PDI catalyses the oxidation, reduction and isomerization of
incorrectly paired disulfide bonds in nascent proteins, suggesting an important role in
ensuring the correct folding of nascent proteins into their native conformations. In
support of this central role, it appears to be ubiquitous amongst eukaryotes and has been
localised to the oxidising environment of the ER at near-millimolar concentrations
(Lyles and Gilbert, 1991) and also occurs at other cellular locations at much lower

concentrations (Turano et al., 2002). Analysis of the amino acid sequence of PDI has
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revealed that it has a modular structure, primarily made up of four domains, all of which
have a thioredoxin-like conformation. Two of these domains, termed a and a’, are
repeated domains that contain the redox-active site, CXXC, which is involved in the
catalytic functions of the enzyme (Figure 1.7), while the other two domains, b and b’,
which do not share obvious amino acid sequence homology with the a and a’ domains
and do not contain the redox-active site, but still assume a thioredoxin fold-like
conformation (Kemmink et al., 1999) and play an important role in the activity of PDI
(described below). In addition, PDI has an acidic domain at its C-terminal (the c
domain) that is believed to be a high volume, low-affinity, Ca**-binding domain (Van
Nguyen et al., 1989). The amino acid sequence also reveals a putative N-terminal
signal peptide for translocation into the ER lumen, and a C-terminal tetrapeptide, KDEL
(HDEL in yeast), which acts as an ER retention/retrieval signal (Denecke et al., 1992)
(Figure 1.7).

1.5.2 The catalytic activity of PDI

Experiments in the yeast Saccharomyces cerevisiae have shown that PDI is essential for
viability (LaMantia et al., 1991; Scherens et al., 1991) and suggested that it is the
disulfide isomerase activity, not the oxidation or reduction of disulfide bonds, that is
essential (Laboissiere et al., 1995); presumably other redox-active proteins within the
ER can complement the oxidation/reduction activities in PDI-null mutants. However,
recent reports dispute these findings; Xiao, et al. (2004) revealed that an isomerase-
deficient strain of S. cerevisiae is viable, even when all PDI homologues in the ER are
deleted, although the efficiency of the oxidative folding of carboxypeptidase Y was
greatly compromised, while Solovyov et al. (2004) report that the oxidative domains of
PDI are essential for viability. The PDI-mediated isomerization of disulfide bonds in
nascent proteins has been analysed through an investigation of folding intermediates in
a number of model proteins including RNase (Creighton, 1979; Konishi et al., 1982),
bovine pancreatic trypsin inhibitor (Creighton and Goldenberg, 1984), and hirudin
(Chatrenet and Chang, 1992). These studies suggest that the process of disulfide bond
formation is ‘hit and miss’, as proteins do form incorrect disulfide bonds, which are
subsequently reduced through the formation of a disulfide bond with one of the redox-

active sites of PDI, providing a free thiol group in the nascent protein which can form
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an alternative disulfide bond. The second active site is believed to be important for this
process, acting as a molecular clock which can release PDI from the substrate if the
rearrangement of disulfide bonds is too slow (Gilbert, 1997) and mutations at this site
lead to accumulation of PDI-substrate complexes and a subsequent rapid decrease in
isomerase activity as the enzyme becomes unable to release itself (Walker et al., 1996).
This *hit and miss’ process continues, with formation of different arrangements of
disulfide bonds until the “correct’ conformation is achieved and the nascent protein can

continue through the secretory pathway to its ultimate destination.

<P a ] h" a" C
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Figure 1.7  Schematic representation of PDI

a and a’: the thioredoxin-like redox-active domains; b and b’: the thioredoxin-like
redox-inactive domains; c: the acidic C-terminal domain; SP: signal peptide; CXXC:
redox-active site; KDEL.: ER retention/retrieval tetrapeptide.

1.5.3 Additional roles of PDI

In addition to its catalytic activities, PDI has been implicated as a molecular chaperone
in a number of studies, although in a substrate-specific role. This activity appears to be
independent of the redox activities and has been found in vivo for lysozyme (Hayano et
al., 1995) and in vitro for glyceraldehyde-3-phosphate dehydrogenase (GAPDH) (Cai et
al., 1994), rhodanase (Song and Wang, 1995), phospholipase A, (Yao et al., 1997) and
proinsulin (Winter et al., 2002), however, the folding of antibody Fab fragments does
not appear to require this activity (Lilie et al., 1994). An important property of PDI that
permits it to perform chaperone functions and may also play an important role in its
catalytic activities, is its ability to bind to a wide range of, primarily misfolded, proteins.
The nature of these interactions is unclear, however the b’ domain and the C-terminal
57 amino acids, encompassing the last 3 amino acids of the a’ domain and most of the ¢
domain, appeared to be central to the peptide-binding functions (Noiva et al., 1993;

Klappa et al., 1998a). Further, elimination of the C-terminal peptide-binding site led to
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a reduced rate of protein folding in lysozyme and acidic phopholipase A, both
disulfide-containing proteins (Dai and Wang, 1997). Based on these findings, a model
of synergy between the peptide-binding sites and the catalytic activities has been
postulated by Freedman et al. (2002), wherein misfolded proteins are bound by the
peptide-binding sites and catalysis of disulfide bond formation and isomerization is

performed by the a and a” domains.

The protein-binding and chaperone properties of PDI appears to be central in another in
vivo role of this enzyme, in acting as the subunit of other enzyme systems. For
example, PDI has been found to act as a subunit of the microsomal triacylglycerol
transfer protein (MTP), wherein dissociation of PDI from the other subunit of this
enzyme results in its aggregation and loss of MTP activity (Wetterau et al., 1991).
Likewise, PDI has been identified as the B-subunits of prolyl-4-hydroxylase (P4H), an
ER-localised enzyme tetramer (op2) involved in the synthesis of collagens. On its
own, PDI does not have P4H enzyme activity and mutations of the CXXC sites do not
affect the ability of PDI to act as the subunit of this enzyme system (Vuori et al., 1992).
The role of PDI in this enzyme system is thus believed to be to ensure the a-subunit,
which lacks an ER-retention/retrieval signal, remains in the ER in a soluble, active

conformation (Vuori et al., 1992).

1.5.4 PDI-related proteins

PDI represents the first and best characterised member of a larger family of PDI-related
proteins, wherein most members have redox-active sites and are believed to catalyse
reactions similar to PDI and perform similar chaperone functions (Ferrari and Séling,
1999). The main differences between the different members of this family may be in
their modular structure (Figure 1.8), tissue distribution, substrate specificity, expression
levels and regulation. The classification and nomenclature of the PDI family members
have varied in different reports, however in a review by Ferrari and So6ling (1999) they
have been given standard names based on their amino acid sequences; the following

description of the PDI family members follows that system.
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PDI and related proteins

Figure 1.8

a, a’ and a°% thioredoxin-like, redox-active domains: b, b’ and b°: thioredoxin-like,

redox-inactive domains; ¢ and D: domains found in some PDI proteins; black bars: the

A, B and C: conserved secondary structures of the

thioredoxin fold. Accession numbers are provided next to each diagram. Figure from

redox-active site position;
Ferrari and S6ling (1999).
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o ERp57 is an ER-localised member of the PDI family, with a structure similar to
PDI and the ER-retention/retrieval signal of QEDL but lacking the c-domain.
Unlike PDI, it has been shown to interact with calnexin or calsequestrin and
through this interaction with monoglycosylated glycoproteins (Elliott et al., 1997;
Oliver et al., 1997). This interaction has led to suggestions that ERp57, calnexin
and calsequestrin are responsible for the folding of glycoproteins in the ER (High
et al., 2000), whereas glycosylation status does not affect the interaction of PDI
with nascent proteins (Oliver et al., 1997). ERp57 appears to also have a different
specificity for peptide binding as it cannot substitute for PDI in the P4H enzyme
system (Koivunen et al., 1996).

o ERp72 has three redox-active thioredoxin domains (Figure 1.8) and like PDI and
ERp57 it is localised to the ER, appears to be induced by stress and in antibody-
producing cells and been shown to have peptide binding ability (Klappa et al.,
1998b), although it does appear to interact with substrate proteins directly through
disulfide bond formation (Feng et al., 1996).

o Less is known about other members of the PDI family. PDIp has a modular
structure similar to ERp57, however it has only been isolate in vertebrates and is
solely expressed in the pancreas (Desilva et al., 1997; Klappa et al., 1998b). P5
has also only been identified in vertebrates and represents the smallest redox-
active member of the PDI family that contains an inactive b-type module (Ferrari
and Sdéling, 1999). Little is known about PDIR, however, its three thioredoxin-
like active sites (Figure 1.8) all have different amino acid sequences (Hayano and
Kikuchi, 1995). PDI-D proteins are the only members that contain a domain
unrelated to thioredoxin, termed the D-domain (Figure 1.8) and can be either
redox-active (PDI-Da) or -inactive (PDI-Df). A new subfamily of plant PDI has

recently been postulated based around the PDIL1 enzyme in carrot (see below).

1.5.5 PDI in plants

Genes encoding PDI have been isolated from a number of plant species including wheat
(Shimoni et al., 1995a; Johnson et al., 2001), barley (Chen and Hayes, 1994), maize (Li
and Larkins, 1996), rice (Takemoto et al., 2002), castor bean (Coughlan et al., 1996)
and alfalfa (Shorrosh and Dixon, 1991). Analysis of the putative protein products of
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these genes revealed high conservation of PDI sequences in plants ranging from 80%
identity between maize, wheat and barley to 62% identity with alfalfa (Li and Larkins,
1996). In addition to genes encoding the archetypal PDI, the PDI-Da family has been
isolated in alfalfa (Shorrosh and Dixon, 1992) and a novel PDI family encoded by
PDIL1 in carrot and closely related genes in tomato and Arabidopsis have been
described (Xu et al., 2002).

In wheat, Roden et al. (1982) established the presence of PDI in the developing
endosperm, an observation subsequently supported by Shimoni et al. (1995b), who
demonstrated that PDI is also co-localised with the protein bodies. Analysis of the
expression patterns of PDI in the wheat endosperm, through Northern (Grimwade et al.,
1996; DuPont et al., 1998) and Western blotting (Shimoni et al., 1995b; DuPont et al.,
1998), revealed that PDI is upregulated in the developing wheat endosperm, with rapid
increase in both transcripts and enzyme from 6-9 days post-anthesis (DPA), with
subsequent decline in transcript levels, while the protein levels remain high until around
20 DPA and then decline. Investigations into the gene family encoding PDI in
hexaploid wheat have revealed four genes, localised to the short arms of chromosomes
1B, 4B and 4D and the long arm of chromosome 4A and restriction fragment length
polymorphisms (RFLPs), especially for the gene on chromosome 1B, and absence of
this gene in some genotypes of common and durum wheat (Ciaffi et al., 1999; 2000).
The expression of the four genes in wheat has not been directly investigated, however,
our previous work led to isolation of three distinct types of PDI cDNA clones from a
wheat endosperm cDNA library suggesting that at least three of the PDI genes are

actively expressed in the endosperm (Johnson et al., 2001).

1.5.6 Evidence supporting a role for PDI in the formation of protein bodies

The potential role for PDI in facilitating the efficient formation and deposition of
protein bodies in the wheat endosperm is clear (Section 1.4.3); however, direct
experimental evidence for this is limited. An elegant, early experiment involved the in
vitro folding of y-gliadin in the presence of dog microsomes (Bulleid and Freedman,
1988). When the microsomes were depleted of luminal proteins, the ability of the y-

gliadins to form disulfide bonds was impaired, however, addition of purified PDI
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improved the folding of y-gliadins. Shimoni and Galili (1996) used pulse chase
experiments to reveal the in vivo orderly assembly of gliadins into soluble intermediates
before their deposition into protein bodies. This study also showed that treatment with
the reducing agent DTT led to the premature aggregation of the gliadins in vivo while
treatment of the soluble, oxidised gliadins with DTT in vitro also led to the rapid
aggregation of the individual subunits, suggesting an important role for correct disulfide
bond formation in the deposition of protein bodies. Comparison of the expression
levels of PDI (Section 1.5.5) and the storage protein in the developing endosperm, at
both the mRNA and protein levels, have been used to both argue for (DuPont et al.,
1998) and against (Grimwade et al., 1996) a role for PDI in the deposition of the protein
bodies. A recent study on the N-methyl-N-nitrosourea (MNU)-induced rice mutant
esp2, which exhibits defective storage protein segregation and deposition, has now
provided compelling evidence for a role for PDI in storage protein deposition
(Takemoto et al. 2002). In esp2 the glutelin-containing protein bodies form as normal,
however, the prolamin-containing protein bodies are smaller and contain aggregates of
both prolamins and glutelin-precursors unlike those observed in wild type rice. It was
only possible to extract the glutelins after removal of the cysteine rich prolamins,
suggesting the formation of disulfide bonds in the aggregated polymer. The mutation in
esp2 was found to be an absence of PDI expression, providing direct evidence for a role
of PDI in the deposition of storage proteins in rice, prolamins in particular. The direct
relevance of this observation to wheat is currently unclear; investigation into orthology
between the esp2 locus in rice and the corresponding PDI loci in wheat would be
required to suggest the involvement of one (or more) of the wheat PDI genes in a
similar process. With this in mind, our current knowledge of gene orthology between
members of the grass family, especially rice and wheat, and the potential significance of

such information, is reviewed briefly later (Section 1.9).
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1.6 PEPTIDYL PROLYL CIS-TRANS ISOMERASES (PPIASE)
1.6.1 The PPlase superfamily

In addition to the formation of disulfide bonds, another rate-limiting step in the folding
of nascent proteins into their final conformation is the isomerization of peptide bonds
preceding proline into trans or cis forms (Herzberg and Moult, 1991). In general, most
peptide bonds in mature proteins are in the trans conformation, but approximately 6.5%
of the peptide bonds preceding proline residues in correctly folded proteins are found in
the cis conformation (Galat and Riviere, 1998). As most proteins are translated with
their peptide bonds in the trans conformation, the isomerization of these peptide bonds
into their cis form must occur for them to attain their final folded state (Figure 1.9).
This process was recognized as one of the major rate-limiting factors in the folding of
nascent proteins and led to the discovery of a protein with PPlase activity (Fischer et al.,
1984). A simultaneous search for the intracellular target of the powerful
immunosuppressant drug cyclosporin A (CsA) identified an 18 kDa protein,
cyclophilin, which was found to be identical to the PPlase enzyme, with CsA inhibiting

its activity (Handschumacher et al., 1984).
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Figure 1.9  The reaction catalysed by PPlase
The cis-trans isomerization of peptide bonds preceding prolyl residues in nascent
proteins catalysed by members of the PPlase superfamily (Galat and Riviére, 1998).

In addition to the cyclophilin family of PPlase enzymes, identification of a number of
other proteins with PPlase activity has since led to the establishment of distinct PPlase
subfamilies. The second major subfamily identified were the FKBP (FK506 binding
protein) proteins, so named due to their affinity and inhibition by a different class of

immunosuppressants, FK506 and rapamycin (Harding et al., 1989). The ‘trigger factor’,
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first identified as having PPlase activity in E. coli (Stoller et al., 1995) does not bind to
FK506 or rapamycin, however, has limited sequence homology to FKBP and is placed
either in the same subfamily as FKBP (Callebaut and Mornon, 1995; Goéthel and
Marahiel, 1999) or in a separate subfamily (Galat and Riviére, 1998). Another
subfamily of proteins possessing PPlase activity, first identified in E. coli, are known as
the parvulins (Rahfeld et al., 1994) which are irreversibly inhibited by juglone (Hennig
et al., 1998). As the current study focussed on the cyclophilin subclass of PPlase the
various classes of these enzymes and their putative roles in cellular metabolism are

described below.

1.6.2 Classes of cyclophilins

Cyclophilins are an ubiquitious class of proteins, found in bacteria, fungi, animals and
plants and expressed in a wide range of tissue types (Galat and Riviére, 1998). The 18
kDa cyclophilin, first identified in mammals, appears to be the most abundant
cyclophilin subtype, however a number of other classes of cyclophilins with discrete
intracellular locations and putative functions have been identified. In yeast, at least
eight forms (genes CPR1 through CPRS8) of cyclophilin have been identified, ranging in
molecular mass from 17 kDa to 45 kDa (Goéthel and Marahiel, 1999), while humans
have at least sixteen proteins containing at least one domain related to cyclophilin
(Galat, 2003; 2004). Of these four smaller cyclophilin forms have been identified
ranging in size from 18 kDa to 23 kDa, consisting of a cyclophilin domain in the
cytoplasmic hCyp-18a (CyP A) to a cyclophilin domain with a signal peptide to target
the cyclophilin to its subcellular location (Table 1.1). A number of paralogues to these
smaller cyclophilins have also been identified in the human genome (Galat, 2003;
2004). In addition to these small cyclophilins, a number of larger proteins containing
cyclophilin-like domains (CLD) have been identified ranging in size from 26 kDa to
320 kDa, which contain additional non-cyclophilin-like domains (Table 1.1). The
mammalian 18 kDa cyclophilin is referred to as cyclophilin A (hCyp-18a; CyPA) and
represents the smallest cyclophilin, with the other classes of cyclophilins and CLD-
containing proteins exhibiting homology to it, with the presence of N-terminal signal
peptides and/or non-homologous N or C-terminal extensions. In addition to the
cytoplasmic CyPA the hCyP-22b/p (CyPB) proteins are localised to the ER
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(synonymous with S-cyclophilin as this form of cyclophilin has been observed to be

secreted from the cell). The yeast ER-resident cyclophilin carries a typical -HDEL ER-

retention signal at its carboxyl terminus (Frigerio and Pelham, 1993), however, several
cyclophilin B’s lack this or the alternative KDEL motif (Denecke et al., 1992) and may
have other non-typical motifs instead; e.g., ‘VEKPFAIAKE’ in vertebrate cyclophilin

B’s that localises them to specialised sub-compartments of the ER lumen (Arber et al.,

1992), or ‘HEEL’ in a fungal homologue (Derkx and Madrid, 2001). hCyP-22c/p

(CyPC) appears to be a larger cytoplasmic or membrane-associated form of cyclophilin

(Price et al., 1991; Friedman et al., 1993; Galat, 2003) and hCyP-22d/p (CyPD) is

localised to the mitochondria (Bergsma et al., 1991). In addition to the cyclophilins

containing signal peptides for subcellular localisation, a number of proteins containing

CLDs have been characterised in mammals, many of them apparently nuclear-localised,

including:

e A unique 28 kDa protein from bovine retina, a structural homologue of the ninaA
gene from Drosophila melanogaster, involved in folding of opsins (Ferreira et al.,
1995);

e A T-cell specific 33 kDa protein localised to the nucleus and containing a CLD and
RNA binding domain (Mi et al., 1996);

o Cyp-40, localised to the cytoplasm and, which contains a domain with homology to
the P59 steroid receptor complex (Kieffer et al., 1993);

e The 358 kDa protein, nucleoporin, which makes up part of the nuclear pore (Wu et
al., 1995);

e The nuclear proteins, CyP-88 which contain a number of nuclear localization signals
and serine/arginine (SR) domains which may be involved in pre-mRNA splicing
(Nestle et al., 1996).

e The natural Killer T-cell-specific receptor Cyp-158/169 involved in tumour

recognition (Anderson et al., 1993).

In summary, the diverse cyclophilin family is defined by the presence of a domain with
sequence similarity to the archetypal cyclophilin A, with other classes roughly divided
into (i) those that have this cyclophilin A-like domain and additional signal peptides that
target them to their subcellular location or, (ii) larger multidomain proteins that contain
a domain with homology to cyclophilin.
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Table 1.1 Classes of mammalian cyclophilins and CLD-containing proteins
Size Intracellular .
Name (kDa) L ocation Species Reference(s)
Homo sapiens (Harding et al., 1986;
Bos taurus Haendler et al., 1987,
Cyclophilin A 18 Cytoplasm Rattus norvegicus Danielson et al., 1988;
Mus musculus Takahashi et al., 1989;
Sus scrofa Hasel and Sutcliffe, 1990)
- i H. sapiens (Iwai and Inagami, 1990;
Cyclophilin B 20-23 ER/secreted R. norvegicus Price et al., 1991)
Cyclophilin C 22 Cytoplasm M. musculus (Frledmanlzr;dl;Nelssman,
Cyclophilin D 22-24 Mitochondria H. sapiens (Bergsma et al., 1991)
CLD-containing Proteins
ER .
CyP-28 28 (retina) B. taurus (Ferreira et al., 1995)
Nucleus . :
CyP-33 33 (T-cells) H. sapiens (Mi et al., 1996)
H. sapiens .
CyP-40 40 Cytoplasm B. taurus (Kieffer et al., 1993)
CyP-58 58 Nucleus H. sapiens (Wang et al., 1996)
CyP-88 88 Nucleus H. sapiens (Nestle et al., 1996)
Cell H. sapiens
CyP-158/169 158/169 Membrane M. musculus (Anderson et al., 1993)
CyP-358 358 Nucleus H. sapiens (Wu et al., 1995)
(nucleoporin)

1.6.3 Cyclophilins in plants

Cytoplasmic cyclophilin A cDNA sequences have been reported from a number of plant
species, including canola (Brassica napus), tomato (Lycopersicon esculentum), maize
(Zea mays) (Gasser et al., 1990), rice (Oryza sativa) (Buchholz et al., 1994), bean
(Phaseolus vulgaris) (Marivet et al., 1992), foxglove (Digitalis lanata) (Scholze et al.,
1999), mouse ear cress (Arabidopsis thaliana) (Hayman and Miernyk, 1994; Lippuner
et al., 1994) and wheat (Triticum aestivum) (Johnson et al., 2001). Comparison of these
with those from mammals reveals a seven amino acid insertion apparently characteristic
of plant cyclophilin As. Other classes have been identified in different subcellular
compartments including, the detection of cyclosporin A-sensitive PPlase activity in a
chloroplast fraction (Breiman et al., 1992), subsequently revealed to be multiple forms

of cyclophilins in the thylakoid lumen, including pCyPB of fava beans (Luan et al.,
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1994), TLP40 of spinach, associated with intraorganelle signalling and
dephosphorylation of photosynthetic proteins (Fulgosi et al., 1998; Vener et al., 1999)
TLP20, identified in spinach, rice and Arabidopsis thaliana, responsible for most of the
PPlase activity within the thylakoid lumen and, thus hypothesised to be the general
folding catalyst of chloroplast proteins (Edvardsson et al., 2003) and AtCYP20-2, a
light-regulated cyclophilin associated with the photosynthetic membranes of A. thaliana
(Romano et al. 2004a). Cyclosporin A-sensitive PPlase activity has also been reported
from a mitochondrial fraction in pea plants (Breiman et al., 1992), but the proteins or
genes encoding these enzymes have not been reported. The first report of an ER-
localised plant cyclophilin B was the direct isolation of a cyclophilin from a microsomal
fraction in maize that had high sequence similarity to the mammalian cyclophilin B
(Sheldon and Venis, 1996). A recent, extensive in silico analysis of Arabidopsis
cyclophilins (Romano et al., 2004b) revealed the largest cyclophilin gene family in any
organism studied to date, consisting of 29 members, including intronless cytoplasmic
forms, an intron-containing chloroplast stromal form (Chou and Gasser, 1997), an ER-
targeted form lacking the ER-retention motifs mentioned above (Saito et al., 1999), as

well as other multidomain cyclophilins.

The high level of gene expression over a relatively short time in the developing wheat
endosperm that leads to production of the storage protein bodies implicates folding
catalysts such as cyclophilins in these processes. As discussed earlier (Section 1.4), the
storage proteins contain a relatively high number of proline residues, some of which
may be have peptide bonds in the cis conformation, suggesting a potentially important
role for PPlases in accelerating and ensuring the correct folding of the nascent storage
proteins. It is unclear whether an ER-resident form of cyclophilin is present in the
developing endosperm, or whether any other cyclophilin forms play any roles here. It
has been demonstrated that cyclophilins are upregulated in the developing endosperm
(Grimwade et al., 1996); however, this study did not differentiate between the various
forms of cyclophilin. We subsequently characterised three forms of cyclophilin A from
a cDNA library generated from developing wheat endosperm tissue (Johnson et al.,

2001), however, their specific role(s) in this tissue is currently unknown.
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1.6.4 Putative roles of cyclophilins

The enzymic activity of cyclophilins, the cis-trans isomerization of peptide bonds
preceding proline residues, suggests a role in ensuring the correct and efficient folding
of nascent proteins. Early efforts confirmed that cyclophilins could catalyse this
isomerization reaction in model peptides and ribonuclease A, in vitro (Fischer and
Bang, 1985; Lang et al., 1987). Evidence for an in vivo protein folding role have since
been reported including the treatment of hepatoma cells with cyclosporin A leading to
the significant slowing of the folding of transferrin and folding of the collagen triple
helix (Lodish and Kong, 1991; Steinmann et al., 1991). The cyclophilin-like protein,
ninaA, from Drosophila melanogaster, was shown to be essential for the folding and
translocation of rhodopsin types I and Il in vivo (Colley et al., 1991), and knockout of
mitochondrial cyclophilins in Neurospora crassa and Saccharomyces cerevisiae
resulted in a marked slowing of folding of imported proteins (Matouschek et al., 1995;
Rassow et al., 1995).

In addition to their role in protein folding, there are a number of reports describing other

physiological roles for cyclophilins including:

e Acting as an intracellular chaperone. The affinity of cyclophilins for their proline
substrate is believed to facilitate the binding and stabilisation of proteins to prevent
their aggregation (Freskgard et al., 1992). The observed upregulation of many
cyclophilins under a variety of stress conditions supports their chaperone role in the
stress response (Andreeva et al., 1999), which may or may not be associated with
their protein folding activities. In plants, upregulation of cyclophilins has been
observed in response to heat (Luan et al., 1994), abiotic stress (Marivet et al., 1992),
high salinity, cold (Marivet et al., 1994) and fungal infection (Godoy et al., 2000).
Further, the mammalian cytoplasmic CyP-40 has been found to interact with other
intracellular chaperones including HSP90 and HSP104 (Duina et al., 1996; Abbas-
Terki et al., 2001).

e Involvement in intracellular signalling pathways, due to their interactions with
calcineurin, a phosphatase involved in calmodulin and Ca**-signalling pathways.
The binding of cyclosporin A to cyclophilins leads to the inhibition of calcineurin,

blocking of the signalling pathway and ultimately the immunosuppressant effects of
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cyclosporin A (Liu et al., 1991; Schreiber, 1992). In plants, Luan et al. (1993) has
demonstrated the involvement of cyclophilins in Ca?*-dependent intracellular
signalling in guard cells of Vicia faba.

e Involvement in developmental pathways, as they have been observed to be
upregulated in developing tissues (Gasser et al., 1990; Marty et al., 1993; Marivet et
al., 1994; Grimwade et al., 1996). The nature of the cyclophilins’ role in
development is unclear, however a role in acceleration of protein folding during
tissue development is conceivable.

e Assembly and stabilisation of steroid receptors (Lebeau et al., 1992);

¢ Regulation of transcription factors (Yang et al., 1995);

e A role in the mitochondrial permeability pore and its implications to cell death
(Crompton, 1999).

Clearly, their various intracellular locations, their ability to bind various proteins and
their catalytic activity, all allow these enzymes to potentially serve numerous
intracellular roles. Further, analysis of cyclophilin structure in bacteria, fungi, plants
and animals reveals general conservation throughout evolution (Galat, 1999), indicating
a strong selection pressure for maintenance of these proteins and their biological role(s).

1.7 POSSIBLE INTERACTIONS BETWEEN PDI AND PPIASE
1.7.1 Asynergistic role for PDI and PPlase?

The roles of PPlase and PDI in accelerating the folding of nascent proteins has
prompted investigations into a tantalising possibility, i.e., whether these two functions
are associated with each other, especially that of cyclophilin B, which is co-localised
with PDI in the ER. Schonbrunner et al. (1992) found that in vitro refolding of
ribonuclease T1, especially the formation of correct disulfide bonds, was facilitated by
the presence of a PPlase in conjunction with PDI, and drew the conclusion that
formation of disulfide bonds could be more efficient if the prolyl isomers are in the
correct conformation. Further, it was found that cyclophilin B improved the chaperone
activity of PDI in vitro and the complex of cyclosporin A and cyclophilin B completely
inhibited this activity (Horibe et al., 2002). In the nematode Caenorhabditis elegans,
PDI and cyclophilin genes are clustered together and co-expressed in a functionally
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related manner (Page, 1997), suggesting that the efficiency of protein folding may be
improved with the presence of both enzymes together. Interestingly, Meunier et al.
(2002) found that a number of ER-localised foldase enzymes and molecular chaperones,
including PDI and cyclophilin B, formed large multiprotein complexes, which were
found to be associated with unfolded immunoglobulin heavy chains in vivo suggesting a
coordination between various proteins involved in the folding and integrity of nascent

proteins in the ER.

1.8  GENETIC ANALYSIS IN WHEAT

1.8.1 Benefits and problems with genetic analysis in wheat

Marker technology allows DNA sequence variations in different wheat cultivars to be
followed in crosses between the alternative genotypes into their subsequent generations.
These markers do not directly affect biological processes; they are generally random
polymorphisms between the two parents, however they can be linked to genes or
sequences that are involved in determining phenotype. This has obvious benefits to
wheat breeders as a sequence variation could represent a particular allele that confers a
beneficial (or undesirable) phenotype on the plant for which a marker will permit its
rapid detection in the subsequent progeny of the crosses and the selection of desirable
alleles. Clearly, the accuracy of this prediction depends on the extent of linkage of the
marker to the allele and therefore the likelihood that it will co-segregate with that allele.
A marker that assays the presence of a polymorphism within a gene will always co-
segregate with that gene, and is therefore said to be a ‘perfect’” marker, for that gene.
Thus, marker technology provides a powerful tool for wheat breeders to detect and
select for beneficial alleles in their crosses, a technique known as marker-assisted
selection (MAS). In addition, marker technology also allows the analysis of the genetic
control of simple and complex traits in wheat through the identification of quantitative
trait loci (QTLS), discussed below (Section 1.8.5).

The main problem associated with developing markers in wheat is the relatively low
level of DNA sequence polymorphism, especially in commercial wheat varieties (Bryan
et al., 1999). Due to this, many potential markers need to be assessed in order to find

polymorphisms and in addition, the level of polymorphism is not consistent within each
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of the six genomes of wheat and thus, the random development of markers, using the
techniques outlined below (Section 1.8.4) will result in the unequal distribution of
markers, with particularly poor coverage of the D genome, as it exhibits more inter-
cultivar sequence conservation than the A or B genomes. This level of conservation is
reflected in the relatively lower number of markers mapped to the D genome in the
studies discussed below (Section 1.8.4) and has led to the targeting of markers specific
to the D genome (Pestova et al., 2000).

The other problem associated with genetic analyses in wheat is the size and complexity
of the genome. The wheat genome is approximately 1.6 x 10" bp, i.e., roughly 40
times the size of the rice genome (Arumuganathan and Earle, 1991), leading to
problems with commonly used techniques in marker development such as Southern
blotting (Langridge et al., 2001). Further, the hexaploid nature of the genome means
that special care needs to be taken while designing molecular markers that assay a single
locus, as many markers tend to assay the three homoeologous loci simultaneously, and
can lead to problems with analysis of results. However, the hexaploid nature of wheat
does provide certain benefits, especially for the physical mapping of genes, discussed
below (Section 1.8.3).

1.8.2 Types of markers
1.8.2.1 Morphological and biochemical markers

Morphological (visible) markers are based on morphological, physiological or
pigmentation phenotypes. These markers have been used in genetic studies since well
before DNA was identified as the hereditary material (Morgan, 1911). Biochemical or
protein markers are commonly referred to as isozymes or allozymes. These markers
have been in use since the late 1950s (Markert and Moller, 1959) and are visualized by
electrophoresis and protein staining methods where differences in their mobility in the
gel matrix are easily assayed. The major disadvantages of morphological and
biochemical markers are the relatively small numbers available and their tendency to be
influenced by environmental factors, tissue type and/or developmental stage of the
organism (Winter and Kahl, 1995).
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1.8.2.2 RFLP markers

The limited numbers of morphological and biochemical markers, which rely on
differences in phenotype conferred by genes, led to suggestions that larger numbers of
genetic markers may be available due to polymorphisms in the DNA molecule itself.
Thus, molecular markers were developed, that could discriminate single nucleotide
changes between individual genotypes.

Restriction fragment length polymorphism (RFLP) markers were the first DNA-based
markers used to assay such DNA sequence polymorphisms (Botstein et al. 1980) and
were found to be extremely effective at identifying polymorphisms between cultivars
and as such, most of the genetic maps developed for wheat contain many RFLP-based
markers. Paull et al. (1998) screened 124 varieties of wheat with 119 RFLP probes, of
which 98 varieties (82%) were polymorphic. Similarly, Shah et al. (2000) screened the
cultivars Cheyenne and Wichita with 52 RFLP probes and found that 41 of these
(78.8%) were polymorphic. Further, the nature of the typical assay, involving the
screening of Southern blots with cDNA clones, means that many of the identified
polymorphisms are at or near expressed genes, and probes from one species can easily
be transferred to related species. Despite these benefits, the use of RFLPs is declining
due to certain disadvantages, primarily, the requirement for large amounts of DNA and
the slow nature of the assay. These have led to the development and widespread use of

the, Polymerase Chain Reaction (PCR)-based methods.

1.8.2.3 PCR-based markers

A number of PCR-based methods have been used to assay polymorphism in wheat
cultivars, including randomly amplified polymorphic DNA (RAPD) (Hohmann et al.
1994; Kojima et al. 1998), amplified fragment length polymorphisms (AFLP) (Vos et
al. 1995; Boyko et al. 1999) and assay of simple sequence repeats (SSR) (Rdoder et al.
1998; Shah et al. 2000; Parker et al. 2002). Each of these methods has its own
advantages and disadvantages (Table 1.2), however the reliability, ability to automate,
effectiveness at detecting polymorphisms, ability to target individual genomes and

primarily co-dominant nature (produces different sized PCR products for each allele, as
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opposed to the presence or absence of a PCR product (dominant markers)) has led to
popularity of the SSR markers. These markers assay the size of repetitive DNA at a
locus (or loci) in different cultivars, usually in the form of tandem dinucleotide repeats,
but where possible, the trinucleotide and tetranuclotide repeats due to the higher quality
of the assay. The SSR assay requires the design of PCR primers that flank the repetitive
loci, which can then be amplified and the size of the products compared between
cultivars. Shah et al. (2000) found that out of 10 loci screened in the cultivars
Cheyenne and Wichita, 6 were polymorphic (60%). Likewise, Parker et al. (2002)
assayed 31 SSR loci in 101 wheat varieties and found 19 polymorphisms (61%),
highlighting the efficiency of SSR-based marker systems at identifying polymorphisms.
However, a major problem with SSR markers is that their development is laborious,
involving the screening of genomic libraries with repetitive oligomers (e.g. AC or AG),
isolation and analysis of genomic clones containing repeats, design of primers flanking
the repetitive sequences and screening different cultivars with these primers for
polymorphisms in the size of the repeats. The specificity of the primers flanking each
SSR marker also means that they generally cannot be used in other species, as was
demonstrated during attempts involving the use of wheat SSR primers in barley (Roder
etal., 1995).

Table 1.2 Comparison of PCR-based marker systems for wheat

Marker System = d:::;;ed per Advantages Disadvantages
Reliable, co-
dominant, often
genome-specific, High development
SSR 1 S
target specific cost
regions, amenable
to automation
Reliable, detect
AFLP 50 large number of loci Random, dominant
per assay, amenable
to automation
Cheap to design and .
RAPD 10 assay, technically Lénrel_lable,
. ominant
simple

An outline of the advantages and disadvantages of the most commonly used PCR-based
marker systems in wheat. Adapted from Langridge et al. (2001).
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1.8.2.4 Gene-specific markers

The markers systems mentioned so far are based on sequence polymorphisms at random
positions in the genome, which are extremely beneficial in the construction of genetic
maps (Section 1.8.4); however, the functional significance, or tight linkage of these
markers to specific alleles, needs to be established for their use in marker-assisted
selection of cultivars for a given characteristic. Markers based on polymorphisms
within genes ensure that the markers are “‘perfect’ for the gene to be assayed; however,
the screening of genes for polymorphisms can be a laborious and expensive exercise.
This problem has been partially addressed by analysis of the vast number of expressed
sequence tags (ESTs) for wheat, that have become available over the past few years.
The latest release of the dbEST division of GenBank (release# 021805; February 18,
2005) contained 587,650 ESTs from T. aestivum, more than any other plant species,
which are derived from a number of cultivars and thus can be screened for inter-cultivar
polymorphisms.  Although valuable, the use of ESTs in this manner poses some
problems, (1) the quality of ESTs is occasionally low and can lead to the false
identification of polymorphisms; (2) the level of polymorphism within coding
sequences is intrinsically low; and (3) distinguishing true inter-cultivar polymorphism
of a single gene in one of the three genomes from the homeoalleles in the other two
genomes can be a lengthy and tedious process. Despite these potential problems, ESTs
as potential genetic markers have been reported, generally through the analysis of 5’ and
3’ untranslated regions, which generally have a higher level of polymorphism (Clarke et
al., 2001). The availability of ESTs also opens up the possibility of using PCR to
screen genomic DNA (gDNA) for polymorphisms, which can lead to the identification
of introns that tend to be more polymorphic than coding sequences, thus providing an
additional source of ‘perfect’ markers.

1.8.3 Physical mapping of markers in wheat
Although the hexaploid nature of the T. aestivum genome poses a number of problems

for the genetic analyses of genes and traits (Section 1.8.1) it also offers a number of

advantages. One main advantage is the ability of bread wheat to tolerate the loss of a
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chromosome pair, which can be compensated functionally by the remaining two
homoeologous chromosome pairs (involving the duplication of one of the remaining
two pairs). Sears (1954) exploited this feature in the development of
nullisomic/tetrasomic (N/T) lines of wheat using the cultivar Chinese Spring, wherein
individual pair of chromosomes were deleted and replaced by an additional pair of
homoeologous chromosomes from either of the two genomes (Figure 1.10). Such N/T
lines can be used to assign a marker to a particular chromosome; the absence of a
marker in a N/T line indicates that the marker is present on the chromosome that is
absent (nullisomic) in that particular line. The location can be further resolved by
screening ditelosomic lines of wheat, wherein each line has a deletion of a particular
chromosome arm and a duplication of the other arm. Further, development of deletion
lines of Chinese Spring (Endo and Gill, 1996) that have partial deletions of specific
chromosome arms has allowed even greater resolution of the physical maps of markers,
as these lines allow the markers to be localised to a subsection of a chromosome arm,
commonly referred to as a “bin’. This ability, has allowed the comparison of physical
and genetic maps, as demonstrated for the group 5 chromosomes of wheat (Gill et al.,
1996). The physical mapping of wheat EST sequences using N/T, ditelosomic and
deletion stocks of wheat has been the aim of large scale efforts to develop physical
maps of the expressed portion of the wheat genome (i.e., The US Wheat Genome
Project; http://wheat.pw.usda.gov/NSF/htmlversion.html) and has led to the recent
report of a genome-wide physical map of 16,000 expressed genes in wheat (Qi et al.
2004).
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1.8.4 Genetic mapping

A genetic map provides the relative arrangement of genes or markers with regard to one
anther and their relative genetic linkage to on another along each of the chromosomes of
an organism. Genetic mapping relies on inheritance of parental chromosomes in a cross
and subsequent meiotic recombination (‘crossing over’) in the gametes of the progeny
of this cross. Genetic markers that are physically close to one another on the
chromosomes are less likely to be recombined and are thus usually inherited together,
while those that are further apart, or on separate chromosomes, are often ‘recombined’
and thus undergo independent assortment and are inherited in all possible combinations
in the progeny (much like Mendelian crosses). The relative distance between any two
markers can thus be determined by the extent of recombination between them (%
recombination), or the percentage of progeny that inherited the two different markers
from the two parents. This process can be repeated for many markers, allowing the
determination of the relative distances between them and the construction of ‘genetic
maps’, i.e., the linear order of markers on each chromosome. A genetic map can be
considered complete when any new markers fall into established linkage groups (Figure
1.11) (Paterson et al. 1991).

The parents of a mapping population must have sufficient polymorphism, either at the
phenotypic level (e.g. morphological and biochemical markers) and/or DNA level
(molecular markers) to permit the tracing of this variation in recombination events. To
reduce the complexity of analysing the progeny of crosses involving such polymorphic
parents (mapping populations), the parents are generally highly inbred so as to be
homozygous themselves at as many loci as possible (Young, 1994; Paterson, 1996; Liu,
1998). The simplest mapping populations are F, progeny derived by selfing of the F;
hybrid. Each of the F, progeny contains recombinant chromosomes from the parents
and thus all possible combinations of the parental alleles (i.e., AA, Aa, aa). Another
simple mapping population is a backcross, derived by crossing the F; hybrid to one of
the parents, producing a single recombinant chromosome from each homologous pair.
Yet another type of mapping population consists of doubled haploid (DH) progeny that
have undergone artificial chromosome doubling from individual pollen grains.

Although much more difficult to produce than F, or backcross populations, individuals
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in DH populations have the advantage of being homozygous at all loci, reducing the
complexity of analyses and permitting the transfer of DH populations between different
laboratories and environments (Young, 1994). Recombinant inbred lines (RILS)
represent another type of mapping population, derived by inbreeding individual F,

progeny, producing homozygous populations (Young, 1994; Paterson, 1996).

Although the assembly of genetic maps can be time- and labour-intensive, there are a
number of benefits that can be derived from their construction, including, (1) allowing
the localisation of genes of interest; (2) facilitating marker-assisted breeding and map-
based cloning; and (3) providing the framework for understanding the biological basis
of complex traits (Vuylsteke et al. 1999).

1.8.4.1 Genetic maps in wheat

A number of genetic maps have been assembled for different wheat crosses (Chalmers
et al., 2001; Kammholz et al., 2001; Langridge et al., 2001). The most comprehensive
single population wheat map was assembled from W7984 x Opata 85 cross, W7984
being a synthetic hexaploid, containing a tetraploid (AABB) and diploid (DD) genome
and Opata 85 being a cultivar of T. aestivum selected to increase the chance of
polymorphism in the cross. This map is widely regarded as the international reference
mapping population for wheat and, in 2001, contained 1074 loci, primarily consisting of
RFLP and SSR markers (Figure 1.12) (Langridge et al., 2001). This map has good
genome coverage, however, as mentioned previously, the D genome contains fewer
markers than the A or B genomes, reflecting a lower level of polymorphism in it. In
Australia, five genetic maps are being constructed using the crosses Cranbrook x
Halberd, CD87 x Katepwa, Sunco x Tasman, Egret x Sunstar and Kukri x Janz, based
on the contrasting traits of the parental cultivars (Table 1.3) to allow dissection of the
genetic basis of these traits through QTL analysis (Section 1.8.5). When published, the
maps assembled from these crosses contained 902 (Cranbrook x Halberd), 505 (CD87 x
Katepwa) and 355 (Sunco x Tasman) mapped markers consisting of RFLP, AFLP, SSR,
gene-specific and protein markers. The coverage of these maps varies, with the D
genome having the poorest coverage (Chalmers et al., 2001).



Chapter 1 44

Mapping Cross

Fl Heterozygous for markers

Meiosis ~————F Generation of F, DH Populations

+

Repeated Selfing (BEIL) ¢

+

FTRTE# 8] ¢ |
I L 10 {40 0]

|

e i
o RN

Genotype Mappimmg Population

‘_

Statistical Analysis of Marker Segregation

‘_

&
Map Constiuction

H H Determination of Linkage Groups

Figure 1.11  Basic steps in genetic map construction.

