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I.

Abstract

In the developing endosperm of bread wheat (Triticum
aestivum), seed storage proteins are produced on the rough
endoplasmic reticulum (ER) and transported to protein bodies,
specialised vacuoles for the storage of protein. The important gluten
proteins of wheat are transported to the protein bodies they are
stored in by two distinct routes. One route consists of vesicles that
bud directly off the ER, while the other involves transport through
the Golgi (Arcalis et al, 2004). In plants, the RabD clade mediates
ER to Golgi vesicle transport (Batoko et al/, 2000).

Available sequence information for Rab GTPases in
Arabidopsis, rice, Brachypodium and bread wheat was compiled and
compared in phenetic trees. Partial genetic sequences were
assembled using the first draft of the Chinese Spring wheat genome.

A suitable candidate gene from the RabD clade (TaRabDZ2a)
was chosen for down-regulation by RNA interference (RNAi) and an
RNAI construct was used to transform wheat plants. Using real time
PCR, all four available RabD genes were shown to be knocked down
in the developing endosperm of transgenic wheat.

The transgenic grain was found to produce flour with
significantly altered processing properties when measured by
farinograph and extensograph. SE-HPLC found that a smaller
proportion of HMW-GS and large LMW-GS are incorporated into the
glutenin macropolymer in the transgenic dough. Lower protein
content but a similar protein profile on SDS-PAGE was seen in the

transgenic grain.
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Fig. 8.6 — SDS-PAGE of mature T2 seeds
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1 General Introduction

1.1.1 Functions of the Rab GTPase family

In the Ras superfamily of small GTPases, plants contain Rab,
Rho, Arf, and Ran GTPases but not the Ras subfamily present in
mammals (Vernoud et al, 2003). The plant Rab GTPases are best
characterised in Arabidopsis thaliana with 56 members, each of
which is considered to be involved in a particular trafficking step.
Rab GTPases are molecular switches that regulate the transport of
vesicles between membranous compartments of the exocytic and
endocytic pathways of eukaryotes. As well as vesicle budding,
tethering and docking, Rab proteins are also involved in the
regulation of vesicle and compartment motility through recruitment
of motor proteins to the membrane (Stenmark, 2009; Zerial &
McBride, 2001).

There are 8 clades of Rab GTPase in plants, designated A-H.
They are generally related to mammalian Rab classes 11, 2, 18, 1,
8, 5, 7 and 6 respectively (Pereira-Leal & Seabra, 2001). There are
exceptions however, including Rab F1 in plants, which has no
homologue in mammalian or yeast systems (Woollard & Moore,
2008). Plant Rab GTPases are well conserved within clades and are
usually more similar to homologues in other (even distant) species
than closely related Rabs within the same species (Rojas et al,
2012). This suggests that Rab GTPase functions are highly
conserved between species, though not necessarily separate from
each other. A study looking at the effects of knocking out RabD

genes individually in Arabidopsis have shown a lack of phenotype



indicating functional redundancy or overlapping roles (Pinheiro et al,
2009).

Early plant secretory traffic involves GTPases of the Rab B
and Rab D clades (Rutherford & Moore, 2002) which have been
shown to target proteins to the Golgi (Batoko et a/, 2000; Cheung et
al, 2002; Zheng et al, 2005). A member of the large Rab A subclass
has been implicated in trafficking to the cell wall in tomato (Lu et al,
2001; Rehman et al, 2008). Vesicle transport to the vacuole has
been shown to be mediated by Rabs from the F clade and the G3
subclade (Lee et al, 2004; Mazel et al, 2004; Ueda et al, 2004).
Studies demonstrate the Rab A, Rab E and Rab F subclasses to be
involved in post-Golgi secretory traffic and endocytic cycling
(Woollard & Moore, 2008). However, there is little information
relating to the function of Rab GTPases from the Rab C and Rab H

clades, as well as several of those in the Rab G and Rab A classes.

1.1.2 Development of wheat and cereal seeds

During seed development, protein and starch are laid down in
the endosperm as a store for future utilisation at germination. In
grasses, the endosperm has 3 major stages of development - early
development, differentiation and maturation (Sabelli & Larkins,
2009).

Early development involves creation of the primary
endosperm nucleus by fusion of a sperm nucleus and two polar
nuclei. In wheat and many other grasses this happens at the same

time as syngamy (the fusion of the egg cell nucleus with a sperm



nucleus) (Bennett et al, 1975). The triploid (in diploid cereals,
nonaploid in bread wheat) endosperm nucleus then rapidly
duplicates several times without cytokinesis or cell wall production,
to form the syncytium (Olsen, 2004). The number of nuclei reached
inside the coenocytic endosperm can exceed 2000 in some species
of Triticum (Bennett et al, 1975). With the nuclei located around the
outside of the syncytium, their division is then followed by
cytokinesis. This cellularisation proceeds towards the centre of the
syncytium until the central cavity is completely filled with
endosperm cells (Fig. 1.1).

The differentiation of cereal endosperm results in 4 main
types of cell - transfer, aleurone, embryo surrounding region (ESR)
and starchy endosperm. The function of transfer cells is to act as a
gateway for nutrients between the maternal cells of the seed and
the starchy endosperm. In wheat, rice and maize the aleurone layer
is one cell thick and covers the starchy endosperm, except where
transfer cells are in contact with the starchy endosperm (Sabelli &
Larkins, 2009). Functions of the aleurone include assisting in starchy
endosperm growth (Lid et al, 2004; Olsen, 2004) and releasing
enzymes to break down the mature starchy endosperm during
germination upon gibberellic acid signal from the embryo (Sabelli &
Larkins, 2009). The ESR cells cover the early embryo after the
cellularisation phase before reducing in number during development,
occupying only a small area at the base of the endosperm. Potential
roles of the ESR include the supply of sugars to the embryo (Bate et

al, 2004; Cossegal et al, 2007), defence against pathogens
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Fig. 1.1 — Cellularisation during early endosperm development in cereals (adapted
from Olsen, 2004)

1) Endosperm syncytium formation is complete. Evenly spaced nuclei are contained in the
cytoplasm surrounding the central vacuole; 2) Open ended tubes (alveoli) are formed by
anticlinal cell walls. Each alveolus contains one nucleus and the open end faces the central
vacuole; 3) Alveolar nuclei divide before periclinal cell wall formation separates the outer
layer of cells from the inner layer of alveoli; 4) The alveoli continue to divide inwards,
leaving further layers of cells behind until the central vacuole disappears and cellularisation
is complete.




(Balandin et al, 2005) and signalling between the embryo and

endosperm (Bonello et al, 2002; Cock & McCormick, 2001).

1.1.3 Storage molecules of cereal and wheat seeds

The starchy endosperm of cereal seeds accumulates
important energy and protein stores during seed development.
Approximately 70% of the dry weight of cereal seed is starch while
the protein content varies depending on species and variety.
Storage protein generally accounts for 10-15% of the dry mass of
wheat seeds. In wheat and other Triticeae starch granules form as
two types: simple - one large granule per amyloplast; and
compound - small polyhedral ‘multigranules’ within an amyloplast
(Shapter et al, 2008). Cereal storage proteins include the major
types - globulins and prolamins - plus a number of additional minor
proteins (Shewry & Halford, 2002). Together, the prolamins make
up 50-60% of the total endosperm protein of wheat (Sabelli &
Larkins, 2009). Prolamins are rich in proline and glutamine due to
the high frequency of Pro and GIn repeats in their amino acid
sequences. They are notably lacking in the essential amino acids
lysine and tryptophan.

The important gluten proteins of wheat are members of the
prolamin superfamily (Kreis et al, 1985). They are divided into the
monomeric gliadins, which only contain intra-chain disulphide
bonds, and polymeric glutenins. Glutenin proteins form inter-chain
disulphide bonds which enable a complex polymer structure.

Glutenin subunits are divided into high molecular weight (HMW-GS)



and low molecular weight (LMW-GS) subunits. Gliadins are sub-
classified as a-, B-, y- and w-, depending on fractionation by acidic
PAGE (Woychik et al, 1961). Gluten proteins are synthesised by
membrane-bound polyribosomes on the RER before moving into the
ER lumen. Within the ER processing occurs including folding,
disulphide bond formation (including inter-chain bonds in glutenins)
and hydrogen bonding. The latter can cause the gluten protein to

precipitate, forming hydrated protein particles (Tosi et a/, 2009).

1.1.4 The role of gluten proteins in baking performance

The prolamins of wheat - gliadins and glutenins - are the
major components of the gluten protein fraction, which gives wheat
its unique bread making and general baking qualities. Gluten
proteins are insoluble in water or aqueous salt solutions, which
allows gluten to be easily isolated by gently washing dough to
remove the starch and other soluble material. The physical
properties of gluten are commonly described as a viscoelastic, i.e. a
combination of elasticity and extensibility. The elasticity (ability to
return to original shape after deformation) of the dough is
responsible for trapping the CO, released by yeast during baking,
causing the dough to rise, and is therefore a critical property of a
good bread wheat. A ‘weak’ (less elastic) bread flour will let CO,
escape, while an excessively strong flour confers so much elasticity
that expansion is reduced. Both lead to bread failing to rise properly
and therefore produce poor quality bread.

The different classes of gluten proteins have their own effects



on the dough - the elasticity can generally be attributed to the
polymeric glutenins and the extensibility to the monomeric gliadins
(Shewry et al, 1995). Wheat of good bread making quality is
classically characterised by its high protein content, but also by the

types of proteins present.

1.1.5 Transport of seed storage proteins during wheat

endosperm development

Rubin et al (1992) proposed that two different types of
protein body appear to accumulate in developing wheat endosperm.
The first contains relatively dense protein and seems to bud off
directly from protein aggregates in the ER that, it is suggested, are
too large and insoluble to enter the Golgi apparatus. HMW glutenin
subunits are found almost exclusively in these protein bodies
throughout development. The second type is less dense and
accounts for proteins trafficked via the Golgi. However, these results
were contradicted in fluorescence and electron microscopy studies
by Loussert et al (2008) using specific antibodies for each of a-, B-,
y- and w- gliadins, HMW and LMW glutenin subunits. The authors
could not bring to light any differences in the distribution of the
different gluten proteins during endosperm development. Protein
sorting into different protein bodies was however shown by Tosi et
al (2009) using one antibody specific to a LMW glutenin subunit and
another, less specific antibody that recognised other gluten proteins.
The study also showed that gluten trafficking via the Golgi is

favoured during early seed development but later on, during the



intense grain filling phase, protein aggregation in the RER was much
increased, which suggests greater frequency of ER-derived protein
bodies. This is in agreement with other studies (Levanony et al,
1992; Loussert et al, 2008) which indicate that prolamins are only
processed by the Golgi between 7-16 days post anthesis (dpa). It
has also been observed that Golgi stacked cisternae structures are
no longer visible in the starchy endosperm after 12dpa (Loussert et
al, 2008; Tosi et al, 2009).

Throughout much of seed development starch and protein are
being produced, transported and stored. Small (1-2um) protein
bodies containing prolamins begin to appear around 7 dpa. From
about 15dpa the protein bodies begin to increase in size and then
visibly merge and/or aggregate. By 21dpa the effect is widespread
in the cell and from 33dpa protein is present as a matrix between
starch granules and organelles, no longer contained within distinct
protein bodies (Loussert et a/, 2008).

As well as prolamins, wheat seeds also contain 7S globulins
located mostly in the embryo but also present in small quantities in
the endosperm (Burgess & Shewry, 1986). Triticins are legumin-
related globulins present in the starchy endosperm of wheat and
comprise about 5% of the total seed protein (Singh et al, 1988).
Wheat globulins are synthesised in the same way as prolamins and
they are trafficked via the Golgi but, unlike the prolamins, are not
thought to form protein bodies directly from the ER (Kermode &

Bewley, 1999).



1.1.6 Potential for manipulation of Rab GTPase activity in the
developing endosperm of bread wheat

Previous efforts to alter the quality of breadmaking wheat
using biotechnology have been focused on the gluten proteins
themselves, particularly the HMW glutenin subunits. However, the
transport of these important wheat proteins has not been well
studied and until now no attempts have been made to manipulate
trafficking in order to affect breadmaking quality.

In a study on the tetraploid durum wheat by Di Luccia et al
(2005) a dominant-negative RablB from tobacco (Rab D2) was
thought to influence the transport of gluten proteins within the
secretory system of the developing endosperm by down-regulating
the trafficking step from the ER to the Golgi. The result was an
increase in insoluble glutenin and an alteration in functional
properties of the grain compared to the wild type Rabl control,
indicating improved gluten quality.

If the expression of a RabD2 gene was reduced in the
developing endosperm of hexaploid wheat leading to a restriction of
ER to Golgi trafficking, an increase in gluten quality may be induced,
improving breadmaking potential.

The objectives of this study include gathering, producing and
analysing sequence and expression data on the Rab family of
GTPases in Triticum aestivum, generating transformed wheat plants
in which cell trafficking is altered in the developing endosperm and
analysing the transgenic grain to assess the effects of the transgene

on gluten quality.



2 General Materials and Methods

2.1.1 Laboratory chemicals and reagents

Chemicals and reagents were supplied by Fisher Scientific
(Fisher Scientific UK Ltd, Bishop Meadow Road, Loughborough, LE11
5RG) or Sigma-Aldrich (Sigma-Aldrich Corporation, 3050 Spruce

Street, St. Louis, MO, United States) unless otherwise stated.