A basic depiction of the steps involved in genetic map construction highlighting two
genetically linked polymorphic loci in the mapping parents. Hundreds or thousands of
such markers are genotyped to provide marker coverage over the whole genome. Only
the homozygous RIL and DH populations are depicted, however other mapping
populations are used (i.e., F, and backcross) RIL — Recombinant Inbred Lines, DH —
Doubled Haploid.
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Figure 1.12 Genetic map of the group 4 chromosomes of Synthetic x Opata

A comparison of the physical and genetic maps is shown, with light grey lines
highlighting the ‘bins’ that some markers map to. Note the presence of fewer markers
mapped to chromosome 4D, due to the lower level of polymorphism observed in the D
genome. Scale for genetic distance (cM) is shown on left (figure from GrainGenes
website; http://wheat.pw.usda.gov).



Chapter 1

46

Table 1.3 Segregating traits in the NWMMP mapping crosses

Cross

Segregating Traits

Cranbrook x Halberd

Flour mixing characteristics
Starch pasting characteristics
Grain protein

Dough strength

Extensibility

CD87 x Katepwa

Dough extensibility

Sunco X Tasman

Flour colour

Flour water absorption
Extensibility
Dwarfing genes
Glume colour

Rust genes

Black point resistance
Grain shattering

Egret x Sunstar

Dough strength and extensibility in a genetic background
with similar storage protein alleles

Kukri x Janz

Dough strength

Leaf rust resistance
Stem rust resistance
Stripe rust resistance
Yellow spot resitance
Flour water absorption

Details of the five crosses established as genetic mapping populations as part of the
Australian National Wheat Molecular Marker Program (NWMMP) (Kammholz et al.,

2001).

1.8.5 QTL analysis

As mentioned above, one of the main benefits of genetic map construction is the

dissection of complex traits. Some genetic traits demonstrate a simple ‘plus or minus’

(e.g. resistance to a pathogen) or alternative (e.g. black or white) phenotype and are

generally under the control of alternative alleles of a single gene with markers linked to

these genes generally segregating perfectly with the traits concerned in a mapping

population. However, the majority of traits observed in wheat tend to show a linear




Chapter 1 47

gradient between two extremes of phenotype, e.g. plant height. Such ‘quantitative’
traits tend to arise due to either (i) the cumulative effect of many alleles, each of a small
influence on the final phenotypes and/or, (ii) a trait significantly influenced by
environmental factors, the ultimate phenotype determined through a combination of
genetic and environmental effects. The development of molecular markers and genetic
maps has provided a powerful method for dissecting the genetic components of such
quantitative traits, through the identification of ‘quantitative trait loci’ (QTL).

The identification of QTL is a much more complex and lengthy process than the
identification of a locus affecting simple traits. Most QTL analyses require the
construction of a genetic map in a cross that the trait of interest is segregating in. The
selection of the mapping populations used as part of the National Wheat Molecular
Marker Program (NWMMP) was based on the segregation of agronomically important
quantitative traits in these populations (Table 1.3) (Kammholz et al., 2001). The basic
method of identifying QTL involves quantifying the trait in the individual members of
the mapping population, followed by analyses to identify any significant linkage
between the trait and the markers present on the genetic map, using statistical tools such
as those reviewed in Liu (1998) and Eckermann et al. (2001). However, the quality
and density of the markers on the genetic map are central in determining the resolution
of the QTL, hence the importance of many markers covering the entire genome. As
mentioned above, many quantitative traits are strongly affected by various
environmental factors and therefore the phenotype is usually measured after growing
the mapping population under varied environmental conditions, so as to separate the

effects of the genetic component from these environmental effects.

QTL analysis has a number of benefits in gaining insights into both gene function and

genetic control of quantitative traits:

e The putative role of a candidate gene can be strengthened through identifying
linkage of that gene with its putative phenotype e.g. mapping of the storage proteins
and their genetic association with processing traits of dough has been demonstrated
(Appels et al., 2001).

e Segregation of a gene-specific marker with a QTL may reveal a previously

unknown role for that gene.
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e QTL analyses can often identify a locus containing no mapped genes and its
subsequent characterisation may identify new genes potentially involved in the trait.

e QTL analyses can also elucidate metabolic pathways and their regulation, as
demonstrated in identifying the regulatory and structural genes involved in the corn
earworm resistance pathway in maize (McMullen et al. 1998) and boron tolerance in
wheat (Jefferies et al. 2000).

1.8.5.1 QTLs identified in wheat

The benefits of identifying QTLs to breeding programs and to elucidation of pathways
affecting complex traits has led to a number of reports of QTL analysis in wheat,
including, quality traits, physiological traits, disease resistance and abiotic stress

tolerance (Table 1.4).

Table 1.4 A selection of QTL studies in wheat

Trait Reference(s)

Zanetti et al. 2000; Mares and Mrva, 2001;
Mares et al. 2002

Pre-harvest sprouting

Grain size Mares and Campbell, 2001
Grain hardness Osborne et al. 2001
Kernel morphology and texture Campbell et al. 1999
Milling yield Parker et al. 1999
Flour colour Parker et al. 1998; Mares and Campbell, 2001
Starch characteristics Batey et al. 2001
Bread making quality Perretant et al. 2000; Zanetti et al. 2001
Ear compactness Sourdille et al. 2000b
Free threshing habits Simonetti et al. 1999
Lodging resistance Keller et al. 1999b
Crossability Tixier et al. 1998
Heading time Sourdille et al. 2000a

Batey et al. 2001; Mares and Campbell, 2001;

Plant height Rebetzke et al. 2001
Fusarium head blight resistance Waldron et al. 1999; Bai et al. 1999
Powdery mildew resistance Keller et al. 1999a
Resistance to chlorosis Effertz et al. 1998

Boron tolerance Jefferies et al. 2000
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19 ORTHOLOGY BETWEEN GRASS GENOMES

1.9.1 Evidence supporting orthology between grass species

The development of RFLP-based genetic maps during the late-1980’s and early 1990’s
revealed that some probes were able to cross-hybridise between different species
(Bonierbale et al. 1988; Ahn and Tanksley, 1993; Causse et al. 1994). Analysis of these
genetic maps revealed a quite unexpected phenomenon, of large sections of ‘marker
colinearity’, i.e., the same linear order of RFLP markers on a chromosome of different
species that had evolved separately for millions of years, such as rice and maize, or
tomato and potato (Bonierbale et al. 1988; Ahn and Tanksley, 1993). The field of
comparative genetics in plants, and grasses in particular, has been the subject of a
number of reviews (Gale and Devos, 1998; Keller and Feuillet, 2000; Paterson et al.,
2000); this section will give a brief overview of investigating orthology and gene

colinearity in grasses.

Comparative genetic maps were constructed to determine the extent of orthology
between species using RFLP ‘anchor’ probes, and revealed a striking level of
colinearity of molecular markers across seven grass species, with some clear exceptions
where genome rearrangements, such as inversions, translocations and deletions,
probably responsible for at least part of the speciation process, had taken place (Ahn
and Tanksley, 1993; Kurata et al. 1994; Wilson et al., 1999). The large sections of
orthologous regions led to the establishment of 25 rice linkage blocks, representing the
entire rice genome, that exhibit colinearity amongst these seven grass species, with
some small areas of uncertainty (Figure 1.13) (Moore et al. 1995; Gale and Devos,
1998). More recently, research efforts have aimed to assess colinearity at the sub-
megabase or gene level, also referred to as microcolinearity, often using large insert
genomic clones such as bacterial artificial chromosomes (BACs) (Chen et al. 1997;
Tikhonov et al. 1999). Chen et al. (1997) sequenced genomic fragments from two
orthologous loci of rice, maize and sorghum revealing good conservation of gene order
at the Sh2/al locus, although the size of intergenic spaces varied between species.
Analysis of BACs containing genomic inserts encompassing the orthologous Adhl loci
from maize and sorghum revealed an exception to colinearity with the presence of three

additional genes in sorghum (Tikhonov et al., 1999). Analysis of the Rpgl locus in
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barley and it orthologous region in rice (Kilian et al., 1997) also revealed that 10-15 kb
of DNA flanking the Rpgl locus in rice was present 2.5 cM proximal to the orthologous
locus in barley, in a non-orthologous region, suggesting that micro-rearrangements e.g.
deletions and gene duplications, can interrupt gene co-linearity. These observations
have been supported in more recent comparative genomic studies on grass species
(Bennetzen and Ramakrishna 2002; Ramakrishna et al. 2002; Bennetzen and Ma, 2003)
and in a large-scale comparison between the rice genome sequence and the
chromosomal ‘bin’ positions of wheat genes (Section 1.8.3) (LaRota and Sorrells,
2004).

1.9.2 Benefits of investigations into gene orthology

The findings of colinearity and limited microcolinearity of markers have allowed
development of new strategies to investigate genes and/or traits in species with large,
complex genomes, using a species with a simpler genome as a model organism. The
publications of the draft sequences of the genomes of two subspecies of rice (Goff et al.,
2002; Yu et al., 2002) has provided the framework for a grass species with a relatively
small genome (4.3 x 10° bp), approximately 40 times smaller than wheat
(Arumuganathan and Earle, 1991). Investigations into the gene orthology have the
potential to allow the isolation of genes of agronomic importance based on their locus in
another, related species. Another exciting prospect is that QTLs for important traits
such as vernalisation, flowering time, plant height, dwarfism and grain shattering, tend
to have an orthologous relationship between barley, wheat, rice and maize (Paterson et
al., 1995; Pereira and Lee, 1995; Sarma et al., 1998; Bailey et al., 1999). This
phenomenon has significant implications; to quote Gale and Devos (1998), “Thus, many
of the major gene mutants mapped in barley, maize, and rice may be used as pointers to
homoeogenes with more subtle, exploitable effects in the same or other genomes”.
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Figure 1.13 A consensus grass comparative map

The relationship between the chromosomes of oats, a wheat consensus (Triticeae),
maize, sorghum, sugar cane, foxtail millet and the 25 linkage blocks on the 12
chromosomes of rice. Arrows indicate inversions and transpositions, required to display
the present day chromosomes. The locations of known telomeres (A) and centromeres
(1) are shown. Hatched areas are unclear due to lack of comparative data.
Chromosome numbers for each species are shown (Gale and Devos, 1998).
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1.10 AIMS OF THE PROJECT

As discussed earlier there is clear evidence to suggest that the foldase enzymes PDI and
cyclophilin may play important roles during the development of the wheat endosperm
(in the association and deposition of the storage proteins). However, to date little is
known about the genes encoding these enzymes in wheat. The isolation and molecular
characterisation of gene families encoding these enzymes, with an aim to develop
‘perfect” molecular markers for these genes, will permit their genetic mapping and

allow any association with quantitative traits to be recognized through QTL analysis.

1.10.1 Major aim

To investigate the organisation, gene copy number and sequence diversity of the PDI
and cyclophilin gene families in wheat, to develop molecular markers for these genes,
where possible, to permit their integration into genetic maps, and to assess their linkage
with known QTLs as well as investigate orthology with loci of potential agronomic

importance in rice.

1.10.2 Specific aims

The specific aims of this project were:

e To clone and sequence the PDI genes from the D genome of Ae. Tauschii and the A
and B genomes of T. turgidum.

e To use the sequences of the PDI genes characterised from Ae. tauschii and T.
turgidum to isolate and characterise the corresponding genes from the A, B and D
genomes of T. aestivum.

e To sequence the PDI genes of eight cultivars of T. aestivum used in the
establishment of genetic mapping populations, identify any polymorphism(s) and
then use them (if found), to develop “perfect’” PDI molecular markers.

e To integrate any PDI molecular markers into the genetic maps that they are found to
be polymorphic in and assess their map position for QTLs previously mapped to this

locus (or loci).
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e To use gene-specific sequences to physically map the PDI genes of T. aestivum and
use this data in conjunction with publicly available wheat and rice genomic data to
investigate orthology between the esp2 locus of rice and the PDI loci of wheat.

e To amplify, clone and sequence the cyclophilin genes from the eight cultivars of T.
aestivum previously used in the establishment of genetic mapping populations to
assess these genes for the presence of any inter-cultivar polymorphism.

e To use gene-specific sequences to physically map the cyclophilin genes of T.
aestivum.

e To screen a cDNA library database and publicly available EST data for novel

cyclophilin-like sequences.

The achievement of these aims will provide a strong basis for elucidating a role for both
of these gene families and their association with quantitative traits in wheat. The
following chapters describe the methods used to address these aims and the results

obtained during the course of this investigation.
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Chapter 2 Materials and Methods

MATERIALS
21 CHEMICALS, REAGENTS AND KITS

The materials used in the course of this research are listed below. Full details on the
preparation and sterilisation (where appropriate) of these reagents are provided in
Appendix I.

2.1.1 Commercial kits

A number of commercially available kits were used during the course of this research.

The names of the kits and their suppliers are summarised in Table 1.1.

Table 2.1 Commercial Kits used during this project

Name of Kit Supplier Purpose
. Preparation of gDNA
Plant DNAzol Invitrogen (Section 2.2.2)
. . “Hot-Start” PCR
Platinum Tag Polymerase Invitrogen (Section 2.3.2)
HotStarTag DNA Qiagen “Hot Start” PCR
Polymerase g (Section 2.3.2)
Concert Rapid Gel Invitrogen Purification of DNA from
Extraction Kit g agarose gels (Section 2.4.1)
Concert Rapid PCR Purification of PCR

Invitrogen

Purification Kit products (Section 2.4.2)

ABI Prism BigDye
Terminator Cycle

Sequencing Ready
Reaction Kit v.3

DNA Sequencing

Applied Biosystems (Section 2.6.2)

Prime-a-Gene Labeling Radiolabeling of probes

System Promega (Section 2.7.3.2)

Ready-To-Go DNA Pharmacia Radiolabeling of probes
Labeling Beads (Sections 2.7.3.2)

Cloning of PCR products

pPGEM-T-Easy Cloning Kit Promega (Section 2.9.2)

Wizard Plus SV Minipreps
DNA Purification System

Plasmid purification
(Section 2.9.3)

Promega
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2.1.2 Enzymes

A number of enzymes were used in this project, many of which were supplied in the kits
used for PCR, cloning and sequencing reactions. These enzymes included:

e Platinum Taq polymerase (Invitrogen) and HotStarTaq (Qiagen);

e T4 DNA Ligase (Promega);

e Various restriction endonucleases (Promega, MBI Fermentas and New England

Biolabs);

e The Klenow fragment of E. coli DNA polymerase | (Promega and Pharmacia);

¢ Alkaline Protease solution (Promega);

e RNase A (10ug/ul) (Progen).

2.1.3 Buffers

A number of buffers were supplied with Kits or enzymes for use in PCR reactions, DNA
purifications, restriction digestions, ligation and radiolabelling reactions. In addition,
the following buffers were prepared:
e TE Buffer;
e TAE electrophoresis buffer;
e SM Buffer,
e BigDyeSequencing dilution buffer (1.4mM MgCl,, 60mM Tris-Cl (pH 7.5), 3M
sodium acetate, pH 5.2);
e SSC Buffer;
e Denaturation solution (1.5M NaCl, 0.5M NaOH);
e Neutralisation solution (1.5M NaCl, 0.5M Tris-Cl (pH 7.2));
e Prehybridisation Buffer | (0.2% Ficoll, 0.2% bovine serum albumen (BSA),
0.2% polyvinyl pyrrolidone (PVP), 1% SDS, 1.2% HEPES, 3x SSC, 0.002%
sheared herring sperm DNA (Sigma)).

2.1.4 General solutions and stocks

e 20% Maltose (Aldrich);
e X-Gal (20mg/mL) (Progen);
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e 20% IPTG (Progen);

e Ethidium Bromide (10mg/mL) (Sigma);

e 10% SDS (electrophoresis grade, BioRad);
e 1M MgSO, (BDH);

e 2M Mg* stock (BDH);

e 0.5M EDTA (Ajax Chemicals);

e 3M Sodium Acetate (Ajax Chemicals);

e Ampicillin (50mg/mL) (Sigma).

2.1.5 Microbiological media

e LB broth (Luria-Bertani broth);
e SOC media.

2.2 PLANT MATERIAL AND GENOMIC DNA

Plant material from hexaploid, tetraploid and diploid wheat was used to investigate the
organization of the cyclophilin and PDI gene families. The sources of this plant
material are outlined in Table 2.1. This material included:

1. Ae. tauschii, the proposed donor of the D genome to common wheat;

2. T. turgidum ssp. durum, the putative tetraploid donor of the A and B genomes to
common wheat;

3. Common wheat, T. aestivum (AABBDD). A number of different cultivars were
investigated, including the experimental wheat variety Chinese Spring, the
biscuit wheat variety used previously to construct a cDNA library from
developing endosperm tissue, Wyuna (Clarke et al., 2000); and seven cultivars
used previously to establish genetic maps in common wheat, Cranbrook,
Halberd, Egret, Sunstar, Sunco, Tasman and Katepwa (Section 1.8.4.1).



Chapter 2 61

2.2.1 Growth of seedlings

Seeds were grown under controlled conditions with 16-hour day lengths at a constant
temperature of 18°C. Two-week old seedlings were collected and snap-frozen in liquid

nitrogen and stored at -80°C for future gDNA extractions.

2.2.2 Preparation of genomic DNA

Genomic DNA (gDNA) was extracted from plant material using the Plant DNAzol
reagent (Invitrogen) according to the supplied protocol. This involved the grinding of
frozen leaf tissue under liquid nitrogen to obtain a fine powder. The cells were then
lysed and the RNA hydrolysed by mixing with Plant DNAzol containing RNase A
(100ug/mL of Plant DNAzol), followed by extraction with chloroform and
centrifugation to separate the aqueous and organic phases. The gDNA was then
precipitated from the aqueous phase with ethanol, the DNA pellet washed with
DNAZzol/ethanol (1:0.75) and a final wash with 70% ethanol. The gDNA pellet was
allowed to dry briefly at room temperature and resuspended in dH,O overnight at 4°C.
Insoluble material was removed from the DNA solution by centrifugation as described
in the supplied protocol. The integrity of the purified gDNA was visually assessed to
confirm the absence of RNA and gDNA degradation by agarose gel electrophoresis and

the concentration was determined by UV spectrophotometry (Section 2.15.1).

2.2.3 DNA samples from other sources

A number of gDNA samples used in this project were the generous gift of Lynette
Rampling of CSIRO - Plant Industry, Canberra, Australia. These samples included:

1. gDNA extracted from common wheat, T. aestivum (AABBDD); eight cultivars
used previously to establish genetic maps in common wheat, Cranbrook,
Halberd, Egret, Sunstar, Sunco, Tasman, CD87 and Katepwa (Section 1.8.4).

2.  gDNA extracted from aneuploid lines of T. aestivum cv. Chinese Spring
including, 42 nullisomic/tetrasomic lines, 6 ditelosomic lines and 26 deletion
lines (Table 2.2).
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3. oDNA extracted from doubled haploid (DH) mapping populations derived
from crosses of Cranbrook x Halberd (160 DH lines), Sunco x Tasman (180
DH lines) and CD87 x Katepwa (180 DH lines) (Section 1.8.4).

Table 2.2 Sources of gDNA used in this study

) _ Ploidy of
Species Variety Genome Source
genomes
Ae. tauschii Aus# 21712 2n DD AWCC
T. turgidum
Aus# 11438 4n AABB AWCC
ssp. durum

Chinese Spring, Wyuna,

AWCC
) Cranbrook, Halberd, Egret,
T. aestivum 6n AABBDD and
Sunstar, Sunco, Tasman,

CSIRQ"
CD87?, Katepwa
42 nullisomic/tetrasomic
T. aestivum lines, 6 ditelosomic lines and b
_ _ _ 6n AABBDD CSIRO
(aneuploids) 26 deletion stocks derived

from variety Chinese Spring®

160 DH lines generated from

_ Cranbrook x Halberd;
T. aestivum ]
180 DH lines generated from b
(doubled 6n (DH) AABBDD CSIRO

. Sunco x Tasman;,
haploid™)

180 DH lines generated from
CD87 x Katepwa

AWCC: Australia Winter Cereals Collection, Tamworth, NSW. CSIRO:
Commonwealth Scientific and Industrial Research Organization, Plant Industry,
Canberra, ACT, Australia.

4CD87 was only received from CSIRO, not from AWCC.

® Plant material obtained from L. Rampling of CSIRO — Plant Industry was received in
the form of purified gDNA.

°Refer to Table 2.2 for details of these lines.

9 The doubled haploid (DH) mapping populations were generated as described in
Kammholz et al. (2001) (Section 1.8.4.1).
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Table 2.3  The aneuploid lines of T. aestivum used in this study.

Type of aneuploid stock

Aneuploid stock used

Nullisomic/Tetrasomic Stocks

1BBD, 1BDD, 2BBD, 2BDD, 3BBD,
3BDD, 4BBD, 4BDD, 5BBD, 5BDD,
6BBD, 6BDD, 7BBD, 7BDD.
1AAD, 1ADD, 2AAD, 2ADD, 3AAD,
3ADD, 4AAD, 4ADD, 5AAD, 5ADD,
6AAD, 6ADD, 7TAAD, 7ADD.
1AAB, 1ABB, 2AAB, 2ABB, 3AAB,
3ABB, 4AAB, 4ABB, 5AAB, 5ABB,
6AAB, 6ABB, 7TAAB, 7TABB.

Ditelosomic Stocks

DT4AL, DT4BS, DT4DL.
DT6AS, DT6BS, DT6DS.

Deletion Stocks?

4AS1, 4AS2, 4AS4, 4AL4, 4ALS,
4AL13, 4BS1, 4BS4, 4BS8, 4BL1, 4BL5,
4DS1, 4DS3, 4DL9, 4DL13.
6AS1, 6ALS8, 6BS2, 6BS3, 6BS5, 6BL5,
6BL6, 6DS6, 6DS4, 6DS2, 6DL6.

#Positions of breakpoints in these deletion stocks are highlighted in Figure 2.1.



Chapter 2

: 1l

71—
1

2 (%

6

17

4A

Figure 2.1

4AS-30.76
4AS-20.71

«— 4A5-40.63

«€— 4AS-10.20

€— 4AL-30.30

€— 4AL-80.37
€— 4AL-120.43

<—4AL-13 0,59

«<— 4AL-5,-7,-11 0,66

4AL-80.73
4AL-20.75

4AL-140.79 4AL-4 0,80
£ ——nniw
4AL-10.85 4AL-60.84

Continued.

«—4BS-1,-30.81

<—4BS-80.57
L1 €— 4855 0.51
8
7 «—4BS-40.37
6
5
4
3
21
4 €—4BL60.10
5 €—4BL90.25
6
<—4BL120.41
1 -<—4BL-2 0.47
:
3 Bl 1305
4 E=2BL306848L7 0.0
4BL-1 0.71
<—4BL-80.78
g <€—4BL-50.86

? <«€—4BL-100.95

4B

2 €555, 70,75 4852075

17
6
1| 5
4
ik
1
2
3
4

1
5
7

64

<«€—4DL-50.09

oLO0S

m - -
4DL-60.38 4 70,41
ADL-1 0.46 4DL-4 0.42

4DL-30.51
4DL-13 0,5¢4DL-8 0.53
«—4DL-110.61

4DL-20.70
€= 4pL120.71

<«—4DL-140.86

4D



Chapter 2

L 1

6434 0.67
€155 065

€—GA8-1 0.35
<—fA5-3 0.27

~—AS-2

«—BA-30.42
P - B1-4 (0.55)

BAL-6 (0.57)
~<—Bil-10.69

Figure 2.1

‘:IDCIJ""J » gl B N —j—l

6A

EEM-E 0.83 paL-
§AL-80.90 BAL-

al-7 0.88
Al-20.88

o

ol s

W N = OO0 W

i

~N oo,

LI

«<—GBS-7 0.24
#BHS -2,-8 1.05
BES-6'1.02
«<—G0S-8
-«<—GBS-5 0.78

«<—GBS-4 0.46

-<—GBS-1 0.2§

~<— §BL-12 0.05
-«<—GBL-13 0.13

~<—GB1-10 0.26

{EBBL-B 0.64

-<—fBl-10.70
-«— BBL-6 0.79

BBl-2, -
BBL-3

6B

-14 0.

0.66

§

65

| 11

60S-6
608-4 0.79

=

~<— fD3-3

< 60L-5 0.07
60L-2 0.08

<
| 6016 029

il b
$-50.38

6D

-<—B0L-10.47

60L-7 0.66
=012 .69 n
:
~<—B0L-10 0.80

The deletion stocks of T. aestivum used in this study.

6D

The breakpoints of the deletions used in this work are highlighted in red. (Original

figures from The Wheat Genetics Resource Page: http://www.k-state.edu/wgrc/).



Chapter 2 66

GENERAL MOLECULAR METHODS

2.3 THE POLYMERASE CHAIN REACTION
2.3.1 Synthesis of oligonucleotide primers

All primers were synthesised commercially by Sigma Genosys with cartridge
purification. Primers were received as a dried precipitate and resuspended in ddH,O to

a final stock concentration of 1ug/uL before storage at -20°C.

2.3.2 Typical PCR conditions

Following the principles of the Polymerase Chain Reaction (PCR) (Mullis and Faloona,
1987), this technique was carried out typically in 25uL reactions containing 1x PCR
Buffer, 0.2mM dNTPs, 1.5mM MgCl,, 0.5uM primer (each), 2U Taqg Polymerase and
50ng template DNA. PCR reactions were prepared in 10-50uL final volumes, the
template DNA being kept at 50ng in all reactions. “Hot start” PCR was used routinely
through the use of the Platinum Taq Polymerase (Invitrogen) or HotStarTaq (Qiagen).
These polymerases are inactive at room temperature and only become active during the
high temperatures (95°C) of initial denaturation when the antibody blocking their active
site is denatured (Platinum Taq) or they are chemically modified (HotStarTaq). This
“hot start” is suggested to reduce the production of primer-dimers and other non-
specific priming events that can interfere with the amplification of the section of DNA
targeted in the design of the experiment (Qiagen and Invitrogen product literature).
This was especially important during the allele-specific amplification of each of the PDI
and cyclophilin genes, where the primers had to discriminate between single
polymorphic nucleotides at each priming site (Sections 2.10.1 and 2.16.1). Thermal
cycling was performed in the PTC-100 or PTC-200 Peltier Thermal Cycler (MJ
Research) or PCR Sprint thermal cycler (ThermoHybaid) with cycling conditions
generally consisting of an initial denaturation at 95°C for 5 minutes (10 minutes for
HotStarTaq), followed by 35 cycles of denaturation (94°C) for 30 seconds, annealing at
primer specific temperatures (Tables 2.5, 2.6 and 2.7) for 30 seconds and elongation
(72°C) for 2 minutes, then a final elongation step at 72°C for 7 minutes. Negative
controls, containing no gDNA, were used in all experiments. PCR was carried out in a

in a number of areas of this study, including the amplification of the PDI genes
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(Sections 2.9.1, 2.10.3, 2.13 and 2.14), the cyclophilin genes (Sections 2.16.3, 2.17,
2.18.3 and 2.19.1) and production of probes (Sections 2.8.2, 2.11.2 and 2.18.2). The
specifics and any variations to the above-described typical conditions are provided in

the appropriate sections.

24  AGAROSE GEL ELECTROPHORESIS AND PCR PURIFICATIONS

The “Concert” line of products (Invitrogen) was initially used for both agarose gel and
PCR purifications. These products were discontinued by the company during this
project necessitating an alternate product. As such, the Wizard SV Gel and PCR Clean-
Up System (Promega) was used for both PCR and agarose gel purifications during the

later stages of this project.

2.4.1 Concert Rapid Gel Extraction Kit (Invitrogen)

This kit was used for the purification of DNA from agarose gels. Briefly, this involved:

e 30uL of ‘Gel Solubilization Buffer’ was added for every 10mg of agarose gel
followed by incubation at 50°C for 15 minutes, with occasional vortexing.

e The eluted DNA was then bound to the supplied column by centrifugation at
12,000g for one minute.

e The column was washed with 500ul of ‘Gel Solubilization Buffer’ and
centrifuged at 12,0009 for one minute to remove any residual agarose.

e The column was then washed with 700ul of ‘Wash Buffer’ and centrifuged at
12,000g for one minute. The “Wash Buffer’ was discarded and the column was
centrifuged again at 12,000g for one minute.

e The bound DNA was then eluted from the column by the addition of 50ul of TE
buffer at 65°C, incubation at room temperature for 1 minute and centrifugation
at 12,000g for 2 minutes.

e Purified DNA was used as a template for PCR as described below (Section
2.13)
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2.4.2

Concert Rapid PCR Purification Kit (Invitrogen)

Where required, PCR reactions were purified with the “Concert Rapid PCR Purification

System” (Invitrogen). Briefly, this method involved:

2.4.3

The PCR mix, after amplification was combined with 400ul of ‘Binding
Solution” and bound to the supplied column by centrifugation at 12,0009 for 1
minute.

The column was washed with 700ul of ‘Wash Buffer’ and centrifuged at
12,000g for 1 minute, the wash solution discarded and the column was
centrifuged again at 12,0009 for 1 minute to remove any residual buffer.

The DNA was eluted by the addition of 50ul of TE buffer at 65°C, incubation
at room temperature for 1 minute and centrifugation at 12,0009 for 2 minutes.
The purified DNA was subsequently roughly quantified by agarose gel

electrophoresis (Section 2.5.2).

Wizard SV Gel and PCR Clean-Up System (Promega)

This kit was used in the purification of PCR products and the purification of DNA from

agarose gels as per the supplier’s instructions. Briefly, this involved:

For PCR purifications, an equal amount of ‘“Membrane Binding Solution’ was
added to each PCR reaction.

Or, for agarose gels, 10ul of ‘Membrane Binding Solution” was added per 10mg
of agarose gel, followed by melting of the agarose at 65°C for 10 minutes.

The DNA was bound to an SV minicolumn by centrifugation at 10,0009 for 1
minute.

The column was washed with 700ul of ‘Membrane Wash Solution” followed by
centrifugation at 10,000g for 1 minute and a second wash with 500 ul of
‘Membrane Wash Solution’, followed by centrifugation at 10,000g for 5
minutes.

The DNA was then eluted into 50ul of dH,O by centrifugation at 10,000g for 1
minute.

Purified gel fractions and PCR products were then used as described in Sections

2.13 and 2.6.2, respectively.
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25 QUANTIFICATION AND ELECTROPHORESIS OF DNA
2.5.1 UV Spectrophotometric analysis of purified DNA

Purified gDNA samples were quantified by UV spectrophotometry on an Ultrospec Il1
UV/Vis (Pharmacia) or DU Series 500 UV/Vis (Beckman, Fullerton CA, USA)
spectrophotometer. Concentration of double stranded DNA was determined according
to the formula: 1 A260 unit = 50mg DNA/mL (Sambrook et al., 1989). Oligonucleotide
concentrations were determined according to the formula provided by the supplier
(Sigma Genosys) based on the base composition of each oligonucleotide. DNA was
considered pure with a 260nm/280nm ratio of 1.75-1.80 (Sambrook et al., 1989). The
appropriate quantity of purified gDNA was then used as a template in PCR reactions
(Sections 2.9.1 and 2.16.3) or digested for Southern blots (Sections 2.8.1 and 2.18.1).

2.5.2 Estimation of DNA concentration by agarose gel electrophoresis

When determining the exact concentration of DNA was not critical, or the when the
amount of DNA was limited, the concentration of PCR products were estimated by
comparison of the intensity of the DNA sample on an agarose gel with that of the DNA
standards of known concentration. The appropriate concentration of PCR product was
then used directly in sequencing reactions (Sections 2.6.2), radiolabeled as a probe
(Sections 2.8.2, 2.11.2 and 2.18.2) or cloned into pGEM-T-Easy (Section 2.9.2).

2.5.3 Agarose gel electrophoresis

Agarose gel electrophoresis was used for a number of purposes throughout this
research, including:

e Visual assessment of the results of PCR reactions (Sections 2.8.2, 2.9.1, 2.10.3,
2.15.3,2.16.3, 2.17, 2.18.2 and 2.18.3) and restriction digestions (Sections 2.9.3,
2.11.4,2.14.1,2.14.2 and 2.19.1);

e Quantification of PCR products (Section 2.5.2);

e Visual confirmation of the success and quality of genomic and plasmid DNA
preparations (Sections 2.2.2, 2.9.3 and 2.11.4);
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e Separation of restriction digested gDNA for Southern blotting (Sections 2.8.1
and 2.18.1);
¢ Size fractionation of gDNA for the PCR isolation of a PDI gene (Section 2.13).

Aliquots to be separated by agarose gel electrophoresis were mixed with 6x Loading
Dye Solution (MBI Fermentas) to a final loading concentration of 1X and
electrophoresed on agarose gels (1% - 2%) at 35-100V for times ranging from 45
minutes to 16 hours (details in relevant sections, below). All gels were prepared with
1X TAE and ethidium bromide (0.6ug/ml) (Sambrook et al., 1989). Appropriate
molecular weight markers (MBI Fermentas), eg. ADNA-EcoRI/Hindlll (0.564kb-
21.22kb), GeneRuler 100bp DNA Ladder (100bp — 1000bp) or GeneRuler 1kb DNA
Ladder (0.25kb-10kb) were used for estimating the size of DNA samples, as per
Sambrook et al. (1989). The gels were viewed and photographed on a UV/White
Darkroom (UVP, Upland CA, USA) and analysed with Labworks Analysis Software
(UVP).

26 DETERMINATION OF DNA SEQUENCES

2.6.1 Primers for sequencing reactions

The primers used to initially sequence cDNA clones were designed on vector-based
sequences (Table 2.4). For full-length sequencing of clones primers were designed
progressively based on the results of previous sequencing reactions, thereby effectively
‘primer-walking’ down each DNA strand of the clone. In sequencing reactions where
the template was a purified PCR product, the primers used in the amplification of the
product were used to sequence each DNA strand.



Chapter 2 71

Table 2.4 Vector-based primers used in this study

Primer Sequence 5°— 3’ Length (bp) Vector(s)

pBluescript SK*
T3 AATTAACCCTCACTAAAGGG 20
(Stratagene)?

pBluescript SK*
(Stratagene)®
pGEM-T-Easy

(Promega)®

T7 GTAATACGACTCACTATAGGGC 22

pGEM-T-Easy
(Promega)®

SP6 | ATTTAGGTGACAGTATAGAATAC 23

% Full vectors maps are given in Appendix 1.

2.6.2 Sequencing reactions

DNA sequencing was performed according to the method of Sanger et al. (1977) and
was conducted using the ABI Prism BigDye Terminator Cycle Sequencing Ready
Reaction Kit v.3 (Applied Biosystems). Sequencing reactions were typically conducted
in 20uL final volumes containing 2uL of the commercial BigDye solution, 1.5mM
MgCl2, 37.5mM Tris-HCI (pH 9.0), 3.2 pmoles of primer and ~50ng of PCR product or
~200ng of plasmid DNA. Thermal cycling was undertaken in the PTC-100 or PTC-200
Peltier Thermal Cycler (MJ Research) according to a modified version of the standard
protocol (Applied Biosystems), consisting of 45 cycles, each of 96°C for 30 seconds,
55°C for 15 seconds and 60°C for 4 minutes, followed by five cycles of 96°C for 30
seconds and 60°C for 4 minutes. The sequencing reactions were ethanol-precipitated
according to the supplied protocol (Applied Biosystems) and air-dried prior to being
analysed on an ABI 373A automated sequencer at the Micromon DNA Sequencing
Facility, Department of Microbiology, Monash University, Clayton 3168, Australia. To
ensure the accuracy of the sequences, both strands of all clones and PCR products were
sequenced and regions of low-quality or ambiguous sequence were clarified through

replicate sequencing reactions.
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2.6.3 DNA sequence analysis

Sequence editing and alignments were conducted using the BioEdit software package
v5.0.9 (www.mbio.ncsu.edu/BioEdit/bioedit.html; Hall, 1999). Unless otherwise stated,
the software utilised for sequence analysis was accessed via the BioManager and
WebANGIS interfaces of the Australian National Genomic Information Service

(ANGIS; www.angis.org).

2.6.3.1 Quality assessment of DNA sequences

The quality of DNA sequence was assessed by visual analysis of the trace file using the
software package Chromas v1.45 (http://www.technelysium.com.au/chromas.html).
Areas of ambiguity (‘N’ bases) could often be resolved by visual checking of the
chromatogram; where this was not possible, replicate sequencing reactions were

conducted, as described above (Section 2.6.2).

2.6.3.2 Alignment of multiple sequences

Multiple sequence alignments of DNA and amino acid sequences were performed with
the “Eclustalw” program of ANGIS or the “clustalw” program in BioEdit. The
conventional conditions were a gap opening penalty of 10.0 and a gap extension penalty
of 0.05. Multiple sequence alignments were prepared for publication and areas of
sequence conservation or heterogeneity were highlighted using the “Graphic View”

option in BioEdit.

2.6.3.3 Comparison of two sequences

Pairwise sequence alignments were conducted with the “Gap” program in ANGIS. The
conventional conditions for these comparisons were a gap creation penalty of 5.0 and a
gap extension penalty of 0.3. This program also provided the level of sequence identity

and similarity (in amino acid alignments).
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2.6.3.4 Identification of restriction enzyme recognition sites

The DNA sequences of the PDI and cyclophilin genes were analysed for any restriction
enzyme recognition sites within, using the “Map” program of ANGIS or “Restriction
Map” program of BioEdit. These programs were also used in the selection of suitable
restriction enzymes to exploit the polymorphic sites in the PDI alleles and design a
PCR-RFLP assay to identify the molecular markers for these (Section 2.14.1).

2.6.3.5 BLAST analyses of sequences

The BLAST suite of programs were accessed from the National Centre for
Biotechnology Information (NCBI) website (http://www.ncbi.nlm.nih.gov/BLAST/).
These programs were used to identify similar DNA (blastn) or protein (blastx or blastp)
sequences in the non-redundant (“nr”) databases. In all cases, the default program

settings were used.

2.6.3.6 Identification of open reading frames and translation of sequences

The intron/exon structure of the PDI genes from Ae. tauschii and T. turgidum were
identified by their alignment with the PDI cDNA sequences (Johnson et al., 2001), the
PDI genes reported previously (Ciaffi et al., 2001) and identification of the conserved
GT/AG intron/exon junctions. Open reading frames (ORFs) within the exon sequences
of these genes as well as the cDNAs TaCYP20-1, TaCYP20-2 and TaCYP70 cDNAs
were identified using the “Flip 6 Frames” program of ANGIS. Translation of the ORFs
was conducted using the “Translate” program of ANGIS or the “Translate or Reverse
Translate” command in BioEdit. The start of translation was assumed to be the first
ATG codon in the ORF and the amino acid sequences were trimmed to reflect the

putative protein product.

2.6.3.7 Prediction of protein physical properties and subcellular localisation

The molecular weight (MW) and isoelectric points (pl) of the putative proteins encoded

by TaCYP20-1, TaCYP20-2 and TaCYP70 were estimated using the “PepStats” program
of ANGIS and functional motifs within the protein sequences were identified by
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searching the PROSITE database (www.expasy.ch/prosite) (Falquet et al., 2002). The
subcellular localisation of TaCYP20-1, TaCYP20-2 and TaCYP70 as well as the PDI
and cyclophilin genes identified in the TIGR TaGl database was predicted using the
“TargetP” (www.cbs.dtu.dk/services/TargetP; Emanuelsson et al., 2000) and/or
“PSORT” (http://psort.nibb.ac.jp; Nakai and Kanehisa, 1992) programs.

2.7 SOUTHERN BLOTTING
2.7.1 Electrophoresis conditions

Determination of the copy number of the PDI and cyclophilin gene families (Sections
2.8 and 2.18) was conducted using the technique of Southern blotting (Southern, 1975).
This involved the digestion of gDNA isolated from a number of wheat species as
described in the relevant sections below (Sections 2.8.1 and 2.18.1). Digested DNA
was separated by agarose gel electrophoresis in 1% TAE gels containing ethidium
bromide (0.6pug/mL). The gels were run at 35V for ~16 hours and the DNA was
visualised in the UV/White Darkroom (UVP Laboratory Products) to confirm digestion

of the DNA and record the distance that the molecular weight markers migrated in the

gel.

2.7.2 Southern blotting of gels

The DNA was denatured and prepared for blotting according to the methods outlined by
the Hybond N+ and Hybond XL supplier (Amersham). Briefly, this involved
depurination of the DNA in 0.125M HCI with gentle agitation for 10 minutes,
separation of the DNA strands in denaturation buffer (0.5M NaOH, 1.5M NacCl) for 30
minutes followed by gentle agitation in neutralisation buffer (0.5M Tris-HCI pH 7.2,
1.5M NaCl) for 30 minutes. The gel was briefly washed with distilled water between
each of these treatments.

The gels were blotted onto Hybond N+ or Hybond XL positively charged nylon
membranes according to the method of capillary transfer (Southern, 1975) as outlined in
Sambrook et al. (1989). This involved transfer of the DNA from the gel to the nylon

membrane by the capillary action of the transfer buffer (10x SSC) from a reservoir, via
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a wick of Whatman 3M paper, through the gel/membrane, to paper towels with a
moderate weight on top. Transfer was allowed to proceed for 16-24 hours, after which
the blot was disassembled and the membrane allowed to air dry. Crosslinking of the
DNA to the membrane was carried out by exposure to UV at 302nm on a 2011

Macrovue Transilluminator (LKB, Bromma, Sweden) for 4 minutes.

2.7.3 Probing of Southern blots
2.7.3.1 Design of probes

The Southern blots were probed with either PDI (Section 2.8.2) or cyclophilin (Section
2.18.2) probes. These probes were amplified under standard PCR reaction conditions
(Section 2.3.2) using primers outlined in the appropriate sections below (Sections 2.8.2
and 2.18.2). The amplified PCR products were purified, visually assessed for size and
roughly quantified by electrophoresis prior to labelling (Sections 2.4 and 2.5).

2.7.3.2 Radiolabeling of probes

Radiolabeling of the probes with [o**P]-dCTP was conducted using the Prime-a-Gene
Labeling System (Promega) or Ready-To-Go DNA Labeling Beads (Pharmacia),
according to the suppliers’ protocols. Both methods are based on the protocols
established by Feinberg and Vogelstein (1983) and involve the extension of random
hexamers by the Klenow fragment of E. coli DNA Polymerase | using the denatured
DNA fragments as templates. The Prime-a-Gene Labeling System (Promega) method
involved the initial denaturation of ~50ng of amplified probe at 95°C-100°C for 5
minutes followed by chilling on ice. This was followed by the addition of dATP,
dGTP, dTTP to a final concentration of 25mM each,[:**P]-dCTP 50uCi, 3,000Ci/mmol
to a final concentration of 333nM, 1X of the supplied labeling buffer and Klenow
fragment (100u/mL) and incubation at 37°C for 1 hour (Promega) before stopping the
reaction by the addition of 10mM EDTA. The Pharmacia method was the same, with
the exception that the dATP, dGTP, dTTP and Klenow fragment were provided in a
dehydrated bead-form and the denatured probe and [0*’P]-dCTP were added and
incubated at 37°C for 30 minutes before stopping the reaction by the addition of EDTA,

as described above.
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Unincorporated nucleotides were removed from labelling reactions using G-50
ProbeQuant Microspin Columns (Pharmacia) according to the supplied protocol.
Briefly, this involved packing the column by centrifugation at 3000g for one minute,
loading of the labelled probe to the column and centrifugation at 3000g for two minutes
to elute the labelled probe, while the small MW unincorporated dNTPs and small
fragments (<20bp) were retained in the column (Pharmacia protocol). The probe was
then denatured in a boiling water bath for 5 minutes, briefly chilled on ice and applied

to the membrane.

2.7.3.3 Hybridisation and washing of the blots

Prehybridisation of Southern blots was undertaken to minimise non-specific binding of
the probe to the membranes. The Southern blots were incubated in roller tubes at 15
rpm in prehybridisation buffer I (Section 2.1.3) at 65°C for at least two hours prior to
probing. Alternatively, DIG Easy Hyb (Roche) supplemented with sheared herring
sperm DNA (0.1mg/mL) was used in the place of prehybridisation buffer I at 50°C.
The denatured radiolabeled probes (Section 2.2.7.2) were added to the prehybridisation
buffer and allowed to hybridise overnight at 65°C or 50°C (same as the respective
prehybridisation temperature). The blots were then washed twice in a low stringency
wash solution (2xSSC, 0.1% SDS) at 65°C for 10 minutes, followed by 20 minutes in a
high stringency wash solution (0.1X SSC, 0.1% SDS) at 65°C to remove any
unhybridised probe.

2.7.3.4 Detection of hybridised probe

Hybridised probe was detected by exposure of the washed Southern blot to a BAS-MS
2340 imaging plate (FujiFilm) for 6 =12 hours. Scanning of the imaging plate was
conducted in an FLA-3000 phosphorimager (FujiFilm) and analysis of results was
conducted with Image Gauge v3.12 (FujiFilm) software. In some cases the blots were
exposed to BioMax X-ray film (Kodak) for 48-96 hours at -80°C and developed by
gentle agitation in G150 Developer (Agfa) for 4 minutes, washing in water for 2

minutes and gentle agitation in G354 Manual Fixing Bath (Agfa) for 4 minutes.
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SPECIFIC MOLECULAR METHODS

2.8 DETERMINATION OF COPY NUMBER OF THE PDI GENE FAMILY
2.8.1 Southern blots of T. turgidum, Ae. tauschii and T. aestivum gDNA

As an initial step in characterising the PDI gene families of T. turgidum and Ae. tauschii
Southern blots were performed to establish the gene copy number in these species. This
was of particular importance for T. turgidum, as this species has been reported to
contain either two or three genes in different cultivars, while only two partial gene
sequences have been characterised in this species (Section 1.5.5). Likewise, the PDI
gene family of T. aestivum has been reported to contain three or four genes, in different
cultivars (Section 1.5.5), while only three cDNAs encoding PDI have been
characterised from this T. aestivum cv. Wyuna (Section 1.5.5), thus, Southern blots were
performed to clarify the copy number in this cultivar. 10ug of T. turgidum, Ae. tauschii
or T. aestivum cv. Wyuna gDNA was digested with 30U each of EcoRI, BamHI or
Hindlll and double digests containing two of these enzymes, in 1X of the supplied
buffer at 37°C for 4 hours. The restriction digested gDNA was electrophoresed on 1%
agarose gels and transferred to Hybond N* or Hybond XL membrane, as described in
Section 2.7.2 and probed with the 838bp PDI probe, described below (Section 2.8.2).

Southern blots were also conducted on the eight parental cultivars used in the
establishment of the mapping populations (Section 1.8.4) analysed in this study to
establish the PDI gene copy number in these cultivars. As a positive control, T.
aestivum cv. Chinese Spring was also included, as this cultivar has been reported to
contain the additional fourth hybridising fragment, which is especially clear in the
EcoRI digests of the earlier Southern blots (Section 1.5.5). 10ug of gDNA from T.
aestivum cvs. Chinese Spring, Cranbrook, Halberd, Egret, Sunstar, Sunco, Tasman,
CD87 and Katepwa was digested with 30U of EcoRlI at 37°C for 4 hours. The digested
DNA was then electrophoresed on 1% agarose gels at 35V for 16 hours and transferred
to Hybond XL as described in Section 2.5.3. These Southern blots in were subsequently
probed with the 838bp PDI probe described below (Section 2.8.2).

Further, the identification of three hybridising fragments in each of the single digests on

the Southern blots of T. aestivum cv. Wyuna and Chinese Spring Southern blots
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(Chapter 4), when four genes had been reported in this species (Section 1.5.5), raised
the question as to whether this result was due to the actual absence of a fourth gene in
our samples of these cultivars or due to differences in the experimental conditions in
these two studies. To address this question, 10ug of gDNA from T. aestivum cvs.
Wyuna and Chinese Spring was digested with EcoRI (30U) for 4 hours at 37°C,
separated by electrophoresis in 1% agarose gels at 35V for 16 hours, the digests
transferred to Hybond XL membrane (Amersham) according to the methods outlined
above (Section 2.7.2) and the blot was probed with the 1466bp PDI probe described
below (Section 2.8.2).

2.8.2 Amplification and radiolabelling of PDI gene fragments

An 838bp product was generated from the wPDI1 cDNA clone (Section 1.5.5; Figure
2.2) by PCR amplification with the PDISF and PDI2R primers (Figure 2.2; Table 2.5),
using the conditions outlined in Section 2.3.2. Alternatively, a 1466bp cDNA fragment,
containing the entire coding sequence except for the carboxyl end of the protein, and
similar to that used by Ciaffi et al. (1999), was amplified from the wPDI1 cDNA clone
with the primers PDI1F and PDILR (Figure 2.2; Table 2.5).
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Figure 2.2  Consensus primer locations and probes used in the characterisation of the PDI gene family

The positions of the primers used to amplify the PDI genes from T. turgidum and Ae. tauschii based on consensus sequences in the
previously characterised PDI cDNA clones (Johnson et al., 2001). In addition, the locations of primers used in the amplification of probes

and characterisation of the PDI gene on chromosome 1B are shown. The intron/exon organization of the PDI gene is based on that

reported in the literature (Ciaffi et al., 2001) and the results generated in the current study, with exons being numbered boxes and introns

shown as lines between them. The direction of arrows indicates primers in the sense (arrow pointing right) and antisense (arrow pointing

left) direction. The conserved EcoRI restriction site in the three cDNA clones (Johnson et al., 2001) is indicated (E). Details of the primer
sequences are listed in Table 2.3. The 838bp and 1466bp cDNA probes (amplified from the wPDI1 cDNA clone) used in the PDI Southern

blot experiments are shown below, highlighting the areas of homology (in black) between the probes and the exons of the three

characterised PDI genes.
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Table 2.5 PDI primers based on consensus sequences

80

Annealing Expected size
) ) 1 temperature of PCR
Primer pairs and sequences (5’-3”) 2 Purpose
used for product (bp)
PCR (°C)
PDI1F: TCACTGCTCCCCAGTCCCTTC
64 1221-1248
PDI1R: AACCAATGGCCTCTCCACTGC To amplify the PDI
PDI2F: GGTCTGATTATGACTTTGGCC genes from T.
60 1612-1671 .
PDI2R: CCAGATTTGAAGACCACGTCG turgidum and Ae.
PDI3F: CTGAAAGAGGATCAGGCACC tauschii
50 1034-1045
PDI3R: GATAATTTAACTAGGTACACCAC
PRB5F: CTTCATCCTCGTCGAGTTCTA ) )
59 786-802 To investigate the
PRB5R: AATGTGGATCTTGCCGTCTT
presence of a fourth
PRB3F: TGAGCTCGTTGTTGACAGCAA .
59 1018-1085 PDIgeneinT.
PRB3R: CTGAACTCCTCTACAGCACCA . .
aestivum cv. Chinese
PRB5F: CTTCATCCTCGTCGAGTTCTA .
59 1026-1053 Spring
PDI1R: AACCAATGGCCTCTCCACTGC
To amplify the probes
PDISF: CCTCAAGATCTTCAGGAACGG
60 846 from the cDNA clone
PDI2R: CCAGATTTGAAGACCACGTCG
wPDI1 for the
Southern blot and
PDI1F: TCACTGCTCCCCAGTCCCTTC cDNA library
62 1466

PDILR: GTAGTCGACAATCTCGTCGGCCG

secondary screen

experiments

! The positions of these primers are shown in Figure 2.2.

2 The expected size range is that predicted from the PDI genes from T. turgidum (Ciaffi

et al., 2001 and current study) and Ae. tauschii (current study), with the exception of the

last two pairs, which were based on the sequence of the cDNA clone wPDI1 (Johnson et

al., 2001).
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2.8.3 Probing and analysis of Southern blots

The above-amplified PDI gene fragments were radiolabeled and used to probe the blots
as described in Section 2.7.3. Standard hybridisation and washing methods (Section
2.7.3) were used and hybridised probes were detected on phosphorimager plates and
autoradiography (Section 2.7.3.4). The sizes of the hybridising fragments were
estimated by comparing the distance that the hybridising fragments migrated to

molecular weight standards on the original agarose gel.

2.9 THE PDI GENES OF T. turgidum subsp. durum AND Ae. tauschii
2.9.1 Amplification of the PDI genes of T. turgidum and Ae. tauschii

Partial genomic sequences have been reported for the PDI genes from the A and B
genomes of T. turgidum (Section 1.5.5), however, the 3’ end of the coding sequence and
3’ untranslated regions, as well as entire gene from the D genome of Ae. tauschii, which
may be useful the isolating the corresponding genes from T. aestivum, have yet to be
elucidated. Therefore, based on the analysis of the three T. aestivum cDNA clones,
wPDI1, wPDI2 and wPDI3 (Section 1.5.5), consensus primers (PD1F/PDIR,
PD2F/PD2R and PD3F/PD3R) were designed to amplify the genomic copies of these
PDI genes from the proposed D genome progenitor, Ae. tauschii and A and B genome
tetraploid progenitor, T. turgidum. All three primer pairs were used to amplify the PDI
gene(s) from Ae. tauschii as three overlapping fragments, while one pair (PD3F/PD3R)
was used to amplify the uncharacterised 3’ end of the PDI genes from the A and B

genomes of T. turgidum.

PCR amplifications were carried out as described in Section 2.3.2. Aliquots of the PCR
products were visualised by agarose gel electrophoresis in 1% gels (Section 2.5.3) and
PCR products were purified with the Concert Rapid PCR Purification System
(Invitrogen) according to the supplied protocol (Section 2.4.2). Purified PCR products
were then cloned and sequenced as described below.
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2.9.2 Cloning of PDI PCR products

The pGEM-T-Easy vector (Promega), containing terminal deoxythymidines at the 3’
ends of both strands of the linearised plasmid to increase the efficiency of cloning PCR
products generated using a DNA polymerase that leaves an overhanging
deoxyadenosine in a template-independent manner at the 3’ ends of amplified
fragments, was utilised for the cloning of PCR products. For ease of insert removal,
this vector contains EcoRI restriction sites flanking the cloning site. In addition, this
vector contains the coding region of the a-peptide of B-galactosidase (LacZ’), allowing
a-complementation of this subunit with that encoded by the appropriate host cells and
thus, differentiation of colonies containing recombinant plasmids (white/colourless)
from non-recombinant plasmids (blue) on media containing IPTG and X-gal. The
pGEM-T-Easy vector map is provided in Appendix 1. The methods used were supplied
with the vector; briefly, a typical 10ul ligation reaction contained 1uL pGEM-T-Easy
vector (50ng/ul), 3uL purified PCR products (10-20ng/uL), 5uL T, DNA ligase 2x
buffer and 1uL T, DNA ligase (5U/uL). Ligations were allowed to proceed overnight
(~16 hours) at 4°C and subsequently transformed into the supplied competent E. coli
JM109 (el14-(McrA-) recAl endAl gyrA96 thi-1 hsdR17(rk- mg+) supE44 relAl A(lac-
proAB) [F’ traD36 proAB lacl%ZAM15]) cells. This was achieved by thawing the cells
on ice for 5 minutes, mixing with the ligation reactions and storing on ice for 20
minutes. The cells were then heat-shocked at 42°C for 50 seconds, allowed to recover
on ice for 2 minutes before the addition of 950ul of SOC medium. The cells were then
incubated at 37°C for 1 hour with agitation (150 rpm) and 100ul was plated onto
duplicate LB-colour selection plates. These plates contained 50ug/ml ampicillin,
0.5mM isopropylthio-pB-D-galactoside (IPTG) and 80ug/ml 5-bromo-4-chloro-3-
indolyl-B-D-galactoside (X-gal). The duplicate plates were incubated overnight (~16
hours) at 37°C to allow colony formation. Six white colonies (ie. containing
recombinant plasmids) were selected from each PCR reaction for plasmid purification

and sequencing.
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2.9.3 Preparation and restriction analysis of plasmid DNA

Selected recombinant colonies were inoculated into 4mL LB broth containing ampicillin

(50ug/mL) and incubated overnight in a shaking incubator at 37°C, 200rpm. Plasmid
DNA was purified from 3mL of culture with the “Wizard Plus SV Minipreps DNA

Purification System” (Promega). Briefly, this involved centrifugation of 1.5mL of

overnight culture at 10,000g for 5 minutes, discarding the supernatant and repeating the

centrifugation with another 1.5mL of culture. Plasmid DNA was purified as follows:

The cell pellet was thoroughly resuspended in 250uL of “Cell Resuspension
Solution”.

Cell lysis was achieved by the addition of 250uL of “Cell Lysis Solution” and
incubation at room temperature for 5 minutes.

20uL of “Alkaline Protease Solution” was added and incubated at room
temperature for 5 minutes to inactivate any endonucleases.

350uL of “Wizard Plus SV Neutralization Solution” was added and gently
mixed.

The cell lysate was centrifuged at 14,000g for 10 minutes and the supernatant
added to a supplied spin column.

The column was centrifuged at 14,0009 for 1 minute and the flowthrough was
discarded.

The column was washed with 750uL of *“Column Wash Solution” and
centrifuged at 14,0009 for 1 minute.

The column was washed again with 250uL of “Column Wash Solution”,
followed by centrifugation at 14,0009 for 2 minutes.

The plasmid DNA was eluted from the column by the addition of 100uL dH,O

and centrifugation at 14,0009 for 1 minute.

An aliquot of the purified plasmid was digested with 5U of EcoRI to remove the cloned

insert in 1X of the supplied buffer at 37°C for 1 hour. The presence of the appropriate

sized insert was confirmed by agarose gel electrophoresis (Section 2.5.3) and the inserts

of selected plasmids were then sequenced as follows.
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2.9.4 Sequencing and analysis of PDI clones

Sequencing of the cloned PDI inserts in pPGEM-T-Easy was conducted according to the
method described in Section 2.6.2 using the vector-based primers T7 and SP6 (Table
2.4) followed by ‘primer walking’ wherein internal primers were designed based on

sequence data as it was generated for subsequent sequencing reactions.

Multiple sequence alignment was conducted as described in Section 2.6.3.2 to identify
overlapping regions of contiguous clones and sequences unique to each of the
homeoalleles of T. turgidum PDI to allow the construction of contiguous sequences for

each gene.

2.10 AMPLIFICATION OF PDI GENE SECTIONS FROM T. aestivum
2.10.1 Allele-specific primer design

The sequences of the three PDI cDNAs, wPDI1, wPDI2 and wPDI3 (Section 1.5.5), the
published genomic sequences from T. turgidum (Section 1.5.5) and the sequences from
T. turgidum and Ae. tauschii generated during this study (Section 2.9 and Chapter 3)
were used to identify nucleotide positions unique to each of the three PDI homeoalleles.
These positions were used to design primer sequences that were able to discriminate
between the three PDI genes of T. aestivum, wherein the terminal 3’ base of both the
forward and reverse primers was unique to the homeoalleles to be amplified (an
example is shown in Figure 2.3). Wherever possible, these primers were designed to
flank non-coding sequences, eg. introns and 5’ and 3’ UTRs. The details of these allele
specific (AS)- primers are shown in Table 2.6 and their positions are illustrated in
Figure 2.4.

2.10.2 Confirming the allele-specificity of primers

The primers that were based solely on cDNA sequences were first used to amplify the
cDNA clones wPDI1 (PA1F/PALR, PA3F/PA3RB and PA4F/PA4R), wPDI2
(PB1F/PB1R, PB2F/PB2R and PB3F/PB3R) and wPDI3 (PD2F/PD2R, PD4F/PD4R,
PD5F/PD5R and PD6F/PD6R) to ensure that they amplified only the clone targeted by
the PCR. As this strategy would not work for the primers based on intron sequences in
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the PDI genes of T. turgidum and Ae. tauschii (PA2F/PA2R, PA3F/PA3R, PD1F/PD1R
and PD3F/PD3R; Table 2.6), specificity of these primers pairs was confirmed by direct
sequencing of these PCR products. As the different PDI genes have characteristic
sequences (Johnson et al. 2001, Ciaffi et al. 2001 and Section 3.3.3), mixed populations
of PCR products amplified from multiple loci, due to non-specificity of AS-primer
annealing, would appear as areas of sequence ambiguity due to SNPs or overlapping,
nonsense sequences due to insertion/deletions (indels) between the homeoalleles
(Section 3.3.3). Thus, allele specificity was checked by ensuring unambiguous
sequence data was generated from all AS-primer pairs during the initial amplification
and sequencing of T. aestivum cv. Katepwa gDNA. Initial annealing temperatures
(Table 2.6) were determined using the web-based software NetPrimer
(www.premierbiosoft.com) and increased in 1°C increments, until allele specificity was

achieved.

TaPDI4a
TaPDI4n
ActPDI LD

TarFpraa
TarpI4B
AetFDI 4D

b C C
ATGTTCTATGE i

TaPDIda
TaFDI4B
ActPDI D

TaPDI4a
TarFpI4B
ActPDI 4D

C yixe
TCCTTGAGETTGC TGAGALGCTGR T

3" CTTGCTGAGAAGCTGCGGTC 5!
FARL*

Figure 2.3  An example of the design of allele specific primers

The sequences of the homeoalleles from T. turgidum (TaPDI4A and TaPDI4B) and Ae.
tauschii (AePDI4D) (Chapter 3) flanked by the allele specific primer pair PAF1/PARL.
This alignment illustrates the basis for primer allele-specificity, in this case for
TtPDI4A. *The complementary sequence of PARL is shown. The GT/AG at the
beginning and end of intron 3 are highlighted. The numbering system is based on
TtPDI4A (Chapter 3).
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Table 2.6 The allele-specific primers used to amplify the PDI genes of wheat
Expected Annealing cg)lilifclitij
Primer pairs and sequences (5’—3’)a gONA P%R tempera;cures productd
product Calculated™/Actual Gianplicable)
(bp) (°C) (bp)
PALF: GCTTCCAAGGAGATAAAGGCG
PA1R: GACCGCAGCTTCTCAGCAAG 221 61/64 134
PA2F: GAATTTACAAACTTCCTTGAGC
PA2R®: AAAAATATACAGCAGTAATCATCTG 650 24151 N/A
A PA3F: CAACCATCCTTACCTCTTGAAATA
Genome | PA3R®: TAAAGAAATAGAAAGGGAAACAAT 900 55/58 N/A
PA3F: CAACCATCCTTACCTCTTGAAATA
PA3RB: GCCTGATCCTCTTTCAGGCCA 987 58/60 210
PA4F: GAGGCCAACAATGAGCCTGTG
PA4R: ATACGAGACCTTCTTCCCGCTA 511 60/62 282
PB1F: CCTGAAGATGCCACTTACCTC
PB1R: CCAATGGCCTCTCCACTGCG 291 57/61 185
B PB2F: CTGCTTTGGAGAAATTCATTGAG a0 co/63 ot
Genome PB2R: AGGAACTTGACATCCTTGCCG
PB3F: TTGCTTGGTTGAAGGATTACTTC
PB3R: CCCTCGTAGGAGACCTTCTTT 653 57/62 352
PD1F%: CCCTCGCCTCTGGTGTCT
PD1R®: CATGGCTATATGACGATTGCTATT 824 58/62 NIA
PD2F: GGGAGGCTGAGGGAATTGTC
PD2R: AGTGCCGCTGAATTCAGTGAAA 244 61/65 140
PD3F%: TTGTATAGGTTGGTGTTTTCACT
D PD3R: CATTGGTCTGGAAGAATTTCAG 488 5758 NA
Genome PD4F: CTGACAACCATCCTTACCTCC
PD4R: GTCACTGTCTTGAATGAGGATC 960 53/60 242
PD5F: AAAGAGGATCAGGCACCACTG
PD5R: GCGATCACAACGTCCTCTTCA 553 59/62 332
PD6F: GCTGCCACCCTTCAAAGT
519 55/56 434

PD6R: TACAGTATTTCTCGCAACGGGA

# The positions of these primers are shown in Figure 2.4. Nucleotides unique to the amplified
gene are highlighted in yellow.
® The expected size is predicted from the PDI genes from T. turgidum (A and B genomes)
(Ciaffi et al., 2001 and Section 3.3) and Ae. tauschii (D genome) (Section 3.3).

c

Calculated annealing temperatures

(www.premierbiosoft.com).
% The expected sizes are from wPDI1 (A genome), wPDI2 (B genome) or wPDI3 (D genome)
(Section 1.5.5).
¢ Primers based on intron sequences in the PDI genes of T. turgidum or Ae. tauschii (Chapter 3).

were

determined with NetPrimer
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Figure 2.4  Allele-specific primer locations in the PDI genes of wheat.

The genomes (A, B and D), exons (boxes) and introns (lines joining boxes) are shown and are based on Ciaffi et al. (2001) and work generated
in this study (Chapter 3). The sizes (bp) of the introns and exons are shown. Arrows pointing right or left indicate forward or reverse primers,

respectively. Details of these primers are given in Table 2.6.
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2.10.3 AS-PCR amplification and sequencing of T. aestivum PDI genes

Sections of the three PDI homeoalleles of T. aestivum were amplified from gDNA
isolated from the parental cultivars of the mapping populations (Section 1.8.4.1),
Cranbrook, Halberd, Egret, Sunstar, Sunco, Tasman, CD87 and Katepwa using standard
PCR conditions (Section 2.3.2) with annealing temperatures specific for each primer
pair (Table 2.6). Aliquots of the PCR reactions were electrophoresed on 1.5% agarose
gels (Section 2.5.3) to test for successful amplifications. The PCR products were then
purified using the Concert Rapid PCR Purification Kit (Invitrogen) (Section 2.4.2) and
directly sequenced (Section 2.6.2) using the forward and reverse primers used in the
amplification of the PCR product according. DNA sequences were aligned as described
in Section 2.6.3.2 to identify any inter-cultivar polymorphisms, which were then
confirmed by repetition of the PCR and sequencing of the appropriate section of the
PDI gene from the appropriate cultivar(s).

2.11 CHARACTERISATION OF FURTHER PUTATIVE PDI cDNA
PLASMIDS

As four PDI loci were reported in T. aestivum (Ciaffi et al. 1999; Section 1.5.5) while
only three sequences represented by the cDNA clones wPDI1, wPDI2 and wPDI3 were
discovered in the early phases of this work (J. Johnson, Honours Thesis, VU, 1999;
Johnson et al. 2001; Section 1.5.5) further efforts were undertaken to identify any novel
PDI genes. Since these three cDNA classes were originally isolated from a T. aestivum
cv. Wyuna 10-12 days post-anthesis (DPA) cDNA library, 14 additional clones that had
been co-isolated with the wPDI1, wPDI2 and wPDI3 sequence types in the primary
screen of the library were characterised further and a secondary screen was conducted to
ensure their homogeneity. The plating and screening was carried out essentially as per
the supplied protocol (Stratagene) and Johnson et al. (2001); the methods are briefly as

follows.

2.11.1 Plating of putative PDI Lambda Zap 11 clones and transfer to membranes

The plating cells E. coli XL-1 Blue (recAl endAl gyrA96 thi-1 hsdR17 (rk-, mk-)
supE44 relAl lac {F' proAB laclZAM15 Tn10 (Tet)}) were grown in LB broth
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supplemented with maltose (0.2%) and MgSO, (10mM) at 37°C for 6 hours. The cells
were centrifuged at 1000g for 10 minutes and the cell pellet was resuspended in 10mM
MgSQO, to an ODggo 0f 1.0. The 14 previously isolated PDI clone phage stocks (Section
2.11) were diluted 1:100 with SM buffer and plated out on two plates for each clone,
one containing 10ul and the other 100ul of the diluted phage stock, each with 200ul of
E. coli XL-1 Blue. The cells were incubated at 37°C for 15 minutes to allow the phage
to bind to the E. coli host cell surface after which the infected cells were mixed with LB
top agar and plated out on LB agar plates, prewarmed to 37°C. The plates were
incubated overnight (ON) at 37°C to allow plaque formation. The plaques were

transferred to membranes and probed as described below.

2.11.2 Amplification and radiolabeling of the PDI probe

The 838bp PDI probe (Figure 2.2) used for the secondary screen was identical to that
used in the primary screen of the cDNA library (Johnson et al., 2001). The probe was
amplified from the wPDI1 cDNA clone using the PDISF and PDI2R primers (Table
2.5) and the standard PCR conditions (Section 2.3.2) with an annealing temperature of
60°C. The PCR product was purified and radiolabeled as described above (Sections
2.4.2 and 2.7.3.2) and applied to the membranes containing the putative PDI cDNA
clones (Section 2.11.1).

2.11.3 Preparation and probing of the library lifts

The plaques were transferred to Hybond-N+ (Amersham) positively charged nylon
membranes which were marked with a needle to enable the alignment of the membranes
on the plates. The filters were incubated at room temperature in denaturation solution
(1.5M NaCl, 0.5M NaOH) to separate the strands of A cloning vector containing the
putative PDI cDNA insert, followed by incubation in neutralisation solution (1.5M
NaCl, 0.5M Tris-HCI pH 7.2, ImM EDTA). The filters were then washed in room
tempearture 2x SSC, followed by another wash in 2x SSC 0.1% SDS at 65°C.
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The filters were placed in glass incubation bottles with prehybridisation buffer | at 65°C
and incubated for 2 hours rotating at 10 rpm. The DNA probe (Section 2.11.2) was
denatured in a boiling water bath for 10 minutes and then added to the hybridisation
buffer, (prehybridisation buffer I + 10% dextran sulfate). The probe was incubated with
the membranes overnight at 65°C, rotating at 10 rpm. Following hybridization, the
membranes were washed twice in 2xSSC, 0.1%SDS at 65°C for 30 minutes, followed

by a more stringent wash (0.1xSSC, 0.1% SDS) at 65°C for a further 30 minutes.

Detection of membrane-bound probe was achieved by exposing the membranes to
BioMax Film (Kodak) for 12-24 hours at -80°C. The film was developed in G150
Developer (Agfa) for 4 minutes, followed by rinsing in water for 2 minutes, then
incubation in G354 Manual Fixing Bath (Agfa) for 4 minutes and a final thorough rinse
under water. The hybridisation signals on the X-ray film were realigned with the library
plates using the alignment marks on the filters and plates described above to identify the
plaques that corresponded to these hybridisation signals. The selected plaques were

excised from the plate and stored in 500ul SM buffer with chloroform (1%).

2.11.4 In vivo excision and purification of plasmid DNA

The pBluescript plasmid DNA (Appendix I1) containing the putative PDI cDNA inserts
was ‘rescued’ from the Lambda Zap Il vector by in vivo excision as described in the
supplied protocols (Stratagene). The method used for the in vivo excision of the clones
involved:

e Growing two separate cultures of E. coli XL-1 Blue and E. coli SOLR (el14
(mecr A) A(mer CB-hsd SMR-mrr) 171 shcC recB recJ uvrC umuC::Tn5 (Kan")
lac gyrA96 relAl thi-1 endAl A" {F' proAB lacl"ZAM15 Tn10 (Tet)} Su’) in LB
broth containing maltose (0.2%) and MgSO, (10mM) overnight at 37°C and
150rpm.

e Centrifugation of both cultures at 1000g for 10 minutes and resuspension of each
in 10mM MgSQq until the absorbance at 600nm was 1.0.
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e Incubation of 200uL of the E. coli XL-1 Blue with 250uL of the isolated
Lambda Zap Il clone and 10uL of the ExAssist helper phage (Stratagene) at
37°C for 15 minutes.

e Addition of 3ml of LB broth to the cells and incubation at 37°C, 150rpm for 3
hours to allow excision and packaging of the pBluescript plasmid from the A
cloning.

e Further incubation for 20 minutes at 67°C to lyse the E. coli XL-1 Blue and then
centrifugation at 1000g for 15 minutes to remove the cell debris.

e The supernatant containing the excised, packaged plasmid was then transferred
to a new tube and mixed with 200uL of E. coli SOLR, which is immune to A-
phage infection, prepared as above.

e The cells were incubated at 37°C for 15 minutes and 10uL of this transfected
cell preparation was plated out on LB agar plates containing ampicillin

(100ug/ml) and colony formation was allowed to occur overnight at 37°C.

Individual colonies were grown overnight in 3ml cultures of LB broth containing
ampicillin (100ug/ml) at 37°C, 150 rpm. Plasmid DNA was purified from these
cultures using the Promega kit (Section 2.9.3) and digested with 5U each of EcoRI and
Xhol in 1X of the supplied buffer at 37°C for one hour to remove the cDNA inserts.
The results of restriction digestion were visualised in 1% agarose gels (Section 2.5.3).
Plasmid DNA was then sequenced (Section 2.6.2) using the vector-based primers T3
and T7 (Table 2.4) and sequence quality assessment and analysis was undertaken as
described in Section 2.6.3.

2.12 IDENTIFICATION OF PDI SEQUENCES IN THE TIGR TaGl
DATABASE

To further investigate whether a novel PDI gene is expressed in T. aestivum, The
Institute for Genomic Research (TIGR) wheat gene index (TaGl, version 7.0) (The
TIGR Gene Index Databases, The Institute for Genomic Research, Rockville, MD
20850 (URL.: http://www.tigr.org/tdb/tgi)), containing consensus sequences generated
from 492,694 publicly available ESTs (as at 8/2003), was searched. The TaGl database
was queried with the amino acid sequences “LVEFYAPWCGHCKSLAPEY” and
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“LIEFYAPWCGHCKKLAPIL” using a tBLASTn search. These peptide represent
conserved sequences in the translation of the wPDI1, wPDI2 and wPDI3 cDNA
sequences and were selected as they fit the thioredoxin-like active site motif (Section
1.5) outlined in the EXPASYy PROSITE database (http://us.expasy.org/prosite/). Thus,
other PDI family members would be expected to contain this or a similar motif in their
sequence. Only tentative consensus (TC) sequences derived from at least 10 ESTs were
selected for further analysis. Identification of similar sequences to the PDI-like TIGR
TC sequences in the non-redundant (nr) protein databases was conducted using the
BLASTX program (Section 2.6.3.5).

2.13 INVESTIGATION OF THE PUTATIVE PDI 1B GENE OF T. aestivum

The results of the Southern blots of T. aestivum cv. Chinese Spring (Section 3.6.1) were
utilised to investigate the nature of the PDI gene reported to be present on chromosome
1B (Ciaffi et al., 1999; Section 1.5.5). 10ug of gDNA each from T. aestivum cv.
Chinese Spring and Wyuna was digested with 30U of EcoRI overnight at 37°C. The
digest was electrophoresed on a 1% agarose gel and DNA from the 4.2-4.9kb section of
the gel, containing the hybridising fragment, localised to the chromosome 1B (Section
1.5.5), was purified with the “Concert Rapid Gel Purification Kit” (Invitrogen) (Section
2.4.1). The primer pairs PRB5F/PRB5R, PRB3F/PRB3R and PRB5F/PDI1R (Table
2.5; Figure 2.2) and the PCR conditions described in Section 2.3.2 were used to amplify
the PDI gene from this gel- purified DNA as three fragments, representing the gene
section 5’ to the ‘conserved’ EcoRI site (observed in our three cDNA sequences and the
sequence data in Ciaffi et al., 1999), 3’ to it, or encompassing it, respectively. To test
as to whether or not this site was conserved also in this tentatively isolated gene, 10ul
aliquots of the PCR products generated with the PRB5F/PDI1R primer pair were
digested with 5U of EcoRI for 2 hours at 37°C and the results visualised on 2% agarose
gels (Section 2.5.3).
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2.14 GENETIC MAPPING OF THE PDI GENES IN T. aestivum
2.14.1 Design of AS-PCR RFLP molecular markers for the PDI genes

The identified inter-cultivar single nucleotide polymorphisms (SNPs) in the PDI genes
on chromosomes 4A and 4B (Chapter 4) were assessed for RFLPs using the BioEdit
software package as described in Section 2.6.3.4. As outlined in Chapter 4, a RFLP for
Smll was identified in the PCR product generated with the PA3F/PA3R primer pair and
a RFLP for Bsu36l was identified in the PCR product generated with the PB3F/PB3R
primer pair. To confirm the genotype of each of the parental cultivars the relevant
sections of the PDI genes were amplified with these aforementioned primer pairs, with
the exception that the reverse primer PA3RB was used in place of PA3R (Figure 2.4),
using appropriate PCR conditions for the individual primer pairs (Section 2.3.2). The
PCR products generated with the PA3F/PA3RB and PB3F/PB3R primer pairs were
digested with 2U each of Smll or Bsu36l, respectively. Digestions were performed
without prior purification of the PCR products in 10ul volumes in 1X of the supplied
buffer at 37°C (Bsu36l) or 55°C (Smll) for 4 hours. Aliquots of the digested PCR
products were electrophoresed on 1.5% agarose gels as described in Section 2.5.3, to

identify the genotype of each of the parental cultivars.

2.14.2 Scoring of markers and linkage analysis

Scoring of the markers in the 160 doubled haploid (DH) progeny of Cr x Hb, 180 DH
progeny of CD x Ka and 180 DH progeny of Sc x Ta (Section 1.8.4.1) was conducted
by PCR amplification of the markers with the PA3F/PA3RB primers in Cr x Hb, CD x
Ka and Sc x Ta or the PB3F/PB3R primers in CD x Ka. These reactions were
performed in a 96-well plate format in a PCR Sprint thermal cycler (ThermoHybaid) in
10ul final volumes as described in Section 2.3.2. Digestion of PCR products with Smll
(PA3F/PA3RB) or Bsu36l (PB3F/PB3R) and visualisation of markers was conducted as
described in Section 2.14.1. Determination of linkage groups was assessed using the
Map Manager QT software package (Manly and Olson, 1999) and genetic/comparative

maps were assembled with cMAP (http://www.gmod.org/cmap/).
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2.15 ORTHOLOGY BETWEEN THE RICE esp2 AND THE WHEAT PDI
LOCI
2.15.1 Identification of a rice BAC containing the putative PDI orthologue

The BAC containing the putative PDI gene of rice was identified by BLASTn search of
the  Gramene TIGR  genome  assembly 2004  available in  the
“Rice_genome_japonica_TIGR” database on the Gramene website (www.gramene.org;
Ware et al. 2002) using the wheat PDI cDNA wPDI1 as a query sequence. The
structure of this putative rice PDI was then analysed by its alignment with the PDI gene
from A genome of T. turgidum (Section 3.3.3), using the BioEdit software package
(Hall, 1999).

2.15.2 Comparison of the genetic positions of the rice BAC and the esp2 marker

An investigation to determine whether the PDI gene of rice is present at the esp2 locus
(Section 1.5.6) was conducted by search of the marker database on the Gramene website
(www.gramene.org/cmap/feature_search, accessed 10/04) using the query “esp2” and
limiting the species to “rice” and feature type to “phenotype”, to identify the genetic
position of the latter. The construction of comparative genetic/sequence maps of the
putative PDI locus on the BAC of interest (Section 2.15.1) and the position of the esp2
marker (from the Morph 2000 map, identified as described above) was then conducted
using the CMap interface of the Gramene website (www.gramene.org/cmap/), as both
were found to be located on the same chromosome (Section 5.2.2). However, due to
this analysis showing no common markers between the two maps (Section 5.2.2), a
third map, the JRGP Nipponbare/Kasalath RFLP 2000 (JRGP RFLP 2000) chromosome
11 genetic map (www.grameme.org) was then used for comparison of these two maps,

as it contained markers common to the other two.

2.15.3 ldentification of putative wheat PDI orthologues at the rice PDI locus and

their physical loci in the wheat genome

The “Genome Browser” interface of the Gramene website (version 16;
www.gramene.org; accessed 1/05), which contains data from the TIGR pseudomolecule

assembly release 2 of the International Rice Genome Sequencing Project (IRGSP)
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finished sequence (www.tigr.org) was used to investigate putative wheat orthologues at
the PDI locus of rice. This analysis involved a multistep-process to: (i) identify the
1Mb region of the rice genome encompassing the PDI gene (by centring the genome
browser on the rice PDI gene on chromosome 11 and zooming to view a 1 Mb section);
(ii) identify the wheat tentative consensus (TC) sequences in the TIGR TAGI database
found to have significant sequence homology to this region of the rice genome, by
selecting the “Wheat ESTCluster_TGI” feature track; and (iii) determine whether any
of these putatively orthologous TC sequences were assembled with ESTs that had been
physically mapped to a wheat chromosomal ‘bin’, by comparing the ESTs used to
assemble these TC sequences (www.tigr.org) with those sequenced from probes used in
wheat physical mapping experiments available from the WEST database
(wheat.pw.usda.gov/wWEST/). As some of this mapping data appears to not have been

evaluated rigorously (as per the website), it was visually assessed for accuracy.

2.15.4 Physical mapping of PDI genes to chromosomal “bins’

As discrepancies were identified for the mapping data for the PDI genes of wheat in the
GrainGenes-SQL database (Section 5.3.2) the PDI genes of wheat were physically
mapped using an AS-PCR approach to clarify their chromosomal loci. The physical
chromosomal loci of the PDI genes of wheat have previously been reported to be on
chromosomes 4AL, 4BS, 4DS and 1BS (Section 1.5.5). To further refine the
chromosomal loci of the genes encoding the cDNA clones wPDI1, wPDI2 and wPDI3,
AS-primers described above (Section 2.10) were used to assay aneuploid lines of T.
aestivum cv. Chinese Spring, including nullisomic/tetrasomic lines, ditelosomic lines
and deletion stocks, to permit the localization of each of these genes to a section of a

chromosome arm, or chromosomal ‘bin’.

Allele-specific (AS) PCR was utilised to physically map the PDI genes with the
nullisomic/tetrasomic, ditelosomic and deletion lines of T. aestivum cv. Chinese Spring.
The primers used for discriminating the 3 genes in the physical mapping experiments
were PALF/PALR, PB3F/PB3R and PD5F/PD5R (Figure 2.4; Table 2.6). Initial
experiments using gDNA isolated from 42 nullisomic/tetrasomic lines were conducted
to determine the chromosomal location of each PDI gene. Absence of a PCR product

from two lines nullisomic for a particular chromosome was interpreted as a positive
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identification of the chromosomal location of each gene. Repetition of the experiment
on the nullisomic/tetrasomic lines and the inclusion gDNA from the ditelosomic and
deletion lines from the identified chromosome were undertaken to provide finer

mapping details.

PCR reactions were performed with the HotStarTag DNA Polymerase kit (Qiagen) in
10ul total reaction volumes containing 1x reaction buffer, 1.5 mM MgCl,, 200 uM
dNTPs, 0.5 uM of each primer, 50ng template DNA and 1U of HotStarTag. Thermal
cycling was conducted in a PCR Sprint thermal cycler (ThermoHybaid) and consisted of
5 minutes at 95°C followed by 35 cycles of 30 seconds at 94°C, 30 seconds at annealing
temperature (Table 2.5) and 1 minute at 72°C. A final extension step at 72°C was
conducted for 7 minutes, followed by storage at 4°C. All reactions included a negative
control containing no template DNA. PCR products were visualised by electrophoresis
in 1.2% agarose gels as described in Section 2.5.3.

2.16 CHARACTERISATION OF CYCLOPHILIN A GENES

As the literature search indicated that the genomic organization and intron/structure of
cyclophilin genes in wheat was unknown, it was undertaken to design allele-specific
primers to specifically amplify these genes from the gDNA of cultivars used previously
in the establishment of genetic maps in wheat (Section 1.8.4.1). This approach would
serve a two-fold purpose, in revealing the intron/exon structure of the cyclophilin genes
and also identifying any inter-cultivar polymorphism that could be exploited later as

molecular markers for the genetic analysis of the cyclophilin gene family.

2.16.1 Design of allele-specific primers

The literature review indicated that information on the cyclophilin genes in wheat was
limited to three cyclophilin cDNA sequences, wCypl, wCyp2 and wCyp3, isolated by us
earlier (J. Johnson, Honours Thesis, VU, 1999; Johnson et al., 2001; Section 1.5.5);
these were used to design allele-specific primers to individually amplify each of the
homeoalleles from the gDNA. As described for the PDI AS-primers (Section 2.10.1),

the cyclophilin cDNA sequences were aligned and primer sequences were designed
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such that the 3’ terminal nucleotide in the forward and reverse primer was unique to the
homeoallele to be amplified (Figure 2.3). Details of these primers, their relative sizes

and positions on the cDNA sequences are outlined in Table 2.7 and Figure 2.5.

2.16.2 Confirming the allele-specificity of primers

A similar method was used to confirm the specificity of the AS-primers as that used for
the PDI AS-primers (Section 2.10.2), specifically, the amplification of the
corresponding sections from the cDNA clones wCypl, wCyp2 and wCyp3 to test
whether or not a product was only amplified from the target clone. PCR conditions for
these amplifications were as described above (Section 2.3.2) and further confirmation of
the primer specificity of the was achieved through analysis of the sequencing data of
these PCR products ensuring that unambiguous data was obtained, as for the PDI
primers (Section 2.10.2).

2.16.3 Amplification and sequencing of partial cyclophilin A genes

The AS-primers described in Section 2.16.1 were used to amplify the cyclophilin genes
from the gDNA of T. aestivum cvs. Cranbrook, Halberd, Egret, Sunstar, Sunco, Tasman,
CD87 and Katepwa. PCR conditions were as described in Section 2.3.2, which, in the
case of the C2F1/C2R1 primer pair, led to a 2-step PCR, as the ideal annealing
temperature was found to be 72°C (Table 2.7), with a cycle consisting of denaturation at
94°C for 30 seconds and annealing/extension at 72°C for 2.5 minutes. The products
were checked by agarose gel electrophoresis (Section 2.5.3), the PCR products were
purified with the Promega kit (Section 2.4.3) and purified PCR products were directly
sequenced with the primers used to amplify each according to the reaction conditions
outlined in Section 2.6.2. The sequences generated from different cultivars were

aligned and compared as described in Section 2.6.3.
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PPI5 785-809hp PP}

Figure 2.5  Primer locations in the cyclophilin genes of wheat.

Positions of the allele-specific and consensus primer pairs used in this study and
expected sizes of the PCR products after amplification of the previously characterized
cDNA sequences (Johnson et al., 2001). The 5’ and 3’ untranslated regions are shown
in light grey, preceding and following the coding sequences (in dark grey), respectively.
The Eagl (E) and Ncol (N) restriction sites characteristic of these clones are shown.
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Table 2.7 Primers used to characterise the cyclophilin genes of wheat
Annealing
Expected Length
_ _ temperatures
Primer and its 5’3’ sequence® of PCR product Purpose
Calculated/Actual b
(bp)
(°C)
Specific for
C1F1: AGGGCGGCGACTTCACCC
61/70 520 wCyp1l sequence
C1R1: CACAGGAAGATAACCAAGGCG
class of genes
Specific for
C2F1: ATCTCAAAACCCTAGCCCG
52/64 781 wCyp2 sequence
C2R1: GGAGTTCATCTCATTCAAACA
class of genes
Specific for
C3F1: GGGCGGCGACTTCACCAG
64/72 494 wCyp3 sequence
C3R1: AACCAAGGCCGCCGGACG
class of genes
Consensus for all
PPI5: CCCATCTCAAAACCCTAGCCC -
54/52 785 to 809 wheat cyclophilin
PPI3: CGGAGTTCATCTCATTCAAAC
A’s

% Nucleotides unique to the target gene are highlighted in yellow.

®Sizes are based on cDNA products and gene copies with no introns.

2.17 PHYSICAL MAPPING OF THE CYCLOPHILIN A GENES OF T.

aestivum

The gDNAs of all (42) nullisomic/tetrasomic were used to determine the chromosomal
loci of each of the cyclophilin A homeoalleles using the allele-specific primers
C1F1/C1R1, C2F1/C2R1 and C3F1/C3R1 (Figure 2.5; Table 2.7). A reproducible
absence of the PCR product in a certain reaction was interpreted as absence of that
particular homeoallele in that particular aneuploid line, and therefore, an indication of
its chromosomal locus. This was followed by amplification of the gDNAs from a
subset of ditelosomic and deletion lines of T. aestivum cv. Chinese Spring (Table 2.3) to
further refine their loci to chromosomal ‘bins’. The PCRs were conducted in 10uL
volumes using conditions described in Section 2.3.2, except for use of the HotStar Taq

Kit (Qiagen), and the products were analysed on 1% agarose gels (Section 2.5.3).
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2.18 THE COPY NUMBER OF CYCLOPHILIN A GENES IN T. aestivum
2.18.1 Southern blot of T. aestivum gDNA

As cyclophilins have been reported to be members of small multigene families in other
plant species (Section 1.6.3) it was undertaken to determine the size and diversity of the
cyclophilin A gene family in T. aestivum cv. Chinese Spring. Purified gDNA (10ug)
from T. aestivum (cv. Chinese Spring), was restriction digested with 30U of BamHI or
HindIll for 12 hours at 37°C, separated by electrophoresis and transferred to Hybond

XL membrane according to the methods outlined in Section 2.7.2.