2.1.2 Primers & DNA

Primers were obtained from Eurofins MWG Operon
(Anzingerstr. 7a, 85560 Ebersberg, Germany). The dNTPs used in
PCR were obtained from Promega (Promega UK Ltd, Delta House,
Southampton Science Park, Southampton, Hampshire, SO16 7NS).
Primers and dNTPs were diluted as in the manufacturer’s
instructions and stored at -20°C. Stock concentration for primers
was 100pmol ml?* and for dNTPs was 2.5mM per dNTP (or 10mM
total). dNTPs were used directly from the stock solution, whilst

primers were further diluted to 10pmol ml* before use.

2.1.3 Genomic DNA extraction from wheat leaf

Wheat genomic DNA was extracted from leaf tissue using the
following protocol. Leaf tissue was placed in a 1.5ml microcentrifuge
tube along with 400ul DNA buffer (200mM Tris-HCI (pH8), 25mM
EDTA, 250mM NaCl, 0.5% SDS) and macerated with a centrifuge
tube pestle. Following maceration, 135ul of 5M potassium acetate

was added, the tube vortexed and incubated on ice for 10 minutes.



The tube was spun in a microcentrifuge at 16,200g (13,000 rpm) for
15 minutes before transferring the supernatant into fresh tube. This
was followed by the addition of 0.8 volumes -20°C isopropanol and
the tube was mixed gently before incubating at -20°C for 30
minutes. The tube was centrifuged at 16,200g (13,000 rpm) for 15
minutes then the supernatant was discarded and pellet washed with
600pul of chilled 70% ethanol. The tube was then centrifuged at
16,200g (13,000 rpm) for 5 minutes then the supernatant was
discarded and pellet washed with 300ul of chilled 100% ethanol. The
tube was again centrifuged at 16,200g (13,000 rpm) for 5 minutes
before discarding the supernatant and vacuum drying the pellet,

which was dissolved in H,O0.

2.1.4 Polymerase Chain Reaction (PCR)

Originally described by Saiki et al (1988), PCRs were
performed using an Eppendorf Mastercycler PCR machine. Each
reaction tube contained a total reaction mixture of 20ul composed of
12.8ul H,O, 2ul 10x PCR buffer, 0.6yl 50mM MgCl,, 1.6ul 2.5mM
dNTPs, 0.4ul forwards primer, 0.4ul reverse primer, 2ul DNA
template, 0.2ul Tag polymerase. PCR buffer and MgCl, solutions
were supplied by Bioline (Bioline Reagents Ltd., Unit 16 The Edge
Business Centre, Humber Road, London, NW2 6EW). Unless
otherwise stated, the DNA template used in PCR was from a sample
of wheat DNA extracted from leaf tissue of Cadenza variety wheat.
The general PCR programme used was 94°C for 5 minutes, followed

by a denaturing, annealing, amplification cycle (repeated 35 times)



of 94°C, 60°C (for non-gradient PCR), 72°C. Once complete, this
repeated cycle was followed by 72°C for 10 minutes prior to removal
of tubes from machine and storage at 4°C. Gradient PCRs used a

temperature gradient during the annealing step.

2.1.5 Agarose gel

Electrophoresis gels were 2% molecular biology grade
agarose (Bio-Rad Laboratories Inc., 2000 Alfred Noble Drive,
Hercules, CA 94547, USA), made up with 0.5x TBE buffer (5x TBE
buffer: 53g Tris base, 27.5g boric acid, 10mM EDTA, made up to 1
litre with H,0). 0.01% v/v 10mg/ml ethidium bromide was mixed
into the buffer once the agarose had been dissolved by heating in a
microwave oven and the liquid had begun to cool. Gels were left to
solidify in a microgel former with appropriate combs before being
placed in a microgel bath and submerged in 0.5x TBE buffer. Next
2l of loading buffer (10ml loading buffer: 25mg xylene cyanol,
25mg bromophenol blue, 3ml glycerol, made up to 10ml with H,0)
was added to 10pl of PCR product in each of the experiment wells
(mixed before loading) and 5ul of DNA ladder was added to each
marker well. Once PCR products and marker had been loaded, gels

were run at 10V/cm then photographed under ultraviolet light.

2.1.6 DNA precipitation from PCR product
DNA was precipitated directly from PCR products by ethanol
precipitation as follows. One tenth volume of 3M sodium acetate was

added to the PCR product in a 1.5ml or 2ml centrifuge tube,



followed by 3 volumes of ethanol at -20°C. The tube was incubated
at -20°C for 30 minutes then spun in a microcentrifuge at 16,2009
(13,000rpm) for 10 minutes. The supernatant was discarded and
the pellet washed with 1ml 70% ethanol before spinning the tube
again at 16,200g (13,000rpm) for 2 minutes. The supernatant was
discarded and the pellet was vacuum dried before resuspending the

pellet in water and storage at 4°C.

2.1.7 Gel purification of DNA fragments

DNA was purified from agarose gel using the following
protocol. A 0.5ml centrifuge tube was labelled and a hole made in
the top and bottom using a small gauge needle. A small piece of wet
filter paper was placed in the bottom of the tube. A frozen gel slice
containing a DNA band was then thawed and placed in the tube,
which was then frozen in liquid nitrogen. This tube was placed in a
1.5ml centrifuge tube which was spun in a microcentrifuge at
10,000rpm for 3 minutes. The 0.5ml tube was transferred to a new
1.5ml tube, which was spun at 16,200g (13,000 rpm) for 2 minutes.
The contents of the two 1.5ml tubes were combined and 0.05
volumes dextran (10mg ml?') was added followed by 3 volumes
ethanol. The tube was incubated at -20°C for 1 hour then spun in a
microcentrifuge at 16,200g (13,000 rpm) for 10 minutes. The
supernatant was discarded and the pellet washed with 1ml 70%
ethanol. The tube was spun at 16,200g (13,000 rpm) for 2 minutes
before discarding the supernatant and vacuum drying the pellet,

which was resuspended in water.



2.1.8 Plasmid miniprep

Plasmid was recovered from transformed E. coli culture using
a Fermentas GenelET™ plasmid miniprep kit (Fermentas GmbH,
Opelstrasse 9, 68789 St. Leon-Rot, Germany) following the

manufacturer’s instructions.

2.1.9 Escherichia coli glycerol stock
Transformed E. coli were stored in the form of a glycerol
stock. 1.5ml culture was added to 0.5ml of 60% glycerol in a

cryotube, vortexed, then frozen in liquid N, and stored at -70°C.

2.1.10 E. coli transformation and culture

Method adapted from Sambrook et a/ (1989). A sample of
pHMW-Adh-Nos vector was obtained from Dr Huw Jones
(Rothamsted Research, Harpenden, Hertfordshire, AL5 2]Q).
Competent DH5-a E. coli cells were transformed using a sample of
vector, after which 100ul competent cells were added to 5-10 ng of
plasmid DNA and an empty control tube. The tubes were mixed
gently then placed on ice for 30 minutes. Tubes were placed in a
37°C water bath for 2 minutes then 900ul LB medium was added to
each tube, and the tubes were kept at 37°C for a further 30
minutes. After this time, 100ul and 10ul were transferred from the
transformed tube onto separate LB+ampicillin plates (LB+ampicillin
plates: 100ml LB agar microwaved until liquid. Once sufficiently
cooled, 100ul 100mgml™* ampicillin was added and mixed, and 25ml

was poured into each of 3 sterile Petri dishes and left to cool) and



100pl of the control tube was transferred onto the third plate. After
5 minutes the plates were inverted and incubated at 37°C for 16
hours.

Transformed, ampicillin-selected colonies were then visible, of
which 2 were used to inoculate LB+ampicillin medium (LB+ampicillin
medium: 10ml sterile LB medium mixed with 10ul 100mg ml™
ampicillin) in separate flasks which were incubated at 37°C in a
shaking incubator. Plasmid was recovered from the culture using a
plasmid miniprep kit (Fermentas). A sample of the remaining culture
was used to make a glycerol stock, from which further E. coli

cultures could be made when more plasmid was required.

2.1.11 Spectrophotometric analysis of nucleic acids

A NanoDrop 1000 machine (NanoDrop products, 3411
Silverside Rd, Bancroft Building, Wilmington, DE 19810, USA) was
used to quantify DNA and RNA samples using manufacturer’s

instructions.

2.1.12 DNA sequencing
DNA samples were sequenced by Eurofins MWG Operon. DNA
samples were prepared for sequencing by following the instructions

provided.

2.1.13 Cloning of PCR products for sequencing
A Fermentas Clone]ET kit was used to clone DNA extractions

from gel excisions or PCR products into a sequencing vector using



the “sticky-end” cloning protocol included with the kit.
Transformation and culture of DH5-a E. coli was carried out
as in “E. coli transformation and culture”. Two different colonies
were cultured from each plate that contained two or more colonies.
Plasmid was recovered from each culture using a plasmid miniprep

kit and sequenced.

2.1.14 Total RNA extraction from developing wheat

endosperm

Total RNA was extracted from wheat endosperm tissue using
a modified version of the method used by Chang et al (1993). First,
300ul B-mercaptoethanol was added to 15ml extraction buffer
(extraction buffer: 2% CTAB, 2% PVP, 100mM Tris-HCI (pH 8),
25mM EDTA, 2M NaCl. The buffer autoclaved then 0.5gl™? spermidine
was added) in a 50ml centrifuge tube and warmed to 65°C in a
water bath. Ground endosperm from 2-3 caryopses (0.2g) was
added and mixed completely by inverting the tube, followed by
incubation at 65°C for 1 minute. An equal volume of chloroform:IAA
was added and carefully mixed by inversion before phases were
separated at 10,000rpm (12,857g) for 10 minutes at room
temperature. The upper layer was transferred to a new 50ml tube
using a 10ml disposable pipette before centrifuging with an equal
volume of chloroform:IAA a second time and the upper layer was
extracted again. One quarter volume 10M of LiCl was added to the
tube containing the upper layer extract and mixed. The tube was

incubated on ice overnight to precipitate the RNA.



The 50ml tube was centrifuged at 10,000rpm (12,857g) for
20 minutes at 2°C and the supernatant was decanted off. A heating
block was used to warm 500ul SSTE (SSTE: 1.0M NaCl, 0.5% SDS,
10mM Tris-HClI (pH 8.0), 1mM EDTA) to 37°C in a 2ml
microcentrifuge tube. The SSTE was used to dissolve the pellet in
the 50ml tube before being transferred back to 2 ml tube. An equal
volume of chloroform:IAA was added to the 2ml tube and phases
were separated at 10,000rpm (10,621g) for 10 minutes at 2°C. The
upper layer was then transferred to a new 2ml tube using a pipette,
to which 2 volumes of -20°C chilled 100% ethanol were added. The
tube was incubated at -70°C for 30 minutes and centrifuged at
14,000rpm (20,817g) for 20 minutes at 2°C to pellet RNA. The
supernatant was decanted off and the pellet was washed with 500pl
of chilled 70% ethanol then centrifuged at 10,000rpm (10,621g) for
5 minutes at 2°C. The pellet was vacuum-dried and resuspended in
DEPC-treated H,O before being left to dissolve at room temperature
for 5 minutes. The RNA was then mixed by pipette before samples
were taken for analysis by Nanodrop™ 1000 spectrophotometer and
Agilent™ 2100 bioanalyser (Agilent Technologies Inc., Life Sciences
and Chemical Analysis Group, 5301 Stevens Creek Boulevard, Santa

Clara, CA 95051-7201, USA), and RNA was stored at -70°C.

2.1.15 cDNA synthesis using random hexamer primers
Method was adapted from that described by Parr et al (1992).
A 10yl dilution of total RNA was made to 100ngul™ in a 0.2ml PCR

tube on ice, using DEPC-treated water. Random hexamer primers



(2ul) were added along with 18ul of DEPC-treated water. The tube
was incubated at 70°C for 5 minutes then placed on ice.

A 10pl volume of M-MLV RT 5x buffer was added to a 0.5ml
centrifuge tube followed by 2.5ul dNTPs, 1pl RNasin, 2pul M-MLV
reverse transcriptase and 4.5yl DEPC-treated water. This reaction
mixture was transferred to the RNA/primer mix on ice. The PCR tube
was then incubated at room temperature for 10 minutes then 42°C
for 1 hour before adding 150ul DEPC-treated water and storage at -
20°C.

Random hexamer primers, RT enzyme, buffer, RNasin RNase

inhibitor and dNTPs were supplied by Promega.

2.1.16 Quantitative reverse transcriptase polymerase
chain reaction (gPCR)

Real time quantitative PCR first described by Heid et al
(1996). For each well of a 384-well PCR plate that was to be used, a
10pl PCR mix was added. This mix was made up of 1.6ul of water,
7.5ul SYBR Green I Master Mix, 0.45ul forwards primer and 0.45pl
reverse primer. A 5ul volume of cDNA (synthesised using random
hexamer primers) was added to each well of PCR mix on the plate.
Two technical replicates and three biological replicates were used for
each combination of primer pair and seed developmental stage.

For each primer pair, a “no template” control and a “no RT”
control were included, each with two technical replicates. For the
“no template” control, water was added to the gPCR plate instead of

the cDNA template. For the “no RT” control, water was added



instead of the M-MLV reverse transcriptase during cDNA synthesis
and the RNA template was made up of an equal mixture of all RNA
samples used in the cDNA synthesis.

This cDNA mix was also used to set up a calibration curve for
each primer pair as follows: 5 reactions, each with 2 technical
replicates, were made up using the cDNA mix at concentrations of
10°%, 10, 10, 10 and 10™ as DNA template.

The 384-well PCR plate was then loaded onto a Roche
LightCycler 480 and the following program was run: 95°C for 5
minutes; 45 cycles of 95°C for 10 seconds, 60°C for 15 seconds,
72°C for 15 seconds; 95°C for 5 seconds, 65°C for 1 minute, slow
ramp to 97°C, 40°C for 10 seconds.

The LightCycler 480 software (Roche) was used to calculate a
calibration curve for each primer pair from which RNA

concentrations were automatically determined.



3 Bioinformatics of wheat Rab GTPases

3.1 Introduction
3.1.1 The protein life-cycle of Rab GTPase

Rab GTPases are ‘molecular switches’ that cycle between an
active GTP-bound, membrane-associated state and an inactive GDP-
bound, cytosolic state (Fig. 3.1). Active membrane-bound Rab
GTPases are involved in the recruitment of tethering and fusion
factors, at which point docking and fusion of a trafficking vesicle
with its acceptor membrane may occur (Gurkan et al, 2005; Pfeffer
& Aivazian, 2004).

Shortly after being newly synthesised, Rab proteins are
prenylated (hydrophobic molecules added to a protein) in their GDP-
bound form, which makes them insoluble. This process is carried out
by a complex of Rab escort protein (REP), Rab geranylgeranyl
transferase (RabGGTase) and geranylgeranyl pyrophosphate
(GGTT). RabGGTase performs the actual prenylation but cannot bind
to the Rab without REP, while GGTT increases the affinity of the
RabGGTase towards the Rab-REP complex (Woollard & Moore,
2008).

Rab proteins are activated when bound GDP is exchanged for
GTP by a guanine exchange factor (GEF) specific to each Rab. In
active form Rab GTPases recruit effector proteins to the vesicle
membrane, which can mediate one of a range of functions. These
can include coats to initiate vesicle budding; motility along the

microtubule and/or actin cytoskeleton via kinesin or dynein/dynactin
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Fig. 3.1 - Model of the Rab GTPase cycle (adapted from Ebine & Ueda, 2009)

1) Dissociation of Rab from Rab GDP Dissociation Inhibitor (Rab GDI) is mediated by a GDI
displacement factor (GDF), which then keeps Rab attached to the membrane; 2) Activation
of Rab occurs with the exchange of bound GDP for GTP, which is catalyzed by a specific
Guanine nucleotide Exchange Factor (GEF) ; 3) Effector molecules are recruited to the
membrane by the activated Rab, initiating a range of downstream functions, including
vesicle tethering and vesicle movement; 4) GTPase Activating Protein (GAP) catalyses the
hydrolysis of GTP on Rab, converting Rab to the GDP-bound inactive form; 5) The
inactivated GDP-bound Rab is detached from the membrane by Rab GDI and remains in the
cytosol until the next round of the Rab GTPase cycle.



motors; tethers for docking to the target membrane; and SNAREs
for fusion of the vesicle membrane with that of the target
compartment (Horgan & McCaffrey, 2011). In mammals and yeast it
has been shown that due to the wide variety of Rab effectors it is
likely that each Rab utilises a particular set of effectors (Grosshans
et al, 2006). In addition, most of the tethering complexes (which
tether vesicles to their target membranes) have been demonstrated
to be effectors of a single Rab GTPase (Cai et al, 2007). This
suggests that transport vesicle tethering to a target compartment
membrane appears to be a conserved function within Rab protein
family, yet individual Rab GTPases each have their own specific role
in plants (Ebine & Ueda, 2009).

Following vesicle fusion with the acceptor membrane, the GTP
bound to the Rab protein is hydrolysed to GDP in the presence of
GTPase activating protein (GAP). The hydrolysis causes a binding
target for Rab GDP dissociation inhibitor (GDI) to be generated on
the GDP-bound, inactive Rab, which results in removal of the Rab
from the target membrane by GDI. The GDI-bound inactive Rab
resides in the cytosol until the GDI is separated from the Rab by
GDI displacement factor (GDF), at which point the Rab is bound to
the donor membrane (DiracSvejstrup et al/, 1997). The Rab is then
receptive to activation by GEF and the GDI binding target is
rendered inactive.

Rab GDIs in plants are functionally conserved with broad
substrate specificity (Ueda et al, 1996; Ueda et al, 1998; Zarsky et

al, 1997). This distinguishes them from GEFs and GAPs, each of
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Fig. 3.2 - General mechanism of vesicle tethering and fusion (adapted from Ebine &
Ueda, 2009)

1) Transport vesicles are attached to the target membranes by some Rab effectors, which are
called “tethers”; 2) The conformation of the Qa-SNARE is converted from the “closed”
conformation to the “open” conformation. A conserved protein family, Secl/Muncl8 (SM)
proteins, is believed to be responsible for the refolding of the Qa-SNARE ; 3) Assembly into
the SNARE complex; 4) Fusion of the vesicle membrane with that of the target compartment
and delivery of vesicle contents; The SNARE complex comprises one each of Qa-, Qb-, Qc-
and R-SNAREs. H: autoinhibitory domain of Qa-SNARE comprising three helices (Ha, Hb, Hc).
LD: longin domain
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which interacts only with a certain Rab protein. Like GDIs, GDF
proteins also have broad substrate specificities. The Rab GDF
function has been found in Yip3 in yeast (Sivars et al/, 2003) and
PRA1 (Prenylated Rab Acceptor 1) in animals and plants (Bahk et al,
2009; Rho et al, 2009). Interestingly, SidM/DrrA in bacteria
(Legionella pneumophila) performs dual Rab effector functions as

both a Rab GEF and GDF (Suh et a/, 2010).

3.1.2 Membrane fusion of vesicle and target compartments

Once the Rab GTPase has tethered the vesicle to the target
membrane, SNARE proteins mediate the fusion process (Fig. 3.2).
The SNARE protein family is characterised by a common heptad-
repeat motif and is conserved throughout all eukaryotes. Depending
on the amino acid at the ‘0-layer’ position in the SNARE motif, they
are classified into R- (arginine at O-layer) or Q- (glutamine at O-
layer) SNARES. Based on sequence similarity Q-SNAREs are further
classified into Qa-, Qb- and Qc-SNAREs (Antonin et al, 2002;
Fasshauer et al, 1998). SNAP-25-like proteins contain motifs from
both Qb- and Qc-SNAREs within the same sequence.

The SNARE complex is made up of either the 4 different
SNAREs or of 3 SNAREs in complexes containing SNAP-like proteins,
with the SNAREs anchored onto the vesicle or target compartment
membrane by a transmembrane domain or fatty acylation. The
SNARE complex may only form once the conformation of the Qa-
SNARE is altered from its closed, inactive form to the open,

receptive conformation. The putative catalyst for the reaction is the


http://apps.isiknowledge.com/full_record.do?product=UA&search_mode=GeneralSearch&qid=1&SID=N1igAnKMa1jBCd21Kbd&page=1&doc=1&colname=WOS

Secl/Muncl8 (SM) protein family (Burgoyne & Morgan, 2007;
Toonen & Verhage, 2007). The formation of the SNARE complex
causes the membranes of the vesicle and target compartment to
pull together closely enough to fuse (Hong, 2005; Wickner &
Schekman, 2008). The combination of a specific Rab GTPase,
tethering complex and the particular SNARE proteins involved in the
SNARE complex is what is thought determine membrane fusion

specificity (Ebine & Ueda, 2009).

3.1.3 Rab GTPases in the plant endomembrane system

In plants the RabA clade is a large and diverse group
consisting of 26 members in 6 subclades in Arabidopsis (Pereira-Leal
& Seabra, 2001). On the other hand, the RabA6 subclass is not
found in monocots, whilst yeasts and animals generally only have 1
to 3 members in the entire clade (Woollard & Moore, 2008). RabA2
and A3 were shown to transport YFP to a brefeldin-A sensitive
compartment that partially overlaps with the TGN, and which was
consequently named the Rab-A2/A3 compartment (Chow et al,
2008). This compartment is thought to be on the Golgi to plasma
membrane route in the secretory pathway (Woollard & Moore,
2008). Proteins of the RabAl subclade have been implicated in
secretory trafficking in plants, usually from the TGN to the plasma
membrane (de Graaf et al, 2005; Heo et al, 2005; Rehman et al,
2008). A member of the RabA4 subclade, RabA4b, was found to
localise to a vesicular-tubular trans-Golgi compartment that

accumulates near the tips of growing root hairs in Arabidopsis



(Preuss et al, 2006).

The RabE subclade has 5 members in Arabidopsis and is
related to Rab8 in mammals (Pereira-Leal & Seabra, 2001). YFP-
tagged RabE1ld was found to localise to the Golgi stacks in tobacco
and is thought to act downstream of RabD GTPases in the Golgi to
plasma membrane biosynthetic secretory pathway (Zheng et al,
2005).

Certain cellular processes are also thought to be regulated by
Rabs, for instance it has been shown that RabA2, A3 and F2 are
involved in cytokinesis in Arabidopsis (Baluska et al, 2006;

Dhonukshe et al, 2006).

3.1.4 The RabD/Rab1 clade of Rab GTPases

The RabD clade in plants is equivalent to Rab1 in animals and
Yptl in yeasts, and is split into 2 subclades - RabD1 and RabD2
(Rutherford & Moore, 2002). In yeast, Yptlp affects docking of ER-
derived vesicles and also regulates Usolp-dependent tethering of
donor vesicles to the target membrane (Cao et al/, 1998) suggesting
the mediation of Yptlp in tethering of ER-derived vesicles before
membrane fusion occurs. Several studies have demonstrated a
similar role for the mammalian Rabl. It was shown to mediate the
docking of ER-derived vesicles with the cis-Golgi compartment by
recruitment of cytosolic tethering factors (Allan et al, 2000) and
displayed interaction with Golgi membrane proteins (Moyer et al,
2001). In another study Rabl-specific antibodies blocked ER to the

Golgi and also intra-Golgi trafficking (Plutner et a/, 1991).



The role in traffic from the ER to the Golgi of a member of the
RabD clade, Rab D2a, was demonstrated by the over-expression of
a dominant-negative form of RabD2a (N121I) which resulted in
accumulation of secreted and Golgi markers in an ER-like reticulate
compartment in Arabidopsis (Batoko et al, 2000). However,
inhibition by the dominant-negative in several other plant species
did not affect trafficking to the protein storage vacuole in leaf
protoplasts (Park et al, 2004), which would indicate independent
secretory traffic pathways. The trafficking of peroxisomal membrane
proteins AtPEX2 and AtPEX10, suggested to be transported to the
peroxisome via the ER, was shown insensitive to the dominant-
negative RabD2a as well as a drug causing the ER and Golgi to fuse
(brefeldin A) (Sparkes et al, 2005).

In order to study the Rab family in wheat, sequence
information for wheat Rab proteins and genes was collected and
compared against that from other plant species (Arabidopsis, rice
and Brachypodium). Expression of wheat RabD genes in developing

endosperm was also investigated.



3.2 Materials and Methods
3.2.1 Sequence data and analysis

Arabidopsis thaliana Rab GTPase proteins and their associated
genes and coding sequences (CDS) were found mainly by string
searches of the NCBI Protein database. After the Arabidopsis Rabs
database had been produced, subsequent sequence searches were
mostly by BLAST (Basic Local Alignment Search Tool) using
sequences already gathered. Full wheat Rab proteins and genes
were sought using online bioinformatic search engines such as NCBI
BLAST, followed by searching for wheat ESTs showing similarity to
the Arabidopsis RAB genes. Each EST in the search results belonged
to a particular unigene, the name of which was noted before the
sequences of all the ESTs belonging to each unigene were aligned
using Geneious (Drummond et al, 2010) to produce consensus
sequences, which were then analysed to find CDS with Rab-like

features.

3.2.2 Gene expression profiling

The Array Express and NASC Arrays websites were searched
and relevant experimental data downloaded (http://www.ebi.ac.uk/
microarray-as/ae/, http://affymetrix.arabidopsis.info/narrays/
experimentbrowse.pl). Rab gene expression during seed
development in wheat and Arabidopsis was studied using microarray

data analysis software (GeneSpring GX, Agilent Technologies).



3.2.3 Phenetic analysis

Phenetic analyses were carried out using Rab CDS data that
had been obtained by BLAST or string searches of the NCBI
Nucleotide and EST databases, as well as Rab protein sequences
that had been obtained by following links from corresponding entries
in the NCBI Nucleotide database or by translating from a CDS that
had been assembled from ESTs. The plant species included were
Arabidopsis thaliana, Oryza sativa, Brachypodium distachyon,
Triticum aestivum and Nicotiana tabacum. Alignments and phenetic
tree files for rectangular tress were generated using MAFFT version
6 online (Katoh & Toh, 2010). Alignments and phenograms for
circular trees were produced in MEGA 5 (Tamura et al, 2011). All
trees were neighbour-joining with 1000 bootstrap replicates, shown
on branches as percentage confidence values (Felsenstein, 1985;
Saitou & Nei, 1987). Branches corresponding to partitions
reproduced in less than 50% bootstrap replicates were collapsed.
The trees were drawn to scale, with branch lengths in the same
units as those of the evolutionary distances used to infer the
phenetic tree. The evolutionary distances were computed using the
Poisson correction method and are in the units of the number of

amino acid substitutions per site.