2.18.2 Probing of the Southern blot with a cyclophilin A probe

Probing of the Southern blots was conducted with an 796bp PCR product generated
from the wCyp3 cDNA clone (Johnson et al., 2001) by amplification with the PPI5 and
PPI3 primers (Table 2.7) using the PCR conditions described in Section 2.14 and an
annealing temperature of 52°C. The probe was radiolabeled as described in Section
2.7.3.2, hybridised to the Southern blot (Section 2.7.3.3), followed by washing of the
blots and detection of hybridised probe using the Fuji phosphorimager according to the

methods outlined in Section 2.7.3.4.

2.18.3 Isolation of genome-specific cyclophilin A genes

The results of the Southern blots were used to characterise the cyclophilin A genes
originating from the A, B or D genomes of wheat. Using these results (Section 6.4) a
Hindlll digest of 10ug of gDNA of T. aestivum cv. Chinese Spring was then separated
on a 1% agarose gel and sections of the gel corresponding to the four major bands seen
in the HindlIl digest (Section 6.4) were cut out. DNA was purified from each of these
using the Wizard® SV Gel and PCR Clean-Up System (Promega) (Section 2.4.3) and
used as template to amplify any cyclophilin A genes contained therein, using the
consensus primers PP15 and PPI3 (Table 2.7) and the PCR conditions given in Section
2.3.2, with an annealing temperature of 52°C. The identity of the amplified genes was

determined by testing for restriction fragment length polymorphisms (RFLPs) for the
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enzymes Eagl and Ncol as predicted from the three cDNA sequences of cyclophilin A
(Figure 2.5). Aliquots of the PCR products were digested with 5U each of Eagl, Ncol
or both enzymes for 2 hours at 37°C and analysed by electrophoresis in 1.4% agarose

gels as described in Section 2.5.3.

2.19 IDENTIFICATION OF NOVEL WHEAT CYCLOPHILIN GENES

2.19.1 Characterisation of cyclophilin genes from an endosperm cDNA library

The sequence database derived from cDNA sequences of 8-12 DPA endosperm tissue
from cv. Wyuna (Clarke et al., 2000) was searched for ESTs with a most significant
BLASTN hit containing the term “cyclophilin”, to identify any novel cyclophilin-like
sequences. Corresponding candidate cDNA clones were excised as plasmids, as
described above (Section 2.11.4) and purified with the Wizard® Plus SV Minipreps
DNA Purification System (Promega) (Section 2.9.3). Plasmids were digested with Xhol
and EcoRlI in 1X of the supplied buffer for 1 hour at 37°C to excise the cDNA insert.
Aliquots of digested plasmids were analysed by electrophoresis on 1% agarose gels as
described in Section 2.5.3.

Plasmids were initially sequenced with the vector-based primers T3 and T7 (Table 2.4)
before elucidating the sequence of both strands of each clone by ‘primer-walking’ down

each as described in Section 2.6.2.

2.19.2 Screening of the TIGR wheat gene index

The Institute for Genomic Research (TIGR) wheat gene index (TaGl, version 6.0) (The
TIGR Gene Index Databases, The Institute for Genomic Research, Rockville, MD
20850; URL.: http://www.tigr.org/tdb/tgi), containing 413,955 ESTs (as at 1/2003), was
searched using BLASTn and tBLASTx with wCyp1 as the query sequence. Only the

candidate contigs containing at least 10 ESTs were evaluated further.
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2.19.3 Analysis of novel cyclophilin gene sequences

Novel cyclophilin sequences identified in the preceding sections (Sections 2.19.1 and
2.19.2) were analysed in the BioEdit software package and through the use of specific
software including the identification of homologous sequences by BLAST analyses,
open reading frames were identified and putative proteins analysed for physical
properties and putative subcellular localisation according to the methods described
above (Section 2.6.3).
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Chapter 3 Molecular characterisation of the protein disulfide
isomerase genes of wheat
ABSTRACT

The protein disulfide isomerases (PDI), enzymes that catalyze the formation, cleavage
and isomerisation of disulfide bonds, are suggested to be involved in regulating the
folding and deposition of storage protein bodies in the wheat endosperm, thus
potentially playing an important role in influencing grain quality. However, limited
information exists on the PDI genes in wheat and their possible roles in this process.
Via innovative combinations of various experimental approaches such as exploitation of
sequence variations between alleles, RFLPs in cDNAs and genomic copies, and direct
isolation of gene fragments, we have characterised the individual PDI genes from the
common wheat, T. aestivum, the diploid progenitor of its D genome, Ae. tauschii, and
the tetraploid progenitor of its A and B genomes, T. turgidum. Ae. tauschii, durum
wheat and common wheat exhibit one, two and three PDI gene(s), respectively, and the
additional PDI gene suggested to reside on chromosome 1B, if at all present, appears to
be a partial, nonexpressed copy. All genes consist of ten exons and nine introns, with
the Ae. tauschii PDI gene showing near complete identity to the corresponding one in
common wheat but more limited identity to the A and B genome PDI genes of common
wheat and T. turgidum, and the two genes of T. turgidum showing higher degrees of

conservation with their counterparts in common wheat rather than between themselves.
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3.1 INTRODUCTION

As discussed in Section 1.5.6 investigations into protein disulfide isomerase (PDI) and
it roles in the developing wheat endosperm are of interest due to the potential role for
this enzyme in regulating the folding and deposition of the storage proteins of wheat.
As these proteins are critical in conferring the visco-elastic properties unique to wheat
dough PDI may play an important role in determining quality characteristics of wheat
cultivars. Despite such potential importance, only limited evidence is available to
support such a role, based on the upregulation of PDI genes in the wheat endosperm and
abberant storage protein deposition in a rice mutant lacking PDI expression (Section
1.5.6). Therefore, there is a need to develop other strategies to investigate the
involvement of these enzymes in these processes. One such strategy is the development
of molecular markers for the PDI genes, which may provide a means for testing for any
genetic association between the PDI genes and QTLs involved in dough processing
traits and a method for selecting for beneficial alleles in breeding programs. However,
firstly a better understanding of this gene family in hexaploid wheat, both the number of

genes present and the sequence of such genes, was required.

Our current knowledge of the PDI gene family in hexaploid wheat and its progenitor
species was summarised in Section 1.5. Briefly, Ciaffi et al. (1999) reported two PDI
hybridising bands in some cultivars of T. turgidum, while some cultivars were found to
contain a third polymorphic fragment. In contrast, RFLP analysis revealed the genome
of Ae. tauschii contains a single, highly conserved hybridising fragment. Current
sequence data on the PDI genes of T. turgidum is limited to partial gene sequences from
chromosome 4A and one of the two genes localised to the B genome of T. turgidum and
no sequence data is currently available for the PDI gene(s) of Ae. tauschii. In T.
aestivum our knowledge of the PDI gene family is limited to the presence of three
hybridising bands on a Southern blot, localised to chromosomes 4AL, 4BS and 4DS and
a fourth hybridising band in some cultivars localised to chromosome 1B, and we have
reported the characterisation of three PDI cDNAs isolated from a T. aestivum cv.
Wyuna developing endosperm library (Section 1.5.5). Thus, we have used the
conserved sequences in these T. aestivum cDNAs to design three pairs of consensus
primers to allow the amplification and cloning of the uncharacterised 3’ sections of the

two PDI genes of T. turgidum (TtPDI4A and TtPDIB) and the entire PDI gene from Ae.



Chapter 3 107

tauschii (AetPDI14D). Further, the sequence data generated from the PDI gene families
in T. turgidum and Ae. tauschii was used to design allele-specific primers (Section
2.10.1) to permit the targeted amplification and characterisation of the corresponding

homeoalleles in hexaploid wheat.

3.2 COPY NUMBER OF PDI GENES IN T. aestivum AND ITS
PROGENITORS

In order to determine the copy number of the PDI gene families in T. aestivum and its
diploid (Ae. tauschii) and tetraploid (T. turgidum subsp. durum) progenitors, Southern

blot analyses were performed as described in Section 2.8.

3.2.2  Southern blot of PDI genes in T. aestivum cv. Wyuna

The Southern blot of T. aestivum cv. Wyuna probed with the 838bp PDI cDNA
fragment, revealed three strongly hybridising fragments in each of the single digests
(Figure 3.1A, Table 3.1) with the estimated sizes in the ECORI (9.3kb, 5.3kb and 1.9kb)
and BamHI (8.9kb, 5.4kb and 4.1kb) digests being similar to those reported (Section
1.5.5; Ciaffi et al. 1999). The estimated sizes of the bands in the HindIII digest were
consistently slightly larger (5.1kb, 4.3kb and 2.9kb) than the corresponding reported
sizes (4.5kb, 3.7kb and 2.5kb) and the fourth band, localised to chromosome 1B
(Section 1.5.5), was absent in all digests (Table 3.1). Three strongly hybridising bands
were also observed in the EcoRI/BamHI (5.2kb, 5.0kb and 1.9kb), BamHI/HindIII
(4.3kb, 3.4kb and 2.9kb) and EcoRI/HindIII (4.1kb, 2.7kb and 1.8kb) double digests, in
all cases their sizes being either smaller than (as would be expected in some cases, due
to internal restriction sites), or the same as, those in the corresponding single digests,
and some lighter bands. It was thus not possible to identify a major band as originating
specifically from the reported gene on chromosome 1B in these digests too. The
fragments sizes for all digests were utilized in conjunction with the gene sequencing
results (Sections 3.3.3 and 3.4) to construct restriction maps for the individual PDI

genes of the hexaploid wheat (Figure 3.6).
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3.2.2 Southern blot of PDI genes in Ae. tauschii and T. turgidum

The Southern blot of T. turgidum gDNA probed with the 838bp cDNA fragment
revealed two strongly hybridising fragments approximately 4.9kb and 1.8kb in the
EcoRI digest, 6.7kb and 3.3kb in the BamHI digest and 4.0 and 3.4kb in the HindIII
digest (Figure 3.1B), similar to the PDI genes reported from chromosomes 4A and 4B
of T. turgidum and T. aestivum cv. Chinese Spring (Table 3.1). Likewise, the double
digests contained two strongly hybridising bands in each case, approximately 4.5kb and
1.8kb in the EcoRI/BamHI digest, 3.4kb and 1.7kb in the ECORI/HindIIl digest and
3.4kb and 2.9kb in the BamHI/HindIIl digest. Thus, the double digests contained
fragments equal in size to, or smaller than, those observed in the single digests, as

would be expected.

The Ae. tauschii Southern blot probed with the 838bp cDNA fragment revealed single,
intensely hybridising fragments, as well as one or two weakly hybridising fragments.
The sizes of the strongly hybridising fragments were approximately 6.6kb, Skb and
2.7kb in the EcoRI, BamHI and HindIII digests, respectively (Figure 3.1C, Table 3.1),
compared to the reported 9.3kb, 5.5kb and 2.5kb fragments from chromosome 4D in T.
aestivum cv. Chinese Spring, for the respective digests (Table 3.1). The EcoRI/BamHI,
EcoRI/HindIIl and BamHI/HindIII double digests yielded single intensely hybridising
fragments of approximately 5.5kb, 2.3kb and 2.5kb, again, similar in size to, or smaller

than, those in the corresponding single digests.

These Southern blot results were utilised in conjunction with the respective sequences
for these genes (Sections 3.3.3) to construct the respective restriction maps for the PDI

genes in these two genotypes (Figure 3.6).
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Figure 3.1  PDI Southern blots of T. aestivum, T. turgidum and Ae. tauschii
The PDI Southern blots of T. aestivum cv. Wyuna (A) T. turgidum (B) and Ae. tauschii
(C). gDNA was digested with EcoRI (1), BamHI (2), HindIII (3), EcoRI/BamHI (4),
BamHI/HindIII (5) and EcoRI/HindIII (6) and probed with the 838bp cDNA fragment
from wPDI1 (Figure 2.2). The Southern blot of ECORI digested T. aestivum cv. Chinese
Spring (CS) gDNA is also shown (A). The molecular weight marker (kb) is given on
the right.
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Table 3.1 Sizes of PDI hybridising fragments (kb) on Southern blots
Ciaffi et al. (1999) 838bp cDNA probe 1466 bp cDNA probe
. . . .. T. aestivum cvs.
T. aestivum cv. . T. aestivum® | T.turgidum | Ae. tauschii .
Chinese Spring® | |~ Mr9idum |\ ABBDD) | (AABB) (DD) Wy““"‘s;?ﬁlghmese
9.3
9.3 (4DS) 5.7
53 9.3
5.3 (4AL) . 4.9 5.3
EcoRI 4.6 (1BS) 41‘68 f '3 1.8 66 44
1.8 (4BS) : : 3.6
1.9
23.0 (1BS) 8.9
8.9 (4AL) Not : 6.7
BamHI 5.5 (4DS) reported iéll 33 5.0 Not conducted
4.2 (4BS) :
23.0 (1BS) 51
. 4.5 (4BS) Not : 4.0
HindIII 3.7 (4AL) reported ézlg 34 2.7 Not conducted
2.5 (4DS) )

* Chromosome location of each hybridising fragment shown as described by Ciaffi et al.

(1999).

® The cultivars analysed were Wyuna and Chinese Spring. The BamHI and HindIII data
listed was from Wyuna only.

¢ This

fragment has been reported to be

highly polymorphic,

presence/absence and size, in different genotypes (Ciaffi et al. 1999).

varying in

3.3 CHARACTERISATION OF PDI GENES IN T. turgidum AND Ae. tauschii
3.3.1 PCR products of PDI genes from T. turgidum and Ae. tauschii

Two partial PDI gene sequences, a 3476bp section of the gene localised to chromosome

4A and a 2721bp section of the gene localised to the B genome (4B or 1B) were

reported in T. turgidum while this study was underway (Ciaffi et al. 2001). Thus, to

utilise this data, minimise duplication and extend the sequence information further the

3’ sections of the PDI genes of T. turgidum containing uncharacterised sections were

amplified using the consensus primers (PDI3F/PDI3R) flanking 759-766bp of the PDI

cDNA sequences (Table 2.5, Figure 2.2), resulting in products of approximately 1.1kb,

approximately 350bp larger than that predicted from the cDNA sequences (Figure 3.2).

As no sequence data for the PDI gene of Ae. tauschii was available, the gene

encompassing the entire coding sequence and any intervening introns was amplified as
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three overlapping fragments using the primers PDI1F/PDIIR, PDI2F/PDI2R and
PDI3F/PDI3R (Table 2.5, Figure 2.2), resulting in products of approximately 1.2, 1.6
and 1.1kb, respectively, again, larger than the sizes predicted from the cDNA sequences

(Figure 3.2).

3.3.2 Cloning of the PDI genes of T. turgidum and Ae. tauschii

The PDI Southern blot data for T. turgidum generated previously (Section 1.5.5) and
above (Section 3.2.2) suggested the presence of at least two PDI genes in this species.
To ensure that all members of the PDI genes were isolated the PCR products generated
from the gDNA of T. turgidum and Ae. tauschii (Section 3.3.1) were cloned into
pGEM-T-Easy (Sections 2.9.2). Six recombinant (white) colonies were chosen at
random for each cloned PCR product and their plasmids were purified and digested with
EcoRI (Sections 2.9.3) revealing appropriate sized inserts in all cases (Figure 3.3) and a
potential RFLP for EcoRI in the cloned T. turgidum PCR products amplified with
PD3F/PD3R (Figure 3.3D).

1.5kbh —
lkh—

Figure 3.2  PCR products of the PDI genes from Ae. tauschii and T. turgidum
The PDI PCR products amplified from the gDNA of Ae. tauschii (1: PD1F/PDIR; 2:
PD2F/PD2R; 3: PDI3F/PD3R) and their corresponding water-only negative controls (4:
PD1F/PDIR; 5: PD2F/PD2R; 6: PD3F/PD3R). The PCR product encompassing the
3’end of the PDI gene of T. turgidum (7: PD3F/PD3R) and the corresponding water-
only negative control (8: PD3F/PD3R). M: 100bp molecular weight marker.
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1kb—»

1kb —

Figure 3.3  The Ae. tauschii and T. turgidum PDI clones

The EcoRI digested clones (A) PD1-1, PD1-2, PD1-3, PD1-4, PD1-5 and PD1-6 (Lanes
1-6, respectively) containing the cloned PD1F/PDIR PCR product from Ae. tauschii;
(B) PD2-1, PD2-2, PD2-3, PD2-4, PD2-5 and PD2-6 (Lanes 1-6, respectively)
containing the cloned PD2F/PD2R PCR product from Ae. tauschii; (C) PD3-1, PD3-2,
PD3-3, PD3-4, PD3-5 and PD3-6 (Lanes 1-6, respectively) containing the cloned
PD3F/PD3R PCR product from Ae. tauschii and (D) PAB3-1, PAB3-2, PAB3-3,
PAB3-4, PAB3-5 and PAB3-6 (Lanes 1-6, respectively) containg the cloned
PD3F/PD3R PCR product from T. turgidum. M: molecular weight markers, 100bp
ladder (A and C) or A EcoRI/HindIII (B and D).
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3.3.3 Sequencing and analysis of the PDI genes of T. turgidum and Ae. tauschii

Partial sequencing of the six T. turgidum clones revealed two distinct sequence classes
(partial sequence data not shown); two clones (PAB3-2 and PAB3-6) contained
sequences overlapping the 3’ end of the reported PDI gene on chromosome 4A and four
(PAB3-1, PAB3-3, PAB3-4 and PAB3-5) contained sequences overlapping the 3’ end
of the reported PDI gene from the B genome of T. turgidum (Ciaffi et al. 2001). Clones
PAB3-1 and PAB3-2 were selected as representative clones from each class and were

sequenced in full.

Clone PAB3-2 had an insert of 1100bp (Genbank accession# AY544170), comprised of
1014bp that was 100% identical to the 3’ section of the previously reported PDI gene
from chromosome 4A of T. turgidum (Ciaffi et al. 2001), and an additional 3” 86bp.
This allowed the construction of a 3562bp contig for the PDI gene of the A genome of
T. turgidum, (TtPDI4A) (Figures 3.6 and 3.7). Alignment of TtPDI4A with the three
PDI cDNA clones isolated from T. aestivum (Section 1.5.5) revealed a 10 exon structure
(Figure 3.6) and highest exon identity (99.7%) with the WPDI1 cDNA sequence (Table
3.2), the differences consisting of 4 SNPs, 1 each in exons 1, 5, 6 and 10, all of which
were silent, three being at the wobble position of codons and the fourth being in the 3’

UTR.

Clone PAB3-1 had an insert of 1061bp (Genbank accession# AY544171) of which
255bp was identical to the 3’ end of the previously reported partial PDI gene from
either chromosome 4B or 1B of T. turgidum (Ciaffi et al. 2001) and an additional 3’
806bp of data. The published data and our data together allowed the creation of a
3527bp contig of the B genome PDI gene (TtPDIB) (Figures 3.6 and 3.7). Alignment of
TtPDIB with the PDI ¢cDNAs (Section 1.5.5) revealed that the extra 806bp of sequence
generated in this study encompassed exons 7 through 10 (Figure 3.6). The exon
sequences of TtPDIB were the most similar to the WPDI2 cDNA sequence, with 99.8%
identity, the differences consisting of 2 SNPs in exon 1, one of which was a silent
mutation and the other would lead to a Cys4—Ser4 mutation in the putative protein
encoded by TtPDIB. Interestingly, while all of the wheat PDI genes and cDNAs

characterised thus far (current study, Section 1.5.5) were found to contain a conserved
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EcoRlI site in exon 4, both TtPDIB and wPDI2 contained a second ECORI site in exon 9,

approximately 1830bp downstream from the first one.

Partial sequencing of the six clones from each of the three PCR reactions with the
primer pairs used for the initial amplifications, spanning the length of the PDI gene of
Ae. tauschii (Figure 2.2), revealed identical sequences within each class of clones
(partial sequence data not shown); thus the clones PDI-1, PD2-1 and PD3-1 were
selected as representative clones from each type of PCR and sequenced in full. The
lengths of the cloned sequences were determined to be 1248bp, 1612bp and 1072bp,
respectively.  Their overlapping sections were identified by multiple sequence
alignment to produce a single 3526bp contig (Genbank accession# AY544169) for the
PDI gene of Ae. tauschii (AetPDI4D) (Figure 3.6 and 3.7). A comparison of AetPDI4D
with the wheat cDNA sequences revealed the exon sequences of AetPDI4D exhibited
the highest sequence identity (99.8%) to the wPDI3 cDNA sequence (Table 3.2),
differing only at two positions in the 3’ untranslated region. This comparison also

revealed that this gene was distinct from the two PDI genes of T. turgidum (Table 3.2).
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Table 3.2 Conservation of PDI genes and transcripts of wheat

wPDI1 | wPDI2 | wPDI3 | TtPDI4A® | TtPDIB? | AetPDI4D
| wl | o
o | | eos
}88 AetPDI4D

' Sequence identities are shown for exon sequences (upper number %) and intron
sequences (lower number %).

? These sequences represent a contig of the reported sequences (Ciaffi et al. 2001) with
the additional 3’ sequence generated in the current study.

3.4 CHARACTERISATION OF PDI GENES IN T. aestivum

The sequence data of TtPDI4A, TtPDI4B and AetPDI4D (Section 3.3) were used to
identify single nucleotide polymorphisms that were unique to each of these genes,
which were subsequently exploited to design four pairs of allele-specific primers for the
A genome, three pairs for the B genome and six pairs for the D genome (Table 2.6) to
allow the allele-specific amplification and characterisation of the corresponding genes
in T. aestivum cv. Katepwa. This cultivar was selected for sequencing as the data
generated would prove useful in the development of molecular markers for these genes
(Chapter 4), as it was one of the parental cultivars previously used in the generation of

genetic maps in wheat (Section 1.8.4.1)
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To ensure the allele-specific (AS) primers were specific, those primer pairs solely based
on cDNA sequences were used to amplify all three PDI cDNA clones, revealing
amplification only of the appropriate cDNA clone when the optimised annealing
temperatures were used (Figure 3.4). The allele specificity of primers based on intron
sequences of the genes of T. turgidum or Ae. tauschii was confirmed by analysing the
sequencing results to assess whether or not they contained a single sequence type,

containing no ambiguity (Sections 3.4.1, 3.4.2 and 3.4.3).

3.4.1 The PDI gene in the A genome of T. aestivum

Amplification of sections of the PDI gene of T. aestivum cv. Katepwa corresponding to
the TaPDI4A gene with four pairs of allele-specific primers (Table 2.6, Figure 2.4)
produced products similar in size to those predicted from the TtPDI4A gene (Figure
3.5A). Direct sequencing of these products allowed the assembly of two contiguous
regions of 1391bp (GenBank accession# AY544172) and 458bp (Genbank accession#
AY544173), together comprising 51.9% of the TtPDI4A gene, 38.4% of exon sequences
and 66.5% of intron sequences (Figures 3.6 and 3.7). A comparison of the exon
sequences in these two sections with the corresponding regions of TtPDI4A revealed
one SNP at the wobble position of a codon in exon 5, and a complete conservation with
the wPDI1 cDNA. The comparable intron sequences in these two gene sections and
TtPDI4A revealed 99.8% conservation, with only two SNPs in intron 5 (Figure 3.7).
However, none of the SNPs explained the RFLPs observed on the Southern blots of T.
turgidum and T. aestivum cv Wyuna (Table 3.1).
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PA1 PA3B PA4
M1 2 3 N1 2 3 N1 2 3 N

1000bp

S00bp

PB1 PB2 PB3
M 1 2 3 N 1 2 3 N 1 2 3 N

1000bp

S00bp

1000bp

S00bp

Figure 3.4 Confirmation of the allele-specificity of PDI primers

The results of amplifying sections of the PDI genes from wPDI1 (1), wPDI2 (2) and
wPDI3 (3) with the primers specific for the A genome (A), B genome (B) and D
genome (D) of wheat. N: No template negative control, M: 100bp DNA marker.



Chapter 3 118

3.4.2 The PDI gene in the B genome of T. aestivum

Amplification of sections of the PDI gene of T. aestivum cv. Katepwa corresponding to
the TaPDIB gene with three pairs of allele-specific primers (Table 2.6, Figure 2.4)
produced products similar in size to those predicted from the TtPDIB gene (Figure
3.5B). Direct sequencing of these PCR products allowed the assembly of three
contiguous regions of 291bp (Genbank accession# AY544174), 824bp (Genbank
accession# AY544175) and 638bp (Genbank accession# AY544176) (Figures 3.6 and
3.7). These contiguous sequences together represent 49.7% of the overall length of the
TtPDI4B contig, 38.8% and 60.3% of its exon and intron lengths, respectively.
Sequence alignments revealed a 100% identity between these sections and the
corresponding exons in TtPDIB and the cDNA clone WPDI2, including the second
EcoRI site (Figure 3.7), and 99.5% conservation between the appropriate introns, the
only differences consisting of three SNPs in intron 5 and one each in introns 8 and 9

(Figure 3.7).

3.4.3 The PDI gene in the D genome of T. aestivum

Six allele-specific primer pairs based on the sequence of AetPDI4D (Table 2.6, Figure
2.4) were used to specifically amplify sections of the PDI gene from the D genome of T.
aestivum cv. Katepwa, revealing sizes similar to those predicted from AetPDI4D
(Figure 3.5D). Direct sequencing of these products allowed the construction of four
contiguous sections, in total covering approximately 84.5% (78.0% of exon sequences
and 91.0% of intron sequences) of AetPDI4D, sequentially spanning, (i) 797bp
(AY544177); (ii) 441bp (AYS544178); (iii) 774bp (AY544179); and (iv) 965bp
(AY544180) (Figures 3.6 and 3.7). A comparison of exon sequences covered in these
sections with the corresponding ones of AetPDI4D revealed a single nucleotide
difference in exon 9 (G—A) (Figure 3.7), which would lead to a Glu433—Lys433
mutation in T. aestivum cv. Katepwa PDI. The intron sequences in the above gene
sections revealed a slightly lower degree of conservation (97.7% identity), the
differences consisting of a 34bp deletion at the end of intron 1 in T. aestivum cv.

Katepwa, two extra bases in AetPDI4D, and one SNP. Interestingly, none of these
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explained the fragment size differences observed between the Southern blots of Ae.

tauschii and T. aestivum cv. Wyuna (Table 3.1).

1000bp

500bp

1000bp

S00bp

1000bp

S00bp

Figure 3.5 PDI AS-PCR products from T. aestivum cv. Katepwa

The PDI PCR products generated from T. aestivum cv. Katepwa using primers specific
to TtPDI4A (A), TtPDIB (B) and AetPDI4D (D). The numbers above the photo
correspond to the AS-primer pair (eg. AI=PAI1F/PAIR, D3=PD3F/PD3R, etc.). +: T.
aestivum cv. Katepwa gDNA template, -: water only negative control, M: 100bp
marker.
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Figure 3.6  The characterised sections of the PDI genes of T. aestivum, T. turgidum and Ae. tauschii

Diagrammatic representation of the PDI genes of wheat and the sections characterized. Exons are depicted as boxes and introns as lines, with
numbers indicating the size of each (in bp). The sections of PDI genes in T. aestivum cv. Katepwa characterized in this chapter are shown in
relation to those of T. turgidum and Ae. tauschii characterized in Chapter 3 and an earlier study (Ciaffi et al. 2001). The positions of BamHI (B),
EcoRI (E) and HindIII (H) restriction sites, as identified from the sequence data and supported by Southern blot data (Section 3.2), are indicated.
The positions of the sequences encoding the putative thioredoxin-like active site (CGHC), N-glycosylation site (N-Gly) and ER-retention signal
(KDEL) are indicated. *Results of Ciaffi et al., 2001. **The two different intron lengths represent the only sequenced area with a significant
polymorphism (i.e. > a single base deletion) between the hexaploid (332bp) and diploid/tetraploid (366bp) sequences.
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GCGGCCCCCGAGGCCETGCTCACCCTGCACGCCGACAACTTCGACGACGCCATCGCCARGCACCCCTTCA
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Figure 3.7 to be continued
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TEPDTI LA
rFRIa-Ka
wFDIZ
TEPDIE
FDIB-Ka
wPDI3
AcEPDT 4D
EDID-Ka

wPDI1l
TEPDI LA
FRIA-Ka
wPpDIz
TEPDIE
FRIB-Ka
wFDI3
AerFDT 4D
FRID-Ka
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440 450
P T I,

TTCCTCGAGGGTTTAGAGGTTGTTGHGC TG TCCC TG TTGGGATTCCAC ————TGOGTCCALCTTTAT
TTCCTCGAGGSTTTAGAGGTTGTTGHGC TG TCCC TG TTGSGATTCCAC————TGECGTCCALCTTTAT

ACTGTAC———CTATGTATTGCAGATTC TGTC TG TTCGACTTATTTC AGTACAATC TC ACTTAGTCTGGTC
ACTGTAC———CTATGTATTGCAGATTC TGTC TGTTCGAC TTATTTCAGTACAATCTCACTTAGTCTGGTC

GTAATTCTTC TACATCC TTGGACCAC TTAC TTAGCAC TGGTGTTATATGCTGAATGGAT
GTAATTCTTC TACATCCTTGGACCACTTACTTAGCACTGGTGTTATATGCTGRAATGGAT
Intron I

TGATCTCATTCGTTGATGTGTGATGTTGCA
TGATCTCATTCGTTGATGTGTGATGTTGCL

=58
=38
5%

Figure 3.7 to be continued
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wEPDI1
TEEDI 44
rRia-Ka
wrPDIz
TEFDIH
FPDIB-Ka
wEDI3
AcEPDI A0
FDID-Ka

wEDI1
TEEDI 44
rPnIra-Ka
wlPD1z
TEEDIB
FPRIB-Ka
wPDIzZ
AerFDI LD
PRID-Ka

wEDI1
TEEDT 448
PDIA-Ka
wEDIz
TErDIB
PDIB-Ka
wEPD1Z
ActFPDI L0
PRin-Ka

GTAAGCTTCTTATTTTGCCTGTTCTTACTTTC——
GTAAGCTTCTTATTTTGCCTGTTCTTACTTTC——
GTAAGCTITCTTATTTTGTCTGTTCTAACTGTCAT
S G TR GCTTC TTATTTTGTC TGTTCTAACTGTCAT
GTALAGCTTCTTATTTTGTCTGTTCTTACTTTCAL
GTAAGC T TCTTATTTTGTCTGTTCTTACTTTCAL
Iniron IO FindFiT

10&0 1070 10s0 1050 1100 1110 11z0

L R L I e e e e e e eI e e e e e
TEEDI A GTCATATAGCCATGGTTGATGTTC TATGG . TGATGAC TAAGC AATCATGFCAATTGTATAG
FPDIA-Ka GTCATATAGCCATGGTTGATGTTC TATGGC TGATGACTAAGCALATCATGGCAATTGTATAG
B e
TEFDIHR ATAGC AL ATTGTCATATACCGATGGTTAATGTTCTATGCC TGCTGACTAAGTAATCATGGCAATTGTATAG
PDIB-Ka ATAGCALTTGTCATATACCGATGG T TAAT G TTC TATGCC TG TGAC TALGTAATC ATGFCAATTGTATAG
wEDI3

ActFPDI LD
rPRIn-Ka

1140
N
GG ALTTC

wEPDI1
TEEDT 448
rpia-Ka
wEDIZ
TEEDIB
FDIB-Ka
wEDI3
AcEPDT 20
EPDID-Ka

= Hy

=

OO0 aod

LR A LT TCR
B0 A TTCE

wEPDI1
TErnr4a
rRia-Ka
wrPDIz
TEFDIH
FPDIB-Ka
wEDI3
AetFDT 2D
PRID-Ka

Figure 3.7 to be continued
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wPDIi
TEPDI LA
FRIA-Ka
wPpDIz
TEPDIE
FRIB-Ka
wFDI3
AcEPDI 4D
EFDID-Ka

wPDI1
TEPDI LA
rpra-Ka
wPpDI1z
TEPDIEB
FRIB-Ka
wPpDI3
AetFPDT 2D
FRID-Ka

wPDI 1
TEPDI 44
EDIra-Ka
wPDIZ
TEPDIEB
PDIB-Ka
wlPD13
ActPDT 2N
FRID-Ka

wFDI1
TEPDI LA
FDIA-Ka
wPDIZ
TEPDIE
EDIEB-Ka
wPDI3
ActPDT I
rpIn-Ka

wPDIi
TEPDI LA
rFRIa-Ka
wFPDIZ
TEPDIE
FDIB-Ka
wPDI3
AcEPDT 4D
EDID-Ka

wPDIi
TEPDI LA
FRIA-Ka
wPpDIz
TEPDIE
FRIB-Ka
wFDI3
AerPDI 2D
FRID-Ka
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1210 1320 1330
ATTGEGTTL
ATTGGTTE i iy & TTACACTCTGCTCGCTCTGT
ATTGGTTE - T & C A I I B G £ BCRAGC R TTACACTCTGCTCGCTCTGT
ATTGGTTA . GTTGAC LG I
ATTGETTE 1 i 4 i i TTATACTTTGCTCCCTCTGT
G NN R R R A A R R R R R A R A A At A S AT Sr Rr A e Rr R A e R A
ATTGGTT 3 G . GTTGACLGE AL S
ATTGGTT. " T4 i L I LG = G ACAGCH TTATACTTCGCTCGCTCTET
ATTGETTE iy i TTATACTTCGCTCGCTCTGT
Intron I'V

GAARCTAATCGTTACTCCCTCTGTTCATATTAGTTATTGC TG TTTTTGTAC AATTTAGTCACAACTALTAT
GAARCTAATCGTTACTCCCTC TG TTCATATTAGTTATTGC TG TTTT TG TAC AATTTAGTCACAACTALTAT
GARCTRATCATTAC————————————— ATTAGTTGTTGCTGATTTAGTAC AATC TAGTGACALCTALTAT
e e b b b b bl i Rl e i e b e b b b b R i e Rl e i e b b B b B R B R e e e de e e e e B B

AR TAATCATTAC TCCC TC TG T TCATATTAGTTATTGC TTATTTAGTACALRTTTAGTGACALGTALATCT
A TR T AT TAC TCC C TC TG T TCATATTAGTTATTGC TTATTTAGTACALATTTAGTGACALGTAATCT

GGAAC AGAGGGGGTGTTTTTC T T TG T TC TTC TTAC TTC ATAC ATATTAC TGAGTATTAACATAGTGATGT
GERAC AGAGGGEGETGTTT TTC TT TG T TC T TC TTAC TTC ATAC ATATTAC TGAGTATTAACATAGTGATGT
GGAAC AGAGGGAATGTTTATC TG TG TTC TTC TTAC TTC ATAC AGATTACTGGGTATTAACTTAGTGATGT
R A e e e e e v B e e e e S e e S e e v el v R e i e e S e v R e e

GGAACAGAGGGAGTGTTCATC TG TGTTCTTC TTAC TTCATACAGATTACTGAGTATTALCATAGTGATGT
GGAAC AGAGGGAGTGTTCATCTGTGTTCTTCTTACTTCATACAGATTACTGAGTATTAACATAGTGATGT

1480 1450 1500 1510 15E0 1530 1540

GLCATTTTGC LG
GACATTTTGCAG

1550 1560 1570 lts0 1520 1l&00 1&1l0

AATGACTTGACAC AAC TTGC TTC TAGAATGC TTTATCATTTTTC TTTATTGTATGAGTTCTGTATAGTTGA
AATGAC TGACAC A LC TTGC TTC TAGAATGC TTTATCATTTTTCTTTATTGTATGAGTTCTGTATAGTTGA
AATGACTGACACAAC TTGC TTC TAGAATGC TTTGTCATTTTTC TTAATTGTGTFAGTTCTGTATAGTTGA
AATGACTGACACAAC TTGC TTC TAGAATGC TTTGTCATTTTTC TTAATTGTGTGAGTTCTGTATAGTTGA

Figure 3.7 to be continued
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wPDIil
TEPDT 24
rRIA-Ka
wPDhI1z2
TEPDTIHR
PDIB-Ka
wFDIZF
ActPDI 4D
FPDID-Ka

wPDIi1
TEPDT 24
PRIA-Ka
wPD1z2
TEPDIEB
PRIB-Ka
wPDIzZ
AetFPDT 10
rPDID-Ka

wPDIi1
TEEDT 44
PDIA-Ka
wPDIzZ
TEPDIB
PDIB-Ka
wPD13Z
ActPDT 40
rRIn-Ka

wFDIi
TEPDI 48
rPDIA-Ka
wPDIz2
TEEDIER
PDIB-Ka
wPDI3Z
ActPDT 40
PRID-Ka

wPDIl
TEPDT 24
rpia-Ka
wFDIZ
TEEDIB
FPDIB-Ka
wPDI3
ActPDT 4D
PDID-Ka

wPDIil
TEPDT 24
rRIA-Ka
wPDhI1z2
TEPDTIHR
PDIB-Ka
wFDIZF
AetPDI 4D
rDIn-Ka
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1700 1710 17z 173 174 1750

CTAATTTC TACTATATGC TTAGTC AGTTAGG TC TATGCC TCATGTTTGTAAC TAATGAGGCCATALTGTT
CTAATTTC TACTATATGCTTAGTCAGTTAGGTCTATGCCTCATGTTTGTAACTAATGAGGCCATAATGTT
CTGATTTC TACTATATGC TTAGTTAGTTAGG TC TATGCC TCATGTTTGTAAC TAATGAGGCCATALTTTT
CTGATTTCTACTATATGC TTAGTCAGTTAGG TC TATGCCTCATGTTTGTAACTAATGAGGCCATALTTTT
CTRATTT C TAC TATATGC TTAGTC AGTTAGETC TATGCC TCALGTTTGTAMC TAATTAGGCCATALTGTT
CTAATTTC TACTATATGC TTAGTC AGTTAGG TC TATGCC TCALGTTTGTAAMC TAATTAGGCCATALTGTT

TATCAC TG TATGTTGTTTTGATA-GACAGATGATTACTGCTGTATATTTTTGTTGATTATCAGCCCALCT
TATCAC TG TATGTTGTTTTGATA-GRACAGATGATTAC TGCTGTATATTTTTGTTGATTATCAGCCCAACT
TATCACTGTATGTTGTTTTGATAAGAGAGATGATTGC TACTGTATATTTCAGTTGATTATCAGCCTGACT
TATCAC TG TATGTTGTTTTGATAAGAGAGATGATTGC TACTGTATATTTCAGTTGATTATCAGCCTGACT

GATCGCTGTATGTTGTTT————————————————————————————— —— CAATTGATTATCAGCCTGACT
GATCGCTGTATGTTGTTT-————————————————————————————— —— CALATTGATTATCAGCCTGACT

CTTGGTGTGTACAA AR AAC TTATGCAATCCAATGATGGTTGAATTTTCTTGAACATGTTGACATALATGS
CTTGETGTGTAC AL AR A A TTATGC AATCCAATGATGGTTGALTTTTC TTGAAC ATGTTGACATALLATGS
CTTGGTGTGTACAGAAAAC T TCTGCAATC AL ATGATGGTTGAATTT--GTCAATTTATTCTTCAACATGT
CTTGETGTGTACAGAR A A TTC TG CAATC AL ATGATGGTTGAATTT-—-GTCAATTTATTC TTCAACATGT
CTTGGTGTGTACAAR R R A TTC TG AATCCAATGATGGTTGALTTT-—GTCAATTTTTTCTTGAACATGT
CTTGGTGTGTACAAA A AAC TTCTGCAATCCAATGATGGTTGAATTT-—-GTCAATTTTTTCTTGAACATGT

TTGATTAGTATAATC TAGTCACGTTTTGC G ALGTC TTTGAATTGGECAGTTAGTTCC T TCGACATTCL
TTGATTAGTATAATC TAGTCACGTTTTGGC TCALGTC TTTGAATTGGSCAGTTAGTTCC TTCGACATTCL
TGACATTGTATARTC TAGTCAC TTGTCGGCCCALGTC TTTGAATTGGGCAGC TAGTTCCTTCAATGTTCL
TEACATTGTATAATC TAGTC A TTGTC GO o ALGTC TTTGAATTGGECAGC TAGTTCC TTCALATGTTCL
GLATGATTGATTAGTATATTCTAGTC
GLATGATTGATTAGTATATTCTAGTC

TTRCAT
TTRCAT

TTCATCCTGTACATTGAAGA LA TC ATC TTGC ARATGAATTTGTTC AGCGCATTTGGAGGATTACTAGTGTL
TTCATCCTGTAC AT TGAAGA LA TCATCTTGCARTGRAATTTGTTCAGCGCATTTGGAGGATTACTAGTGTA
TTC AT TG TAC AT e TAAGA LA TC ATC TTGC AATGAATTTGTTC AGC ACATTTGGAGGAT TACTAGTGTL
TTCATCC T GTACATC TAAGA LA TC ATC TTGC AATGAATTTGTTC AGC ACATTTGGAGGATTACTAGTGTL
ATTTGTC GG TCCTTTGAAGA LA TC ATC TTGCARLGAATTTGTTCAGCACATTTGGAGGATTACTAGTGTL
ATTTGTC GG T TT TGAMGA LA TC ATC TTGC ARLGAATTTGTTC AGC ACATTTGGAGGAT TACTAGTGTL

TTTAGCTTTGTTAGCCTTTTGGATCTTTGTGTTTTC TTTCATGGC TGTTGTACCTGRARGGTCCTCT———
TTTAGCTTTGTTAGCCTTTTGGATCTTTGTGTTTTCTTTCATGGCTGTTGTACCTGAAAGGTCCTCT———
TTTAGTTTTGTTAGCCTTTTGGATC TT TG TG TTTTCATTCATGGTTGTTGTACCTGAARGGTCTACT———
TTTAGTTTTGTTAGCCTTTTGGATCTTTGTGTTTTCATTCATGGTTGTTGTACCTGRAARGGTCTACT———
TTTAGTTTTGTTAGCCTTTTGGATC TT TG TG TTTTCATTCATGGTTGTTGTACC TGAARGGTC TACTACT
TTTAGTTTTGTTAGCCTTTTGGATC TTTG TG TTTTCATTCATGGTTGTTGTACC TGRAARGGTC TACTACT

Figure 3.7 to be continued
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wPDI1l
TEPDI 44a
FRIA-Ka
wPpDI1z2
TEFPDIR
FRIB-Ka
wEDI3
ActPDT 4D
FRID-Ka

wFPDI1
TEPDT 44
rPpIA-Ka
wPpD1z2
TEPDIB
FRIB-Ka
wPDIz3
AetEPDT 40
FRID-Ka

wFPDI1
TEPDT 44
EDIA-Ka
wPDIzZ
TEPDIB
FPDIB-Ka
wlPD13
ActPDT4n
FRID-Ka

wFDI1
TEPDI 48
FpRIA-Ka
wPDIzZ
TEFPDIB
EDIB-Ka
wPDI3
ActPDT 4D
rpID-Ka

wPDIl
TEFPDT 44a
FRIA-Ka
wFDIZ
TEPDIE
FPIB-Ka
wPDI3
AckEPDT 4D
EDID-KEa

wPDI1l
TEPDI 24
FRIA-Ka
wPpDI1z2
TEFPDIR
FRIB-Ka
wEDI3
AetPDT 4D
FRID-Ka
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TCAGARC A TAGATG TAATGAT TG TTTGAGRAAGCACAATGCCATC TTTGSTGTTTCCAGTGC-TTTGTGT
TCAGLACCATAGATGTAATGATTGTTTGAGAAGCACALTGCCATCTTTGGTGTTTTCAGTGC-TTTGTGT
TTAGLGCCATAGATGTAATGAT TG TTTGAGATGC AGALTGCCATC TTTGSTGTTTTCCGTGCTTTTTTGE
TTAGAGAC A TAGATGTAATGATTGTTTGAGATGCAGALTGCCATCTTTGGTGTTTTCAGTGCTTTTTTGC
G ARG AT AGATGTGATGAT TG T TTGAGATGC AGAATATCATC TTTAGTGTTTTCAGTGCTTTGTC TS
GCAGLGCCATAGATG TGATGAT TG TTTGAGATGCAGAATATCATC TTTGSTGTTTTCAGTGCTTTGTC TR

GTAAL R AGTTCALATATATGC TTCCAGTGGTAAAGTTGCTTAGAGCATTAGCCTTTTCATTGTTTTTT
GTRAALR R AGTTCALATATATGC TTCCAGT GG TALAGTTGC TTAGAGCATTAGCCTTTTCATTGTTTTTT
GTARARATATTTCAGAT—————————— AGTEETGALGC TGO TTAGAGCATTAGCC TTTTCATTGTTTTTT
GTAALAATATTTCAGAT-————————— AGTGGTGAAGCTGCTTAGAGCATTAGCCTTTTCATTGTTTTTT
TALRARC AGTT-CAGATATATGTTTC TAGTGGTGALGC TGO TTAGAGCATTAGCC TTTTCATTGTTTTTT
TALR LR AGTT-CAGATATATGTTTCTAGTGGTGALAGC TGC TTAGAGCATTAGCC TTTTCATTGTTTTTT

AGTTAT TG TTAC TCATTATTTGTCACTTC TG TTC TC TGACATCALATGGTATGC A
AGTTATT G TTAC TCATTATTTGTCACTTC TG TTC TC TGACATCALATGGTATGC L
AGTTAT TG G TTAC TCATTATTTGTCACTTC TGTTC TC TGACATCCAATGGTATGC A
AGTTAT TG TTAC TCATTATTTGTCACTTC TG TTC TC TGACATCCAATGGTATGC A

.
.
.
.