3.3 Results
3.3.1 Sequence collection and analysis

The first method of gathering information began with the
production of a database of all Arabidopsis thaliana RAB GTPase
proteins. Once this was complete the Arabidopsis database was used
to search for wheat Rab proteins and genes using online
bioinformatic search engines such as NCBI BLAST. Only three Rab
proteins could be found in this way due to the lack of full wheat Rab
gene and protein sequences available. The next approach was to
look for wheat unigenes showing similarity to the Arabidopsis RAB
coding sequences. All the ESTs belonging to a particular unigene
were aligned using software to produce consensus sequences.

The consensus sequences produced from unigene ESTs were
examined for ORFs to determine whether a region coding for a
viable protein was present. Out of all the unigenes analysed, 29
contained genuine coding regions, of which three were identical to
the three wheat Rab genes found originally.

After all available unigenes had been collected a further
approach involved the use of data from microarray experiments.
Those using wheat seed or endosperm tissue, including those
focusing on wheat seed development, were of particular interest.
Rab gene expression was compared to other genes, specifically
storage proteins to investigate their relative expression in
developing endosperm.

Rice and Brachypodium distachyon Rab coding sequence

(CDS) and protein sequences were collected for comparison with



those of Arabidopsis and with the selection of wheat Rab unigenes
that had been gathered, as well as with the tobacco Rab that has
been shown to give a knockdown phenotype in durum wheat (Di
Luccia et al, 2005). These were subjected to phenetic analysis in
order to investigate the relationships between Rabs of different plant

species and find a potential target gene for knockdown in wheat.

3.3.2 Phenetic analysis of the Rab GTPase family

Phenetic analyses were carried out using Rab protein and
nucleotide sequence data from Arabidopsis thaliana, Brachypodium
distachyon, rice, wheat and tobacco. Selected sequences were
aligned together and phenetic trees were generated from those
alignments in order to discern relationships between individuals and
groups of Rab sequences.

Rab protein sequences from wheat were used to produce the
phenogram shown in Fig. 3.3. The Rab D proteins show high
similarity to each other, as well as greater sequence conservation
within the Rab D2 subgroup. These results indicate similar functions,
which corresponds with studies into the secretory system
interactions of Rab Ds in Arabidopsis (Pinheiro et al, 2009).

The phenogram shown in Fig. 3.4 shows the available Rab D
amino acid sequences from Arabidopsis, Brachypodium, rice, wheat
and the tobacco Rab targeted in an earlier study by Di Luccia et al/
(2005). While Rab D2a and to a certain extent Rab D1 sequences
appear to be conserved within their own subgroups, the Arabidopsis

RAB D2b (AT5G47200) and RAB D2c (AT4G17530) appear to be
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more similar to each other than any Rab D2 sequences of other
species. This could make it difficult to classify Rab D2 sequences
that don’t appear homologous to Rab D2a. The tobacco Rab D2a
protein included in this phenogram was used to co-suppress the
native homologue in durum wheat (Triticum durum) and was shown
to influence protein trafficking between the ER and the Golgi.

Rab coding sequences from wheat and Arabidopsis were
phenetically compared (Fig. 3.5). While each clade tends to group
together in the tree, subgroups within them often show more
similarity between sequences of their own species rather than the
equivalent sequence(s) belonging to the other organism. The RabD
clade is a case in point - there appears to be a reasonable level of
similarity between RabD2a sequences from both species, however
the wheat RabD1 sequences are fairly dissimilar to the Arabidopsis
RabD1 in relation to the rest of the clade. The wheat RabD2
(Ta.54881) also shows relatively little similarity to the other RabD2
members. The explanation for this could be the evolutionary
distance between A. thaliana and T. aestivum, or possibly the
effects of hexaploidy (e.g. silencing, pseudogenes, redundancy) in
wheat compared to the diploid genome of Arabidopsis.

To study the relationships between the Rab GTPase family of
proteins in rice and wheat, a phenogram was generated that
contained amino acid sequences from both organisms (Fig. 3.6). The
rice Rab subfamily that shares homology with Rab 21 in mammals
(Tanaka et al, 2008) is not found in Arabidopsis, which is the reason

it was not given a plant-specific alphabetic designation when the



39

100

2]

51

80

AT4G:
Ta.5309-wl

100

100 Ta.56969-wheat-Rab_C2

100 Ta.6818-wheat-Rab_C2

_'—Ta.47209<wheat~Rab_D
80 Ta.35418-wheat-Rab_D1
AT3G11730-Arabidopsis-Rab_D1
T AT1G02130-Ar Rab_D2a
99 90 L—————————————Ta.54382-wheat-Rab_D2a
5 68 re ATS5G47200: is-Rab_D2b
100 AT4G1753 Rab_D2c

Ta.54881-wheat-Rab_D2
85

100

Rab_F1
ATSG45130-Arabidopsis-Rab_F2a
‘AT4G19640-Arabidopsis-Rab_F2b
100 Ta.56167-wheat-Rab_F2
85 Ta.56327-wheat-Rab_F2

73

100

100

43

001 5T Ta.54948-wheat-Rab_G3

Fig. 3.5 - Phenogram containing wheat and Arabidopsis Rab coding sequences.
Rab clades are indicated on the right. Alignment and phenetic tree file was generated using
MAFFT version 6 online (Katoh & Toh, 2010). Tree is neighbour-joining with 1000 bootstrap
replicates, shown on branches as percentage confidence values.

Adam M Tyler 35 University of Nottingham



0s06g0SS1:
98— Ta.36757-

050590105100~
Ta.6789-

050390843100

BAA02437.1

902802

Ta.25563

05010848700

1001 Ta.54911-wheat-Rab

99

97
51
100
R 0sl_18064-rice-Rab_(
— Ta.56969-wheat-
AAU44168.1-rice-Rab_D-205aa
Ta.47209-wheat-Rab_D-20Saa
= Ta.35418-wheat-Rab_D1-206aa
0s0190179700-rice-Rab_D2a-203aa
Ta.54382-wheat-Rab_D2a-203aa
9% 0s0190558600-rice-Rab_D2-202aa
100 17a,54881-wheat-Rab_D2-203aa
= BAC83185.2-rice-Rab.
0s03g0819900-rice-Rab.
AAS88430.1-rice-Rab_E1:
050790239400-rice-Rab_
100 53 12 050590461300-rice-Rab._f
60-Ta.55170-wheat-Rab_E:
Ta.57048-wheat-Rab_E1-214
Ta.55469-wheat-Rab_E1-i
0501907143
55— o2 L Ta.25459-wheat-Rab.
0505905369004
0s0190227300-rice-Rab_G3-2
100 99 17Ta.29570-wheat-Rab_G3-207aa
0s0590516600-rice-Rab_G3-206aa’
AAOE7728.1-rice-Rab_G3-206aa
Ta.54948-wheat-Rab_G3-206aa
[ 0s03g0151900-rice-Rab_F1-19%aa
0s03g0666500-rice-Rab_F2-203aa
8- Ta.56167-wheat-Rab_F2-205aa
7 100 0512g0631100-rice-Rab_F2-203aa
49 71 Ta.56327-wheat-Rab_F2-209aa
[ EAY97594.1-rice-Rab_21-210aa
100 1 0s0590341600-rice-Rab_21-212aa
T 100 1ABF94403.1-rice-Rab_H1-215aa
100 I_ ABF94402.1-rice-Rab_H1-215aa
s S— 0507g0496000-rice-Rab_H1-208aa

Fig. 3.6 - Phenogram containing rice and wheat Rab protein sequences.

Rab clades indicated on the right. Alignment and phenetic tree file was generated using
MAFFT version 6 online (Katoh & Toh, 2010). Tree is neighbour-joining with 1000 bootstrap
replicates, shown on branches as percentage confidence values.

Adam M Tyler 36 University of Nottingham



-Rab_A1-216aa

%\;’53% dy?- ¥ a0~
SO e e Rab A2

00104001 s 'y—Rab.aAaZ-Ziﬁaa
°3& %s de:éﬁgzambrnce-mn)z-zﬁaa
% Béadi1935120.1 Brachy-Rab_A3-225aa

%?6 0714600-rice-Rab_A3-225aa , Rab A3

Ce.

4900987 1-Bracpy 1ol F
Bmdf1g1zsso.ifamch’}f?¢2§fg %
Ta.56167-wheat-Rab-
0s03g0666500-rice-Rab T2-
ATAG19540-»\'3?:;0;;?;»%:%,‘;%21

G45130-Arabidopsis-Rab T2

A radiagars10.T-Bracy
ATICEA84C

o - Ereya S01200-Arabidopsis Ra
Y 5'31 01200 Arabic b_A3-2375a|
o] o B e

%,
%
2 £5) ab
> 0 .
o O I e, 2260, 020 Rab A4
Rab 21 g P "“Ragy
Lot e i, g N N
2829 %“aﬁ > e 2205, 3% ')7{"
B o S o RO P LN AR 22 2 s
O P Tl oo e o 3\ grainss
0 fore &, Vi © B\ P RO
o, = 182
teattanl .| o
A1)
ot QRS B
25| 2| >aiean ) Ty
5.3 £ | Zegoae 257,
N - RROD, O (T el B
ot ; P e e PO
Rab E B Fgorated SRdeanmRERE ety
3 q 3 =1 P o) ERSES AR
. q . ma%w?""musm% 2o 22 %
F£ F3172558 %ff%%w‘@_
£6 35558730 Lot % T
SEELofraxitatiRanLy
SEaT fPabodatdrav el
C8L 6858 2003 P
coc 1 2dos a5 RS D
538 055883250 88 %% 3
SER AP0 R0 S
SFa RE Qg .Ngmw%\ >33
S Lol neadZ5LLoR%
S PaRoa 33 wNE Y ]
TelR %o0aono B %
i 52080 REy
a FZPEER R %
§ 2ot 3
g oOFRZ B
o7
)

eg0T

A e
L]
o
0O

Fig. 3.7 - Circular phenogram containing 175 Rab protein sequences from
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Rab clades indicated on the outside. Tree is neighbour-joining with 1000 bootstrap
replicates, shown on branches as percentage confidence values. Branches corresponding to
partitions reproduced in less than 50% bootstrap replicates are collapsed.
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system was put forward by Pereira-Leal and Seabra (2001). In
addition, the Rab 21 clade that appears in rice is not present in
Brachypodium or the selection of available wheat Rabs. The Rab
protein family is conserved within clades rather than within species,
demonstrating their equivalent function in the two different plants
as well as the species’ evolutionary proximity.

A phenogram comparing all Rab proteins compiled in the
study was produced (Fig. 3.7) and proved helpful in the more

specific identification of Rabs in Brachypodium and wheat.

3.3.3 Construction of RabD gene sequences using PCR and

GSS database

PCR primers were designed to amplify a 443bp region of the
unigene coding sequence of wheat Rab Ta.54382, putatively
identified as RabD2a (D2a-basic-F: 5-TGC CGA TGA CTC GTA CCT
GGA GA-3’; D2a-basic-R: 5-GGC TCG CCA TCC TGT CCT TGA TT-
3"). PCR was performed using wild-type Cadenza wheat DNA as DNA
template and the PCR product was sequenced (see 4.3.4 PCR to
amplify RabD2a target region). A 1379bp region of the gene was
assembled from the sequencing data. This sequence was used to
BLAST search a database of genome survey sequences (GSS) of
Chinese Spring wheat (http://www.cerealsdb.uk.net). The resulting
matches were aligned with the query sequence and Ta.54382 CDS
using Geneious (Drummond et al, 2010) to give a 2019bp sequence,
representing most of the gene (see 8.1 Alignment of wheat RabD

nucleotide sequences).



Three different primer pairs were designed for each of the
other 3 RabD unigenes found based on the CDS (Table 1). Six
different combinations of primers were used in PCR for each gene
with wild-type Cadenza wheat DNA as the DNA template. The PCR
products were run on agarose gels and those with more than one
band visible had the bands cut out and DNA extracted from the gel.
DNA was purified directly from those PCR products that displayed
only one band. The samples of DNA from PCR products and gels
were cloned into a sequencing vector and used to transform
Escherichia coli DH-5a. Plasmid was extracted from the E. coli and
sequenced along with purified DNA from PCR products and gel
excisions.

These genomic sequences were aligned with the
corresponding coding sequences. The lengths of the partial gene
sequences produced were 209bp for Ta.35418 (including 1 intron),
881bp for Ta.47209 (including 2 introns) and 1703bp for Ta.54881
(including 4 introns). Several sequences for Ta.54881 aligned to the
same area of the coding sequence but were not 100% homologous.
The assembled partial gene sequences and coding sequences of the
four RabD genes were aligned together (8.1 Alignment of wheat
RabD nucleotide sequences). All four genes contained 7 introns in
the same locations, however each intron varied in sequence and
length between the different RabD genes. The information gained
from this sequence data aided in the choice or design of primers for

quantitative real time PCR.



Primer

Sequence

Ta.54881-RT1-F

TGACCAGGAGAGCTTCAACAAC

Ta.54881-RT1-R

TGCCAGCCTCGTAAGAAACC

Ta.54881-RT2-F

GTTGACTTCAAAATCCGCACCG

Ta.54881-RT2-R

TCGCTCTTGTCCAGCAGTATC

Ta.54881-RT3-F

AAGTCTTGCCTGCTGCTGAG

Ta.54881-RT3-R

GCAGCTTTATCGTCTTCCCATC

Ta.47209-RT1-F

TCGATGGCAAGTCGGTGAAG

Ta.47209-RT1-R

CGATAATGATTCCATGCGCTCC

Ta.47209-RT2-F

CCAGTGACAGTGTGTGCAAG

Ta.47209-RT2-R

CCCAACGATTCTGCAAAAGCC

Ta.47209-RT3-F

GAAGCCATCAATGTGGAGACAG

Ta.47209-RT3-R

CATGTGAACATGGACCGTCG

Ta.35418-RT1-F

TCCGTTTCTCCGACGATTCG

Ta.35418-RT1-R

TCCTGCTGTGTCCCAAATCTG

Ta.35418-RT2-F

AGATTTGGGACACAGCAGGAC

Ta.35418-RT2-R

AGACAATGATGATCCCGTGAGC

Ta.35418-RT3-F

GCGGTTCAGAACCATCACAAG

Ta.35418-RT3-R

TCGATCTCGCTCAGCCATTG

Table 1 - Primers used to investigate gene sequence of wheat RabD genes.
Sequences are 5’ to 3.




Primer F

Primer R

Primer R

Unigene Primer F sequence
name name sequence

Ta.3541g | T@-35418- | TCC GTT TCT CCG | Ta.35418- | TCC TGC TGT GIC
a. RT1-F ACG ATT CG RT1-R CCA AAT CTG
Ta.47209 Ta.47209- | AGG TCG TCG ATA | Ta.47209- | GGC TCG CCA TCT
a. RT4-F CAG AGG AG RT4-R TGT TCT TG
Ta.54832 Ta.54832- | ATC GGA GAC TCA | Ta.54832- | GTT CTG AAG CGT
a.> RT3-F GGT GTT GG RT3-R TCT TGC CC
Ta.54881 Ta.54881- | AAG TCT TGC CTG | Ta.54881- | TCG CTC TTG TCC
a. RT3-F CTG CTG AG RT2-R AGC AGT ATC
Ta.2201 Ta.2291- | GCT CTC CAA CAA | Ta.2291- | GCT TCT GCC TGT
a. P1-F CAT TGC CAA C P1-R CAC ATA CGC
Ta.2776 Ta.2776- | CGA TTC AGA GCA | Ta.2776- | AGT TGG TCG GGT
a. P1-F GCG TAT TGT TG P1-R CTC TTC TAA ATG
Ta.54227 Ta.54227- | CAA ATA CGC CAT | Ta.54227- | CGC TGC CGA AAC
a. P1-F CAG GGA GAA CAT C P1-R CAC GAG AC
Unigene | Putative Rab name | cDNA product / bp | gDNA product / bp
Ta.35418 RabD1a 122 >122
Ta.47209 RabD1b 141 547/866
Ta.54832 RabD2a 176 1176
Ta.54881 RabD2b 147 1517

Table 2 - RabD primers used in real-time PCR.

Sequences are 5’ to 3'.




3.3.4 Expression of RabD genes in developing wheat
endosperm

In order to determine the native expression of RabD genes in
the developing endosperm of wild type Cadenza wheat a
quantitative real-time PCR was performed (Fig. 3.9). Wheat seeds
were harvested at 4, 7, 10, 14, 17, 21, 28 and 35 days post
anthesis (dpa) and several samples of total RNA were extracted
from each developmental point. The RNA was analysed by
spectrophotometry and RNA gel bioanalysis (Fig. 3.8) to determine
yield and quality for use in real time PCR.

Primers were designed to amplify a small (~150bp) region of
the mRNA coding sequences of four wheat RabDs and also produce
no PCR product from genomic DNA due to either the primer
sequence crossing an intron boundary or a large potential PCR
product including introns (Table 1). Three other genes were included
in the qPCR as potential normalising genes — an ADP ribosylation
factor (Ta.2291), an RNase inhibitor-like gene (Ta.2776) and a gene
involved in cell division control (Ta.54227). cDNA was reverse
transcribed from total RNA extracted from Cadenza wheat
endosperm at 7, 10, 14, 21 and 28 days post anthesis (dpa) with 3
biological replicates (extractions from seeds harvested from
separate plants) per time point. Each of the 15 cDNA samples was
used as DNA template for each of the seven primer pairs with 2
technical replicates. A calibration curve was also set up for each
primer pair using an equal mixture of all cDNA as the undiluted

sample, with four 10-fold dilutions. Ta.2776 and Ta.54881 were
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chosen to normalise the RNA concentration data of RabD genes
together using the average concentration ratios of each sample.
Ta.35418 (RabD1), Ta.47209 (RabD1) and Ta.54881 (RabDZ2)
peaked in expression at 14dpa while RabD2a Ta.54382 maintained
comparatively stable expression (Fig. 3.9). RNA concentrations at 21
and 28dpa appear similar for each RabD gene. This may signify that
expression levels have stabilised by 21dpa or possibly that the
recycling of mRNA in the endosperm has significantly slowed by

21dpa.



3.4 Discussion
3.4.1 Rab gene sequences

Wheat has lacked any concerted sequencing projects until
recently (Allen et a/, 2011) meaning little sequence data is available
in full, annotated form. When the gene sequences of the four
available RabD genes were briefly studied, they appeared to each
contain 7 introns in the same locations (8.1 Alignment of wheat
RabD nucleotide sequences). While the coding sequences were
highly conserved, the intron sequences varied in both length and
sequence, presumably due to lack of selection pressure.

As wheat is hexaploid it might be expected to contain roughly
three times the number of Rab genes compared to the diploid
species it was compared to in phenetic analyses. However, while it
was only possible to confidently identify some Rab sequences to the
subclade level, in BLAST searches and phenetic analyses it appeared
that there was never more than one wheat unigene matched with
the same homologue in Arabidopsis, Brachypodium and rice when
they were compared together. In fact each wheat Rab protein
always had at least one Brachypodium or rice homologue that was
unique to that wheat protein. Conversely, Arabidopsis sequences
commonly tended to group together in twos or threes, though this
was probably due to its genetic distance from the other species
studied. The Rab GTPase profiles in dicots such as Arabidopsis have
diverged from those of monocots, which include rice, Brachypodium
and wheat, to allow for differences in development, physiology and

cellular functions (Zhang et al, 2007).



Of flowering plants that have been sequenced, the Rab21
clade is found only in rice. Some moss and algae species also have
Rab21 genes as well as members from the Rab subfamilies 23, 24
and 28 (Diekmann et al, 2011). No Rab21 unigenes were found in
wheat, and the fact that Rab21 genes are not present in
Brachypodium suggests that wheat is also unlikely to contain genes

from the Rab21 clade.

3.4.2 Rab genes in the wheat genome

The relatively small number yet wide diversity of wheat Rab
proteins could be due to the fact that the wheat sequences gathered
are in the form of unigenes, which are made up of ESTs. Any ESTs
exhibiting high homology are generally grouped into the same
unigene, which means it may not be possible to distinguish between
different proteins with very similar sequences using only unigene
sequence data. Alternatively, homeologous Rab genes on different
genomes of wheat may be silenced, which would also explain the
lack of EST data. It may also be possible that the Rab family of
wheat has significantly diversified, though based on the close
homology of the amino acid sequences found with those in
Brachypodium and rice, this appears unlikely.

An interesting clue as to the presence of homeologous Rab
genes on the three genomes of hexaploid wheat was uncovered
when PCR products amplified using Ta.54881 (RabD2b) primers with
genomic wheat DNA were cloned into a sequencing vector and

sequenced (8.1 Alignment of wheat RabD nucleotide sequences).



The three sequences that emerged were different, with one
matching the CDS of the unigene identically, another very similar
but containing a single nucleotide polymorphism (SNP) and the third
containing 16 SNPs compared to the unigene CDS. However, when
BLAST searched, all three nucleotide sequences were identified as
RabD2b. This evidence suggests that homeologues of the same Rab
gene may well be present on the three genomes of wheat, though
whether they are expressed or not is unknown. Additionally, if they
are expressed they may be largely functionally redundant, though it
is possible that some clades may have diversified to perform a
different set of roles as has happened in other plant species (Saito &
Ueda, 2009; Zhang et al, 2007).

The number of total wheat Rab unigenes collected was 32,
while the total number of Brachypodium Rab genes is 40 and in rice
is 46. The 32 Rabs found in wheat might represent the total number
expressed, though it is likely that this number only represents a
portion of the total number of actual genes. This suggestion is based
on the fact that wheat is hexaploid, alongside the sequencing results
of three PCR products from wheat DNA that were highly conserved
but non-identical, all of which represented the same Rab homologue
(RabD2b).

The future output of wheat genome sequencing projects
(Allen et al, 2011) will permit more thorough investigation of the
Rab GTPases in wheat and answer questions regarding the number

and locations of Rab genes in the hexaploid genome.



4 Cloning of vector construct, transformation
and screening of transgenic wheat

4.1 Introduction
4.1.1 The RNA interference technique

RNA interference (RNAIi) (Fire et al, 1998) can ectopically
decrease the expression of a target gene and has been effectively
utilised in strategies to demonstrate gene function (Hirai & Kodama,
2008). RNAI reduces target gene expression by a sequence-specific
process and is a conserved mechanism throughout a wide variety of
eukaryotes (Grewal & Moazed, 2003; Kato et al/, 2005).

RNAI is effectively induced by double stranded RNA (dsRNA)
which may be presented to the cell by different methods. Direct
introduction of dsRNA into mammalian, nematode and Drosophila
cells is sufficient to trigger RNAi, although the effect is not
permanently heritable (Svoboda, 2004). Plant cells are transformed
with a plasmid vector that generates hairpin RNA molecules in order
to produce a heritable RNAi effect. RNAI is regularly used in plants,
one example involved the introduction of an RNAi construct into
Arabidopsis caused silencing of a homeobox gene equivalent to that
of the corresponding null mutant (Chuang & Meyerowitz, 2000).

The plant RNAi construct is controlled by a strong promoter
and comprises an inverted repeat of the target sequence, which is
divided by a spacer fragment. Following transcription of the vector,
the inverted repeat sequences anneal to form a dsRNA section (the

stem) while the spacer fragment forms the loop of the hairpin RNA
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structure (Fig. 4.1).

In Arabidopsis, one of the four members of the RNase III-like
Dicer gene family, often paired with a dsRNA binding protein
(dsRBP), recognises dsRNA and generates 21-24 nucleotide long
mature micro RNA (miRNA) or small interfering RNA (siRNA) from it.
The type of small RNA (sRNA) produced depends on the particular
Dicer-dsRBP combination and the dsRNA source (Baulcombe, 2004;
Bouche et al, 2006; Brodersen & Voinnet, 2006; Curtin et al/, 2008).
Fully matched dsRNA from repetitive DNA sequences, transposons,
viruses, endogenous antisense gene pairs or transgene-encoded
hairpins generates siRNA when processed by Dicer (Pontier et al,
2005; Schwarz et al, 2003). Alternatively, Dicer will produce miRNA
upon interaction with partially complementary endogenous non-
coding mRNA which forms an incomplete hairpin (Nakano et al,
2006). Once processed, a mature miRNA or siRNA is incorporated
into the RNA-induced silencing complex (RISC) to guide sequence-
specific gene silencing (Brodersen & Voinnet, 2006).

RISC is made up of a humber of proteins and is thought to be
located in the P-body (an RNA degradation centre in the cytoplasm)
(Parker & Sheth, 2007). Along with Dicer, other proteins found in
RISC include members of the dsRNA binding (dsRBP) and Argonaute
(AGO) gene families. The enzyme in RISC that cleaves targeted
mMRNA is known as a slicer, Argonaute 1 (AGO1) being the principal
slicer involved in RNAI in plants (Baumberger & Baulcombe, 2005).

RNAi exploits similar cellular mechanisms to post-

transcriptional gene silencing using sense and antisense RNA (Ecker



and Davis, 1986; Hamilton et al, 1990; Smith et al/, 1988; Van Der
Krol et al, 1988). The difference being that the positive- and/or
negative- sense RNA produced in the transgenic plant is copied by
RNA-dependant RNA polymerase (RDR) to form dsRNA before being
processed into siRNA (Baulcombe, 2005), whereas with RNAi the
hairpin RNA molecule produced does not require RDR and may be
processed into siRNA directly.

A wheat Rab gene was chosen as a target for knockdown by
RNAi based largely on evidence of its function from the literature. A
target region of the CDS containing a match with the most closely
related Rab gene was amplified and ligated with an RNAi vector,
which was used to transform wheat. PCR was used to screen
successfully transformed TO plants and determine zygosity of T1

plants.



4.2 Materials and Methods
4.2.1 cDNA synthesis using specific primers

The method was adapted from Parr et al (1992). Total wheat
RNA from 14dpa endosperm (10ul) was added to 4pul of each of the
forwards and reverse primers for the RNAI target (a 270bp section
of Ta.54382 CDS) and 12ul of DEPC-treated water in a 0.2ml PCR
tube. Half the mixture (15ul) was transferred to a second 0.2ml
tube and both tubes were incubated at 70°C for 5 minutes before
being placed on ice.

A 10pl volume of M-MLV RT buffer x5 was added to a 0.5ml
centrifuge tube followed by 3ul dNTPs, 1ul RNasin, 2ul M-MLV
reverse transcriptase and 4ul DEPC-treated water (reagents from
Promega). Half of this reaction mixture (10ul) was transferred to
each of the two RNA/primer mixes on ice. The two PCR tubes were
then incubated at 42°C for 1 hour before adding 75ul of DEPC-
treated water to each.

RT enzyme, buffer, RNasin RNase inhibitor and dNTPs were

supplied by Promega.

4.2.2 Reverse transcriptase polymerase chain reaction (RT-
PCR)

RT-PCR was carried out as standard PCR method but the DNA

template used was cDNA synthesised using specific primers.