=

2320 z400 2410 2420 z430 2440 2450

TTGEATTGCCTSTTT
S} TTFATTGCCTETTT
Imiron VI
2460 Z470 Z480 2490 ZE00 2510 ZEEZ0
T T e T T T T T T
CCCTTTCTAT——TTCTTTACA——————— TTGTTATCCATACTGTTGTTTTTTCCATTGGTGC TAACAGAT

prle e R e e i R i i Rl v i e o R o v R e e R e o v b v o e i R i e R e e v e o e o B o e e R i o e e e e o R i v o e e v e i B i e o)

CCCTTTCTAT--TTC TTTACAGAGGTAGTAGTTATCCATACTGTTGTTTTTTCCATGGTGC TARCATATT
el dedrle el e e e lele bl b brhe e be e b Bel Re b e b el Be o v e b e B ke B e B B B v B e e B bl e R e B Bl B v B B e B v B e B B B

Figure 3.7 to be continued
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wPDI1
TEPDI LA
rPRIA-Ka
wPDIz
TEPDIE
FPDIB-Ka
wFDI3
ActPDT 4D
PDID-Ka

wPDI1
TEPDI LA
PDIA-Ka
wPD1z
TEPDIB
FPRIB-Ka
wPDIz
AetEPDT 2D
PDID-Ka

wPDI1
TEPDI LA
PDIA-Ka
wPDIzZ
TEPDIB
FDIB-Ka
wPD13
ActPDT 2N
PRID-Ka

wFDI1
TEPDI 4R
PDIA-Ka
wPDIZ
TEPDIEB
PDIB-Ka
wPDI3
ActPDT 2N
FRID-Ka

wPDI1
TEPDTI LA
rDIa-Ka
wFDIZ
TYPDIE
FDIB-Ka
wPDI3
AcEPDT 4D
EPDID-Ka

wPDI1
TEPDI LA
rPRIA-Ka
wPDIz
TEPDIE
FPDIB-Ka
wFDI3
AerPDT 4D
PDID-KEa
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R I T
CTTTGGCC TR

GTGA
237227227

C STTTTT GTTY T LT TGTTGCTTGGTTS
R e R R R

AGTAGCCATTCCTTGTTTCCCTTGGTTGTAGGAC TAC-AACCTTATTTGTTTGATCCCATGTAATCTCTT
el dr bbb e e B Bl B B B vl e B B Bl R B BB e B BB e B B B B e B BB o B B e B B B B B e B o B B B o B B B B o B B o B B

AGTAGCCATTCCTTGTTTCACTTGATTGTTGGAC TAC-AACCTTATTTGTTTGATCCCAGGTAATCTGTT
AGTAGCCATTCCTTGTTTC ACTTGATTGTTGGAC TAC - AACCTTATTTGTTTGATCCCAGGTARTCTGTT
AGTAGCCATTCCTT-TTTCCCTTGG T TGTAGTAATACCAACCTTATTTGTTTGATCCCAGGTAATCTGTT
AGTAGCCATTCCTT-TTTCCCTTGGTTGTAGTAATACCAACCTTATTTGTTTGATCCCAGGTAATCTGTT

CAGCAATTTCATTAGTGTTCATTCGTATTGTAG
el R Bl B e R T B R e e B B R B B e R v o R B R B B B B e B R K e R B

TAGCAATTTCATTAGTGTTCATTTGTATTGTAG
TAGCAATTTCATTAGTGTTCATTTGTATTGTAG

TATTCATCTTTTTTGT——
TALTCATC TTTGTTAATC TTTTTTT-COCTCGC TGEATTALGC TAGTTGTATC LAGTG
TAATCATC TTTGTTARTC TTTTTTT-CCCTCGC TGGATTALGC TAGTTGTAGCAAGTG
""" TATTCATC TT TG T TAATC TTTTTTTT T C TG o TG GATTAAGC TAGT TG TAACAAGT
TATTCATC TTTGTTAAT-TTTTTTTT-CCTCGCTGGATTALGC TAGTTGTAAC LAGTG
Inron VI

Figure 3.7 to be continued
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wPDI1
TEPDTY 448
rPDIA-Ka
wPDIZ=
TEPDIB
PDIB-Ka
wPDI3
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FRID-Ka
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oo 2010
[ I

ACTGCGATTCC TTC TAAGTGAALC RATGGTCTTGTATGACCTTGG TGALAGTC TTCCTGTAAGTATHZCGCT
ACTGCGATTCC TTC TRAAGTGAAACRATGGTCTTGTATGACCTTGG TGAAGTCTTCCTGTAAGTATGCGCT

F Xials e ol X oo CTATAACTATATGCT
ACTGCGATTCC —CTATAACTATATGCT
ACTGCGATTCC TTGTARGTGABAC AR TGG - —————— ———— - — e e CT
ACTGCGATTCC TTGTAAGTGALACAATGG— —————— ————————m— e CT

(A S E]

TAATATTTGTTGCCCTCTCCGTCGTTCCAGTTCCAGCAL-CGRAAATACARAC TTACC TAACCACTGTTTCT
TALTATTTGTTGCCCTCTCCGTCGTTCCAGTTCCAGCAL-CGRARTACAMC TTACCTAARCCACTGTTTCT
TAATATTTGTTGCCC TCTCC G TG T T AG T TC CAGC ALAAC GARATACARC TTACC TARCCACTGTTTCT
TAATATTTGTTGCCC TCTCC G TG T TCCAG T TCCAGC AAACGARATACARC TTACC TARCCACTGTTTCT
TALTATTTGTTGCCCTCTC TG TCGTTCCAGTTCCAGCAL-CGGARATACARC TTACCTAARCCACTGTTTCT
TALTATTTGTTGCCCTCTCTGTCGTTCCAGTTCCAGCAA-CGGAATACAACTTACCTAARCCACTGTTTCT

CALMCCTTGTCCACAG
CALCCTTGTCCTCAG

"

b

b

Figure 3.7 to be continued
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wPDI1
TEPDI 28
rpra-Ka
wPDIZ
TEFDIB
FPDIB-Ka
wPDI3
AetPDT 40
rPDID-Ka

35S0 3530 Fe00 2610 26Z0 3IEE0 FE40

T T T T T T T I e
wPDI1 TGOTTETETTOGCCCCGSTTTTGCC TOATACTGTTTCCCOTTOCCAGAAATACTGTAAC AAATCCATCAS
TEPDT 4a TGOTTETETTOGCCCCGSTTTTGOC TOATAC TG TTTCCOOTTOCSAGAAATACTGTAAC ALATCCATCLRE
PDIA K&  ——— e

wPDIz2 TGEATETGTTGTCCCC GG TTTTG O TATAC TG TATCCCGT TG CGAGAAATAC TG TARCARBTCCGTCCE
TEPDITE TGGATSTGTTGTCCCCGGTTTTGCC TGATAC TG TATCCCGTTGCOGAGAALTACTGTAAC ALATCCGTCCE
e B e S s e e e e e
wPDI 3 TGGEATGTGTTGGCCCC GG TTTTGCC T AT TC TG TATCCCGT TG GAGAAATAC TG TARCARBTCCGTCAG

AetrPPI4D TGGATGTGTTGGCCCCGGTTTTGCCTGATAC TGTATCCCGTTGAGAGRAAATACTGTALC ARATCCGTC AR
PDIP K& @ o

F&50 Fes0

T L [
wEDI1 TAGTTAAATTA——
TEPDT 2A GGTG TAGTTAALTTATC
PDIA-Ka
wEDIZ TGGTGTACCTAGTTAAATTATC
TEPDIB CCTAGTTARATTATC
PRIB-KEa ——————————————————————
wEDI3 TGGTGTACCTAGTTAAATTATC
PPt o TG G TG TACC TAGT TALATTATC
PDID-KEa ——————————————————————

Figure 3.7  Alignment of the PDI genes and transcripts of wheat

The primers used to amplify the genes from the gDNA of T. turgidum and Ae. tauschii
are highlighted in green. The sequences of TtPDI4A and TtPDIB represent a contig
between the sequence of PCR products amplified with the PDIF3/PDIR3 primers in this
study and the reported sequence data (Ciaffi et al. 2001). Uncharacterised gaps between
contigs are indicated by “?”. The exons and introns are indicated, the conserved GT/AG
at the intron boundaries are highlighted in yellow, the EcORI, BamHI and HindIII
restriction sites are highlighted in blue and the start (ATG) and stop (TGA) codons are
highlighted in red.



Chapter 3 130

35 ATTEMPTS TO IDENTIFY ADDITIONAL EXPRESSED PDI GENE(S)

As the amplification and sequencing of the three PDI genes in the hexaploid revealed
single, unambiguous sequence types, it was undertaken to try to identify a fourth PDI
gene corresponding to the hybridising fragment identified in Southern blots by Ciaffi et
al. (1999) to ensure that the genetic and physical mapping experiments were conducted

for this gene too, if indeed it was present.

3.5.1 Screening of cDNA clones for novel PDI genes

A cDNA library had previously been prepared from T. aestivum cv. Wyuna developing
endosperm tissue from which the three PDI ¢cDNA clones, wPDI1, wPDI2 and wPDI3
were isolated (Johnson et al. 2001). As 14 further cDNA clones co-isolated with these
cDNAs had remained uncharacterised, it was undertaken to determine if any of these
contained a unique sequence possibly representing the fourth PDI gene. The secondary
screen of these with a ~1750bp section of the wPDI1 ¢cDNA clone resulted in the
identification of positive plaques in 12 of these (Figure 3.8A), which were subsequently
picked and excised as pBluescript SK+ plasmids (Section 2.11.4) with apparent RFLPs
for ECORI and Xhol (Figure 3.8B). Sequencing of the putative PDI clones and
subsequent multiple sequence alignment with the wPDI1, wPDI2 and wPDI3 sequences
revealed that all 12 clones contained PDI-like sequences, four aligned with wPDI1,
three with wPDI2 and five with wWPDI3 (raw data not shown). No new sequence
differences were identified between each of these new cDNA sequences and one of
either wPDI1, wPDI2 or wPDI3; however, differences in the lengths of the 3’
untranslated regions (UTRs) were observed, with sizes ranging from 193bp to 314bp in
the wWPDI1-type clones, 214bp to 270bp in the WPDI2-type clones and 206bp to 270bp
in the wPDI3-like clones (Figure 3.9).
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3530bp—|

1375bp—»
947bp

3530bp—+

1375hp
947hp

M 7 8 9 10 11 12

Figure 3.8 The secondary screen of putative PDI cDNA clones

(A) One of the twelve secondary screens of PDI cDNA clones probed with a 1750bp
cDNA probe (Section 2.11). An individual hybridising plaque was selected from each
of the twelve such plates containing a positive result and characterised further.

(B) EcoRI / Xhol restriction digestion of the 12 putative PDI ¢cDNA plasmids. 1-12:
The 12 digested putative PDI ¢cDNA clones M: A EcoRI/HindIII molecular weight

marker.
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wPDI1

wPDT2

wPDT?

wPDI1

wPDI2 ; [ T j TETETTS
!T-E‘rTIE‘rTTI:

wPDT?

wPDI1

wPDIZ2

1
3
-
|
-8

wPDT.?

wPDT1

wPDI2 5 ATGETCTETFEAGASCTTT T
ATGETCTETGEAGAGCTTTGGTAATAA LS CETGCTTCTETGOCTGETAGAATCC
ATGETCTETGEAGAGC TTT GETAATA AL TGO TTCTGTGOCTGETAGAATC

wPDT? ATGETTOETGEAGAGCTTTGETAATAA AT GGCGCTTCTGETGCTTGETA
2 ATGETTOET EEAGAGC TTTEETAATARAAT - GO TTCTETEOTTGETAGAATCTTCC
ATGETTOETGEAGAGCTTT G TAATAAAT G GCTTCTGTGOTTEETAG
ATGETTOETGEAGAGCTTT GGTAATAA AT GO GCTTCTETGOTTGETAG
ATGETTOETFEAGAGC TTTZETAALT
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Figure 3.9  Variations in the length of the 3’'UTRs of PDI cDNAs
A multiple sequence alignment of the 3’UTRs of the PDI ¢cDNAs. The typical poly-
adenylation sequence AATAAA is highlighted in green when present.

3.5.2 Screening of the TIGR TaGl database for novel PDI genes

The efforts to find any variants of PDI genes were also extended to mining the
substantial number of publicly available wheat ESTs, through screening the TIGR
Triticum aestivum gene index (TaGI version 7.0) using a query sequence consisting of
the active site peptides encoded by the three PDI cDNAs (Section 2.12). This revealed
three tentative consensus (TC) sequences, TC105432, TC105037 and TC104854, which
corresponded to WPDI1, wPDI2 and wPDI3, respectively. Four other TC sequences
constructed from more than 10 ESTs were identified, however, BLASTx analysis of
these suggested TC104975, TC127004 and TC109004 most likely encode other
members of the PDI superfamily containing the CXXC active site motif, due to their
close sequence similarity on the amino acid level to alfalfa PDI-Da (P38661) (86%),
human P5 (Q15084) (68%) and Arabidopsis thaliana ERp72 (CAC81067) (78%),
respectively, and TC107055, encoded an unknown member of the PDI superfamily.
Analyses of the nucleotide sequences of these other members of the PDI superfamily
suggest that they do not explain the fourth hybridising PDI gene reported by Ciaffi et al.
(1999) due to their limited nucleotide sequence identity (41-50%) to the PDI cDNA
used as a probe in this study. Thus, no additional PDI-like sequence, putatively

encoded by the locus on chromosome 1B, was identified in this search also.
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3.6 FURTHER INVESTIGATIONS INTO THE FOURTH PDI GENE
3.6.1 Copy number of PDI in T. aestivum cv. Chinese Spring

As bands corresponding to a fourth PDI gene could not be found on the Southern blot of
T. aestivum cvs. Wyuna (Figure 3.1A), a Southern blot of ECORI-digested gDNA of T.
aestivum cv. Chinese Spring was also conducted to confirm the copy number of four
hybridising fragments previously reported (Ciaffi et al. 1999) and identify any
polymorphisms between Chinese Spring and Wyuna.  Surprisingly, only three
hybridising fragments were observed (Figure 3.1A and Table 3.1), corresponding to

those on the T. aestivum cv. Wyuna blot.

3.6.2 The probing of Wyuna and Chinese Spring Southern blots with a 1466bp
PDI cDNA

The absence of the reported 4.6kb fragment from the ECORI digests on the Southern
blots, corresponding to a gene on chromosome 1B in Chinese Spring (Ciaffi et al. 1999)
was puzzling, however, this could have been due to the fact that the 838bp cDNA probe
used for this work, although covering substantial sections of the gene, would not have
hybridised to the 5° EcORI fragments arising from the internal ECORI site in (at least
three of) the PDI genes (Figure 3.6). Therefore, a longer, 1466bp probe similar to that
of Ciaffi et al. (1999) (Figure 2.2) was used for Southern hybridisations. This resulted
in the hybridisation of at least 6 major bands in the ECORI digests of both Wyuna and
Chinese Spring (Figure 3.10), including the three bands identified previously (Figure
3.1), and additional bands at 4.4kb 5.7kb and 3.6kb, of which the 4.4 kb band could
possibly represent the PDI gene on chromosome 1B reported by Ciaffi et al. (1999).

3.6.3 Characterization of the putative PDI1B gene

It was then undertaken to determine whether the above 4.4kb band, represented a
variant PDI gene lacking the ECoRI site, or some form of partial gene, or whether it was
the 5’ or 3’ fragment of some or all the PDI genes. Large-scale ECORI digests of gDNA
of T. aestivum cvs. Chinese Spring and Wyuna were electrophoresed and DNA in the

size range of 4.2 to 4.9kb was gel-purified and used as a template to amplify sections of
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the PDI gene (Section 2.13). Amplifications 5’ to the ECORI site (consensus primers
PRBSF/PRB5R, Table 2.5, Figure 2.2) resulted in an ~800bp product in both of the
cultivars, while amplifications 3’ to this site (consensus primers PRB3F/PRB3R)
amplified two faint products, between 1000 and 1100bp, in the gel-purified DNA and
the undigested total gDNA of T. aestivum cv. Chinese Spring, but none in the Wyuna
gel fraction (Figure 3.11). Amplifications using the primer pair PRBSF/PDI1R
encompassing the conserved ECORI site (Table 2.5, Figure 2.2) resulted in a ~1000bp
product in all fractions and in the undigested total gDNA of both cultivars, which
produced a ~920bp observable product when digested with ECORI (results of Wyuna not
shown) (Figure 3.11).

1 2

—21.2
4D
&
44 | 51
1B

—4.2
*
4B ~19

Figure 3.10 Southern blot of PDI in T. aestivum with a 1466bp probe

Southern analyses of T. aestivum cvs. Chinese Spring (1) and Wyuna (2) gDNA
digested with EcoRI and probed with the 1466bp ¢cDNA probe (Figure 2.2). The
chromosomal location of the fragments, when known (Ciaffi et al. 1999), is indicated.
*Fragments not reported previously. The molecular weight marker (kb) is given on the
right side.
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Chinese Spring 1 Chinese Spring 2
1 2 3 4 M1 1 2 3 4 M2

«—1000bp

500bp
Wyuna Chinese Spring gDINA
1 2 3 4 M1 1 2 3 4 M2
«—1000bp
—500bp

Negative Control

M2 1 2 3 4 M1

1000bp

500bp

Figure 3.11 PCR investigation of the PDI gene reported on chromosome 1B

Amplification of sections of the PDI genes with primers located 5’ to the conserved
EcoRI site (Figure 3.6) (primers PRBSF/PRB5R) (Lanel), encompassing this conserved
EcoRI site (primers PRBSF/PDIIR) (Lane 2) and 3’ to this conserved ECORI site
(primers PRB3F/PRB3R) (Lane 4). Digestion of the PRB5F/PDI1R PCR product (Lane
2) with EcoRlI, is shown (Lane 3). The templates for these PCRs were the ~4.4 kb
EcoRI fraction of Chinese Spring (in duplicate) and Wyuna gDNA, total gDNA from
Chinese Spring and a no-template negative control. M1: A ECORI/HindIIl marker, M2:
100bp marker.
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3.7 DISCUSSION

The main biochemical role of the PDI enzyme, i.e., mediation of disulfide bond
isomerisation or “foldase” activity, has made it a factor of high potential in terms of
regulation of the folding and deposition of the rapidly synthesised and precisely
deposited storage proteins in cereals. As described in Section 1.5.6 circumstantial
evidence such as its up-regulation in the developing endosperm of wheat and its
physical presence within the storage protein bodies, as well as more direct evidence
such as the improper segregation of the protein bodies in a rice mutant lacking PDI add
weight to this hypothesis. However, in spite of potentially playing a role of great
significance in terms of determining or influencing various parameters of cereal grain
quality, PDI studies in cereals have been rather limited. Partial sequence information
exists for two of the durum PDI genes, however, the structure and organisation of the
PDI gene family and any variations/ mutations therein in common wheat, the cultivars
of which vary greatly in protein content and dough properties, the trends that affect
global wheat trade, are largely unstudied; some of these shortcomings are addressed in

the present chapter.

Towards this purpose, firstly a better understanding of the structure and composition of
this gene family was required. During the course of addressing this issue, our detection
of three bands on the Southern blots of T. aestivum cv. Wyuna and Chinese Spring
gDNA, in conjunction with our previous isolation of three cDNA classes from a Wyuna
endosperm library (Section 1.5.5) suggested that the PDI gene family of T. aestivum
consisted of three members. However, while our studies were underway, another study
reported four PDI bands in aneuploid lines of Chinese Spring, localised to chromosome
arms 4AL, 4BS, 4DS and 1BS, and subsequent studies showed that the gene on
chromosome 1BS was not present in all cultivars and showed significant RFLP
variability when present (Section 1.5.5). This raised questions as to whether this gene
was functional and important in the deposition of storage proteins in wheat, and whether
there were differences in PDI gene copy number between different cultivars of common
wheat, a factor of significance for the genetic and physical mapping of these genes
(Chapters 4 and 5). Thus, to elucidate the size and organization of the PDI gene family,
we extended our studies of these genes to T. turgidum, the tetraploid progenitor of the A

and B genomes, and Ae. tauschii, the diploid progenitor of the D genome as well.
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3.7.1 The A and D genomes of wheat contain a single, highly conserved PDI gene

each

The presence of a single intense band on the Southern blot of Ae. tauschii gDNA and
the isolation of PCR products of a single sequence type strongly suggest that this
species contains a single PDI gene, supporting the results of Ciaffi et al. (1999; 2000).
The sizes of bands in HindIIl and BamHI digests for this gene were similar to those
estimated for the PDI gene on chromosome 4D of T. aestivum (Ciaffi et al. 1999) and
our results for T aestivum cvs. Wyuna and Chinese Spring, but a size difference existed
for EcoRI, probably due to differences in the flanking sequences, as the sequence data
for the Ae. tauschii PDI gene and sections of its homologue isolated from T. aestivum
did not exhibit variations for this site. Further, the latter appears to be expressed in
developing wheat endosperm, as a cDNA clone WPDI3, highly similar (99.8%) to the
exons in the Ae. tauschii gene, has been isolated from a cDNA library from this tissue
(Johnson et al. 2001). As has been found for other genes (Section 1.5.5), the PDI gene
from Ae. tauschii and its homologue from T. aestivum, revealed an extremely high
degree of conservation, particularly for exon sequences (99.9%) in comparison to
introns (97.7%). One noteworthy difference was a 34bp deletion in intron 1 of the T.
aestivum D-genome based gene, a polymorphism which may be useful for the

development of a molecular marker for this gene.

Our Southern blots also confirmed a single strong hybridisation signal of a size
corresponding to the PDI gene reported to be on chromosome 4A in T. aestivum (Ciaffi
et al. 1999). Isolation and analysis of the tetraploid T. turgidum PDI genes was then
utilised to address the PDI gene from the A genome of T. aestivum. Sequencing of most
of the A-genome PDI gene in T. turgidum had been reported as our work was underway
(Ciaffi et al. 2001), the current study thus confirmed these results and contributed an
additional 86bp of the 3> UTR of the gene. The near-complete identity between the
wPDI1 ¢cDNA clone isolated previously from a T. aestivum developing endosperm
cDNA library (Johnson et al. 2001), exons of the T. turgidum A-genome PDI gene
(Ciaffi et al. 2001; Section 3.3.3), and those on sections of the corresponding gene

cloned from T. aestivum (Section 3.4.1) suggests that the PDI gene on the A genome is
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highly conserved between the tetraploid and hexaploid wheat and actively expressed in

the developing endosperm in the latter.

3.7.2 The sequenced PDI gene of T. aestivum and T. turgidum is from chromosome
4B

Due to the complexity associated with identifying individual genes in cases of multi-
gene families, a number of factors were brought together, such as (i) the partial
sequence information for a T. turgidum B genome PDI gene, of unknown chromosomal
location (Ciaffi et al. 2001); (ii) our sequence data for T. turgidum PDI genes showing
only two sequence classes, one of these being the PDI 4A gene (Section 3.3.3); (ii1) our
second sequence class, i.e., for a T. turgidum B-genome PDI gene, overlapping the
Ciaffi et al. (2001) sequence with 100% identity and extending it further, leading to
identification of a second ECORI in this gene (Section 3.3.3); (iv) the three sections of
the equivalent gene from T. aestivum showing very high identity (>99.5%) to the
corresponding sections of the T. turgidum contig and the extra ECORI site (Section
3.4.2); (v) the two internal ECORI sites, observed only in this gene, being able to clearly
explain the 1.8 kb bands on the Southern blots (Ciaffi et al. 1999; Figures 3.1A and
3.10), which had been localised to the chromosome 4B (Ciaffi et al. 1999); and (vi) the
c¢DNA clone WPDI2 isolated previously (Johnson et al. 2001), which showed two
internal ECORI restriction sites and most homology to the exon sequences in TtPDIB
and the three sections of its homologue in T. aestivum. Considering these factors
together, it appears that the gene of T. turgidum reported by Ciaffi et al. (2001) and
extended by us, and its three homologous sections from T. aestivum, represent the PDI
gene on chromosome 4B, it being highly conserved between T. turgidum and T.
aestivum, exhibiting an extra internal ECORI site, and expressed in the developing
endosperm of common wheat, as attested by an equivalent cDNA being isolated from
this tissue. Further, based on the reported sizes in the ECoORI digests for the second
putative B-genome PDI gene (from chromosome 1B), the intensity observed for the
1.8kb band in our blots (Figures 3.1A and 3.10), and our sequence data (Section 3.3.3
and 3.4), it appears that this band and the gene discussed above do not represent the 1B
gene, therefore the contig TtPDIB will henceforth be referred to as TtPDI4B.
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3.7.3 The PDI gene on chromosome 1B may be a partial, non-functional gene

The lack of a third sequence type from T. turgidum, a fourth sequence type for T.
aestivum cv. Katepwa or a fourth type of cDNA, and the Southern blots on ECORI-
digested DNAs using the 838bp cDNA probe clearly lacking the appropriate fragment
strongly indicated that the gene suggested to be present on chromosome 1B was absent,
at least in the accessions we were studying. However, confirming its presence or
absence and addressing its sequence (if present) were critical for the genetic and
physical mapping work (Chapters 4 and 5). The restriction maps of the three PDI genes
were then constructed utilising the data discussed above, i.e., results of Southern blots
of DNAs of various genotypes (Figure 3.1), the sequence data for various genes or gene
sections discussed above (Sections 3.3.3 and 3.4), the conserved ECORI site in the PDI
genes from T. turgidum, Ae. tauschii and their corresponding sections from T. aestivum,
and all three cDNA types from T. aestivum and a second ECORI site unique to the PDI
gene on chromosome 4B and the cDNA wWPDI2. The results of Southern blots of ECORI
digests utilising the 838bp probe (mainly covering 659bp, from exons 4 to 8), ie., one
strongly hybridising band for Ae. tauschii, two for T. turgidum and three for both
cultivars of T. aestivum, explained the sequence data and the maps put together for these
genes, but did not exhibit the ~4.6kb fragment from the chromosome 1B gene in T.
aestivum; this was expected at least in Chinese Spring (Ciaffi et al. 1999). All of these
bands would comprise the sections 3’ to the conserved ECORI site in exon 4 in the
respective genes, as this probe was complementary to only a small section of the genes
5’ to this site (179bp of exons 3 and 4) possibly producing bands too faint to observe,
and also did not cover the section 3’ to the second ECORI site in the 4B gene. The
longer, 1466bp cDNA probe, stretching through nearly all exons, was then used to
address this shortcoming, and as expected, produced (at least) 6 observable bands,
covering all EcoRI fragments. It is not clear why Ciaffi et al. (1999; 2000) were unable
to visualise the ~3.6kb and ~5.7kb EcoRI bands on their Southerns, conducted with a
similar probe; differences in hybridisation conditions and/or detection methods may be

able to address this issue.

It was then necessary to investigate whether the ~4.4kb fragment observed with this
probe represented the PDI gene on chromosome 1B as suggested by (Ciaffi et al. 1999),

or the 5’ EcoRI fragment(s) of one (or more) of the three genes which could not be seen
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with the shorter probe, or both. The results of a unique experiment conducted for this
purpose, i.c., isolation of the corresponding gel fraction, followed by a successful
amplification from it of a section of the gene preceding the conserved ECORI site, but
the low levels or complete absence of a PCR product with primers for the section 3’ to
it, suggest that the ~4.4kb band does represent a 5° ECORI fragment of PDI gene(s). It
might represent one or more of the genes discussed above (4A, 4B or 4D), or
additionally, include the 1B gene, which might be a partial gene, missing some
downstream sequences. These possibilities would need to be explored further through
the analysis of other cultivars of T. aestivum. However, the absence of a fourth class of
c¢DNAs in our search or ESTs or TC sequences amongst the 492,694 ESTs used to
construct the TIGR TaGI database suggests that, if at all present, this gene is not

expressed.

This Chapter has provided a comprehensive characterisation of the PDI gene family in
T. aestivum, Ae. tauschii and T. turgidum. The data generated in this Chapter has
permitted the characterisation of the parental lines used in the construction of mapping
populations (Section 1.8.4.1) to identify inter-cultivar polymorphism and design
molecular markers for the genetic mapping of these genes discussed in Chapter 4.
Further, the design of AS-primers for each of the PDI genes in this Chapter has allowed
the physical mapping of the PDI genes of wheat to chromosomal ‘bins’ and preliminary

investigations into orthology between rice and wheat discussed in Chapter 5.
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Chapter 4 Development of Molecular Markers and Genetic Mapping
of the PDI Genes
ABSTRACT

The characterisation of the PDI gene family in the previous chapter has permitted the
analysis of these genes in seven other cultivars used in the development of genetic
maps. Partial sequencing of the three PDI genes identified a single SNP in each of the
genes on chromosomes 4AL and 4BS, however no polymorphism was identified in the
PDI gene on chromosome 4D after sequencing over 80% of this gene in the eight
cultivars. The SNP identified in the PDI gene on chromosome 4A was found to be
polymorphic between the Cr x Hb, Sc x Ta and CD x Ka crosses, while the SNP
identified in the PDI gene on 4BS was found to be polymorphic in the CD x Ka, only.
These SNPs were used to develop molecular markers for both the 4AL and 4BS genes,
exploiting RFLPs for Sml and Bsu36l, respectively, to identify each allele through the
generation of characteristic-sized restriction fragments due to the presence of the SNPs.
The molecular markers were subsequently used to screen the doubled haploid progeny
of each of the crosses containing the polymorphic SNPs revealing co-segregation of the
PDI4A marker (XvutPDI) with a number of AFLP and SSR markers localised to
chromosome 4A as well as the GERMIN marker, linked to an oxalate oxidase gene
(germin) involved in a number of important traits including, germination, stress
response and pathogen defence. Similarly, the PDI4B marker (XvutPDIb) was found to
be linked to a number of anonymous, random SSR, RFLP and AFLP markers localised
to chromosome 4B and the XGERMINB marker, linked to a homeologue of the germin
gene described above. A number of studies have revealed QTLs mapped to
chromosomes 4A and 4B and future studies will allow the association between these
PDI markers and these QTLSs.
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4.1 INTRODUCTION

As stated in Section 1.10 one of the main aims of this project was to develop molecular
markers for the PDI genes of wheat to permit their integration into wheat genetic maps.
This process will provide a number of benefits in elucidating the role of PDI in wheat,
particularly, (1) allowing the involvement of PDI in dough processing traits to be
dissected through assessment of any association of the genes encoding PDI with QTLs
for storage protein deposition and dough mixing properties, (2) identifying other in vivo
roles for PDI in physiological processes in wheat through the association of PDI-
specific markers with QTLs for such traits, (3) identifying beneficial alleles of PDI
influencing traits of agronomic importance, and allowing their rapid selection in
breeding programs using marker assisted selection and, (4) as for all new markers,
integrating the PDI molecular markers into genetic maps will improve the genome
coverage of those maps and thus, their effectiveness in the genetic analysis of wheat.

The partial characterisation of three PDI genes putatively localised to chromosomes 4A,
4B and 4D in T. aestivum cv. Katepwa in Chapter 3 has provided the basis for
comparing the homologous regions in the PDI genes other cultivars previously used to
establish genetic mapping populations (Section 1.8.4.1). The amplification and
sequencing of the equivalent sections of these three genes in the cultivars Cranbrook,
Halberd, Egret, Sunstar, Sunco and CD87 will allow the identification of any inter-
cultivar polymorphism in these genes that can be used to develop PDI-specific
molecular markers. The inheritance of these markers and thus, the PDI genes, can then
be determined in the doubled haploid progeny of these crosses to trace their segregation
with the numerous RFLP, SSR, AFLP and gene-specific markers present in the genetic
maps (Section 1.8.4.1) developed from these crosses to identify any linkage and allow
the integration of these genes into the genetic maps. The integration of these genes into
the genetic maps would prove useful in analysing the contribution of the PDI genes in
dough processing traits as all three segregate for such traits: dough extensibility in
Sunco x Tasman and CD87 x Katepwa, dough strength in Cranbrook x Halberd and
dough strength and extensibility in a genetic background with similar storage protein
alleles in Egret x Sunstar (Table 1.2). Thus, this Chapter describes the use of the AS-
primers used in the amplification of the PDI genes from T. aestivum cv. Katepwa to

characterise the homologous PDI genes in these seven other parental cultivars, the
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development of PDI-specific molecular markers and genetic mapping of the PDI genes
of wheat.

42  THE PDI GENES IN THE PARENTAL CULTIVARS

4.2.1 Isolation and characterization of the PDI gene on chromosome 4A

To assess the level of conservation of the PDI4A gene in T. aestivum and identify any
inter-cultivar polymorphism, the homologous regions in the cultivars Cranbrook,
Halberd, Egret, Sunstar, Sunco, Tasman and CD87 were amplified with the four pairs of
allele-specific primers used in the characterisation of the PDI gene in T. aestivum cv.
Katepwa (Table 2.6, Figure 2.4) producing products similar in size to those generated
from Katepwa (Figure 4.1). Direct sequencing of these products allowed the assembly
of two contiguous regions in all cultivars, one ranging in size from 1316bp (Sunco) to
1391bp (Katepwa) and the other 458bp (Sunco, Tasman, CD87 and Katepwa) to 506bp
(Cranbrook, Halberd, Egret and Sunstar) (Appendix Il11A). The differences in the
lengths of these sequences in these cultivars were due solely to trimming of the ends of
the sequences due to differences in the quality of the sequence data generated from each
and were not due to size polymorphisms between the cultivars. Multiple sequence
alignments of the characterised sections in the 8 mapping cultivars revealed only a
single inter-cultivar polymorphism in the characterised sections of the PDI gene from
the A genome of T. aestivum, a G-T substitution at a position equivalent to base pair
1850 in TtPDI4A that was polymorphic in the Cranbrook x Halberd, Sunco x Tasman
and CD87 x Katepwa crosses (Appendix I11A; Figure 4.3A).

4.2.2 lIsolation and characterization of the PDI gene on chromosome 4B

To assess the level of conservation of the PDI4B gene in T. aestivum and identify any
inter-cultivar polymorphism, the three allele-specific primer pairs used in the
characterisation of this gene in T. aestivum cv. Katepwa (Table 2.4, Figure 2.4) were
used to amplify the corresponding gene sections from the seven cultivars of T. aestivum
listed in the previous section (Section 4.2.1) producing PCR products equivalent in size
to those amplified from T. aestivium cv. Katepwa (Figure 4.2). Direct sequencing of
these PCR products allowed the assembly of three contiguous regions of 247bp (Egret)
to 291bp (Halberd, Sunco, Tasman, CD87 and Katepwa), 696bp (Sunstar) to 824bp
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(Katepwa) and 560bp (Sunco) to 638bp (CD87 and Katepwa) (Appendix I11B). Again,
these size differences were due to quality trimming of the sequences and not true
polymorphisms. Multiple sequence alignment of these gene sections from the eight
mapping cultivars revealed a single SNP, an A-T substitution at the end of intron 9 at a
position equivalent to base pair 3106 in TtPDI4B that was polymorphic in the CD87 x
Katepwa cross (Appendix I11B; Figure 4.4B).

4.2.3 Isolation and characterization of the PDI gene on chromosome 4D

Six allele-specific primer pairs used to characterise the PDI4D gene from T. aestivum
cv. Katepwa (Table 2.4, Figure 2.4) were used to specifically amplify the homologous
sections from the seven cultivars of T. aestivum described above (Section 4.2.1)
revealing sizes similar to those from T. aestivum cv. Katepwa (Figure 4.2). Direct
sequencing of these products allowed the construction of four contiguous sections
ranging in size from (i) 769bp (Egret) to 839bp (Cranbrook); (ii) 436bp (Tasman) to
488bp (Sunstar); (iii) 765bp (Cranbrook) to 889bp (Sunstar); and (iv) 950bp
(Cranbrook) to 1032bp (CD87) (Appendix I1ID). Multiple sequence alignment of these
gene sections revealed 100% sequence conservation of gene sequences in all cultivars

over the characterised regions (Appendix I1ID).
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Figure 4.1  Amplified sections of the A and B genome PDI genes of T. aestivum

The PCR products generated from the A and B genomes of eight cultivars of T.
aestivum. Primer pairs are listed on the right (Table 2.4 and Figure 2.4). Legend: M:
100bp marker; Cr: Cranbrook; Hb: Halberd; Eg: Egret; Ss: Sunstar; Sc: Sunco; Ta:

Tasman; CD: CD87; Ka: Katepwa.
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Figure 4.2  Amplified sections of the D genome PDI gene of T. aestivum
The PCR products generated from the D genome of eight cultivars of T. aestivum.
Primer pairs are listed on the right (Table 2.4 and Figure 2.4). Legend: M: 100bp

marker; Cr: Cranbrook; Hb: Halberd; Eg: Egret; Ss: Sunstar; Sc: Sunco; Ta: Tasman;
CD: CD87; Ka: Katepwa.
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Figure 4.3
The alignments highlighting the SNPs identified in the PDI genes in the A (A) and B
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trace files displayed are representative of the similar result obtained for the Sunco x

Tasman and CD87 x Katepwa cultivars.

sections of all cultivars are shown in full in Appendix I11.
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43  DESIGN AND TESTING OF A TaPDI4A-SPECIFIC MARKER

The G/T SNP in the 900bp section of the TaPDI4A genes amplified with the
PA3F/PA3R primer pair from Cranbrook x Halberd, Sunco x Tasman and CD87 x
Katepwa (Figure 4.1; Section 4.2.1) was analysed with the restriction mapping program
of the BioEdit software package (Section 2.6.3.4). This was undertaken to determine
whether the polymorphism resulted in the loss or gain of any restriction sites that could
be exploited to distinguish the two alternative genotypes in the mapping populations
generated from these crosses. This analysis revealed that the single Smll restriction site
at position 357 of the above 900bp PCR product generated from Halberd, Sunco and
Katepwa was absent in that amplified from Cranbrook, Tasman and CD87. An
alternative reverse primer PA3RB located 87bp downstream of the PA3R used in the
amplification of the TaPDI4A PCR-RFLP marker was predicted to produce a 987bp
product in all of the parental lines which after Smll digestion would be expected to
produce an undigested 987bp product in Cranbrook, Tasman and CD87 and 630bp and
357bp products in Halberd, Sunco and CD87 (Figure 4.4A).

The effectiveness of the Smll PCR-RFLP marker was tested on the eight parental
cultivars used in the generation of the genetic mapping populations. Amplification of
gDNA with the PA3F/PA3RB primer pair resulted in a 987bp product in all lines (data
not shown), which, after digestion with Smll, resulted in two bands in Halberd, Egret,
Sunstar, Sunco and Katepwa, with a faint band at 987bp, presumably as a result of
incomplete digestion of the original PCR product and an intact 987bp product in
Cranbrook, Tasman and CD87 (Figure 4.4B).
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Figure4.4  Development and testing of the TaPDI4A PCR-RFLP marker

A: The principle of the PCR-RFLP markers for the TaPDI4A gene. The size of the
predicted amplicon (987bp) and Smll restriction site (S) and the predicted sizes of the
products of restriction digestion with Smll are shown. The positions of the primers, the
exons (5-7) and introns (V and VI) are shown. B: The products of digestion of the
PA3F/PA3RB amplicons with Smll from the eight parental cultivars. The different
genotypes of the TaPDI4A gene in the Cr x Hb, Sc x Ta and CD x Ka crosses are clearly
identifiable with this marker. M: 100bp marker.
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44  DESIGN AND TESTING OF A TaPDI14B-SPECIFIC MARKER

In a similar method to that undertaken to identify the presence of any unique restriction
sites in the PA3F/PA3R PCR product described above (Section 4.3), the 653bp
PB3F/PB3R PCR product, which was found to contain an A/T SNP polymorphic
between the CD87 and Katepwa cultivars (Section 4.2.2), was analysed to identify the
loss or gain of any restriction sites to distinguish the two alternative genotypes in the
mapping population derived from this cross. The restriction maps revealed a conserved
Bsu361 restriction site at position 169 of both 653bp PCR products, however the A/T
SNP in the PCR product from Katepwa introduced a second Bsu36l site in this PCR
product at position 551 (Figure 4.5A). Thus, a PCR-RFLP assay was devised that
would identify the CD87 genotype as the presence of 484bp and 169bp restriction
fragments after digestion of the PB3F/PB3R amplicon with Bsu36l and the Katepwa
genotype as the presence of 382bp, 169bp and 102bp restriction fragments after Bsu36l
digestion (Figure 4.5A).

The effectiveness of the Bsu361 PCR-RFLP marker was first tested on all eight parental
cultivars used in the generation of the genetic mapping populations. Amplification of
gDNA with the PB3F/PB3R primer pair resulted in the predicted 653bp product from
all cultivars (data not shown), which, after digestion with Bsu36l resulted in the
generation of the 382bp fragment from Katepwa only, however the predicted 169bp and
102bp fragments could not be visualised on the agarose gel (Figure 4.5B). In contrast,
the PCR products from the 7 other cultivars were digested to produce the predicted
484bp and faint 169bp fragments, in addition, the 653bp, undigested product was still
readily visible, again presumably due to partial digestion of the PCR product (Figure
4.5B).
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Figure 4.5  Development and testing of the TaPDI14B PCR-RFLP marker

A: The principle of the PCR-RFLP markers for the TaPDI4B gene. The size of the
predicted amplicon (653bp) and internal Bsu361 restriction sites (B) and the predicted
sizes of the products of restriction digestion with Bsu361 are shown. The positions of
the primers, the exons (7-10) and introns (VII-1X) are shown. B: The products of
digestion of the PB3F/PB3R amplicons with Bsu36l from the eight parental cultivars.
The different genotypes of the TaPDI4B gene in the CD x Ka cross are clearly
identifiable with this marker. M: 100bp marker.
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45  GENOTYPING OF PDI MARKERS IN MAPPING POPULATIONS

As the PDI molecular markers were found to effectively identify the genotypes of the
TaPDI4A and TaPDI4B genes in the parental cultivars, they were subsequently tested
on the doubled haploid genetic mapping populations generated from these crosses
(Section 2.14.2), to identify any linkage between these genes and other markers

genotyped in the same populations (Section 1.8.4.1).