4.2.3 Cloning of RNAi construct

Bovine serum albumin, calf intestinal alkaline phosphatase,
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T4 DNA ligase enzyme and BamHI and Bg/ll restriction enzymes
were acquired from Promega. Vector (pHMW-Adh-Nos) was obtained
from Huw Jones at Rothamsted Research (Fig. 4.2). Digestion and
ligation of insert and vector were performed using the supplier’s
instructions. Negative controls used were: no enzyme digest (for
both insert and vector digests), no enzyme ligation, no vector
ligation, no insert ligation. Competent DH5-a E. coli cells were used
for transformation. E. coli cells were grown in LB+ampicillin medium
(Per plate: 10ml sterile LB medium mixed with 10ul 100mgml™

ampicillin).

4.2.4 Wild-type wheat growth and seed collection

Wild-type wheat plants (var. Cadenza) were sown in 12-well
plastic trays (tray: 225x173mm, 70mm deep. 4x3 wells per tray) in
John Innes No.3 compost and potted up into 5 litre pots using the
same compost. They were grown in glasshouses (glasshouse
conditions: venting at 22°C, day heating at 20°C, night heating at
18°C, 16 hour day length, supplemental lighting outside of British
Summer Time) at Sutton Bonington campus of University of
Nottingham. The date when each ear reached anthesis was noted
using the decimal code devised by Zadoks et al (1974). Ears were
recorded as anthesed when they passed 61 on the decimal code.
Seeds were harvested at 4, 7, 10, 14, 17, 21, 28 and 35 days post
anthesis (dpa) and frozen in liquid nitrogen before being stored at -
70°C. Seeds were dissected to obtain the endosperm after

harvesting and before freezing.



4.2.5 Preparation of wheat embryos and gold particles for
transformation

The following method was carried out at Rothamsted
Research using materials and method as described by Jones &
Sparks (2009). Wheat (Cadenza var.) spikes were collected from
growth-room-grown plants approximately 10-12 weeks after sowing
and caryopses were removed from the panicles. The caryopses were
sterilised by rinsing in 70% (v/v) aqueous ethanol for 5 minutes
then soaking in 10% (v/v) Domestos bleach (Unilever UK,
Domestos, Freepost ADM1000, London, SW1A 2XX) for 15-20
minutes with occasional shaking. Caryopses were rinsed thoroughly
with three changes of sterile water. The sterilized caryopses were
kept in moist conditions but not immersed in water.

The embryos were isolated microscopically in a sterile
environment and the embryo axis was removed to prevent
precocious germination. A number of scutella (25-30) were placed
within a central target area of a 9-cm Petri dish containing induction
medium, orientating them with the cut embryo surface in contact
with the medium. The plates were sealed with Nescofilm (Fisher
Scientific) and the prepared donor material was pre-cultured in the
dark at 22°C for 1-2 days prior to bombardment.

A 20mg sample of 0.6um sub-micron gold particles (Bio-Rad)
was placed in a 1.5ml microcentrifuge tube along with 1ml 100%
ethanol and sonicated for 2 minutes. The tube was pulse-spun in a
microfuge for 3s and the supernatant was removed. This ethanol

wash was repeated twice more. 1ml of sterile H,O was added and



sonicated for 2 minutes before the tube was pulse-spun in a
microfuge for 3s and the supernatant removed. This H,O wash was
repeated. A 1ml volume of sterile H,O was added and the gold
particles were resuspended fully by vortexing. From this suspension,
50ul was aliquotted into sterile 1.5ml tubes, vortexing between
taking each aliquot to ensure an equal distribution of particles. The
aliquots were stored at —20°C.

The following procedure was carried out on ice, in a sterile
environment. A 50ul aliquot of prepared gold was allowed to thaw at
room temperature, and then sonicated for 1-2 minutes and
vortexed briefly. A 5ul sample of DNA (1 mg/ml in TE) was added,
including the RNAI vector construct and a separate plasmid vector
incorporating a selectable marker (bar). The tube was then vortexed
briefly to ensure good contact of DNA with the particles. A gold-only
control was also prepared with H,O instead of DNA. Into the lid of
the tube were added 2.5M CaCl, (50ul) and 0.1M spermidine (20ul),
mixed together, then briefly vortexed into the gold/DNA solution.
The tube was then centrifuged in a microfuge at top speed for 3-5s
pulse to pellet the DNA-coated particles. The supernatant was
discarded and 150ul of 100% ethanol was added to wash the
particles, resuspending them as fully as possible. The tube was then
centrifuged in a microfuge at top speed for 3-5s pulse to pellet the
particles and the supernatant discarded. The pellet was fully

resuspended in 85ul 100% ethanol and maintained on ice.



4.2.6 Biolistic transformation of wheat embryos

The following method was carried out at Rothamsted
Research using materials and method as described by Jones &
Sparks (2009). DNA-coated gold particles were delivered using the
PDS-1000/He  particle gun (Bio-Rad) according to the
manufacturer’s instructions. The following settings were maintained
as standard for this procedure: gap 2.5cm (distance between
rupture disc and macrocarrier), stopping plate aperture 0.8cm
(distance between macrocarrier and stopping screen), target
distance 5.5cm (distance between stopping screen and target plate),
vacuum 91.4-94.8kPa, vacuum flow rate 5.0, vent flow rate 4.5 (8).

The gun’s chamber and component parts were sterilised by
spraying with 90% (v/v) ethanol, which was allowed to evaporate
completely. The macrocarrier holders, macrocarriers, stopping
screens and rupture discs were sterilised by dipping in 100%
ethanol and allowing the alcohol to evaporate completely on a mesh
rack in a flow hood. The macrocarrier holders were placed into
sterile 6cm Petri dishes and one macrocarrier was introduced into
each holder. The coated gold particles were briefly vortexed and a
5ul aliquot was dropped centrally onto the macrocarrier membrane.
The membrane was allowed to dry naturally, not in the air flow. A
rupture disc (650 or 950 psi) was loaded into the rupture disc
retaining cap and screwed into place on the gas acceleration tube,
tightening firmly using the mini torque wrench. A stopping screen
was placed into the fixed nest. The macrocarrier holder containing

macrocarrier + gold particles/DNA was inverted and placed over the



stopping screen in the nest and its position maintained using the
retaining ring. The fixed nest assembly was mounted onto the
second shelf from the top to give a gap of 2.5 cm. A sample was
placed on the target stage on a shelf to give the desired distance -
the fourth shelf from the top gives a target distance of 5.5cm.

After a vacuum of 91.4-94.8kPa was drawn the gun was
fired. After firing, the vacuum was released, the sample was
removed and the component parts were disassembled, discarding
the ruptured disc and macrocarrier. The macrocarrier holder and
stopping screen were placed in 100% ethanol to re-sterilise if they
were to be reused in further shots. Otherwise they were placed in
1:10 dilution Savlon (Novartis Consumer Health, West Sussex, UK)

to soak. The parts were sonicated for 10 minutes prior to reuse.

4.2.7 Regeneration of TO transgenic wheat plants

The following method was carried out at Rothamsted
Research using materials and method as described by Jones &
Sparks (2009). Following bombardment, the scutella were spread
evenly across the medium, dividing each replicate between two or
three plates of induction medium (MS 9% O0.5DAg) i.e.
approximately 10 scutella per plate. The plates were sealed with
Nescofilm and incubated at 22°C in the dark for induction of
embryogenic callus.

After 3-5 weeks on induction medium any calli bearing
somatic embryos were transferred to regeneration medium (RZDCu)

in 9cm Petri dishes and incubated at 22°C in the light for 3-4



weeks. After 3-4 weeks on regeneration medium, calli were
transferred to RZ + selection in 9cm Petri dishes with high lids (the
selection medium was determined by the selectable marker gene in
the transforming plasmid: RZPPT4 for bar or RZG50 for nptIl). The
plates were sealed with Nescofilm and incubated at 22°C in the
light. After a further 3-4 weeks, surviving calli were transferred to
regeneration medium + selection but without hormones (RPPT4 or
RG50) in 9cm Petri dishes with high lids. The plates were sealed
with Nescofilm and incubated at 22°C in the light. Once
regenerating shoots were clearly defined and could be separated
easily from the callus, they were transferred to regeneration
medium + selection but without hormones (RPPT4 or RG50) in GA-7
Magenta vessels, placing no more than 4-6 plantlets per Magenta,
then incubated at 22°C in the light.

Plantlets were transferred to soil once a reasonable root
system has been established and leaves were approximately 10-
15cm. Plantlets were carefully removed from the agargel-solidified
medium (rinsing the roots with water if necessary to remove excess
agargel) then potted into 8cm square plastic pots (Nursery Trades,
(Lea Valley) Ltd.) using “Rothamsted prescription mix” compost
(Petersfield Products, Leicestershire, UK). Plantlets were placed
within a propagator to provide a high humidity for 1-2 weeks to
acclimatize them from tissue culture, and grown in a GM
containment glasshouse (16 hour day, 20°C day, 15°C night,
automatic supplementary lighting turning on when natural daylight

-1

falls below 300umol m™ s and switching off when rising above



400pmol m™@ s?'). Typically it took at least 3 months from
bombardment to potting into soil. Once suitably established (3-4
leaves), a leaf sample was taken from which to extract genomic
DNA for analysis by PCR to establish whether the plant was
transformed. Once confirmed PCR positive, the transformed plants
were re-potted to 13cm diameter pots (Nursery Trades (Lea Valley)
Ltd.) and grown under the same glasshouse conditions. Plants
reached maturity in 3-4 months, at which point the grain was

harvested from each plant separately.

4.2.8 PCR screening of TO plants for transgene

DNA was extracted using a Promega wizard genomic DNA
purification kit following the manufacturer’s instructions.

Each 20ul PCR reaction contained 18ul PCR ReddyMix Master
Mix (ABgene Limited (UK Head Office), Abgene House, Blenheim
Road, Epsom, KT19 9AP, United Kingdom), 0.3ul of forward primer
(20pM), 0.3pl of reverse primer (20pM), 1pl of DNA template and
was made up to 20ul with sterile distilled H,0.

The PCR program for the first round of screening was as
follows: 94°C for 5 minutes, 57°C for 30 seconds, 72°C for 2
minutes, 30x [94°C for 1 minute, 57°C for 30 seconds, 72°C for 2
minutes + 3 second ramp], 72°C for 10 minutes. The PCR program
for the second round of screening was the same except annealing

temperature was 60°C instead of 57°C.



4.2.9 96-well plate DNA extraction

A single 3mm stainless steel ball was added to each well of a
96-well collection plate containing leaf samples. A 600ul volume of
DNA extraction buffer (200mM Tris-HCI (pH8), 250mM NaCl, 25mM
EDTA (pH8), 0.5% SDS) was added to each well and the plate was
shaken in a ball mill for 3 minutes. The plate was then spun in a
plate centrifuge at 5600g for 20 minutes and 250ul liquid
transferred from each well of the collection plate to the
corresponding well in a storage plate to which had been added 250ul
isopropanol per well. The storage plate was sealed and incubated for
3 minutes at room temperature followed by a spin of 5600g for 20
minutes in a plate centrifuge. The supernatant was then removed by
aspiration and 100ul of 70% ethanol added, followed by mixing by
robot for 5 minutes and another spin at 5600g for 20 minutes. The
supernatant was removed by aspiration and the plate was vacuum
dried. The pellets were resuspended in TE buffer at 4°C for 2 hours

then stored at -20°C.

4.2.10 96-well plate to 1.5ml tube DNA extraction

A single 3mm stainless steel ball was added to each well of
two 8-well strips containing leaf samples on an otherwise empty 96-
well collection plate. A 600ul volume of DNA extraction buffer
(200mM Tris-HCI (pH8), 250mM NaCl, 25mM EDTA (pH8), 0.5%
SDS) was added to each well and the plate was shaken in a ball mill
for 3 minutes. The liquid was transferred from each well of the

collection plate to 1.5ml microcentrifuge tubes (1 per well). The



tubes were centrifuged at 16,200g (13,000 rpm) for 5 minutes and
500ul of the supernatant was transferred to fresh 1.5ml tubes. A
500ul volume of isopropanol was added to each tube before mixing
the tubes by inversion and incubating at room temperature for 5
minutes. The tubes were then centrifuged at 16,200g (13,000 rpm)
for 5 minutes before decanting off the supernatant. The pellets were
washed with 1ml 70% ethanol, using a pipette tip to dislodge the
pellet, vortexed and centrifuged at 16,200g (13,000 rpm) for 5
minutes. The supernatant was decanted off and the pellet was
washed with 150upl 100% ethanol, vortexed then centrifuged at
16,200g (13,000 rpm) for 5 minutes. The supernatant was removed
by pipette and the pellet was washed with 150ul 70% ethanol,
vortexed then centrifuged at 16,200g (13,000 rpm) for 5 minutes.
The supernatant was removed by pipette and the pellet was vacuum
dried for 5-10 minutes before resuspending in 0.1x TE buffer at 4°C

for 2 hours, then storage at -20°C.

4.2.11 Transgene screening PCR to eliminate null and

hemizygous T2 lines

Seeds were sown in four 308-well trays in Levington M2
potting compost (Scotts, 14111 Scottslawn Road, Marysville, OH
43041, USA) and grown for 2 weeks in a glasshouse at Sutton
Bonington (16 hour day, 22°C day, 20°C night, automatic
supplementary lighting during daytime). A leaf sample was then
taken from each plant and placed in ten 96-well collection plates

which were stored at -20°C. Genomic DNA was extracted from all



the leaf samples using a 96-well plate DNA extraction or a 96-well

plate to 1.5ml tube DNA extraction.



4.3 Results
4.3.1 Single target Rab strategy

With the aim of altering ER to Golgi traffic, the planned
approach was to select a gene from the Rab family to knock down
using RNAi. The minimum length of small interfering RNA (siRNA)
employed in RNAi is 21 nucleotides. The target sequence must not
have matches of this length or more with genes that are not being
targeted for RNAIi. However, as close relatives within the same clade
or subclade can have similar functions, matches of this kind with
those genes could be desirable. The ability of RNAi to knock down all
seven members of the OsRac gene family simultaneously in
transgenic rice was described by Miki et al (2005). Knockdown of
multiple similar genes could ultimately produce a greater and/or
more noticeable effect in the transformed organism.

As the Rab D subfamily of GTPases mediates the vesicle
transport pathway of interest (ER to Golgi), coding sequences of the
four available RabD members were aligned and compared in pairs to
find regions of identity of 21nt or more (Fig. 4.3A). With a view to
using a region of RabD2a (Ta.54382) as the target sequence, it was
compared to each of the other wheat Rab coding sequences
available. No matches of significant (=21nt) length were found

outside the RabD clade.

4.3.2 RabD consensus strategy
As an alternative approach to selecting a single Rab gene as a

target for RNAi, a consensus sequence was produced using coding



1 Ta.54382-Wheat-Rab_D2a TGGAGAGTTATATCAGTACTATTGGTGTTGATTTCAAAATACGTACCGTG 150

Ta.54881-Wheat-Rab_D2b TGGAGAGCTATATCAGTACTATTGGTGTTGACTTCAAAATCCGCACCGTT 150
Khkhkkhkkhkkhkk Khkkhkhhhkhkhkhkkhkkhhhkhhkhkhkkhhhhkhkx *khkhkhkrrhk *k *hkkkk

2 Ta.54881-Wheat-Rab_D2b AGAGCGATTTAGGACCATCACAAGCAGCTACTACCGCGGTGCCCATGGCA 250

Ta.35418-Wheat-Rab_D GGAGCGGTTCAGAACCATCACAAGCAGCTACTACCGAGGAGCTCACGGGA 250

KKKKK KKk Kk KAKKKKKKAKKAKKAKKAKKKKKAKRAKX *Kk K %k **% K%k *

3 Ta.35418-Wheat-Rab D CTCGAGATGGATGGGAAGACCATCAAATTGCAGATTTGGGACACAGCAGG 197
Ta.47209-Wheat-Rab_ D GTTGAGCTCGATGGCAAGTCGGTGAAGCTGCAGATTTGGGACACAGCAGG 200

K kKK Kk kkkkk KkKkKk Kk * Kk Kk Kk hkkhk Kk kA hkkhkhkh Kk kK kKK

CGTCGGCAAGTCCTGCCTCCTCCTCAGATTTGCCGATGATTCGTACCTGG 50

AGAGCTATATCAGTACTATTGGTGTTGATTTCAAAATCCGCACCGTTGAG 100

CAAGATGGGAAGACGATGAAGCTGCAAATTTGGGACACTGCTGGACAAGA 150
ACGGTTCAGAACCATCACAAGCAGCTACTACCGAGGAGCTCACGGGATCA 200
TTATTGTCTATGACGTGACAGACCAGGAGAGCTTCAACAATGTCAAGCAG 250
TGGTTGA 257

Consensus match key
ATGC Ta.35418 ATGC Ta.54382
ATGC Ta.47209 ATGC Ta.54881

Fig. 4.3 - Results of RabD CDS alignments to find =21nt matches.

A: Sections of alignments between wheat RabD coding sequences. Matches marked with *
and >21nt matches highlighted in yellow. B: Proposed target region of RabD consensus
sequence showing =21nt matches with RabD CDS underlined.




sequences of the four wheat RabD members (Ta.35418, Ta.47209,
Ta.54382 and Ta.54881,). As small interfering RNA (siRNA) is
between 21 and 25 nucleotides in length, all matches of 21 nt or
more with the RNAIi target sequence could produce a knockdown
effect on the matching gene (Xu et al, 2006). All wheat Rab coding
sequences were compared to the RabD consensus to predict the
effect on each of using RNAi with the consensus as the ‘target’
sequence (Fig. 4.3 B). Ta.35418 (RabD1) had 2 matches in the
range 205-302 nt of the consensus of 50 and 24 nt length.
Ta.47209 (RabD1) gave 2 matches of 25 and 28 nt within the range
54-310 nt of the consensus. Ta.54382 (RabD2a) had 3 matches of
32, 41 and 28 nt between nucleotides 109 and 539 of the
consensus. Ta.54881 (RabD2b) had 4 matches of 29, 32, 38 and 23
nt with the consensus between 13-236 nt. Outside the RabD
subfamily, there was a region of the consensus that gave a
significant match with the RabA members Ta.36757, Ta.7600,
Ta.54911 and Ta.55676. The match varies in length but in each
case it ends at the same nucleotide (nt 66 of the consensus).

The aim is to affect vesicle trafficking only from the ER to the
Golgi. Down-regulating genes that affect other pathways in the
vesicle transport system could produce unwanted effects. Therefore
a target sequence had to be selected from within the consensus that
would have the RNAi effect on RabD members but not those of other
clades. The nt range 54-310 of the consensus was chosen (Fig. 4.3
B) as it misses out most of the RabA match (only 13 nt of the match

is within the selected region, which is insufficient to produce siRNA)



and includes most of the matches from the RabD subfamily. If this
sequence was cloned into the RNAIi vector as the ‘target’ sequence it
could theoretically create an RNAI effect on at least the 4 known

RabD genes in wheat.

4.3.3 RNAI target region selection and PCR primer design

As shown in Fig. 4.4, the target region chosen within the
Ta.54382 (RabD2a) CDS includes the 23nt match with Ta.54881
(RabD2b). The target region is 270 nucleotides in length from nt 55
to 324 of the Ta.54382 CDS. The RabD2a-F and RabD2a-R primers
were designed to amplify this region and the RabD2a+Bam-F and
RabD2a+Bgl-R primers were designed to add restriction sites onto
the ends of the resulting PCR product (Fig. 4.5). The purpose of this
is the ability to cut the ends of the PCR product using the restriction
endonucleases BamHI (site: GGATCC) and Bgl/ll (site: AGATCT).
Once digested, the target region may be ligated with the RNAI

vector pHMW-Adh-Nos.

4.3.4 PCR to amplify RabD2a target region

Primers were designed to amplify and add restriction enzyme
sites onto the ends of a region of a known wheat RabD2a unigene
(Ta.54382) and PCR experiments were performed. Fig. 4.6 shows
the results of a PCR with a steep gradient of annealing temperatures
using DNA extracted from wheat leaf and a pair of primers designed
to amplify a 457bp region of Ta.54382 (RabDZ2a). No product was

produced in lanes 4-12 but a band of approximately 1.4 kilobases is



ATGAATCCGGAGTATGACTATCTCTTTAAGCTTCTGCTTATCGGAGACTC 50
TCTTAAGATTTGCCGATGACTCGTACC 100
TGGAGAGTINNVNEONCHVNSHWNBNCICIRCURNCIN T T TCAAAATACGTACCGTG 150
GAGCAAGATGGAAAGACTATGAAGCTGCAAATCTGGGACACTGCTGGGCA 200
AGAACGCTTCAGAACTATTACTAGCAGCTACTATCGAGGGGCTCACGGGA 250
TCATTATTGTCTATGACGTGACAGACCAGGACAGCTTCAACAATGTGAAG 300
CAGTGGTTGAACGAGATTGATCGCTATGCTAGTGAGAATGTTAACAAGCT 350
TCTTGTAGGGAACAAATCTGATCTCACTGACAAAAGAGTTGTATCATATG 400
AGACAGCGAAGGCATTTGCTGATGAGATTGGCATCCCATTCATGGAGACC 450
AGTGCAAAGAATGCCTTGAACGTTGAGCAGGCTTTCATGGCTATGTCTGC 500
TTCAATCAAGGACAGGATGGCGAGCCAGCCAGCCGCAAACAGCGCTCGCC 550
CAGCCACGGTGCAGATCCGCGGGCAACCTGTCGAACAGAAGACGAGCTGC 600
TGCTCTTCT 609

Fig. 4.4 - The Ta.54382 (wheat RabD2a) coding sequence showing selected target
region.

The 270bp target region is highlighted in yellow, with forward and reverse primer regions
shown in green and cyan respectively. The 23nt match with Ta.54881 (RabD2b) is
highlighted in dark blue.




RabD2a primer F':

RabD2a primer R: [ElelerNNerV:NESUNCICHRNCIV NG
RabD2a+Bam primer F: CTTAR

RabD2a+Bgl primer R: GGCCA GCGATCAATCTCGTT,

Fig. 4.5 - Primers designed to anneal to the target sequence in PCR.

The parts of the RabD2a+Bam-F and RabD2a+Bgl-R primers that match the gene
(green/blue) are preceded by a restriction site (red/pink), plus extra nucleotides to ensure
efficient restriction. RabD2a+Bam-F contains a BamHI site and RabD2a+BgI-R contains a
Bgl/l1 site.



visible in the 3 lanes with the lowest annealing temperatures (lanes
1-3). When the three visible bands were cut from the gel, purified
and sequenced, it transpired that the size of the band was due to
the presence of 4 introns within the target region of DNA ("Ta.54382
part gene 1 (PCR)” in 8.1 Alignment of wheat RabD nucleotide
sequences). The likely reason the bands only appeared at lower PCR
annealing temperatures was that the extension time was effectively
increased to the length necessary for the longer-than-expected DNA
molecule to fully polymerise due to the extra time required to
change the temperature of the PCR tubes.

In order to obtain the target sequence without introns, a
reverse transcription PCR (RT-PCR) was performed. Two new pairs
of primers were designed (Fig. 4.5) — one to amplify a 270bp region
of Ta.54382 containing a 21nt match with Ta.54881 (RabD2a-F &
RabD2a-R) and another to add restriction sites (BamHI and Bgl/II) to
the ends of the PCR product of the first primer pair (RabD2a+Bam-F
& RabD2a+Bgl-R). RNA was extracted from developing Cadenza
wheat endosperm (28dpa) and reverse transcribed to cDNA using
the primer RabD2a-R. This cDNA was used as the template DNA in a
gradient PCR using the RabD2a-F and RabD2a-R primers (Fig. 4.7).
Bands of the expected size were obtained on agarose gel. The bands
were excised from the gel and sequenced to confirm they were the
expected product. To add the restriction sites onto the target region,
the PCR product was used as the template in a new PCR together
with the RabD2a+Bam-F and RabD2a+Bgl-R primers. The product of

this PCR was then cloned into RNAi vector pHMW-Adh-Nos.



°C 48.2 489 50.2 525 55.1 58.3 61.4 646 682 704 717 725

Fig. 4.6 - Gradient PCR results.
Annealing temperature of PCR reaction shown above each lane. Wheat DNA and original
primers used.
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55.4 559 569 58.0 59.3 606 619 634 643 649 65.2

°C 55.1

Fig. 4.7 - Gradient RT-PCR resulits.
Annealing temperature of PCR reaction is shown above each lane.
and 300bp, concurrent with expected product size of 270bp.

Bands are between 250



4.3.5 Cloning of RNAi vector construct

A sample of the pHMW-Adh-Nos vector to be used in the
completed construct was used to transform competent E. coli cells.
The bacteria were screened with ampicillin for colonies that had
taken up the vector. Following liquid culture of individual screened
colonies, vector plasmid was obtained from the E. coli.

The cloning strategy (Fig. 4.8) to produce the inverted repeat
required was to cut the insert with both BamHI and Bg/Il enzymes
to give a BamHI sticky end at the 5" end and a Bg/II sticky end at
the 3’ end. Digestion of the insert (270bp region of Ta.54382) and
vector (pHMW-Adh-Nos) were performed with BamHI and Bg/II for
the insert digestion, and BamHI for the vector digestion. The
digestion mixes were then run on agarose gel and the digested
insert and linear vector were extracted. The digested insert and
vector were then ligated together. The Bg/lI sticky end of the insert
was expected to ligate with a BamHI sticky end on the vector as the
two sites share the same overhang (GATC). This combined site
should then become immune to both restriction enzymes. The
ligated construct (vector + 1 insert) was used to transform
competent DH5-a E. coli cells. A colony screening PCR was then
performed (Fig. 4.10), in which 2 combinations of primers were
used for each of 24 colonies to determine insert presence and
number (1 insert = pass). Plasmid was obtained from colonies that
appeared to have ligated correctly. They were then further screened
using 6 different PCR primer combinations for each to confirm

results and determine insert orientation (Fig. 4.11). Two colonies



|; BamHI l‘l BamHI
! /%Adhintron 4 Adhintron
A
O'k 4 Bglll | 1 A Bglll
Bglll site BamHI site
Disabled site Disabled site
I BamHI BamH]I
Adhintron Adhintron
of 4 Bglll 4 Bglll
|
BamH1 site Bglll site

Disabled site

I BamH]I
I /%Adhintron
Disabled site

ﬁﬁglll

Fig. 4.8 — Vector cloning strategy.