45.1 Genotyping the TaPDI4A marker

The TaPDI4A marker was amplified from gDNA isolated from the 160 doubled haploid
progeny of the Cranbrook x Halberd cross with the PA3F/PA3R primers and digested
with Smll resulting in the genotyping of this PCR-RFLP in 154 of the 160 available
progeny and the absence of a PCR product in the remaining 6 progeny (Figure 4.6).

Likewise, the assay of the 180 doubled haploid progeny from the Sunco x Tasman cross
revealed very clear differentiation of the TaPDI4A genotypes in 174 of the 180 progeny,
with the absence of a PCR product in the remaining 6 progeny (Figure 4.7).

The TaPDI4A PCR-RFLP marker was also used to genotype the 180 available doubled
haploid progeny of the CD87 x Katepwa cross, revealing a much lower success rate
than above two crosses (Figure 4.8) with only 60 of the 180 lines positively genotyped
and the failure of the PCR in 120 of the progeny. As such, the assay was repeated to
discount experimental errors in the original assay, however, a lower success rate than
that obtained for the other crosses was again obtained, improving the total genotyped
progeny in the two assays to 84 of the 180 available with apparent failure of the PCR in
the 96 remaining progeny (Figure 4.8).
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Figure 4.6  To be continued.
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M 117 + 128 W M 129 +140 W

141 +150 Cr Hh M 151 +160

Figure 4.6  The TaPDI4A marker assayed in the Cr x Hb DH progeny

The data generated from the 160 doubled haploid progeny of the Cr x Hb cross assayed
for the TaPDI4A PCR-RFLP marker. The figure shows the results of restriction
digestion of the PA3F/PA3RB PCR product from 160 DH progeny of Cr x Hb with
Smll. 1-160: various DH progeny of the Cr x Hb cross, M: 100bp marker, W: No
template negative control, Cr: Cranbrook gDNA, Hb: Halberd gDNA.
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92 +107 M 108 +123

Figure 4.7  To be continued.



Chapter 4 159

124 + 138 Sc M139 152 Ta W

Figure 4.7  The TaPDI4A marker assayed in the Sc x Ta progeny

The data generated from the 180 doubled haploid progeny of the Sc x Ta cross assayed
for the TaPDI4A PCR-RFLP marker. The figure shows the results of Sc x Ta with
Smll. 1-180: various DH progeny of the Sc x Ta cross, M: 100bp marker, W: No
template negative control, Sc: Sunco gDNA, Ta: Tasman gDNA.
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Figure 4.8  To be continued.
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Figure 4.8  To be continued.
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Figure 4.8  The TaPDI4A marker assayed in the CD x Ka progeny

The data generated in duplicate from the 180 DH progeny of the CD x Ka cross assayed
for the TaPDI4A PCR-RFLP marker. The figure shows the results of restriction
digestion of the PA3F/PA3RB PCR product from 180 DH progeny of CD x Ka with
Smll. 1-180: various DH progeny of the CD x Ka cross M: 100bp marker, W: No
template negative control, CD: CD87 gDNA, Ka: Katepwa gDNA.
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4.5.2 Genotyping the TaPDI14B marker

Amplification of the gDNA of the doubled haploid progeny of the CD87 x Katepwa
cross with the PBF3/PBR3 primer pair and subsequent restriction digestion with Bsu36l
resulted in the genotyping of 118 of 180 progeny and the absence of PCR products in
the remaining 62 progeny lines (Figure 4.9).

4.6 LINKAGE MAPPING OF TaPDI4A AND TaPDI4B

Analysis of the above marker data for the TaPDI4A gene (XvutPDI) with the Map
Manager QT software package (Section 2.14.2) allowed the integration of this gene-
specific marker into the genetic maps generated from the Cr x Hb, Sc x Ta and CD x Ka
crosses (Figure 4.10). In agreement with our results in Chapter 3 in conjunction with
the findings of Ciaffi et al. (1999; 2001; Section 1.5.5), the gene mapped to
chromosome 4A in all crosses and further, was found to be closely linked to the
GERMIN marker (Lane et al. 1993) and a number of anonymous markers, especially the
Xwmc48a SSR marker (Harker, et al. 2001), in all of the crosses.

Similarly, the analysis of the marker data generated for the TaPDI14B gene (XvutPDIb)
allowed its integration into the genetic map generated from CD x Ka cross (Figure
4.11). Although fewer markers had been scored in these progeny at the time of analysis
(12/03), the XvutPDIB marker was found to be linked to the XGERMINB marker (Lane
et al. 1993) and a number of anonymous markers on chromosome 4B (Figure 4.11).
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Figure 4.9  To be continued.
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Figure 4.9  The TaPDI4B marker assayed in the CD x Ka DH progeny

The data generated from the 180 doubled haploid progeny of the CD x Ka cross assayed
for the TaPDI4B PCR-RFLP marker. The figure shows the results of restriction
digestion of the PB3F/PB3R PCR product from 180 DH progeny of CD x Ka with
Bsu36l. 1-180: various DH progeny of the CD x Ka cross M: 100bp marker, W: No
template negative control, CD: CD87 gDNA, Ka: Katepwa gDNA.
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Figure 410 Comparative linkage maps from (A) chromosome 4A and (B)
chromosome 4B of T. aestivum

The PCR-RFLP markers for the TaPDI4A and TaPDI4B genes are shown in boxes with
an asterisk and denoted as XvutPDI and XvutPDIb, respectively. Markers common to
the different crosses are shown connected by lines. The Germin markers, linked to the
PDI genes, are boxed, as are the flanking markers defining part of a wheat QTL on
chromosome 4B for reaction to head scab. Distances (in cM) and marker names are
shown on the right and left of the map, respectively.
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4.7 DISCUSSION
4.7.1 The design of markers for the TaPDI4A and TaPDI4B genes

The identification of an inter-cultivar polymorphism in the PDI genes putatively located
on chromosomes 4A and 4B through our analysis of the PDI gene family (Sections
3.7.1 and 3.7.2) and the work of Ciaffi et al. (1999; 2001) has permitted the
development of allele-specific PCR-RFLP markers to differentiate the alleles from
different cultivars. The identification of a unique Smll site in a gene section amplified
from the TaPDI4A gene allowed a restriction digestion profile to be generated easily
from each of the two alleles. Likewise, the unique Bsu36l restriction site in the gene
section amplified from the TaPDI4B gene also permitted a straight-forward
differentiation of the different alleles. Although both markers were based on a similar
premise, eg. assaying for the presence of a SNP in a PCR product with a restriction
enzyme, the TaPDI4A marker had a limitation that it could only distinguish between
digested and undigested products. Thus, there was a small possibility of any band of the
original size (987bp) being the result of unsuccessful digestion (due to experimental
errors) rather than a true allele lacking the restriction site. Therefore, every possible
care had to be taken to ensure that the restriction enzyme was functional and digested
the expected products. The chances of such an occurrence were minimised through
extended restriction digestion incubation times (4 hours) and the use of total genomic
DNA of the parental lines to act as positive controls. In contrast, the TaPDI4B marker
had the benefit of digesting both alleles, producing characteristic patterns of digestion.
Thus, failure of the digestion was easily recognised as a 653bp product and the two
alleles could be easily identified through the presence of the expected sized bands,
especially the clearly visible 484bp or 382bp bands in the two alternate alleles (Figures
4.5 and 4.9).

The analysis of over 80% of the PDI gene putatively localised to the D genome
(Chapter 3) in the eight cultivars of T. aestivum used in the development of genetic
maps (Kammholz et al. 2001) failed to identify any polymorphism in this gene between
these cultivars (Section 4.2.3). This compares to the identification of a single SNP in
the PDI genes localised to the A and B genome when only ~50% of these genes were
characterised (Sections 4.2.1 and 4.2.2). This finding is in agreement with reports of

lower levels of polymorphism within the D genome of T. aestivum, as reflected in the
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lower numbers of markers mapped to this genome when random, anonymous markers
are used in the assembly of genetic maps (Section 1.8.4.1) and has led to concerted
efforts to develop D-genome specific markers (Pestova et al. 2000). Thus, future efforts
to develop a molecular marker for the PDI gene in the D genome of T. aestivum may

require looking for polymorphisms in the genomic sequences flanking this gene.

4.7.2 Genetic mapping of two PDI genes

The genotyping of the XvutPDI (TaPDI4A) marker in the doubled haploid progeny of
the Cr x Hb, Sc x Ta and CD x Ka crosses permitted the identification of segregation of
this marker with a number of anonymous (RFLP, SSR and AFLP) and gene-specific (ie.
GERMIN) markers previously analysed in these progeny (Chalmers et al. 2001). Thus,
the XvutPDI marker was successfully incorporated into linkage groups localised to
chromosome 4A in all three of these crosses (Chalmers et al. 2001), providing genetic
evidence supporting the chromosomal location of this gene (Chapter 3; Ciaffi et al.
1999; 2001). Likewise, scoring of the XvutPDIb (TaPDI4B) marker in the doubled
haploid progeny of the CD x Ka cross produced sufficient data to identify segregation of
this PDI marker with a number of anonymous AFLP (eg. P32/M32-2), SSR (eg.
Xgwm149) and gene-specific (XGERMINB) markers (Chalmers et al. 2001). Thus, the
XvutPDIb marker could be incorporated into the linkage group localised to chromosome
4B, supporting the putative chromosomal location of this gene (Chapter 3; Ciaffi et al.
2001). It must be noted that the results of scoring of both the XvutPDI and XvutPDIb
markers in the CD x Ka cross produced relatively lower success rates compared to the
other crosses (Figures 4.8 and 4.9) and, in the case of the XvutPDI marker, required a
repeat of the assay to increase the number of scored markers (Figure 4.8). The problem
was most likely due to the quality of the template DNA isolated from the doubled
haploid progeny of the CD x Ka cross, as the XvutPDI marker assay was successful in
the Sc x Ta and Cr x Hb screens and lower success rates were observed in both of the

assays using this gDNA.

Further analysis of the markers linked to the TaPDI4A and TaPDI4B genes revealed
that on the CD x Ka and Sc x Ta chromosome 4A maps, the xgermin (XGERMIN A)
marker was found to be linked to the TaPDI4A gene and on the chromosome 4B map,
the XGERMINB marker appears linked to the TaPDI4B gene. Thus, the PDI genes
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appear to be closely associated with another gene of agronomic importance, as the
Germin genes encode a family of extracellular matrix oxalate oxidases that are involved
in the production of H,O, through the oxidative breakdown of oxalate. Germins were
first utilised as a marker of early plant germination, as they are synthesised at the onset
of growth of germinating wheat embryos, where they are believed to be involved in
embryo hydration and restriction of cell growth through cross-linking of cell walls
(Lane et al., 1993; Caliskan and Cuming, 1998). They have subsequently been found to
be important in a number of other processes, including pathogen defence and stress
tolerance in wheat (Berna and Bernier, 1999; Patnaik and Khurana, 2001; Lane, 2002).

4.7.3 QTLs mapping to the group 4 chromosomes of wheat

The genetic mapping of these two PDI genes has opened the possibility of determining
their association with QTLs of agronomic importance. There have been a number of
reports of QTLs for important traits mapped to the chromosome arms carrying the
mapped PDI genes of wheat, 4AL and 4BS, in the populations developed by Kammbholz
et al. (2001) (Section 1.8.5.1). Specifically, chromosome 4AL has been shown to have
QTLs involved in starch characteristics including starch viscosity and flour swelling
(Batey et al. 2001). This chromosome arm also carries a QTL involved in pre-harvest
sprouting (Mares and Mrva, 2001; Mares et al. 2002). Recent research on this pre-
harvest sprouting QTL has found that the XvutPDI marker flanks this QTL and has
proven useful as a flanking marker in following the inheritance of this locus in wheat
crosses (Cakir et al. 2003). Chromosome 4BS has been found to have QTLs involved
in many important traits including plant height (Batey et al. 2001; Mares and Campbell,
2001; Rebetzke et al. 2001), leaf 1 length (+GA), internode length, coleoptile length
(Rebetzke et al. 2001), flour colour, grain size (Mares and Campbell, 2001), hardness
(Osborne et al. 2001) and % of B-type starch granules (Batey et al. 2001). It is unclear
at this stage as to whether the XvutPDIb marker co-segregates with these QTLs.
Relatively few QTL studies have focussed on dough processing traits in wheat, however
QTLs for dough strength have been identified on chromosomes 1A, 5D and 3B
(Perretant et al. 2000) and QTLs for a number of dough processing traits were identified
including chromosomes 4A and 4D (Zanetti et al. 2001). Interestingly, recent work by
Ma et al. (in press, 2005) has revealed a significant epistatic interaction between the

GluB1 locus on chromosome 1B and the 4AL region near the centromere where the PDI
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has been localised. This observation is consistent with the predicted significance of the
PDI locus and further work is needed to develop this further. Future analysis of these
QTLs will identify any association between the PDI markers and as more QTL studies
are conducted in the future, especially those focussed on dough processing traits, any
association between any of these new QTL and the PDI genes of wheat can be
identified and any functional association between these enzymes and such traits can be

further elucidated.
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Chapter 5 Investigations into Orthology Between the PDI Loci of
Wheat and the esp2 Locus of Rice
ABSTRACT

Reports on the identification and characterisation of a rice mutant, esp2, revealed the
presence of aberrant storage protein deposition in conjunction with the absence of PDI
expression. This report, thus, provides evidence of a direct role for PDI in storage
protein depositions and thus the presence of a hypothetical QTL for such a trait at the
esp2 locus of rice. As orthology has been established between many of the crop plants,
it was possible that this hypothetical QTL for storage protein deposition may be present
in wheat also. As the esp2 mutant exhibited a lack of PDI expression it was conceivable
that the mutation was directly to the PDI gene or flanking regulatory sequences. A
comparison of the esp2 locus and the PDI gene of rice revealed they were present at
similar positions in the rice genome on the short arm of chromosome 11 distal to the
S20163S RFLP marker. In order to determine whether flanking genes present at the
PDI locus of rice were also present at similar loci in wheat an analysis of a 1Mb region
of the TIGR rice genome assembly 2004 on chromosome 11 containing the PDI gene to
identify putative expressed wheat orthologs present in the TIGR TaGl database revealed
34 tentative consensus (TC) sequences with high sequence similarity to sequences at the
PDI locus of rice. Subsequent analysis revealed that 9 of the ESTs used in the assembly
of these TC sequences had been sequenced from 5 probes used in physical mapping
experiments as part of the US Wheat EST project. Two of these probes were specific
for the PDI gene of wheat and the three others for genes putatively orthologous to those
flanking the rice PDI gene. Analysis of this data revealed that all five probes identified
loci in the group 4 chromosomes of wheat; however the reported physical loci for the
two PDI probes were contradictory, with different loci on chromosome 4AL. To clarify
this contradiction the PDI genes of wheat were localised to chromosomal ‘bins’ using
AS-PCR, confirming their presence on, and refining their locations to bins on the
proximal section of chromosome 4AL and the distal sections of chromosomes 4BS and
4DS. Thus, the presented data provides preliminary evidence of orthology between the
PDI loci of rice and wheat and therefore the presence of a QTL involved in storage

protein deposition at the PDI loci of wheat.
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5.1 INTRODUCTION

One of the potentially important roles of the PDI gene family in wheat is their
involvement in the folding and deposition of the storage proteins in the developing
endosperm. As explained in Section 1.5.6, this role could be critical in determining the
end-use quality characteristics of different wheat cultivars, as allelic variations or
differences in expression patterns of the PDI genes could potentially have downstream
effects on the size and/or organization of the protein bodies in the endosperm and thus,
on the rheological characteristics of the dough. The characterization of the PDI gene
family in wheat (Chapter 3) and subsequent development of molecular markers and
genetic mapping of two of the three PDI genes (Chapter 4) has provided the means for
the further quantitative genetic analyses of these genes in wheat to elucidate a genetic
link between these genes and variations in storage protein deposition and/or the

rheological characteristics of dough.

As described in Section 1.5.6, work by Takemoto et al. (2002) has provided important
evidence supporting a direct role for PDI in the deposition of storage proteins in a grass
species. This work found that the chemically-induced rice mutant, esp2, which exhibits
aberrant storage protein deposition in the rice grain, was lacking PDI expression,
providing the first direct link between PDI and the deposition and organisation of the
storage proteins, specifically the prolamins, in a grass crop. Such a relationship
provides the basis for the presence of a hypothetical QTL involved in the deposition of
storage proteins at the esp2 locus of rice. Whether an orthologous QTL for storage
protein deposition is present wheat is currently unclear, however, support for such a
locus is provided by the conservation of other QTLs at orthologous loci in barley,
wheat, rice and maize for a number of important traits including, vernalisation,
flowering time, plant height, dwarfism and shattering (Section 1.9.2). Further, the
absence of PDI expression in the esp2 mutant suggests that such an orthologous QTL
could be at the PDI loci in wheat. However, it is yet to be established that the esp2
locus contains the PDI gene in rice, as the absence of PDI expression in this mutant
could conceivably be due to mutations in trans-acting regulators of PDI expression.
Thus, it first must be established whether the PDI gene in rice and the esp2 locus are
present at the same genetic map positions and the physical chromosomal loci of the PDI
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genes in wheat must be firmly established. Our current knowledge of the PDI loci in
wheat was provided by nullisomic/tetrasomic and ditelosomic analysis by Ciaffi et al.
(1999; Section 1.5.5) wherein, they identified three loci on chromosomes 4AL, 4BS and
4DS and in some cultivars a fourth locus on chromosome 1B. Our investigations of this
fourth locus in Chapter 3 suggested that, if present at all, it is a partial, non-expressed
gene. This Chapter describes the investigation of the esp2 locus of rice, providing
evidence that it is at the same position as the rice PDI gene and the finer physical
mapping of the PDI genes of wheat using Chinese Spring chromosomal deletion lines
(Section 1.8.3). The use of publicly-available rice and wheat genomic data to allow a
comparison of putative genes at the PDI locus of rice with the physical map positions of
expressed wheat genes is also described, providing preliminary evidence for orthology
between these loci and, thus, a QTL for storage protein deposition at the PDI loci of

wheat.

5.2 COMPARISON OF THE OF RICE PDI AND esp2 LOCI

5.2.1 ldentification of a rice BAC containing the putative PDI orthologue

As a preliminary investigation into the orthology between the esp2 locus of rice and the
PDI loci of wheat, a BLASTn search of the Gramene TIGR pseudomolecule assembly
release 2 (accessed 1/05) available in the “Rice_genome_japonica TIGR” database on
the Gramene website (www.gramene.org) was conducted using the wheat PDI cDNA
wPDI1 as a query sequence. This search identified a ~173kb BAC, OSJNBa0058p12
(AC139170), containing a sequence highly similar to wheat wPDI1 located between
base-pairs 4,960,745 and 4,964,540 on rice chromosome 11 of the rice genome
assembly. Alignment of the wPDI1 and TtPDI4A sequences with the orthologous
sequences in the rice BAC revealed a conserved 10 exon structure with 56.8% sequence
identity, specifically ~77% sequence identity over the PDI exon sequences but far less
conservation over intron sequences (~40% identity) (Figure 5.1). The ORFs encoded
putative proteins of 512 (TtPDI4A) or 515 (rice) amino acids, which exhibited 84.9%
identity and 94.2% similarity. The high degree of sequence conservation suggests that

this BAC most likely contains the rice orthologue of the wheat PDI gene.
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Wheat PO
. 211 I11 W v VI__VII VI IX
1 — 4 15 6 7 10
Rice PDI
I i I " v s = VI  [IX
1 LEmEE u
Length (bp)
% ldentity Rice Wheat
Exon 1 81.9 204 201
Exon 2 87.1 31 31
Exon 3 83.0 288 285
Exon 4 88.4 189 189
Exon 5 90.5 126 126
Exon 6 84.8 138 138
Exon 7 84.2 120 120
Exon 8 82.2 118 118
Exon 9 80.5 113 113
Exon 10 58.3 512 422
Total Exon 77.1 1839 1743
Intron | 37.1 639 350
Intron 11 57.5 105 90
Intron 111 56.1 103 93
Intron 1V 44.8 141 173
Intron V 30.8 290 684
Intron VI 55.2 82 93
Intron VII 47.7 110 105
Intron VI11 45.3 190 144
Intron I1X 42.5 112 85
Total Intron 39.9 1772 1817
Total 56.8 3611 3560
CDS 82.5 1539 1548
Protein 84.9 (94.2) 512 515°
Figure 5.1  Sequence comparison of the wheat and putative rice PDI genes

Schematic diagrams of the wheat TtPDI4A gene and putative rice PDI gene on
chromosome 11 are shown with exons as boxes connected by introns as lines. Various
sequence comparisons between the rice and wheat PDI genes are shown below the
figure. *The number in parentheses is the sequence similarity between the putative
proteins. "The lengths of the proteins in amino acids.
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5.2.2 Comparing the genetic positions of the rice BAC and the esp2 marker

An investigation to determine whether the PDI gene of rice is present at the esp2 locus
was conducted by a search of the marker database on the Gramene website
(www.gramene.org) to identify the genetic position of the esp2 marker in rice. This
revealed the esp2 marker is present on the Hokkaido Morphological 2000 (Morph 2000)
map on chromosome 11, 17 cM from the proximal phenotype marker (D53) (Figure
5.2). As the rice BAC containing the putative PDI gene (discussed above) also
appeared to be present on chromosome 11, the cMap interface of Gramene was used to
construct comparative genetic/sequence maps to determine whether this BAC and the
esp2 were located at similar loci. The chromosome 11 Rice Gramene TIGR Assembly
sequence map (containing the PDI gene sequence on the BAC) and the chromosome 11
Morph 2000 map (containing the esp2 marker) however did not share correspondences,
preventing a direct comparison. As a result, a third map, the JRGP RFLP 2000 genetic
map (www.gramene.org) was used, as it was found to contain markers with

correspondence to markers on both the above maps (Figure 5.2).

The “sp” phenotype marker located at 38cM on the Morph 2000 chromosome 11 map
was found to be present as an interpolated phenotype marker on The IRGP RFLP 2000
chromosome 11 map between 27.1cM and 42.5¢cM on the short arm (Figures 5.2 and
5.3). This region of the IRGP RFLP map was found to contain at least 10 RFLP
markers with correspondences to the Rice Gramene TIGR Assembly sequence map
(Figure 5.3). These 10 markers were co-linear on both maps and ranged from the
S20163S marker at 27.8cM on the IRGP RFLP 2000 map to the C827S marker at
35.6¢cM (Figure 5.3). Comparing these genetic positions with their base-pair positions
in the rice genome revealed the S20163S marker was located between 5,266,027 and
5,266,669bp and the C827S was located between 7,071,940 and 7,072,464bp on
chromosome 11 (Figure 5.3). Thus, the PDI gene on the Rice Gramene TIGR sequence
map and the esp2 marker were found to be located at similar map positions, distal to the
sp2, S20163S and C827S markers. Attempts to identify markers distal to the esp2
marker on the Morph 2000 map failed to identify any with correspondence to any
currently available maps, thus preventing the determination of whether the esp2 marker
and PDI gene are flanked by similar markers. However, the presence of the PDI gene

and esp2 marker on chromosome 11 at similar map positions, in conjunction with the
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characterisation of the esp2 mutant as lacking PDI expression (Takemoto et al., 2002),
suggests that the esp2 marker is closely linked to the PDI structural gene or cis-acting

regulatory sequences in rice.

5.3 ORTHOLOGY AT THE PDI LOCI OF RICE AND WHEAT

5.3.1 Ildentification of putative wheat orthologs in the rice BAC sequence

Analysis of the rice genome sequence encompassing its PDI gene was conducted to
identify any potential wheat orthologues at this locus. The Genome Browser interface
of Gramene was used to identify a 1Mb region encompassing bp 4,462,642 - 5,462,642
of rice chromosome 11, flanking the rice PDI gene (at bp 4,960,745 - 4,964,540 of
chromosome 11; see above). Analysis of wheat sequences present in the TIGR TaGl
database (v9.0; accessed 1/05) including tentative consensus sequences (TCs) and EST
singletons that are believed to be orthologous with this region of the rice genome, due to
high sequence similarity, were identified by selecting the “Wheat ESTCluster TGI”
feature track on the Gramene Genome Browser. This analysis revealed 42 EST
singletons and 34 TCs, including 17 EST singletons and 7 TCs that aligned with the rice
PDI loci, that were putatively orthologous (Table 5.1). These 42 EST singletons and 34
TCs were constructed from 745 individual EST and cDNA sequences present in the
GenBank database, many aligning at the same or overlapping sections (Figure 5.4), The
BLASTnN alignments of these singletons and TCs (76 in total) with the entire available
rice genome sequence revealed e-values (probability of the alignments occurring due to
chance) ranging from 7.4e-23 for the 1018bp EST singleton CA707119 to 8.0e-233 for
the 2438bp TC207667, with the potentially PDI-encoding TCs (including TC220284:
discussed below) showing e-values of 7.4e-23 to 2.6e-192 (Table 5.1).
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Figure 5.2  Comparing the map positions of esp2 and PDI in rice

A comparison of the esp2 locus (highlighted) on the Morph 2000 chromosome 11 map with the position
of the rice PDI gene on the BAC AC139170 (highlighted) in the rice chromosome 11 genome assembly.
The chromosome 11 JRGP RFLP containing markers common to the Morph 2000 and genome sequence
map is shown. Markers with correspondences are shown in red, interpolated phenotype markers are
shown as lines next to the maps, the BACs making up the sequence map are shown in blue. Map units are
shown next to the map in cM for the genetic maps or base-pairs for the sequence map. The centromere-
specific marker (cenl1l) is shown highlighted on the JRGP RFLP map. A more detailed comparison of
the esp2 and rice PDI gene is shown in Figure 5.3.
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Figure 5.3 A detailed comparison of the PDI and esp2 loci of rice

Sections of the genetic maps in Figure 5.2 enlarged to highlight the position of markers proximal to the
esp2 marker on the Morph 2000 map (sp) with those proximal to the PDI-containing AC139170 BAC on
the Gramene TIGR Assembly 2004 map. The absence of distal markers common to these genetic maps is
also highlighted. Markers with correspondences are shown in red, interpolated phenotype markers are
shown as lines next to the maps, the BACs making up the sequence map are shown in blue. Map units are
shown next to the map in cM for the genetic maps or base-pairs for the sequence map.
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Table 5.1 TIGR TaGl sequences orthologous to the PDI locus of rice
Rice
TIGR TaGl G BLASTN # of Wheat Map TIGR
a enome c d e ) )
v9.0 (bp)b e-value ESTs Position Tentative Annotation
similar to
4543558 - _ putative cycloartenol synthase {Oryza
BJ258989 4546374 2.7e-43 1 None sativa},
partial (21%)
4616426 - similar to i
TC196384 1.5e-104 6 None UP]Q9X115 (Q9X115) F8K7.5 protein,
4617811 -
partial (10%)
4618606 - homologue to
TC196709 4621267 2.0e-119 5 None UP]Q9X115 (Q9X115) F8K7.5 protein,
partial (26%)
homologue to
4724292 - _ putative RNA polymerase Il subunit
CAGILEEL 4726488 etz 22 & el hsRPB10 {Arabidopsis thaliana},
partial (93%)
weakly similar to
4727428 - UP|TGR2_HUMAN (P37173) TGF-beta
TC195799 4729462 5.6e-138 6 None receptor type Il precursor (TGFR-2)
(TGF-beta type 11 receptor),
partial (5%)
similar to
4727551 - _ UP|Q8PX92 (Q8PX92) Chemotaxis protein
TC195800 4728364 6.7e-35 2 None Chew,
partial (10%)
weakly similar to
4729600 - protein kinase homolog T14N5.13 -
Cllee= 4731045 Bl e e Arabidopsis thaliana,
partial ( 8%)
4753280 - similar to i
TC214820 5.3e-33 3 None UP]Q9X114 (Q9X114) F8K7.6 protein,
4754819 .
partial (11%)
4760772 - similar to i
TC215350 4762509 3.4e-76 2 None UP]Q9X114 (Q9X114) F8K7.6 protein,
partial (8%)
weakly similar to
4778396 - _ GP]6457331]gb]A phytoalexin-deficient
HUATAEL 4779053 v By & el 4 protein {Arabidopsis thaliana},
partial (7%)
weakly similar to
4778453 - phytoalexin-deficient 4 protein
LR S 4779098 o230 e e {Arabidopsis thaliana},
partial ( 8%)
4779314 -
CN012385 4780335 1.7e-82 1 None none
weakly similar to
4779323 - _ GBJAAF09479.1]|6457331|AF188329
UezzaEE 4780386 “elle BL E el phytoalexin-deficient 4 protein
{Arabidopsis thaliana;} , partial (5%)
4790395 - _ similar to UP|082044 (082044) Amino
EZLEEE 4791565 Zle-1l . el acid carrier, partial (46%)
4790395 - _ similar to UP|082044 (082044) Amino
ez 0 4792383 Bl 23 eI acid carrier, partial (87%)
4791678 - similar to UP|082044 (082044) Amino
EANEE R 4792311 e 2 e acid carrier, partial (16%)
4799000 - similar to hypothetical protein
CK204373 3.5e-34 1 None F24M12.260 - Arabidopsis thaliana,
4799926 2
partial (15%)
C-4BS4-0.37
4857466 - 4AL12-0.43-0.59 similar to (Q8RZP9) B1065E10.15
USSP 4858637 7Y U 4AL12-0.43-0.59 protein, partial ( 5%)
4DS3-0.67-0.82
C-4BS4-0.37
4857662 - 4AL12-0.43-0.59 similar to
G2 4862668 | 2-6e-111 1) 4AL12-0.43-0.59 GB|AAF79266.1]8778257 | AC023279
4DS3-0.67-0.82 F12K21.21 {Arabidopsis thaliana;} ,
partial (81%)
similar to
4858576 - _ GBJAAF79266.1]|8778257| AC023279
UeteR 4860254 “=le Lo e el F12K21.21 {Arabidopsis thaliana;} ,
partial (61%)



http://wheat.pw.usda.gov/cgi-bin/ace/tree/wEST?name=C-4BS4-0.37&class=Bin
http://wheat.pw.usda.gov/cgi-bin/ace/tree/wEST?name=4AL12-0.43-0.59&class=Bin
http://wheat.pw.usda.gov/cgi-bin/ace/tree/wEST?name=4AL12-0.43-0.59&class=Bin
http://wheat.pw.usda.gov/cgi-bin/ace/tree/wEST?name=4DS3-0.67-0.82&class=Bin
http://wheat.pw.usda.gov/cgi-bin/ace/tree/wEST?name=C-4BS4-0.37&class=Bin
http://wheat.pw.usda.gov/cgi-bin/ace/tree/wEST?name=4AL12-0.43-0.59&class=Bin
http://wheat.pw.usda.gov/cgi-bin/ace/tree/wEST?name=4AL12-0.43-0.59&class=Bin
http://wheat.pw.usda.gov/cgi-bin/ace/tree/wEST?name=4DS3-0.67-0.82&class=Bin
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4859113 -

similar to F12K21.21 {Arabidopsis

Gt el 4860280 o e e thaliana}, partial (36%)
4859600 - similar to F12K21.21 {Arabidopsis
Caitieser 4860280 o lle=Es o e thaliana}, partial (23%)
4862033 - similar to F12K21.21 {Arabidopsis
Chatiate 4862668 2 & e thaliana}, partial (10%)
4882016 - similar to PIR|G86239|G862 protein
CK207473 1.7e-25 1 None F20B24.6 [imported] - Arabidopsis
4882760 2 -
thaliana, partial (2%)
4908332 - similar to hypothetical protein
CK209806 2.3e-79 1 None AT4g09630 [imported] - Arabidopsis
4909705 = s
thaliana, partial ( 5%)
4909206 - _ similar to UP|Q9LNL6 (Q9LNL6E)
UG elae 4913219 e U e F12Kk21.12, partial (49%)
4960689 - _ protein disulfide isomerase {Triticum
Glzliis 4961813 S-S o el turgidum subsp. durum}, partial (44%)
4960691 - _ UP|Q7FYS2 (Q7FYS2) Protein disulfide
rEzEsEE 4962585 ez z e isomerase 1 precursor , partial (46%)
TC206472 4960691 - 3 1e-184 112 N UP!Q?FYSZ (Q7FYS2) Protein disulfide
4964698 isomerase 1 precursor , complete
4DS1-0.53-0.67
C-4BL1-0.71
4AL5-0.66-1.00*
C-4BL1-0.71 - - -
TC220284 4960691 - 2 6e-192 151 C-4BL1-0.71 UP!Q93XQ8 (Q93XQ8) Protein disulfide
4964698 isomerase 2 precursor , complete
OR
4AL12-0.43-0.59
4960716 -
CK209051 4961813 9.3e-29 1 None None
4960716 - homologue to UP|Q93XQ8 (Q93XQ8)
TC219115 7.le-65 4 None Protein disulfide isomerase 2
4962132 -
precursor , partial (43%)
4960807 - protein disulfide isomerase [Triticum
TC190587 4964698 4_7e-147 181 None aestivum]
4960988 - homologue to UP|Q7FYS2 (Q7FYS2)
TC225347 8.6e-66 6 None Protein disulfide isomerase 1
4962579 -
precursor , partial (48%)
4961143 -
CK206490 4963514 5.7e-124 1 None None
4961378 -
CK204484 4963217 7.1le-77 1 None None
homologue to SP|P52588|PDI_ Protein
4961642 - _ disulfide isomerase precursor (PDI)
CRELEID 4962935 Hotiz=2i 1 e (EC 5.3.4.1). [Maize] {Zea mays},
partial (28%)
4961659 -
CA717271 4962576 5.5e-40 1 None None
4961659 - homologue to protein disulfide
CK168537 1962923 3.7e-37 1 None isomerase {Triticum turgidum subsp.
durum}, partial (34%)
4961930 -
CA707119 4962947 7.4e-23 1 None None
4962144 -
CA711864 4963176 1.1e-40 1 None None
4962486 -
BE414158 4963521 1.2e-55 1 None None
4962496 -
CK161783 4963856 3.4e-96 1 None None
4962503 -
CA696449 4963264 2.7e-44 1 None None
BQ606805 4962519 - 1.7e-55 1 None None
4963521
4962817 -
CA665402 4963678 9.7e-39 1 None None
4963068 - homologue to UP|Q93XQ8 (Q93XQ8)
TC201070 2.3e-77 2 None Protein disulfide isomerase 2
4964698 -
precursor , partial (34%)
4963086 - similar to protein disulfide isomerase
CA726808 4963690 5.0e-37 1 None {Triticum turgidum subsp. durum},

partial (18%)



http://www.tigr.org/tigr-scripts/tgi/tc_report.pl?species=Wheat&tc=TC225348
http://www.tigr.org/tigr-scripts/tgi/tc_report.pl?species=Wheat&tc=TC206472
http://www.tigr.org/tigr-scripts/tgi/tc_report.pl?species=Wheat&tc=TC220284
http://www.tigr.org/tigr-scripts/tgi/tc_report.pl?species=Wheat&tc=TC219115
http://www.tigr.org/tigr-scripts/tgi/tc_report.pl?species=Wheat&tc=TC190587
http://www.tigr.org/tigr-scripts/tgi/tc_report.pl?species=Wheat&tc=TC225347
http://www.tigr.org/tigr-scripts/tgi/tc_report.pl?species=Wheat&tc=TC201070

Chapter 5

184

homologue to Protein disulfide

CA626889 42821222_ 3.8e-67 1 None isomerase precursor (PDI) (EC
5.3.4.1). [Maize], partial (26%)
4964091 -
CK195525 4964698 1.1e-32 1 None None
4980685 - _ similar to UP|Q6NMK2 (Q6NMK2)
VG 4981821 ZodE ¥ e At5g49400, partial (55%)
4980685 - _ similar to UP|Q6NMK2 (Q6NMK2)
e 4981904 9.1y 1 e At5g49400, partial (45%)
4983246 - _ 4DS3-0.67-0.82 homologue to UP|Q43486 (Q43486) B32E
TE2HEY 4995545 | 8-06-233 e 4BS8-0.57-0.81 protein, complete
4986713 - similar to Unknown protein
CAEiEr 4987583 Ao o e {Arabidopsis thaliana}, partial ( 9%)
5299709 - _ similar to unnamed protein product
BB 5306011 e & eI {Mus musculus}, partial (10%)
5313720 - weakly similar to UP]Q6Z8L0 (Q6Z8L0)
TC212686 5314576 1.0e-55 5 None Mitochondrial transcription
termination factor-like, partial (29%)
similar to ESTs C74776(E51022)
5319873 - _ C26123(C116681) correspond to a region
eyl 5321800 (S & eI of the predicted gene.~Similar to,
partial (25%)
similar to ESTs C74776(E51022)
5321450 - _ C26123(C116681) correspond to a region
TR 5323000 L0 By & el of the predicted gene.~Similar to,
partial (22%)
5323512 - B similar to UP|Q9LI02 (Q9LI102) ESTs
ezLyilEs 5324483 dogs-re z Eme C74776(E51022), partial (16%)
5342566 - _ homologue to unknown protein {Oryza
CrgERa 5343494 IS & eI sativa}, partial (10%)
5347261 - _ similar to UP|Q9W539 (Q9W539) CG16902-
TC196715 5368277 9.7e-135 5 None PA, partial (3%)
5348033 - _ similar to unknown protein {Oryza
e 5348742 Hedie-2d & Lol sativa}, partial ( 9%)
5348049 -
CA601498 5368700 2.9e-65 1 None None
5348141 - _ UP]Q611J1 (Q611J1) HDC17998, partial
TC212622 5349135 4_3e-41 5 None (11%)
5361355 - _ homologue to UP|Q8MKX3 (Q8MKX3)
vezEnlE 5362563 T8 Z e CG2368-PD (Cg2368-pe), partial (5%)
5367079 - similar to unknown protein {Oryza
e e 5368052 ol o e sativa}, partial (21%)
5367101 - _ similar to unknown protein {Oryza
ShninEEes 5367879 9.az-6l & Eme sativa}, partial (11%)
similar to
5367788 - GBJAAH45472.1]28279616]|BC045472
VEZLIEE 5368956 e e e zgc:55839 {Danio rerio;} , partial
(%)
5401824 - _ 4DS3-0.67-0.82 similar to UP|Q6RFY4 (Q6RFY4) MAP3Ka,
Ve SGE, || | A 4AL12-0.43-0.59 partial (50%)
5403647 - _ weakly similar to UP]Q6RFY3 (Q6RFY3)
VAV 5405577 ZolHEE . e MAP3Ka, partial (38%)
5404431 - similar to similar to mitogen-
CK208019 5405431 2.2e-43 1 None activated protein kinases {Oryza
sativa}, partial (21%)
5404786 - similar to similar to mitogen-
CD906245 5405661 1.5e-36 1 None activated protein kinases {Oryza
sativa}, partial (20%)
5404961 - _ similar to UP|Q6RFY4 (Q6RFY4) MAP3Ka,
TC215960 5406410 1.3e-77 2 None partial (19%)
5405802 -
CA484226 5406512 7.9e-54 1 None None
5405983 - _ similar to unknown protein {Oryza
vezoeize 5407361 oA “ eI sativa;}, partial ( 8%)
5423954 - _ homologue to myb-like protein {Oryza
(ALeEeEl) 5424863 il o e sativa}, partial (15%)
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Overlapping and/or TC sequences with the same annotation are shown grouped together
by background colour.

®The TIGR TaGl v9.0 sequences were aligned to the TIGR rice genome assembly 2004.
“TC” sequences represent contigs while the other names represent Genbank accession
numbers of singleton ESTSs.

® The numbers represent the position (in base pairs) of the orthologous rice sequences in
the TIGR rice genome assembly 2004 chromosome 11.

° The BLASTN e-values were derived from the alignments of the TIGR TaGl sequences
and rice genome sequences in the Gramene Genome Browser.

9 The number of ESTs used in the assembly of the TC sequences from TIGR TaGl v9.0.
® The map positions are as reported in the GrainGenes-SQL database.

"The TIGR annotation describes the best BLASTX hit for each entry. The nomenclature
is as described on the website (www.tigr.org) and the percentage of the TC sequence
aligned with the tentative annotation is shown in parentheses.
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Figure 5.4  Putative wheat orthologs at the PDI locus of rice

The 1Mb genomic region of rice chromosome 11 encompassing the PDI gene of rice.
The rice genome BAC contig is displayed in blue (“DNA(contigs)”) with the individual
BACs shown as light and dark blue sections. The putatively orthologous sequences
from the TIGR TaGl database (Table 5.1) are shown aligned beneath the BACs
(“Wheat_GI”). Blue blocks are orthologous EST singletons, red are orthologous TC
sequences and green are orthologous TC sequences containing ESTs from probes
mapped in the wheat genome, with the numbers referring to the probes used to map
them (Table 5.2). This figure was generated from the Genome Browser interface of
Gramene (www.gramene.org) and edited to highlight certain features. The scale (in

Mb) is shown above and below the figure.
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5.3.2 ldentification of the physical loci of the putative wheat orthologs

To determine whether any of the above 33 TC sequences were assembled from ESTs
sequenced from cDNA probes that had been used for physical mapping experiments
available in the GrainGenes-SQL database, the 763 EST accession numbers were
entered into the “Mapped Loci for EST-derived Probes” query in the GrainGenes-SQL
database (http://wheat.pw.usda.gov/cgi-bin/westsgl/map_locus.cgi; accessed 10/04).
This analysis identified 9 such ESTs that had been sequenced from 5 cDNA probes
physically mapped to wheat chromosomal ‘bins’ (Figure 5.4, Table 5.2). Further
examination revealed that the nine ESTSs represented the 5 and 3’ sequences of the five
different cDNA probes from the TIGR TaGl database, with an absence of the 5 EST
from probe BQ280847 (explaining only 9 sequences from 5 cDNA probes, instead of
the expected 10). However, some of the 5’ and 3’ ESTs were not always present in the
same TCs; specifically:

e The 5" and 3* ESTs from the probe BF200779 were present in two similar but
separate TCs (TC192774 and TC192772) (with a 400bp overlap with 90%
identity) at the same locus (probe 1 in Figure 5.4). Thus, it appears that these
two TCs probably represent the same gene, or homeologues of it.

e The ESTs from probes BE398523 and BQ280847 are found in a single TC
(TC220284), suggesting that these two probes have been used to map the same

or homeologous genes.

Assessment of the chromosomal loci of the cDNAs for these probes revealed all of them
to be localised to the group 4 chromosomes of wheat (Table 5.2). However, most
strikingly, the probes BE398523 and BQ280847, specific for TC220284, i.e., a PDI
gene of wheat, and hence expected to map to the same locus, are localised to two
different loci on chromosome 4AL (Table 5.2; Figure 5.5). A closer inspection of this
mapping data was hence warranted, and revealed that the blots (available at
http://wheat.pw.usda.gov/cgi-bin/westsql/contig.cgi) for probes BF200779, BQ280847,
BE499456 and BM135436 were of sufficient quality to support their determined loci,
however, that for BE398523 was particularly poor, possibly explaining the
discrepancies between the data obtained from the two probes for the same gene
(Appendix V).
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Table 5.2 Reported chromosomal loci of the TIGR TaGI TCs

Probe#® TIGR TC (v9.0) Mapped ESTs Mapped Loci"
TC102772 PROBE: BF200779 4AL12-0.43-0.59

1 5'EST: BF200779 C-4BS4-0.37
TC192774 3'EST: BQ166177 4DS3-0.67-0.82
PROBE: BE398523 4AL5-0.66-1.00%

2 5'EST: BE398523 C-4BL1-0.71
— 3'EST: BQ167770 4DS1-0.53-0.67

PROBE: BQ280847

3 5'EST: ABSENT 4AL12-0.43-0.59

3’EST: CD490794

PROBE: BE499456
4 TC207667 5’EST: BE499456
3’EST: CD454116

4BS8-0.57-0.81
4DS3-0.67-0.82

PROBE: BM135436
5 TC207984 S’EST: BM135436
3’EST: BQ161582

4AL12-0.43-0.59
4DS3-0.67-0.82

% These numbers refer to the mapped TCs displayed in Figure 5.4.
® These loci are as reported in the GrainGenes-SQL database. These loci are illustrated

in Figure 5.7.

5.4 THE CHROMOSOMAL ‘BIN’ POSTIONS OF THE PDI GENES IN WHEAT

As the physical mapping data for TC220284, one of the PDI genes of wheat, was
questionable (as discussed above), mapping work was conducted to clearly establish the
physical chromosomal ‘bin’ loci for all three PDI genes. The AS-primer pairs
PA1F/PALR, PB3F/PB3R and PD2F/PD2R established earlier (Section 3.4) were used
to amplify sections of the three genes encoding sequences of the cDNA types wPDI1,
wPDI2 or wPDI3, respectively, from the 42 nullisomic/tetrasomic lines developed from
T. aestivum cv. Chinese Spring. The amplifications produced expected products of
~230bp from all lines except for the two lines nullisomic for 4A with PA1F/PALR,
products of ~650bp from all lines except those nullisomic for 4B with PB3F/PB3R, and
products of ~240bp from all lines except those nullisomic for 4D with PD2F/PD2R
(Figure 5.5).

The PDI AS-PCRs were then extended to the ditelosomic and deletion lines of the

group 4 chromosomes for determining more precise chromosomal locations. The


http://wheat.pw.usda.gov/cgi-bin/ace/tree/wEST?name=4AL12-0.43-0.59&class=Bin
http://wheat.pw.usda.gov/cgi-bin/ace/tree/wEST?name=C-4BS4-0.37&class=Bin
http://wheat.pw.usda.gov/cgi-bin/ace/tree/wEST?name=4DS3-0.67-0.82&class=Bin
http://www.tigr.org/tigr-scripts/tgi/tc_report.pl?species=Wheat&tc=TC220284
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PA1F/PALR primer pair amplified the expected product in all of the ditelosomic and
deletion lines assayed, the PB3F/PB3R amplified the expected product in all of the lines
except the deletion lines 4BS4 and 4BS8, and the PD2F/PB2R pair amplified the
expected product in all of the lines except the ditelosomic line DT4DL and the deletion
lines 4DS1 and 4DS3 (Figures 5.5 and 5.6). All three AS-PCRs amplified PCR
products from the group 1 chromosome NT lines (Appendix 1V-1), suggesting that the
fourth PDI locus, reportedly from chromosome 1B (Section 1.5.5; Ciaffi et al., 1999), if

present, was not co-amplified by these primers.

The chromosomal “bins’ for each of the three PDI genes suggested by these results are
summarised in Table 5.3 and Figure 5.7. The PDI gene is deduced to exist on 4AL (C-
0.59) (Table 5.3; Figure 5.7), due to our Southern blotting and cloning analysis
revealing only 3 full-length PDI genes in wheat (Chapter 3) and Ciaffi et al. (1999)
revealing the PDI gene on chromosome 4A to be absent in the 4AS ditelosomic line.

Table 5.3 Summary of the physical mapping of the PDI genes

) ) ) ) Deduced
Primer Pair Lines producing no PCR product 1
Chromosomal ‘bin’
PA1F/PAIR N4AT4B, NAATAD 4AL (C-0.59)°
PB3F/PB3R N4BT4A, N4BT4D, 4BS4, 4BS8 4BS (0.51-0.81)
PD2F/PD2R | N4DT4A, N4DT4B, DT4DL, 4DS1, 4DS3 4DS (0.67-1.00)

! These ‘bins’ are illustrated in Figure 5.7.
2 partially based on the localisation of a PDI gene to the long arm of chromosome 4A in
an earlier study (Ciaffi et al., 1999).
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Figure 5.5  Nullisomic/tetrasomic and ditelosomic localisation of PDI genes

The AS-PCR products generated from the amplification of PDI genes from each of the
genomes wheat. Primers were designed based on cDNA sequences wPDI1 (A), wPDI2
(B) and wPDI3 (C) (Johnson et al., 2001). Lanes: M: molecular weight marker; 1:
4BBD; 2: 4BDD; 3: 4AAD; 4: 4ADD; 5: 4AAB; 6: 4ABB; 7: DT4BS; 8: DT4AL; 9:
DT4DL; 10: Chinese Spring gDNA; 11: dH,0 negative control.
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Figure 5.6  Deletion mapping of PDI genes

The AS-PCR products generated by amplification of each of the PDI genes from
chromosome 4 deletion lines of T. aestivum cv. Chinese Spring. Positions of the
deletions are illustrated in Figure 5.7. Lanes: M: molecular weight marker; 1: 4DS3; 2:
4DS1; 3: 4DL9; 4: ADL13; 5: 4AS4; 6: 4AS1; 7: 4AS2; 8: 4AL13; 9: 4ALS5; 10: 4AL4;
11: 4BS1; 12: 4BS8; 13: 4BS4; 14: 4BL5; 15: 4BL1.
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remaining chromosome arm next to them.

(http://www.ksu.edu/wgrc/Germplasm/Deletions/grp4.html; accessed 10/04).

The deletion stock figure was accessed from the Wheat Genetics Resource Page

¢61
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5.5 INVESTIGATION OF RICE QTLS AT THE PDI LOCUS

Comparative mapping of QTLs on the short arm of rice chromosome 11 with the
position of the rice PDI gene in the TIGR Gramene Rice Genome Assembly sequence
map was undertaken as a preliminary investigation into whether any of the known QTLs
map to this area of the rice genome. The individual QTL maps available via the cMAP
interface of the Gramene website (accessed 12/04) were compared with markers on the
Genome Assembly map and revealed several with correspondence between the two
maps, permitting the comparison of QTL positions and the position of the PDI gene (bp
4,908,940 to 4,912,305; see above). Altogether twelve QTL maps contained markers
that had correspondence to the sequence map and at least one QTL covering the region
with the rice PDI (Table 5.4). A number of these QTLs covered large sections of the
short arm of rice chromosome 11, and, in some cases, the PDI locus was located in
close proximity of their flanking markers, eg. male fertility restoration, sheath blight
disease resistance, days to heading and leaf width. In addition, a number of pathogen
resistance QTLs were located at the PDI locus; of particular note was the small (1cM)
blast resistance QTL (AQCTO007) centred on a ~1Mb region containing the PDI gene
(Table 5.4). Potentially related to these pathogen resistance QTLs was the 8.8cM QTL
for H,0, content (AQCWO017), also centred on the PDI locus.



Chapter 5 194
Table 5.4 Candidate QTLs at the PDI locus of rice
QTL PDI QTL Genome
a b Position flanking map | assembly
QTL Map QTL M) arkersd | POsition | position
e
(cM) (bp)
Rice CNRRI - .
. Male fertility restoration RG118 19.3 4,421,099
Zh97B/2'\é'(')'24_611m QTL (AQCG004) 19.3-37.8 RM202 35.1 8,788,252
Rice-CNHZAU Spikelet number (AQABO053) 100.1-127.8
Zh97/Ming63 RI QTL Plant height (AQY004) 97.2-140.7 RG118 1278 4,421,099
— G44 97.2 9,780,636
2002-11 Grain yield (AQAG007) 100.1-127.8
Rice-JNIAR Aki/Kosh S1609 0 1,492,164
DH QTL 2003a-11 Cold tolerance (CQPS) 0-27.4 G320 38.3 6,618,368
Rice-IRRI Mil23/Aki RI Filled grain percentage 0-20.9 XI?CF;)E;S?A 48 2,023,755
QTL 2003-11 (AQAWO019) ca77 299 5,407,117
Rice-JRGP Nip/Kas F2 Lez?\f senescgnce (CQN42) 0-64.2 V79 25.3 4,421,099
Spikelet weight (CQN61) 0-110.1 (RG118)
QTL 2000-11 5,366,267
H,0, content (AQCWO017) 19.8-28.6 C410 28.2
Seed dormancy (CQAH43; QF034;
CQAH42; AQF023; AQF017; 29.1-44.5
. ) CQAH45; AQF041)
R'Ce'éNsz\gglz?ﬁ/ Peik Grain Shattering(AQF005) 29.1-445 Ret 21| a0
Leaf length/width ratio (AQF153) 29.1-44.5 ' e
Ratooning ability (AQF083) 29.1-44.5
Anther length (AQF073) 29.1-44.5
Rice-Brazil BG90- 100-seed weight (AQE046) 0-40.2 RM167 20.4 4,058,377
2/RS16 QTL 2002-11 Tiller number (AQE090) 0-40.2 RM202 34.8 8,788,252
Rice-Zejiang IR64/Azu . ) RG118 33.8 4,421,099
DH QTL 2001-11 Plant height (CQZ21) 33.8-37.5 G4 63.8 | 9.780241
Rice-IGCAS Jas85/Lem Sheath blight disease resistance 96.6-119.7 RG118 119.7 4,421,099
F2 QTL 2000-11 (CQANS; CQAN4) ' ' G44 96.6 9,780,241
Rice-Cornell
. RM167 24 4,058,377
IR64/IRGl(151 QTL 2003- Days to heading (AQEDO005) 24-55.1 RM202 397 8,788 252
Rice-CIRAD IR64/Azu Blast disease resistance 59.4-60.4 CSU50 59.4 4,618,790
DH QTL 2003-11 (AQCTO007) ) ) C496 61.4 5,647,522
Brown plant hopper resistance
(AQAPO11; AQAP012; QAP034; 49.1-52.2
_ AQAP013)
R'Ce'Q'F;ﬁ'Z'a%T_/leq RI Spikelet fertility (AQCU179) 49.1.52.2 RR'\glg ggg ‘S"gig'ggg
Days to heading (AQCUOQ55) 49.1-52.2 ' B
Leaf width (AQCU229) 28-49.1
Plant height (AQCU205) 28-49.1

 The QTL maps were accessed from the Gramene website (www.gramene.org).

® The accession numbers of the QTLs are given in brackets.

¢ The position of the QTL on the corresponding QTL map.

9 The molecular markers most closely flanking the PDI gene on the genome assembly map with

correspondence to markers on the respective QTL maps.

aliases as listed on the sequence map.

¢ The positions of the flanking markers on the QTL map.

" The positions of the flanking markers on the genome assembly sequence map.

The marker names in brackets are marker
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5.6  DISCUSSION

The role and importance of PDI in the efficient deposition of the disulfide-bonded
protein bodies of wheat has yet to be firmly established. As there is evidence
suggesting an important role for this enzyme in the correct deposition of the disulfide-

bonded storage proteins of rice in the form of abnormal storage protein deposition in a
rice mutant, esp2, which lacks PDI expression (Section 1.5.6), the identification of a
locus (or loci) in wheat that is orthologous to the esp2 locus of the rice would suggest a
potentially important wheat locus (or loci) involved in storage protein deposition. Thus,
we compared genes present at the esp2/PDI locus of rice with the position of their
orthologs in wheat to determine whether orthology exists between the PDI loci in wheat

and rice.

5.6.1 The esp2 locus and PDI gene of rice are both located on chromosome 11S

As the esp2 mutant lacked PDI expression (Section 1.5.6) it was conceivable that the
mutation was directly to PDI or its cis-acting regulatory sequences and thus, the PDI
and esp2 loci would map to similar positions. To investigate this possibility, initially, a
rice BAC (AC139170) was identified that contained a PDI gene with similar
intron/exon structure and exon sequences (~76% identity) to a PDI gene in wheat
(Figure 5.1). This rice BAC was located on the Rice Gramene TIGR chromosome 11
assembly of the rice genome, supported by the work of Wu et al. (2002) which
estimated the genetic map position of this BAC to be 28.6 cM from the proximal marker
on the short arm of chromosome 11. This position compared with the presence of the
esp2 marker on the Hokkaido Morphological 2000 map, also on chromosome 11, 17 cM
from the proximal marker on this map. However, different proximal markers were used
in these analyses, ruling out a direct comparison between the genetic loci of esp2 and
the PDI gene of rice. The identification of markers on the JRGP RFLP genetic map,
with correspondence to the Morph 2000 map containing the esp2 marker and the
Genome assembly sequence map containing the PDI gene revealed that markers located
at similar positions on the JRGP RFLP map were located distal to the esp2 marker and
the rice BAC containing the PDI gene. The absence of genetic markers with

correspondences to any available genetic maps distal to the esp2 marker prevented the
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identification of similar flanking markers on both maps, however, taken together, this
data does reveal that the esp2 marker and PDI gene in rice are both located on the
terminal sections of the short arm of chromosome 11, distal to the S20163S marker on
the Genome Assembly map, or on the terminal 5.2 Mb section of the short arm of
chromosome 11. Thus, these similar map positions, taken together with the absence of
PDI expression in the esp2 mutant, strongly suggest that the mutation in esp2 is directly
to the PDI gene or regulatory sequences flanking it. As such, a comparison of genes at
the PDI locus of rice with those at the PDI loci of wheat was undertaken, to identify

whether orthology has been conserved at these two loci.

5.6.2 The PDI gene of rice is flanked by a number of putative wheat orthologs

An investigation to ascertain whether the rice genome region containing the PDI gene
contained potential orthologues of wheat, involving comparisons of sequences in the
TIGR TaGl database that were highly similar to a 1Mb region of the rice genome
flanking the PDI gene, revealed a high number of putatively orthologous TCs, many
clustered at single loci along the rice genome (Figure 5.4), suggesting that they
represented a single gene or its homeologues in the wheat genome. This assertion is
supported by the tentative annotations attributed to such multiple TCs aligning with a
single rice locus generally have the same, or similar putative protein products. For
example, there are 24 TCs or singletons in this comparison that are highly similar to the
PDI gene of rice and all have the same tentative annotation of PDI by BLASTX analysis
(Table 5.1). Such a large number of similar TCs almost certainly reflect the methods
used to construct the TaGl database, whereby overlapping ESTs require >94% identity
over 40bp to be placed in a single TC sequence. This can lead to the assembly of: (i)
single, ‘hybrid” TCs derived from ESTs sequenced from >1 highly similar genes or
homeoalleles; and (ii) many, partial TC sequences or singletons from a single type of
cDNA failing to be assembled as a single sequence due to poor sequencing quality of
the ESTs. Hence, the large numbers of putatively orthologous TCs probably represent
far fewer actual expressed genes. This is also supported by the observation that most of
the similar TCs at each locus are assembled by few (<10) ESTs (Table 5.1).
Determination of the “true’ sequences of all putative orthologues would be required to

clarify this issue. However, even with these limitations, the TIGR TaGl database
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proved extremely useful in identifying a number of putative wheat orthologues at the
PDI locus of rice.

5.6.3 Orthology between the PDI loci of wheat and rice

In order to identify the chromosomal loci of the putatively orthologous TC sequences in
the wheat genome, the individual ESTs used in their assembly were analysed to
determine whether they were sequenced from cDNAs used as physical mapping probes
as part of the US Wheat EST project. This revealed that 9 of the ESTs had been
sequenced from 5 cDNA probes that had been localised to chromosomal “bins’ (Table
5.2). Of these 5 cDNAs, two of them appeared to encode PDI (probes 2 and 3) while
probe 1 appeared to encode a homologue of the protein of unknown function from A.
thaliana, F12K21.21, probe 4 appeared to encode a homologue of B32E, a barley seed
protein that is repressed by abscisic acid (Liu et al. 1992) and probe 5 appeared to
encode a homologue of a rice protein with a sequence similar to mitogen-activated
protein kinases (Tarchini et al. 2000). Interestingly, according to the WEST-SQL
database all 5 probes mapped to the group 4 chromosomes of wheat. On closer
inspection, the two PDI probes (probes 2 and 3) were reported to map to different “bins’
on the group 4 chromosomes, with probe 3 mapping to a single locus on chromosome
4AL and probe 2 mapping to three ‘bins’, one each on 4AL (at a different bin to that
identified for probe 3), 4BL and 4DS. Further, the 4BL loci for probe 2 is in
disagreement with the findings of Ciaffi et al. (1999), who localised the PDI genes of
wheat to chromosome 4AL, 4BS and 4DS. To clarify the chromosomal “bin’ loci for
each of the PDI genes, we used the nullisomic/tetrasomic, ditelosomic and deletion
stocks of Chinese Spring to localise the PDI genes of wheat to chromosomes 4AL (in
agreement with the reported loci for probe 3), 4BS (in agreement with the findings of
Ciaffi et al. (1999)) and 4DS. Inspection of the mapping data generated for all of the
probes provided further support for the incorrect localisation of probe 2, as this

Southern blot, in particular, was of considerably low quality (Appendix V).

Omitting the data generated from probe 2, the reported loci in the GrainGenes SQL
database for the remaining 4 probes revealed good agreement with our own physical
mapping results, with the exception of probe 1 localising more centromeric on 4BS,

while probe 4 and our mapping of wPDI2 revealed a ‘bin’ distal to this. Whether this
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apparent breakdown in co-linearity is due to a translocation of this gene during the
evolution of hexaploid wheat, or due to experimental error in the mapping data, would
require further investigation. It must also be noted that the Southern blot data on this
website (http://wheat.pw.usda.gov/cgi-bin/westsql/contig.cgi) shows that only probe 1
hybridised to 3 fragments, as is generally observed Southern blots of the hexaploid
common wheat, while probes 4 and 5 hybridised to 2 bands each and probe 3, a PDI-
specific probe, to only one. It is unclear whether there are only two genes encoding the
cDNAs used as probes 4 and 5 in the wheat genome, with an absence of the gene in the
A or B genomes, respectively, or whether the third homeoallele lacked sufficient
homology to hybridise to these particular probes; the latter appears to be the case for the
PDI probe 3, which only hybridised to a single gene, as this probe is a partial cDNA,
complementary to part of the 3’untranslated region of the PDI genes, areas known to be
more divergent than the coding sequences (Johnson et al. 2001; Chapter 3). Further
investigation of the genes encoding the other 3 probes would be required to determine
their true copy number in T. aestivum cv. Chinese Spring as well as the most likely
tetraploid (T. turgidum) and diploid (T. urartu or T. monococcum, and Ae. speltoides)

progenitors of wheat.

The data generated here establishes firmly that several genes present at the PDI locus in
rice, which appear to be linked to storage protein deposition are also present on the
group 4 chromosomes of wheat, thereby establishing synteny between these two loci.
Further support for orthology between the PDI loci of rice and wheat was also identified
during the analysis of QTLs that map to rice chromosome 11. Identification of a QTL
(AQCWO017) for H,O, production, covering a ~1Mb region of the rice chromosome 11
containing the PDI gene, was an interesting finding, in light of the close genetic linkage
between both of the mapped wheat PDI genes and GERMIN loci which encode oxalate
oxidases that are involved in H;O, production in plants (Chapter 4). Although no
putative rice Germin genes were identified during our preliminary analysis of this 1Mb
region, further analysis is required. The assertion of such orthology (as above) is also
supported by La Rota and Sorrells (2004) who did large scale comparisons between the
rice genomic data and the mapped probes of wheat, revealing that large sections of the
group 4 chromosomes of wheat are syntenic with rice chromosome 11, and the findings
of Singh et al. (2004) who found that the long arm of rice chromosome 11 contains the

most orthology to the group 4 chromosomes of wheat. A number of candidate QTLs for
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a wide range of traits were also identified encompassing the PDI locus in rice (Table
5.4), that could provide future research targets for dissecting the role of PDI in grain
development. Taken together, these results provide the foundation for the presence of a
hypothetical QTL involved in storage protein deposition at the PDI loci in wheat.
Further genetic analyses involving the analysis of gross protein body morphology,
wheat mutants exhibiting aberrant storage protein deposition or more subtle differences
in the protein bodies that may impact on dough rheology would be required to establish

if such a QTL is present at these loci in wheat.
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CHAPTER 6
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Chapter 6 Molecular Characterisation of the Cyclophilin Gene
Family in Wheat

ABSTRACT

The cyclophilins, a class of ‘foldase’ enzymes that catalyse the rate-limiting step of
peptidyl-prolyl cis-trans isomerization, are up-regulated during wheat endosperm
development and suggested to be important for folding of the storage proteins, thus
influencing wheat quality. However, little information exists on the types of
cyclophilins expressed, the genes encoding these and their possible functions in wheat
endosperm. We have characterised three isoforms of genes encoding cyclophilin A
from eight wheat cultivars, using previously isolated cDNAs. The genes are small,
intronless, comprise a small multi-gene family, lack any inter-cultivar polymorphisms
and localise to chromosomal arms 6AS, 6BS and 6DS, in a region where genes for other
quality traits are localised, the locus at 6AS possibly having duplicated genes. Further,
cDNAs encoding two novel, endosperm-expressed classes of cyclophilins have been
isolated, one being potentially plastid-localised and the other, a nuclear protein with
cyclophilin-like domains. In-silico analyses have further led to identification of another
form of cyclophilin A and a potentially ER-localised, endosperm-expressed cyclophilin
B. The plastid and ER-localised forms are of particular relevance to events occurring
during endosperm maturation. The results thus provide valuable data and molecular
tools for isolation and analysis of these genes, to address their roles and any association

with wheat quality traits.
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6.1 INTRODUCTION

The significance of the amount and properties of the storage proteins of wheat to the
end-use quality of wheat cultivars has been discussed in Section 1.4.2. Thus, an
understanding of genetic factors that influence the synthesis and/or deposition of these
proteins into protein bodies, which ultimately become the elastic gluten network, may
provide potential targets for breeding programs to increase the quality of wheat
cultivars. To address this broad aim, a number of studies have focused on identifying
genes and proteins that are upregulated during the development of the wheat endosperm
that may influence such agronomically important traits (Section 1.4.3). These genomic
and proteomic analyses have identified a number of genes that are upregulated in the
developing endosperm, including the expected storage proteins and interestingly, a
number of genes encoding molecular chaperones, such as BiP, and foldase enzymes
such as PDI and members of the PPlase family, the cyclophilins (Section 1.6).
Although these chaperones/foldases may play general, housekeeping roles in this tissue,
their marked up-regulation in the developing endosperm suggests that they may
(additionally) play important roles associated with the specialised events occurring in
this tissue, particularly the deposition of protein bodies. Such a hypothesis is supported
by the observation that the gliadins do not appear to aggregate randomly after their
synthesis, but are maintained in soluble forms before transport to the vacuole and

integration into highly organised protein bodies (Section 1.4.3).

The characterization and genetic mapping of the protein disulfide isomerase genes
(Chapters 3-5) has provided the basis for further functional analyses of this potentially
important gene family. A similar approach would prove useful in elucidating the role of
the cyclophilin family of proteins in wheat and, more specifically, in the development of
the endosperm and quality traits. Analysis of cyclophilin expression profiles in the
developing wheat endosperm has revealed high levels of cyclophilin mRNA as early as
5 DPA, suggesting an important role for these enzymes in the development of this
tissue, although the particular class of cyclophilin involved was not identified in this
study (Section 1.6.3; Grimwade et al., 1996). Previous work undertaken by us to
address this issue led to the identification of three cDNA sequence classes from a wheat
endosperm library, which were highly similar to the cyclophilin A sequences in other

plant species and likely to be cytoplasmic (or at least lacked the typical localisation
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signals for ER or other organelles) (Section 1.6.3; Johnson et al., 2001); to our
knowledge, this is the only class of cyclophilins reported and completely sequenced so
far from wheat. To gain further understanding of this and any other classes of PPlase
enzymes and their roles in the developing wheat endosperm, this chapter describes the
characterisation of the cyclophilin A gene family in T. aestivum. This is an important
step in the design of molecular markers for these genes, which can be utilised to assess
the association of these genes with any quantitative trait loci (QTL) important to the
wheat industry. Further, the information generated from the cyclophilin A members was
utilised to identify new members of this class as well as other novel classes of
cyclophilins expressed in wheat.

6.2 SEQUENCING THE CYCLOPHILIN A GENES OF WHEAT
6.2.1 Confirming the specificity of cyclophilin A AS-primers

Alignment of the previously reported cyclophilin cDNA sequences revealed single
nucleotide polymorphisms unique to each sequence, which were used to design a single
pair of allele-specific primers for each gene, namely, C1F1/C1R1, C2F1/C2R1 and
C3F1/C3R1 for wCypl, wCyp2 and wCyp3, respectively. To ensure the allele-
specificity of these primers each pair was used to amplify the corresponding sections
from the three cDNA clones, wCypl, wCyp2 and wCyp3. The results revealed the
expected sized products, only from the corresponding cDNA when the optimised
annealing temperatures were used (Table 2.5). Specifically, a ~520bp product was
amplified from wCyp1 with the C1F1/C1R1 primer pair, a ~780bp product from wCyp2
with the C2F1/C2R1 primer pair and a ~500bp product from wCyp3 with the
C3F1/C3R1 primer pair (Figure 6.1).

6.2.2 Characterisation of partial cyclophilin A genes from T. aestivum

These allele-specific primers were then used to amplify the three corresponding
cyclophilin A genes from the gDNA of eight cultivars used to establish genetic mapping
populations (Section 1.8.4.1), T. aestivum cvs. Cranbrook, Halberd, Egret, Sunstar,
Sunco, Tasman, CD87 and Katepwa. The results indicated products of the same size as
that predicted from the respective cDNAs (Figure 6.2), suggesting an absence of

introns, from at least the amplified sections of all three genes. Direct sequencing of the
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partial of the partial cyclophilin A genes, henceforth termed TaCYP18-1 (wCypl)
(Genbank Accession# AY456123), TaCYP18-2 (wCyp2) (Genbank Accession#
AY456122) and TaCYP18-3 (WCyp3) (Genbank Accession# AY456124) revealed each
to be identical to their corresponding cDNA (Figure 6.3), further confirming the allele-
specificity of the primers and an absence of introns in at least these sections of the

respective genes.

C1F1/
C1R1

C2F1/
C2R1

C3F1/
C3R1

S00bp —

Figure 6.1  Confirmation of the allele-specificity of the cyclophilin A primers

The allele-specific amplification of sections of the T. aestivum cyclophilin cDNA clones
wCypl (1), wCyp2 (2) and wCyp3 (3). M= molecular weight marker (C1F1/C1R1 = XA
EcoRI/Hindlll, C2F1/C2R1 and C3F1/C3R1 = 100bp ladder); W= no template negative
control.
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Figure 6.2  Amplification of the cyclophilin A genes from T. aestivum

The amplified sections of the three cyclophilin A genes from the parental cultivars used
in the development of genetic mapping populations. M: 100bp molecular weight
marker, Cr: Cranbrook, Hb: Halberd, Eg: Egret, Ss: Sunstar, Sc: Sunco, Ta: Tasman,
CD: CD87, Ka: Katepwa, W: no template negative control.



Chapter 6 207

wiypl

FaC¥P18-1
FORE52HF 0 - CTCGETECCGAATTOFECACGAGGC GAALGETAATCC
wiyp2 —---—— - —mm oo GAAATCCACTOCAATC
FaCYPig-2
Fee6034 ATTCEECACGAGECAGAGOCCGAAGCCAAAGEAAATCCACTOCAATC
wiyp?

Fal¥YP18-3
refsPe2 - CTCETECOEAATTCOGECACGAGCGAAGCCAAAGETAATC
rofhed - FATTCEGACGAGECTCTTCCGCCTCTOCTOGATTALC

100

wiypd
TaC¥YPL#-1
TCE5257
woyp2
TaCyYP1f-2
TCEG0F4
woyp?
Tac¥YP18-2
TCE506.2
TCE5064

wiypld
FaCcy¥P1i8-1
FC8H257
wiyp2
FaCYP18-2
FCoo034
woyp?
FaC¥P1l8-3
FCEH062
FCEH06 4

woypld
Facy¥ypPl8-1
TC8H25TF
woyp2
FaCcy¥pPl8-2
TCH6 034
wiyp?
FaCYP18-3
FC8H062
FC85064

290 300 310 320 C1F1 330 340 350

wiypd
PaC¥YP18-1
TCR5257
wiyp2
TaC¥P1s-2
TCEG 034
woyp?
TaCYP1LE-2
TCE5062
TC5064

Figure 6.3  To be continued.
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Figure 6.3  To be continued.
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Figure 6.3  Cyclophilin A genes and transcripts of wheat

An alignment of the partial cyclophilin A genes of T. aestivum, the putative cyclophilin
A TC sequences isolated from the TIGR TaGl database and the previously reported
wheat cyclophilin A cDNA clones (Johnson et al. 2001). All eight T. aestivum
sequences were found to be identical and are thus, shown as single sequences. The AS-
primers used to amplify the genes are highlighted in green and the ‘start’(ATG) and
‘stop’(TAG/TGA) codons are highlighted in pink.
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6.3 PHYSICAL MAPPING OF THE THREE CYCLOPHILIN A GENES

The chromosomal locus of each of the above cyclophilin A genes was investigated using
allele-specific PCR on the 42 possible nullisomic/tetrasomic aneuploid stocks of T.
aestivum cv. Chinese Spring. The wCypl-specific primer pair C1F1/C1R1, used to
amplify TaCYP18-1, revealed the expected PCR product in all of the
nullisomic/tetrasomic lines, except 6AAB and 6ABB (Appendix IV-2; Figure 6.4A).
Amplifications conducted on the ditelosomic lines for the short arms of these
chromosomes and lines with partial chromosome deletions (Table 2.2), once again
revealed the presence of the expected product in the three ditelosomic lines DT6AS,
DT6BS and DT6DS and in all of the deletion lines except 6DS4 and 6DS2 (Figure
6.4A). The wCyp2-specific primer pair, C2F1/C2R1, used to specifically amplify
TaCYP18-2, revealed the expected PCR product in all of the nullisomic/tetrasomic lines
except 6AAD and 6ADD (Appendix 1V-2), in the ditelosomic lines DT6AS, DT6BS
and DT6DS and in all of the deletion lines except 6BS2, 6BS3 and 6BS5 (Figure 6.4B).
Likewise, amplifications with the wCyp3-specific primer pair C3F1/C3R1 revealed the
expected products in all of the nullisomic/tetrasomic lines except 6BBD and 6BDD
(Appendix 1V-2), in the ditelosomic lines DT6AS, DT6BS and DT6DS and in all of the
deletion lines except 6AS1 (Figure 6.4C). These results thus suggest the three
cyclophilin A genes, TaCYP18-1, TaCYP18-2 and TaCYP18-3 are located on the distal
sections of chromosomes 6DS, 6BS and 6AS respectively (Figure 6.5).
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Figure 6.4  Physical mapping of the cyclophilin A genes of wheat

Allele-specific PCR amplification of gDNAs of selected nullisomic/ tetrasomic, ditelosomic and deletion lines of chromosome 6 of Chinese
Spring. Primers details are provided in Table 2.5. Gel A: C1F1/C1R1; Gel B: C2F1/C2R1; Gel C: C3F1/C3R1. Lanes: M: 100bp ladder; 1:
6BBD; 2: 6BDD; 3: 6AAD; 4: 6ADD; 5: 6AAB; 6: 6ABB; 7: DT6AS; 8: DT6BS; 9: DT6DS; 10: wild type Chinese Spring gDNA; 11: no-
template negative control; 12: 6AS1; 13: 6ALS8; 14: 6BS2; 15: 6BS3; 16: 6BS5; 17: 6BL5; 18: 6BL6; 19: 6DS6; 20: 6DS4; 21: 6DS2; 22: 6DL6.
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Figure 6.5 Chromosomal loci of the cyclophilin A genes of T. aestivum

The physical chromosomal loci of the three characterised cyclophilin A genes of wheat on the short arms of chromosome 6 (chromosome figure
and deletion breakpoints from Endo and Gill, 1996).
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6.4 SOUTHERN BLOT OF CYCLOPHILIN A IN T. aestivum

In order to investigate whether the cyclophilin A gene family was limited to the three
genes isolated and characterised in the previous sections (Section 6.2 and 6.3) a
Southern blot was conducted. Analysis of the Southern blot of T. aestivum cv. Chinese
Spring gDNA probed with a cyclophilin A cDNA probe revealed the presence of eight
fragments, of sizes of approximately 1.6, 1.8, 2.3, 3.0, 4.8, 6.2, 9.0 and >10kb (a few of
these being of higher intensity than the others) in the BamHI digest, and four fragments,
of sizes of approximately 5.0, 6.4, 8.7 and >10kb, in the HindlIl digest (Figure 6.6), a
curious observation, considering there are no internal Hindlll sites in the three cDNAs
and, thus, suggesting the presence of a fourth cyclophilin A gene with an internal BamHI

site, similar to that in the three cDNAs.

6.5 IDENTIFYING THE CYCLOPHILINS ON THE SOUTHERN BLOT

To address whether the four bands represented (at least) four different cyclophilin A
genes (for one/some of which we had perhaps not found the corresponding cDNA), or
whether there were any gene duplications, sections corresponding to the four Hindlll
bands (Figure 6.6) were cut out from another agarose gel containing a Hindlll digest of
gDNA of T. aestivum cv. Chinese Spring. The DNA purified from all of these bands
produced amplification products of approximately 800bp using the PPI5/PPI3
consensus primers (Figure 6.7), which were then subjected to a quick, preliminary
RFLP analysis. As the characterised sections of the cyclophilin A genes revealed an
absence of introns (Section 6.2.2) the restriction maps of the cDNAs, which revealed
RFLPs for Ncol and Eagl (Figure 2.5), were used to identify each of the corresponding
genes amplified from the fractionated gDNA. Thus, the PCR product originating from
the 5kb size fraction showed an RFLP pattern similar to that of the cDNA wCyp1 (i.e.
363bp and 446bp products in the Ncol digest, a 655bp product in the Eagl digest and
385bp and 270bp products in the Eagl/Ncol digest), the PCR product from the 6.4kb
fraction showed an RFLP pattern similar to that of the cDNA wCyp2 (i.e. 355bp and
375bp products in the Ncol digest, a 700bp product in the Eagl digest and 375bp and
270bp products in the Eagl/Ncol digest) and the PCR products from both the 8.7kb and
10kb fractions were similar to wCyp3 (i.e. 363bp and 434bp products in the Ncol and
Eagl/Ncol digests and no digestion with Eagl) (Figure 6.7).
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Figure 6.6  Cyclophilin A Southern blot of T. aestivum

The Southern blot of T. aestivum cv. Chinese Spring gDNA, digested with BamHI (lane
1) and HindlIll (lane 2) and probed with a 797bp cyclophilin A probe amplified from the
cDNA clone wCyp3 with the primers PPI5/PPI3 (Table 2.7). The DNA molecular
weight marker (kb) is shown on right.
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Figure 6.7  RFLP analysis of amplified cyclophilin A genes

RFLP patterns of cyclophilin A genes, amplified with the PP15/PP3 consensus primers,
from the gel sections corresponding to the four hybridizing fragments observed in the
Hindlll digest (Figure 6.6). The PCR products are shown undigested and after Ncol,
Eagl and Ncol/Eagl digestion. Lanes: M: 100bp DNA ladder; 1: 10-15 kb gel fraction;
2: 8-9 kb gel fraction; 3: 6-7 kb gel fraction; 4: 4.5-5.5kb gel fraction; 5: wCyp1; 6:
wCyp2; 7: wCyp3; 8: no-template negative control.
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6.6 IN SILICO IDENTIFICATION OF NOVEL CYCLOPHILIN GENES

In an effort to identify and characterise additional members of the cyclophilin gene
family in wheat a query of an EST database containing sequences from a wheat
endosperm cDNA library (Section 2.19.1) revealed 46 ESTs containing the term
‘cyclophilin® in their most significant BLASTn ‘hit’. An alignment of these sequences
revealed that 40 of these were >95% identical to the cyclophilin A cDNA clones, the
differences being present at the 3 ends, possibly due to low quality sequence data (raw
data not shown). Of the remaining 6 clones, one was similar to another class of PPlase,
the FKBPs, and as such was not studied further. The inserts of the five remaining
clones were amplified with vector-based primers, revealing sizes of <300bp for clones
1299 and 1300, ~1000bp for clones 2629 and 4260 and ~2200bp for clone 2463 (Figure
6.8); the first two clones were disregarded as probably partial cDNAs and the remaining
three (clones 2629, 4260 and 2463) were characterised further.

6.6.1 Identification of putative chloroplast-localised cyclophilin genes

Full length sequencing of clones 2629 and 4260 revealed 942bp and 995bp cyclophilin-
like sequences, henceforth referred to as TaCYP20-1 (AY217751) and TaCYP20-2
(AY217753), respectively. Both contained an open reading frame (ORF) of 738bp,
translation of which revealed basic proteins of 245 amino acids acids (Figure 6.9), with
estimated molecular weights of approximately 25.9 kDa, isoelectric points (pl) of 9.8
(TaCYP20-1) and 10.1 (TaCYP20-2) and the presence of the conserved tryptophan
residue required for cyclosporin A binding (Section 1.6.2; Bossard et al., 1991). The
clones exhibited 88.3% DNA sequence identity to each other, most of the differences
consisting of a longer 3’ untranslated region (UTR) in clone TaCYP20-2,
insertion/deletions in the putative 5° and 3° UTRs, and SNPs throughout the putative
ORFs. Both clones exhibited limited DNA sequence identity (51-53%) to the
corresponding sections of the cyclophilin A cDNAs, but a higher degree of similarity
(75%) to the appropriate sections of their putative amino acid sequences, the major
differences being the presence of a 74 amino acid extension at the N-termini, three
additional amino acids (NPV) at this end, and the lack of a seven amino acid insertion,
characteristic of plant cyclophilins (Section 1.6.3), in both TaCYP20-1 and TaCYP20-2
(Figure 6.9). BLASTXx analyses of the TaCYP20-1 sequence identified the chloroplast-
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localised TLP20 from A. thaliana (Q9ASS6) and a peptide sequence (AAG03106)
translated from the partial gene encoding the assumed rice orthologue of TLP20, as the
most highly significant matches in the non-redundant (“nr”) protein database. Further
evidence suggesting the chloroplast localization of these proteins was provided by the
software TargetP, used to determine the most probable intracellular location of proteins
based on their N-terminal amino acid sequences, which placed them in reliability class 1
for chloroplast localisation. Another program, PSORT, also predicted the chloroplast
stroma as the most probable intracellular location of these proteins. Analysis for
conserved motifs revealed the presence of a potential ATP/GTP binding site (P-loop),
GNGTGGKS, at position 156-163 in both the TaCYP20-1 and TaCYP20-2 sequences
(Figures 6.9 and 6.10).

M1 1 2 3 4 5 M2

+—2000hp

+—1000hp

+— 300hp

Figure 6.8  Amplification of novel cyclophilins from a wheat endosperm library

The PCR products amplified from the candidate, novel cyclophilin plasmid clones
isolated from a wheat endosperm cDNA library. M1: A EcoRI/Hindlll; 1: Clone 1299;
2: Clone 1300; 3: Clone 2629; 4: Clone 4260; 5: Clone 2463; M2: 100bp ladder.



Chapter 6

Wiy P L
Wy 2
wWCyE 3
TCB5062
TCOAEEDIA
TCBE257
TCE5064
TCE4T20
Toa4T2E
ARBT71401L(AL)
TaC¥P20-1
TaC¥P20-2
TCET211
QEasso(AL)

wiyPl
WOYE 2
wiiyP 3
TCER062
TCE6034
TCRE257
TCE5064
TCB4720
Toe4T28
ARBT 1401 (AL)
TaC¥YP20-1
TaCYP20-2
TeaT211
QoASE6(AL)

wlyr L
wWOyE 2
wWCyE 3
TCH5062
ToEE034
TCB5257
TCR5004
TCEAT20
TC84728
ARBV1401(AL)
TaC¥F20-1
TaC¥P20-2
TCET211
QRASSG(AL)

Figure 6.9

218

10 £0 an 40 S0 &0

sfenaal | | lasusfs | ¥ - i P
--------------------------------------------- MAMRAWRRSAAARAP
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ MAMRAWRRSAAARAP
—————————————————————————————————————————————————————————— MA
———————————— MAAATHSFATLATARPAASGAMAQRALLASKVPS SALSLRGGRVASPA
------------ MAAATASFATLATARPAAAGHAAQRALLASKAPSSALSLRGGRVASFA
------------ MAAATHIFATLATARPAAAGIAAQRALLASKAPISALILRGGRVAIEA

MATLIMTLANPRALAAPPRRLEPINT SAFTATHFRLATRSSFDIIIF833TPFSASILLL

™0 G0 an

o f B | arme i e =
~~~~~~~~~~~~~~~~~~~~~~~~~~ MARN 3
—————————————————————————— MAN 2 E L
—————————————————————————— MAN 7 : L
-------------------------- MAN T L
—————————————————————————— A NERHTI T L
-------------------------- MAN L
—————————————————————————— MAN P L
AHLCIMDALVAA- TLVLAQGRRINLIEVT I I

AHLCLWLALVAA- TLVLAQGKESNLSEVT I

et
=

KASFILLGTLFLFGATASIQAREDLKELT I} L
LavaoQarARFVASASAERYAPELQABEVT g2 L’
L3AAROORARFVAIAIAERPYAPELOQIKVT 3 LY
L3vVIQOIRARFVASRIAEPYAPELQIRVT a3 LIs
HTSYTRRNBRCF SVDSNAEVVTEPQSKIT 3 LY

ArHEVIED E"If-‘.-i 1
FHEVIFPDFM i 2
‘HEVIPDEM &G

FHEVIRDFM
FHHUI“EFH
FHEVLEDEM

FHI:.'-.TIiE:- FE

continued.



Chapter 6

190 200 Z1i0 220 230
I o i i :

wiyPl ) . ] ! EGMDURM
woybh2 Rl 'R FE 'L' * |i='I|I-'Z'_-'- E—I*.-"-.-’E‘I EcMDVW
wCyP 3 EGF WLDGEHVYPGEVEESHD YV
TCB0G2 ‘ILDmﬂﬁ T ' |4HH"1
TCHe03 R WY, TS !,-1-1- B

TCEHIZ5T |qu*d‘*F
TCEs0a4 IJ_,]:H_"'lp-]'lT‘
TCBAT20 Eur T]'_l-‘l-]_” FE =
TCEAT28 + Lh|“ph.5f1“
ARB7140L(At) ﬁH.T. el
TaC¥P20-1 e
Tal¥P20-2 jnﬁgx
TCHTZLL
Q9ASSS(AL)

R

EGHDULY
! EHDV
1'E. EE D
e vy

'5 GHDVV
l'| .I"'I[II |l'|

D
D
1]
i

VB GHD N
VIEGMDE VS
. o --I

VIEGH VWY

Gqu Gy gy Gy 'J- u 'r i

e e =
fl'l'-l'l‘r..‘-lr_-.r " l‘-ﬁ

=)
n-,,.,j-,

-.I| LI HVVE

wCyPl
wiyp2
wCyP3
TCBHOG2
TCHE034
TCBA257
TCEs064
TCBATZ20
TCBATZ28
ARBT7140L(AL)
TaC¥F20-1
TaC¥PF20-2
TCBT21L
QORSS6(AL)

) i)
[

219

Figure 6.9  Alignment of the putative protein products of the cyclophilin cDNAs

and relevant cyclophilin TC sequences

The wheat cyclophilin A sequences wCypl, wCyp2 and wCyp3 (Johnson et al.,

2001)

correspond to the TIGR TC sequences TC85062, TC66034 and TC85257, respectively.
TCB85064 represents a novel putative wheat cyclophilin A protein. TC84720 and
TCB84728 are putative wheat cyclophilin B sequences, shown aligned with an ER-
resident cyclophilin (AAB71401) from Arabidopsis thaliana (At) (Saito et al., 1999).
The putative wheat chloroplast thylakoid lumen cyclophilins TaCYP20-1 and
TaCYP20-2 are aligned with TC87211 and a TLP20 chloroplast cyclophilin from A.
thaliana (Q9ASS6) (Schubert et al., 2002). The 7 amino acid insertion (7aa), typical of
plant cyclophilin A’s, the TLP20 ‘fingerprint’ insert of three amino acids in the
chloroplast cyclophilins, and the NPV (TLP20) are highlighted. The tryptophan residue
essential for binding to cyclosporin A is indicated with an arrow.
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6.6.2 Identification of a putative nuclear-localised cyclophilin gene

Full length sequencing of the clone 2463, isolated as mentioned above (Section 6.6),
revealed a 2205bp insert, henceforth referred to as TaCYP-70 (AY217752), that
exhibited limited (~42-44%) DNA sequence identity to the comparable sections of the
three cyclophilin A cDNAs, with BLASTn analysis revealing highest identity (85%) to a
stretch of 115bp in an uncharacterised 516bp maize cDNA sequence (AY111069).
TaCYP-70 contained a putative 1911bp ORF, potentially encoding a 636 amino acid,
69.9 kDa protein product with a predicted pl of 11.1 and also containing the conserved
tryptophan residue (Figure 6.9). The comparable N-terminal section of wCyp-70
exhibited 61-63% similarity to the putative proteins of the three cyclophilin A cDNAs
and its remaining central and C-terminal sections contained serine rich (41.7% of
residues 229-324 and 38.6% of residues 586-629) and arginine rich (25.4% of residues
450-622) sections (Figure 6.10). A BLASTp search of the non-redundant (nr) protein
database identified some similarity (~60%) to the cyclophilin-like domain (204 amino
acids) and the C-terminal (56 amino acids) of an uncharacterised 570 amino acid
putative protein from A. thaliana. PSORT localised TaCYP-70 to the nucleus with a
high level of confidence (0.987), primarily based on the presence of five putative
nuclear localization signals (NLS), fitting the motif outlined in the ProSite database
(Figure 6.10), however, TargetP failed to provide a significant result, probably due to

this program not predicting nuclear proteins.
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Cyp Domain
wCypL(TC85257)/wCyp2(TC66034)/wCyp3(TC85062)/ TC85064
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Figure 6.10 Characteristic features of the putative wheat cyclophilins

The putative proteins encoded by the cDNA clones isolated from a wheat endosperm
cDNA library or the TIGR tentative consensus sequences. Cyp Domain: The
cyclophilin-like domain of the archetypal cyclophilin A; P-L: ATP/GTP-binding P-
loop; W: the tryptophan residue essential for binding to cyclosporin A; SP: putative
signal peptide; NPV: the fingerprint motif of the chloroplast localized cyclophilin,
TLP20; NLS: nuclear localizing signal; Arg/Ser Rich: arginine or serine rich domains.
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6.6.3 Screening of the TIGR T. aestivum gene index for cyclophilins

In order to identify any other cyclophilin A gene(s) or members of the cyclophilin
superfamily that could hybridize to the probe used for the Southern blot, we searched
the TIGR T. aestivum gene index (TaGl), assembled from ESTs expressed in different
tissues and cultivars and under various environmental conditions (413,955 ESTs as at
version 6.0, 1/2003). A BLASTn search of this database with the wCypl cDNA
sequence identified eight putative cyclophilin TCs (TC66034, TC85062, TC85257,
TC85064, TC85065, TC85263, TC85068 and TC85069). Alignment of these sequences
revealed TC85257, TC66034 and TC85062 corresponded to the three cDNAs wCypl,
wCyp2 and wCyp3 and TC85065 represented a novel, full length sequence (alignment
not shown). However, the four other TC sequences identified in this search were
truncated at their 5’or 3’ends relative to the wCyp cDNA sequences (alignment not
shown) and thus, potentially represent partial sequences assembled separately due to the
quality of their respective EST sequences. Thus, to increase the chances of identifying
only full-length cyclophilin sequences a tBLASTx search using the wCypl cDNA
sequence was conducted. This search revealed several tentative consensus sequences
(TCs) putatively encoding proteins with high similarity (>68%) to that encoded by the
query sequence wCypl (Table 6.1), their alignments falling into three main groups: (i)
cyclophilin A-like sequences; (ii) a TaCYP20-like sequence; and (iii) a new class (Table
6.1; Figure 6.9).

Among the first group, three TCs (TC85257, TC66034 and TC85062) corresponded to
our three cyclophilin A sequences (Johnson et al., 2001), however, a fourth novel
sequence (TC85064) exhibited only 59-62% DNA identity to these, most of the
divergence being at the 5’and 3 UTRs (Figure 6.3). Its translation revealed a putative
protein of the same size as the other wheat cyclophilin A’s, i.e. 171 amino acids, with
87-88% amino acid identity and ~93% similarity to these, the presence of the seven
amino acids characteristic of plant cyclophilins and the tryptophan residue essential for
cyclosporin A binding (Liu et al., 1991; Section 1.6.2) (Figure 6.9).

The second group was represented by a single 1054bp long sequence, TC87211, which
had a high identity (95% and 99%) to the TaCYP-20 cDNAs, its putative protein
product lacking the plant cyclophilin-specific 7 amino acids. The presence of a single
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TC within the TaGlI, when at least two distinct genes of this class, TaCYP20-1 and
TaCYP20-2, are expressed in the endosperm, can be explained by the method used to
construct the TaGl database: overlapping ESTs only need 94% identity over 40bp to be
placed in a single contig, therefore, the closely related homeoalleles of hexaploid wheat
will commonly be grouped together as hybrid TCs. In support of this, all but 6 of the 35
SNPs between the ESTs used to assemble TC87211 reported in the TC description can
be explained by differences between TaCYP20-1 and TaCYP20-2, the other six SNPs
representing either true inter-cultivar polymorphism or polymorphism present in an

additional so-far uncharacterized homeoallele.

The third group was represented by the two closely related contigs, TC84720 and
TC84728, which were 892bp and 990bp long, respectively, the differences in length
being at their 5 and 3’ ends, and had 92% DNA identity and >99% amino acid
similarity over comparable sections. Once again, these two sequences may represent
‘hybrid TCs’, constructed from more than two distinct cDNA classes. Comparison of
these TCs with the three cyclophilin A sequences revealed 53-54% DNA identity and
BLASTnN query of the GenBank database with both TCs revealed several sequences
with high DNA identity (86-99%) over appropriate lengths, including cDNA clones
from wheat, rice and maize, the latter encoding the short peptide previously sequenced
from a cyclophilin B protein from the ER of maize (Sheldon and Venis, 1996). The
ORFs in TC84720 and TC84728 encoded 213 amino acid putative protein products
consisting of a cyclophilin-like domain with a novel N-terminal extension and the
characteristic 7-amino acid insertion, however a recognizable C-terminal ER-retention
signal, such as KDEL (Denecke et al., 1992) or VEKPFAIAKE (Arber et al., 1992)
was absent (Figures 6.9 and 6.10). Interestingly, a BLASTx query with these identified
a 201 amino acid ER-localised protein from Arabidopsis thaliana, encoded by CYP5
(AtCYP19-4) (AAB71401) (Saito et al., 1999), the alignment revealing a slightly longer
putative signal peptide in the wheat proteins but high sequence conservation throughout
the rest of the sequence (88% identity, 96% similarity) (Figure 6.6), providing further
evidence that these two TCs may encode cyclophilin B-like proteins. PSORT identified
these proteins as “outside”, suggesting targeting to the ER, followed by secretion, while
TargetP localized them to the mitochondria with a score of 0.848, but at a lower
confidence level (of 3) due to a significant, albeit lower score (0.429) that these proteins

are found within the secretory pathway. The absence of the typical ER-retention signal,



Chapter 6 224

KDEL (Denecke et al., 1992), at the C-terminal of cyclophilin B’s may explain why
these software packages did not predict the ER as their a potential intracellular location,

as PSORT uses this particular motif as strong evidence of an ER-residency.

As the tBLASTXx search of the TIGR TaGl database was conducted in 1/2003 on version
6.0, the current database (version 9.0, 9/2004) was queried to identify the current TC
sequences corresponding to the TC sequences described above. This search revealed
that all of the above-described cyclophilins are present in version 9.0 of the database
and their current TC sequences are presented in Table 6.1. Notably, the presence of the
TaCYP20-2 and TaCYP20-1 in the GenBank database has led to the splitting of
TC87211 into two distinct TC sequences in the current database, TC192597 and
TC222490, corresponding to the two putative chloroplast cyclophilins. Further, the
novel cyclophilin A TC85064 is now represented by TC211285, which was assembled
with only 8 ESTs; thus this sequence would have been filtered out as probably

representing a TC generated from low-quality EST sequences.

Table 6.1 Cyclophilin-related TC sequences identified in a tBLASTXx search of
the TIGR TaGl database

TIGR TaGl v6.0 ) - TIGR TaGlI v9.0
Group Tentative classification
TC# (# of ESTs)* TC# (# of ESTs)*
TC66034 (241) TC206054 (259)
. TC85062 (385) TC190359 (374)
Tcss2s7 (267) | CYClophilin A(eytoplasmic) | 1o h6ne6 (232)
TC85064 (12) TC211285 (8)
TLP20 orthologue TC192597 (27)
2 TC87211 (35) _
(chloroplast thylakoid lumen) TC222490 (24)
TC84720 (27) - TC205877 (47)
3 Cyclophilin B (ER)
TC84728 (88) TC205883 (97)

“The # of ESTs describes the number of EST sequences used to assemble the contig

sequence.
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6.7 DISCUSSION

The potential role of cyclophilins in the developing wheat endosperm has been
discussed in relation to the folding of the storage proteins in this tissue (Section 1.6.4).
This chapter describes another important step in elucidating such a role, i.e.,
characterisation of the gene family encoding the cytosolic cyclophilin As, with respect
to their sequences, any differences therein, and the copy number, to allow their physical
and genetic mapping, thereby determining any association with quantitative traits and
their potential use in marker-assisted selection by wheat breeders.

6.7.1 The cyclophilin A genes of wheat are intronless and located on the group 6

chromosomes

Our earlier isolation of three classes of the putatively-cytoplasmic cyclophilin A cDNAs
from a wheat endosperm library (Johnson et al., 2001) raised questions in our mind as
to the role(s) of these enzymes in this tissue and any association with QTLs for
agronomically important traits. To address this, characterisation of these genes was
undertaken in the same eight cultivars that had been used to establish genetic maps in
wheat (Kammbholz et al., 2001). One of the first aims was to identify any introns, as
these would serve as sources of greater sequence divergence, which would be helpful
for creating markers for the genetic mapping process. However, sequencing of the
genomic copies (Section 6.2.2) revealed an absence of introns, similar to the cyclophilin
A genes in rice (Buchholz et al., 1994) and the cytoplasmic cyclophilins of Arabidopsis
(Chou and Gasser, 1997). Absence of inter-cultivar polymorphisms in the coding
sequences of these genes in all eight cultivars has further prevented the design of
molecular markers for these genes at present, and investigations into the flanking
regions would be essential for identification of any polymorphisms and establishment of
tightly linked markers, to enable the analysis of any genetic association of these genes
with any QTLs.

Despite these limitations, the specificity of the three allele-specific primer pairs was
successfully exploited in determining the chromosomal loci of the three genes, the

absence of PCR products in the specific nullisomic/tetrasomic, ditelosomic and deletion
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stocks revealing TaCYP18-1, TaCYP18-2 and TaCYP18-3 to be located on the distal
sections of chromosomes 6DS, 6BS and 6AS, respectively. This region has been found
to be rich in other genes of interest including those for polyphenol oxidase (Ppo) and
gliadins (Gli-2) (Li et al., 1999; Weng et al., 2000). The short arm of chromosome 6
has also been implicated in high protein content in durum wheat, although this QTL
appears to be more towards the centromere (Joppa et al., 1997).

6.7.2 The cyclophilin A genes may form a small gene family in wheat

While the physical mapping results (Section 6.3) and the identification of only three
types of cDNAs (Johnson et al. 2001) suggested three cyclophilin A genes in bread
wheat, it was important to ascertain the size of this gene family due to reports of
cyclophilins comprising multigene families in several diploid plant species (Marivet et
al., 1992; Buchholz et al., 1994; Saito et al., 1995; Romano et al., 2004). The
observations of four hybridizing bands in the Hindlll digests of gDNA (Figure 6.6), the
lack of introns (ruling out intron-based Hindlll sites), and absence of internal HindllI
sites in the three cDNAs together suggest the presence of four genes encoding
cyclophilin A in wheat. The observation of eight major hybridising fragments in the
BamHI digest, an enzyme expected to cut the three cDNAs and the corresponding
genomic copies internally once, also supports the existence of one other gene, also
containing an internal BamHI site. Interestingly, preliminary restriction mapping
(Figure 6.7) revealed that two of the four genes shared their RFLP patterns for Eagl and
Ncol with wCyp3. This finding raises various possibilities, e.g., (i) that the cyclophilin
A gene on chromosome 6AS (TaCYP18-3) is present in (at least) two copies, located on
two different Hindlll fragments but having identical maps for the internal BamHI, Eagl
and Ncol sites and thus perhaps identical sequences; or (ii) one of these is a variant
cyclophilin A gene, with the above restriction sites and adequate homology to the probe
but an otherwise divergent sequence (explaining why it may not have been amplified
from the gDNAs by the allele-specific primers) and/or lack of expression in the
endosperm (explaining why a corresponding cDNA was not found by us; and/or (iii)
this could be a pseudogene, as reported for human cyclophilins (Haendler and Hofer,
1990). Sequencing of these two PCR products would be required to address these

issues.
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6.7.3 ldentification of variants of cyclophilin A in wheat

The search for a variant, fourth cyclophilin A sequence was conducted using an
endosperm-specific EST database (Section 6.6) and the TIGR TaGl database assembled
from wheat sequences publicly-available in the GenBank databases. The sequences
identified in the wheat endosperm library database (Section 6.6) were either wCyp1-,
wCyp2- or wCyp3-like sequences, or the TaCYP-20 and TaCYP-70 clones; the latter two
appeared to be too divergent (53-54% and 47% identity) to represent the fourth
hybridising fragment. However, these clones did represent novel cyclophilins and were
thus characterised further and are discussed below (Sections 6.7.4 and 6.7.5).

The search of the TIGR TaGl database for a variant cyclophilin A with a BLASTn query
of the TaGl database with wCypl (Section 6.6.3) intriguingly revealed four cyclophilin
A-like cDNA sequences containing full length ORFs, however this search also revealed
a number of partial sequences. A tBLASTXx search with wCypl1 filtered out these partial
sequences as the absence of full-length ORFs in the partial sequences, which the
tBLASTX program translates (and then back-translates) would have greatly reduced
their similarity to the wCyp1l query sequence in this context. Thus, the tBLASTXx search
of the TaGl database identified the four cyclophilin A-like TCs identified in the
BLASTn search (above) and also identified three other TCs encoding putative
chloroplast and ER-localised cyclophilins (Table 6.1) (discussed below; Sections 6.7.4
and 6.7.6). The fourth, novel cyclophilin A-like sequence identified in the BLASTn and
tBLASTX searches, TC85064, was investigated as it could have potentially represented
the fourth hybridising fragment observed on the Southern blot (Figure 6.6) as the
putative protein encoded by this TC sequence was highly similar (~93%) to cyclophilin
A. The twelve ESTs used to construct this TC were from seedling and meiotic anther
cDNA libraries, possibly explaining the absence of this type of cDNA from our
extensive analyses of >40 cyclophilin clones from an endosperm library (Johnson et al.,
2001; and unpublished). As such, TC85064 could represent a different class of
cyclophilin A with tissue-specific expression, however, further analysis suggests that it
is unlikely to represent the extra bands on the Southern blot, due to its limited DNA
sequence identity (~66%) to the probe used, the high stringency hybridisation
conditions and the lack of an internal BamHlI site in it, required to explain the additional

bands. Further, it would not be amplified by the consensus primers used for amplifying
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the cyclophilin A genes from the HindlIl fragments or the allele-specific primers used
for mapping studies, and it does not share the RFLP patterns for Eagl and Ncol with
wCyp3. Thus, while it is possible that divergent cyclophilin A-like sequences with other
expression patterns exist in wheat, the most likely explanation for the Southern blot and
physical mapping results together appears to be that the cyclophilin A's expressed in the
endosperm comprise a small multigene family with three homeologous loci on

chromosome 6, that at 6AS having (at least) two gene copies.

6.7.4 Putative plastid cyclophilins are expressed in the wheat endosperm

The isolation of novel cyclophilin sequences from a wheat endosperm cDNA library
putatively localising to the chloroplast (Section 6.6.1) and identification of related TCs
in the TaGl database (Section 6.6.3) are significant findings, as the starch biosynthetic
pathways which determine important wheat quality traits are localized to the amyloplast
in this tissue. The presence of a TLP20 ‘fingerprint’, i.e., the *‘NPV’ insertion, in
proteins encoded by TaCYP20-1, TaCYP20-2 and TC87211 suggest strongly that these
transcripts encode orthologs of A. thaliana, rice and spinach TLP20 cyclophilin, which
has been shown to be responsible for most of the PPlase activity in the chloroplast
lumen and proposed to be an important catalyst of protein folding here (Edvardsson et
al., 2003). Thus, the plastid-localised wheat cyclophilins may be involved in the
folding and/or stabilization of enzymes involved in starch biosynthesis pathways and
play a role in influencing starch quality traits; further investigations of the
corresponding genes and their expression patterns will allow their role(s) to be

determined more clearly.

6.7.5 A putative nuclear SR-cyclophilin is expressed in the wheat endosperm

The presence and sequence of the six NLS’s in the putative amino acid sequence of
TaCYP70 (Section 6.6.2) suggests that this is a novel multidomain protein with a CLD.
A multidomain cyclophilin, AtCYP63, containing a similar pattern of functional motifs,
including an N-terminal CLD, NLS signals and a RS-rich region at the C-terminal has
recently been identified in Arabidopsis and is suggested to be an SR-protein, involved
in constitutive and alternative splicing of RNA (Romano et al., 2004). The relatively
high sequence identity (40%) and similarity (60%) between TaCYP70 and AtCYP63
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and the similar pattern of functional motifs suggests a similar function for TaCYP70 in
wheat. The TIGR TaGl database did not reveal TaCYP70 or other proteins containing
CLDs, most likely due to the methods used to query the database, wherein such
multidomain proteins are unlikely to be considered sufficiently similar to wCypl to be
revealed by tBLASTX.

6.7.6 Putative cyclophilin B genes are expressed in wheat

The identification of two TC sequences in the TaGl database that potentially encode
ER-localised cyclophilin B’s (Section 6.6.3) is also an interesting finding, as the
presence of such cyclophilins in the wheat endosperm ER has been suggested to be
potentially important for the folding of storage proteins (Shewry et al., 1995; Shewry
and Tatham, 1997). Like the A. thaliana CYP5 (Saito et al., 1999), these putative
cyclophilin B’s lack recognizable ER-retention signals such as the frequently found
‘KDEL’ (Denecke et al., 1992) or the ‘“VEKPFAIAKE’ (Arber et al., 1992), suggesting

an alternative process for ER-retention of plant cyclophilin B’s.

This chapter has provided useful information which can be used to further elucidate the
role of cyclophilins in wheat. The characterisation of the cyclophilin A gene family will
permit the design of gene-specific molecular markers for quantitative genetic analyses
of these genes in agronomically important traits. Further, the identification of novel,
putatively organelle-specific cyclophilin sequences will permit the isolation and
characterisation of these genes in future studies to gain a further understanding of their

role in the developing endosperm.
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CHAPTER 7
CONCLUSIONS AND FUTURE DIRECTIONS

A major aim of this study was to isolate and characterise the gene families encoding
PDI in T. turgidum subsp. durum and Ae. tauschii to determine their copy number and
to identify genome-specific sequences to facilitate the isolation of the corresponding
genes from T. aestivum. Upon achieving this aim, we were able to utilise the
information to isolate and characterise the PDI genes of T. aestivum and assess these
genes for inter-cultivar polymorphism to develop molecular markers for those genes
where inter-cultivar polymorphism was identified and integrate them into existing
genetic maps. Further, the knowledge gained on the structure of the PDI genes in wheat
permitted an analysis of the rice orthologue of this gene, which appears to play an
important role in storage protein deposition in that species, and allowed a preliminary
investigation to determine the level of orthology between these loci. Another major aim
was to characterise the gene family encoding other foldase enzymes in wheat, the
cyclophilins, through analysis of the gene copy number and sequence and physical
mapping of these genes. Further, cDNA library screening and data-mining of EST
databases allowed the identification of several novel, putative organelle-bound members
of this gene family. Taken together, the characterisation of these gene families has
provided extensive insight into their potential roles in the developing endosperm and

provided important data and directions for further research into these genes.

7.1 CONCLUSIONS
7.1.1 The PDI gene family of wheat

Investigations into the hexaploid bread wheat, T. aestivum (AABBDD) and the
tetraploid progenitor of the A and B genomes, T. turgidum subsp. durum (AABB) and
the diploid progenitor of the D genome, Ae. tauschii (DD) provided insights into the

organisation of this gene family in wheat.

o Southern blot analysis of the PDI gene family in the hexaploid T. aestivum cv.
Wyuna (AABBDD), T. turgidum subsp. durum (AABB) and Ae. tauschii (DD)

revealed the presence of a single hybridising fragment per genome (Section 3.2).
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o PCR amplification and cloning of the PDI genes from the gDNA of T. turgidum
subsp. durum and Ae. tauschii supports the presence of a single PDI gene per
genome, as clones of two distinct sequence types were isolated from the
tetraploid, while all of the clones isolated from the diploid had the same

sequence (Section 3.3).

o The PDI genes have a 10 exon / 9 intron structure, confirming and extending the
previously reported partial sequences of the PDI genes TtPDI4A and TtPDI4B of
T. turgidum subsp. durum and providing the first report of the sequence of the
PDI gene, AetPDI4D, from the D genome of Ae. tauschii (Section 3.3).

o The inter-genome polymorphisms identified in the study of the above
progenitors enabled the design of allele-specific (AS) primers for the targeted
amplification and characterisation of sections of PDI genes from the individual
genomes of T. aestivum revealing extremely high sequence conservation (>97%
at the intron and exon level) between the PDI genes in hexaploid wheat
(TaPDI4A, TaPDI4B and TaPDI4D) and those in the corresponding genomes of
T. turgidum subsp. durum and Ae. tauschii (Section 3.4). Further, these genes
are 100% identical to the corresponding sequences in the three cDNA clones
previously isolated by us from an endosperm library (Section 1.5.5), revealing

that all three PDI genes are expressed in this tissue.

o The report of a fourth (third in tetraploid wheat) gene on chromosome 1B of
some cultivars of T. aestivum and T. turgidum subsp. durum (Section 1.5.5),
could not be confirmed with certain probes in Southern blotting (Section 3.2) or
in the cloning and sequencing of PDI genes in these species (Sections 3.3 and
3.4). However, the appearance of the reported band with a longer probe
indicates this may be a partial gene with only it 5’ sequence present (Section
3.6.2). This conclusion is supported by the amplification of a PCR product from
the 5’ section of the PDI gene and the absence of a product using primers

specific for the 3’ section (Section 3.6.3).
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o The PDI gene family of wheat thus appears to consist of a single expressed gene
in each of the A, B and D genomes of wheat, each with a conserved intron/exon
structure and conserved DNA sequence at the exon level (>95%) and the
reported gene on chromosome 1B, if present, appears to be a partial gene

consisting of only the 5’ section of the gene.

o The sequencing of sections of TaPDI4A, TaPDI4B and TaPDI4D in the eight
cultivars, previously used in the development of genetic maps (Section 1.8.4.1)
revealed that:

o the intron 5 of TaPDI4A contained a G/T SNP that was polymorphic
between three of the four characterised crosses (Section 4.2.1);

o the intron 9 of TaPDI4B contained an A/T SNP in that was polymorphic
in CD87 x Katepwa (Section 4.2.2); and

o that there was a complete absence of inter-cultivar polymorphism in
TaPDI4D after sequencing of over 80% of this gene (Section 4.2.3).

o The design of molecular markers for TaPDI4A and TaPDI4B using certain
RFLPs introduced by the SNPs described above (Sections 4.3 and 4.4), allowed
linkage analysis and integration of these genes into genetic maps and revealed,
that as expected, these genes are linked to markers on chromosome 4A and 4B,
respectively (Section 4.6). Further, both genes were found to be closely linked
to germin genes, known to be important in plant germination and pathogen
defense. The integration of the PDI genes into the wheat genetic maps represents
an important step in assessing the involvement of these genes in quantitative

traits in these crosses.

o Preliminary evidence establishing orthology between the PDI loci of wheat and
esp2 locus of rice and thus a hypothetical QTL for storage protein deposition at

the PDI loci of wheat was established as follows:
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The putative rice PDI orthologue of wheat PDI is located on
chromosome 11S and encodes a protein 94% identical to that encoded by
TtPDI4A (Section 5.2.1).

This rice PDI gene and the esp2 marker of rice are both present on the
distal section of the chromosome 11S (Section 5.2.2) suggesting that the
mutation in esp2 is directly to this PDI gene or to flanking regulatory
elements.

A 1Mb section of rice chromosome 11S, encompassing the PDI locus,
contains sequences putatively orthologous to 76 ESTs or TC sequences
in the TIGR TaGl database (Section 5.3.1), of which 5 had been
physically mapped to the group 4 chromosomes in wheat often in the
same ‘bin’ as the PDI genes of wheat, however some discrepancies were
present (Section 5.3.2).

Physical mapping of the PDI genes of wheat to clarify the above
discrepancies confirmed and refined their locations to ‘bins’ on
chromosomes 4AL, 4BS and 4DS (Section 5.4).

Thus, the presence of genes flanking PDI genes of wheat and the PDI
gene of rice, which plays a role in storage protein deposition, provides
good preliminary evidence for orthology between these loci and thus, for
the presence of a QTL for storage protein deposition at the PDI loci of

wheat.

7.1.2 The cyclophilin gene family of wheat

Prior to this research, the structure and organisation of cyclophilin genes in wheat was

unknown. The current research has provided insight into a number of members of this

gene family in wheat, especially the cyclophilin A genes.

. The cyclophilin A genes of wheat, TaCYP18-1, TaCYP18-2 and TaCYP18-3,

appear to be intronless and are highly conserved in sequence between the three

genomes, with no polymorphisms identified also between the eight cultivars

investigated (Section 6.2).
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o The cyclophilin A genes map to the distal sections of chromosomes 6AS, 6BS
and 6DS using the N/T, ditelosomic and deletion stocks of common wheat, an
area containing other genes that play a role in determining wheat quality,

including the gliadins and polyphenol oxidase (Section 6.3).

o The cyclophilin A gene family of common wheat appears to consist of four
members, and the fourth gene may be a duplicate of the cyclophilin A gene on
chromosome 6AS, i.e. TaCYP18-3 (Sections 6.4 and 6.5).

o The wheat genome also encodes novel, organelle-bound cyclophilins, including
putative nuclear (TaCYP-70), plastid (TaCYP20-1 and TaCYP20-2) and ER

members (Section 6.6).

7.2 FUTURE DIRECTIONS

The findings of the current study have provided much of the groundwork to permit
investigations into functional associations between the PDI genes and important quality
traits of wheat. Further, the identification of novel cyclophilins, especially a putative
ER-resident cyclophilin B, which may play an important role in the folding of the
storage proteins, will permit investigations into the role(s) of these enzymes in the
developing endosperm. The following research directions are suggested to gain further

insight into these areas.

The development of molecular markers for TaPDI4A and TaPDI4B will allow their
contribution to quantitative traits to be assessed. However, the low level of
polymorphism in the D genome PDI gene, TaPDI4D, has thus far prevented the
development of a marker for this gene. The results of the current research has provided

some avenues to pursue in the development of such a marker, for example,

o The comparison of the PDI gene of Ae. tauschii with that of T. aestivum
revealed a 34bp insertion/deletion in intron 1 (Section 3.4.3).  This
polymorphism may be exploited as a simple size difference in the PCR product,

amplifying this intron to differentiate the two molecular alleles, i.e. with or



Chapter 7 235

without the insertion/deletion. The mapping population generated from the
synthetic hexaploid (Altar84/Ae. tauschii) x Opata M85 (Section 1.8.4.1) would
likely exhibit this polymorphism, as the D genomes in this cross were donated

by Ae. tauschii and T. aestivum.

o The sequence generated from TaPDI4D could be used to generate an AFLP
marker by digesting gDNA with Pstl/Msel, which produces more polymorphic
fragments in wheat than other enzyme combinations (Langridge et al. 2001), and
using an anchored primer based on the sequence of TaPDI4D coupled with an
AFLP primer with few selective bases. Such a method could identify
polymorphisms flanking the TaPDI4D gene and thus be genetically tightly
linked.

One other clear area of future research would be QTL studies on dough rheological
properties in the populations polymorphic for the PDI molecular markers. As PDI
conceivably has an important role in protein body formation, and the mapping
populations segregate for traits directly influenced by the storage proteins (Table 1.2),
the mapping populations could be assessed for their elasticity, dough strength and/or
extensibility. This data could be analysed to determine whether QTLs for such traits co-
segregate with the PDI markers, providing genetic evidence for a role for the PDI genes

in determining these traits.

The effect of absence of PDI expression in rice on protein body morphology in the
endosperm raises the question whether such a mutation would have a similar effect on
storage protein folding and protein body formation in wheat. The hexaploid nature of
common wheat provides a high level of genetic redundancy, suggesting that all three
PDI genes would need to be knocked out or any naturally occurring null-mutants would
need to be identified, to observe the effect of such mutations on protein body
morphology. However, analysis on the waxy gene in common wheat, which is
responsible for amylose synthesis in starch, shows an unequal involvement of the three
homeoalleles in determining amylose content (Yamamori et al. 2000). Thus, it will be
interesting to identify (or develop by mutatgenesis) PDI single/double/triple-null
mutants, to determine whether there are any subtle or quantitative effects of these on

protein body formation.
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The lack of inter-cultivar polymorphism in the cyclophilin A genes is most likely due to
the functional conservation of the coding sequences in these intronless genes (Section
6.2.2). Thus, to identify polymorphisms in these genes for developing molecular
markers, the non-coding flanking regions, which may not be under the same level of
selection pressure that the coding sequences are under, need to be explored. As
discussed above, the sequence data generated from the cyclophilin genes may be used
generate a marker using an AFLP approach, with a cyclophilin-specific primer in

conjunction with a traditional AFLP primer specific for the Pstl/Msel restriction site.

Although the cyclophilins appear to be involved in a number of cellular activities
(Section 1.6.4), the ‘foldase’ activity of these enzymes was the primary interest for the
current research, especially in the context of protein body formation. However, the
cytosolic cyclophilin A’s do not seem to have access to the storage proteins during the
formation of the protein bodies, as this process occurs in the ER and vacuoles. Thus,
our identification of plastid- and ER-localised cyclophilins, which could conceivably
play important roles in the folding of enzymes in the starch biosynthesis pathways and
protein body formation, respectively, represents an important first step in elucidating the
roles of these cyclophilins in the developing endosperm. Studies into the expression of
these plastid and ER forms, to determine whether they are up-regulated during
endosperm development, needs to be conducted. These studies could involve Northern
blot analysis, however the close sequence homology between the cyclophilin classes
would necessitate the analysis of their sequence to ensure that probes specific for each
class did not cross-hybridise with the other classes of cyclophilin expressed in the
endosperm.  Alternatively, a quantitative real-time reverse transcriptase (RT-)PCR
approach could be used, such as that used to study the expression of acetyl-coenzyme A
carboxylase genes in wheat (Podkowinski et al. 2003), with primers designed that are

specific to each class of cyclophilin.

Similar to the proposed studies of PDI null-mutants described above, an absence of
cyclophilin B expression on the deposition of the storage proteins would be of great
interest. As described above for the PDI genes, this analysis would involve the

identification of any naturally occurring cyclophilin B null-mutants or mutagenesis to
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engineer such mutants, followed by analysis of the effects of such mutations on the

deposition of the storage proteins.

Overall, this project adds substantial new data to the field of wheat molecular genetics,
particularly factors potentially affecting the folding of proteins in the wheat endosperm

and thus, wheat grain quality.
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APPENDICES

APPENDIX I

CHEMICALS AND REAGENTS

A. Enzymes

A number of enzymes were used in this project, many of which were supplied in the kits
used for PCR, cloning and sequencing reactions. These enzymes included:

Platinum Taq polymerase and HotStarTaq for PCR amplifications which were

provided by Invitrogen and Qiagen, respectively.

T4 DNA Ligase for ligation of fragments of the PDI genes into the pGEM-T-

Easy vector, which was provided by Promega.

Polymerases for sequencing reactions were provided in the ABI Prism BigDye
Terminator Cycle Sequencing Ready Reaction Kit v.3 supplied by Applied

Biosystems.

A number of restriction endonucleases used in the digestion of the pGEM-T-
Easy and pBluescript SK+ vectors, Southern blotting experiments, RFLP
analysis of the PDI and cyclophilin genes and digestion of the PCR-RFLP
molecular markers for the PDI genes, which were supplied by Promega, MBI

Fermentas and New England Biolabs.

The Klenow fragment of E. coli DNA polymerase | was used in the
radiolabeling of probes used for Southern blot experiments with the Prime-a-
Gene Labeling System or Ready-To-Go DNA Labeling Beads, supplied by
Promega and Pharmacia, respectively.
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B.

An Alkaline Protease solution was used in the purification of plasmid DNA and
was supplied in the Wizard Plus SV Minipreps DNA Purification System from

Promega.

RNase A (10ug/ul) was prepared and purified as follows:

100mg of pancreatic RNase A raw extracts (Progen) was dissolved in 10mL of
sterile 10mM Tris-Cl (pH 7.5) containing 15mM NaCl and heated in a boiling
water bath for 5 minutes to inactivate any DNase present. The DNase-free
RNase A was cooled to room temperature, dispensed in 20ul aliquots and stored
at -20°C.

Buffers

A number of buffers were supplied with Kits or enzymes for use in PCR reactions, DNA

purifications, restriction digestions, ligation and radiolabelling reactions. In addition,

the following buffers were prepared:

1.

TE Buffer: 10mM Tris-Cl (pH 8.0), 1ImM EDTA (pH 8.0).

TAE (50X): 2429 Tris base, 57.1mL Glacial acetic acid, 100mL 0.5M EDTA
(pH 8.0). These were dissolved and made up to 1000mL in sterile ddH,0.

SM Buffer: 100mM NaCl, 50mM Tris-Cl (pH 7.5), 8mM MgSO4, 0.01%
gelatin. Chloroform was added to the buffer at the time of use at a final

concentration of 1%.

Sequencing dilution buffer: 1.4mM MgCl,, 60mM Tris-Cl (pH 7.5), 3M sodium
acetate, pH 5.2.

SSC (20X): 3M NaCl, 0.3M sodium citrate.

Denaturation solution: 1.5M NaCl, 0.5M NaOH.
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7.

Neutralisation solution: 1.5M NaCl, 0.5M Tris-Cl (pH 7.2).

Prehybridisation Buffer I: 0.2% Ficoll, 0.2% bovine serum albumen (BSA),
0.2% polyvinyl pyrrolidone (PVP), 1% SDS, 1.2% HEPES, 3x SSC, 0.002%
sheared herring sperm DNA (Sigma).

General Solutions and Stocks

20% Maltose
20g of maltose (Aldrich) was made up to 100mL in sterile, ddH,O, sterilised
with a 0.22um filter and stored at 4°C.

X-Gal (20mg/mL)
100mg of 5-Bromo-4-chloro-3-indolyl-pB-D-galactoside (X-Gal) (Progen) was
dissolved in dimethylformamide to a final volume of 5SmL. The prepared X-gal

was stored at -20°C in a light-safe tube.

20% IPTG
29 of isopropylthio-p-D-galactoside (IPTG) (Progen) was dissolved in ddH,O to
a final volume of 10mL. The prepared IPTG was sterilised with a 0.22um filter

and stored at 4°C.

Ethidium Bromide (10mg/mL)
0.5g ethidium bromide (Sigma) was dissolved in 50mL of ddH,O by stirring for
2 hours with a magnetic stirrer. The prepared ethidium bromide was stored in a

light-safe tube at room temperature.

10% SDS

10g sodium dodecyl sulfate (SDS) (electrophoresis grade, BioRad) was
dissolved in 90mL ddH,O and heated at 68°C until the SDS was completely
dissolved. This solution was adjusted to pH 7.2 with dilute acetic acid and made
up to a final volume of 100mL with ddH.0O, sterilised with a 0.22um filter and

stored at room temperature.
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10.

1M MgSO,
101.5g of MgSO, (BDH) was made up to a final volume of 500mL with ddH,O

and stored at room temperature.

2M Mg** stock
20.33g MgCl; « 6H20 and 24.65g MgSQO, » 7H20 were made up to 100mL with
ddH,0 and sterilised with a 0.22um filter.

0.5M EDTA

186.1g of disodium ethylenediaminetetra-acetate-2H,O (Ajax Chemicals) was
added to 800mL of ddH,O and the pH was adjusted to 8.0 by the addition of
10N NaOH. The solution was allowed to dissolve by stirring on a magnetic
stirrer and made up to a final volume of 1000mL with ddH,O. The EDTA was
sterilised by autoclaving at 121°C for 20 minutes and stored at room

temperature.

3M Sodium Acetate

40.8g of sodium acetate-3H,O (Ajax Chemicals) was dissolved in ddH,0, the
pH was adjusted to 5.2 with glacial acetic acid and made up to 100mL final
volume with ddH,O. The prepared solution was sterilised by autoclaving at

121°C for 20 minutes and stored at room temperature.

Ampicillin (50mg/mL)
200mg of Ampicillin (Sigma) was dissolved in ddH,O to a final volume of 4mL,

sterilised with a 0.22um filter and stored in a light-safe tube at -20°C.

Microbiological media

LB broth (Luria-Bertani broth)
1% w/v bacto-tryptone (Oxoid),
0.5% bacto-yeast extract (Oxoid),
1% wi/v NaCl.
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This media was sterilised by autoclaving at 121°C for 20 minutes. Where

required, agar was added (20g/L) to make solid LB agar prior to autoclaving.

2. SOC media

2.0g Tryptone (Oxoid Media)

0.5g Yeast extract (Oxoid Media)

1ml 1M NacCl

0.25ml 1M KCI

1ml 2M Mg2+ stock, filter-sterilized.

1ml 2M glucose, filter-sterilized.
The tryptone, yeast extract, NaCl and KCI were added to 97ml ddH,O and autoclaved at
121°C for 20 minutes. The 2M Mg?* stock and 2M glucose were added and the final

volume made to 100ml with sterile ddH-O.



Appendix I 276

APPENDIX 11

MAPS OF VECTORS USED IN THIS PROJECT
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Figure I1-1  Map of the pGEM-T-Easy cloning vector.

The pGEM-T-Easy cloning vector (Promega) was used for the cloning of PDI and
cyclophilin gene fragments amplified by PCR. The presence of extended 3’ thymidine
termini facilitated the cloning due to the addition of 5” adenines to the PCR products

generated with Taqg DNA polymerase.
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Appendix Il
MNae| 134
en Ssp | 445
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Figure 11-2  Map of the pBluescript SK (+/-) cloning vector.
The pBluescript SK (+/-) vector containing putative PDI cDNA inserts was in vivo
excised from the Lambda Zap Il vector following screening of a T. aestivum 10-12 DPA

endosperm library.

x
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APPENDIX I

THE DNA SEQUENCES OF PDI GENES FROM EIGHT
CULTIVARS OF T. aestivum
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Figure II1A  The partial sequence of the PDI genes in the A genome of wheat
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Figure I11B The partial sequence of the PDI genes in the B genome of wheat
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Figure 111D  The partial sequence of the PDI genes in the D genome of wheat
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Legend for Figures I11A, 111B and 111D

The DNA sequences of the eight cultivars of T. aestivum are shown aligned with the
corresponding PDI cDNA and progenitor sequences (A genome = wPDI1 and TtPDI4A;
B genome = wPDI2 and TtPDI4B; D genome = wPDI3 and AetPDI4D). The
numbering system relates to the nucleotide number in the progenitor sequence.
Mapping cultivars: Cr: Cranbrook, Hb: Halberd, Eg: Egret, Ss: Sunstar, Sc: Sunco, Ta:
Tasman, CD: CD87, Ka: Katepwa. Allele-specific primers (Table 2.6, Figure 2.4) used
in the amplification and sequencing of these gene sections are highlighted in green with
the name of the primer. Intron and Exons are shown and the ubiquitous GT/AG
dinucleotide at the intron/exon boundaries are highlighted in yellow. The intercultivar
polymorphisms identified between the PDI genes in the A and B genome are
highlighted in red. The positions of these alignments in relation to the intron/exon
structure of the PDI genes are shown in Figure 4.3.
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APPENDIX IV

RESULTS OF THE NULLISOMIC/TETRASOMIC AND
DITELOSOMIC ANALYSIS OF THE PDI AND CYCLOPHILIN
GENES
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cs M »0 1] M y0 1] M ¥0 1] 71
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Figure IV-1 The N/T and ditelosomic analysis of the PDI genes of T. aestivum
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Figure IV-2 The N/T and ditelosomic analysis of the cyclophilin genes of T.
aestivum
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Legend for Figures IV-1 and 1V-2

The partial genes were amplified with the PDI allele-specific (AS) primers PA1F/PALR
(TaPDI4A), PB3F/PB3R (TaPDI4B) and PD2F/PD2R (TAPDI4D) (Figure 2.4, Table
2.6) or the cyclophilin AS-primers C1F1/C1R1 (TaCYP18-1), C2F1/C2R1 (TaCYP18-
2) and C3F1/C3R1 (TaCYP18-3) (Figure 2.5, Table 2.7). Template DNA:

Chrom. | Lanel |Lane?2 |Lane3 |Lane4 |Lane5 |Lane6 |Lane7 |Lane8 | Lane9

1 1BBD | 1BDD | 1AAD | 1ADD |1AAB |1ABB |DT1AL |DT1BL | DT1DL
2 2BBD | 2BDD |2AAD |2ADD |2AAB |2ABB | DT2AL | DT2BL | DT2DL
3 3BBD |3BDD |3AAD |3ADD |3AAB |3ABB | DT3AL | DT3BL | DT3DL
4 4BBD |4BDD |4AAD |4ADD |4AAB | 4ABB | DT4AL | DT4BL | DTADL
5) 5BBD | 5BDD |5AAD |5ADD |5AAB |5ABB | DT5AL | DT5BL | DTSDL
6 6BBD |6BDD |6AAD |6ADD |6AAB |6ABB | DT6AL | DT6BL | DT6DL
7 /BBD | 7/BDD | 7/AAD | /ADD |7AAB | 7/ABB | DT/AL | DT/BL | DT7DL

CS: T. aestivum cv. Chinese Spring gDNA; N: no-template negative control; M: 100bp

ladder molecular weight marker.
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APPENDIX V

SOUTHERN BLOTS DATA FOR THE PUTATIVE WHEAT
ORTHOLOGUES AT THE esp2 LOCUS OF RICE

Frobee TTUD/2BEF2D0770

,EEEgEEEE@EE&EEEgE!EEEEEEEE%%E
- - »

I |

- - - e e

= o = 16«1

| HEENITDRIAEED S E BB
Eafd HEAAEARARAARE R ESR EEEE

&
&3

L)
S __— ..... . —
o i 11458
111y Al rm
. -

- 2T L R - e -

=§§EEEEEEEQIEEEEEE

-“H'-I-‘r - - I I e

L - - =
“"..“ = = - . - [r—
- O, e - e e e O S -

23

i

T L E Ty N
i " . i - !
- ‘-'l-!.----u -

-~ -

--_-" L e e -

Figure V-1  The mapping data generated with probe BF200779 (Probe 1).
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Probe: (NL220BE398523(512-220)
,3983289338833337388449288433343
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Figure V-2  The mapping data generated with probe BE398523 (Probe 2).
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Proba: UMW30TBEQ280847
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The mapping data generated with probe BQ280847 (Probe 3).

Figure V-3
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The mapping data generated with probe BE499456 (Probe 4).

Figure V-4
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Figure V-5  The mapping data generated with probe BM135436 (Probe 5).
Legend for Figures V1-V5
This data was generated as part of the US Wheat EST project and was accessed from the

GrainGenes-SQL database (http://wheat.pw.usda.gov/cgi-bin/westsql/map_locus.cgi).
Details of the probes and the mapped loci are presented in Table 5.2.
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