1. Vector digested using BamHI restriction enzyme; 2. Insert that has been digested with
both BamHI and Bgl/ll is ligated with the vector; 3. Vector is digested using Bg/II restriction
enzyme; 4. Second insert is ligated with the vector; 5. Completed constructs are screened
to obtain those that have successfully incorporated 2 inserts in opposite orientations.
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Fig. 4.9 - Placement and orientation of vector primers used in cloning colony

screening.
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(containing insert in two different orientations) were selected for the
second round of cloning.

The two positive colonies selected were cultured in selective
medium and the vector was obtained from each. These vectors were
digested a second time using Bg/Il restriction enzyme and ligated
with the insert. The ligated constructs were used to transform
competent DH5-a E. coli cells. A colony screening PCR was
performed with 2 primer combinations used for each of 24 colonies
to determine insert presence and number (2 inserts = pass). Vector
was obtained from colonies that ligated correctly. They were then
further screened using six different PCR primer combinations for
each to confirm correct insert number and determine orientation of
inserts. Based on this screen one colony was selected to be
sequenced to confirm PCR results before being used to transform

Cadenza wheat by Amanda Riley at Rothamsted Research.

4.3.6 Screening of TO plants for transgene

To select the TO plants that had been successfully
transformed, a PCR screen was performed by Caroline Sparks at
Rothamsted Research. DNA was extracted from leaf samples taken
from the TO plants once they were suitably established (3-4 leaves).
These DNA samples were used as the DNA template for a series of
PCR experiments. Two sets of experiments were performed for each
DNA template to be screened. The first used primers for the bar
selectable marker gene that the transgene was co-transformed with

(Bar 1: 5-GTC TGC ACC ATC GTC AAC C-3; Bar 2: 5'-GAA GTC CAG



CTG CCA GAA AC-3’). The second used primers from the RNAI
vector construct (see Fig. 4.9) in two different combinations - Rabl
and Adh3’rev to amplify from the promoter through the first insert
to the intron (Rabl: 5" CAC AAC ACC GAG CAC CAC AAA CT 3
Adh3’rev: 5" TGG AAA ACA CGG GAG TCT GCC 3'), and Adh5'fwd
and Nos3'rev to amplify from the intron through the second insert to
the terminator (Adh5’fwd: 5" GAA TCG ATC TGG GAG GCC AAG G 37;
Nos3’rev: 5" ATC GCA AGA CCG GCA ACA GG 3).

The PCR products were run on an agarose gel to determine
positive or negative results. Of those TO plants that gave positive
results for both the bar selectable marker gene and the RNAi vector
construct, 15 independent transformants were selected to be grown
on in the next generation, along with one transformant that was
positive for the bar gene but negative in both RNAi construct PCRs,
as a selectable-marker-only control (henceforth known as “bar-only
control”).

These 16 TO plants were grown in a glasshouse until
maturation at which point they were harvested. Twelve seeds from
each plant were sown and these 192 T1 plants were grown in a
glasshouse and harvested at maturity. T1 seeds were also used in

SDS-PAGE (see 5.3.1 Protein analysis of grain from TO plants).

4.3.7 Transgene screening PCR to eliminate null and
hemizygous lines from T1 plants

Mature T2 seeds were harvested from 192 T1 plants. Five

seeds from each plant were sown and leaf samples taken from the
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Fig. 4.10 - Example of results of the first round colony screening PCR.

Primers: #1 lanes = RabD2a-F and RabD2a-R (determines presence of insert); #2 lanes

Vector-F and Vector-R (primers designed to bind to the vector either side of the insert sites).

A positive result is shown by a 270bp band in #1 and an 834bp band in #2 (e.g. K).
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Fig. 4.11 - Results of the second round colony screening PCR.

Primers: #1 lanes = RabD2a-F and RabD2a-R (determines presence of insert); #2 lanes =
Vector-F and Vector-R (primers designed to bind to the vector either side of the insert sites);
#3 lanes = RabD2a-F & Vector-F; #4 lanes = RabD2a-F & Vector-R; #5 lanes = RabD2a-R &
Vector-F; #6 lanes = RabD2a-R & Vector-R. A positive result is shown by a 270bp band in
#1, an 834bp band in #2, then a 351bp band in #3 and 328bp band in #4 (i.e. B, C, E, G)
or those two bands in #5 and #6 instead (i.e. A).



seedlings for DNA extraction. PCR was then used to determine which
plants carried the transgene using 2 primer combinations - a control
pair that targets a non-coding region of Ta.47209 and a transgenic
pair that amplifies a part of the construct. Seedlings that showed
bands of expected size in the control lane and the transgenic lane
were recorded as transgene positive, while those that only showed a
band in the control lane were recorded as transgene negative. Any
other combinations of bands were discounted. Lines that had five
positive seedlings were thought to be probably homozygous rather
than hemizygous (76% likelihood based on 3:1 Mendelian ratio).
Those that had both positive and negative results were identified as
hemizygous and those that had only negative results were identified
as null. Based on these results and the total seed weight of each line
(weighed unthreshed in bags), 18 transgenic and 2 bar-only control
lines were chosen to be fully threshed and winnowed, tested for
breadmaking quality and sown for the next generation of transgenic
plants. The transgene screening was repeated for 12 more seeds

from each of these selected lines.



5 Analysis of transgenic wheat

5.1 Introduction
5.1.1 Gluten protein structure and function - High molecular
weight glutenin subunits

Variations in the types and quantities of high molecular
weight glutenin subunits (HMW-GS) are a major determinant of the
elastic properties of the dough despite only making up 5-10% of
total endosperm protein (Payne, 1987). They can be divided into x-
and y-types based on differences in size, structure and number of
cysteine amino acids (see Fig. 5.1A). Their sequences include a
large central region of repeats (481 to 681bp), as well as relatively
small N- and C- termini (81-104bp and 42bp respectively) that
include cysteine residues involved in disulphide bonding. The
resulting secondary structure is composed of small disulphide-
bonding domains rich in a-helices at the ends and a large central
section of B-reverse turns where intra- and inter-chain hydrogen
bonding occurs (Shewry & Tatham, 1997; Shewry et al, 1995).
HMW-GS are thought to have a rigid rod-like tertiary structure
which, along with specifically located hydrogen bonding, causes
most of the elastic properties of gluten (Shewry et al, 1992).

Some subunits and combinations of subunits are known to
have positive or negative effects on gluten strength and there have
been numerous efforts to express specific subunits in wheat to alter
processing quality (for recent examples see Blechl et al, 2007;

Graybosch et al, 2011; Leon et al, 2009; Leon et al, 2010; Rakszegi
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Fig. 5.1 - Primary structure of glutenin subunits and gliadins (adapted from
Delcour et al, 2012; Shewry & Tatham, 1997; D'Ovidio & Masci, 2004; Qi et al,
2006)

A: HMW glutenin subunits - numbers indicate conserved cysteine amino acids. Ct indicates
a cysteine that is present in some subunits of this type but not others. Repetitive domains
are coloured orange and non-repetitive domains are blue. Proteins are aligned based on
their amino acid sequences.

B: LMW glutenin subunits and gliadins - numbers indicate the intra-molecular bonding
cysteine residues and dotted lines indicate bonding pairs. C indicates a conserved inter-
molecular bonding cysteine amino acid. Two C* in a sequence indicates that one or other
cysteine is present. Letters in brackets indicate the prolamin group (B, C or D) as
determined by SDS-PAGE. Repetitive domains are coloured orange, non-repetitive domains
are blue and glutamine repeats are purple. Proteins are aligned based on their amino acid
sequences.
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et al, 2008; Yue et al, 2008). However, expression of a subunit
associated with positive effects does not always vyield an
improvement in processing quality. For example, a study by
Popineau et al (2001) showed that while genetically modifying
wheat to over-express strong HMW glutenin subunits did increase
pure gluten strength, overall protein content of the grain was not
increased and significantly deleterious effects on dough mixing

performance were seen.

5.1.2 Gluten protein structure and function - Low molecular

weight glutenin subunits

Older studies of gluten protein focussed on HMW-GS due
partly to the ease of identification by SDS-PAGE and the relatively
small number of subunits. On the other hand, study of low
molecular weight glutenin subunits (LMW-GS) was limited due to
difficulty distinguishing them from gliadins and reducing them for
electrophoresis, as well as the complexity of their coding loci and
much greater number of subunits compared to HMW-GS (Masci et
al, 1998; She et al, 2011). However, LMW-GS make up the majority
of the glutenin fraction and the types present play a critical role in
gluten quality. They have been investigated in more depth in recent
years with the assistance of improved biochemical and molecular
analysis techniques (She et al, 2011).

Typical (B-type) LMW-GS protein sequences include a short
N-terminal conserved region followed by a repetitive domain

containing mostly glutamine repeats, and a C-terminal region made



up of three domains (Cassidy et al, 1998; D'Ovidio & Masci, 2004;
Ikeda et al, 2006) (see Fig. 5.1B). LMW-GS can be divided into two
functional groups - chain extenders which can form two inter-
molecular disulphide bonds, and chain terminators which only form
one covalent inter-molecular bond (Kasarda, 1989). The former
comprise the B-type LMW-GS known as LMW-s, LMW-m, and LMW-i,
named for the first amino acid in the mature protein - serine,
methionine or isoleucine. They contain eight cysteine residues, six of
which are involved in intra-molecular bonding and two of which are
available for inter-molecular disulphide bonding (D'Ovidio & Masci,
2004). The chain terminator group of LMW-GS is largely made up of
proteins that have gliadin-like sequences and are sometimes known
as aggregated gliadins. As well as having an even number of
cysteine residues that bind intra-molecularly they, unlike gliadins,
contain an extra cysteine that forms an inter-molecular bond, which
leads to these proteins being included in the glutenin fraction
(D'Ovidio & Masci, 2004).

Gluten proteins can also be classified by SDS-PAGE separation
into A, B, C and D groups (Jackson et al, 1983; Payne & Corfield,
1979). Group A is equivalent to HMW-GS while group B is mainly
composed of B-type LMW-GS (LMW-m, -s and =-i). Group C
comprises a- and y-gliadins along with a- and y-type LMW-GS
counterparts, while w-gliadins and w-type LMW-GS make up group

D (D'Ovidio & Masci, 2004).



5.1.3 Gluten protein structure and function - Gliadins

The proteins that make up the monomeric part of the gluten
fraction are called gliadins. They are responsible for the viscosity
(internal resistance to flow) and extensibility (ability to stretch
without breaking) of the dough and make up approximately 40-50%
of total protein in the endosperm (Qi et al, 2006). They were
originally categorised into four groups based on their mobility in acid
PAGE - a-, B-, y- and w-gliadins (Bushuk & Zillman, 1978; Woychik
et al, 1961). However, a- and B-gliadins were found to be too
genetically and structurally similar to justify their separate
classification, resulting in B-gliadins being reclassified as a-gliadins
(Bietz et al, 1977; Kasarda et al, 1983).

The general sequence of a gliadin begins with a short N-
terminal domain of 5 to 14 amino acids, followed by a central
repetitive domain containing up to 100 amino acids made up of
repeat sequences of one or two motifs. These mostly include
glutamine, proline, and hydrophobic amino acids (phenylalanine and
tyrosine). Any cysteine residues are found in the C-terminal domain,
which is a succession of glutamine repeats and unique lysine and
arginine-rich sequences (Delcour et al, 2012; Muller & Wieser,
1997) (see Fig. 5.1B). The secondary structure of a-gliadin consists
of a-helices in the non-repetitive regions and B-reverse turns in the
repetitive regions, giving it a compact, globular tertiary structure
(Tatham & Shewry, 1985). y-gliadin has a similar secondary
structure to that of a-gliadin but forms an extended spiral tertiary

structure (Tatham et al, 1990). B-reverse turns make up the



majority of w-gliadin secondary structure with few a-helices or B-
pleated sheets, suggested to produce a stiff coil tertiary structure

(Shewry et al, 2009).

5.1.4 Gluten protein genetics

HMW-GS are encoded on the long arm of chromosomes 1A,
1B and 1D by the loci Glu-Al, Glu-B1 and Glu-D1 respectively
(Payne et al, 1980). LMW-GS are encoded by Glu-A3 (LMW-i), Glu-
B3 (LMW-m and LMW-s), and Glu-D3 (LMW-m and LMW-s) on the
short arm of chromosomes 1A, 1B and 1C respectively (Gupta &
Shepherd, 1990; Ikeda et al, 2006; Jackson et al, 1983).
Additionally, Ikeda et al (2006) found that some LMW-m and LMW-s
proteins appeared to be encoded by the same gene and their small
differences could be explained by post-translation processing at
different sites. The genes that encode w-gliadins and most of the y-
gliadins are located at the Gli-1 locus on the short arm of the group
1 chromosomes, while the Gli-2 locus on the short arm of the group
6 chromosomes contains the a-gliadin genes and the rest of the y-
gliadin genes (Bartels & Thompson, 1986; Payne, 1987; Payne et al,
1984; Tatham & Shewry, 1995). Gliadin genes are interspersed with
gliadin-like LMW-GS genes (C- and D-type prolamins) in the Gli-1
locus (Gupta & Shepherd, 1993; Lew et al, 1992; Masci et al, 2002;
Metakovsky et al, 1997).

Two trans-acting transcription factors are involved in the
endosperm-specific expression of LMW-GS - ESBF-I and -II

(Hammond-Kosack et al, 1993). They bind to the “endosperm box”



located between -326 and -160bp upstream of the transcription
start point (Colot et al, 1987). ESBF-I occupies the E motif of the
“endosperm box” promoter during early seed development, then
before the stage of maximum gene expression ESBF-II also binds to
endosperm box at the GLN4-like motif (Hammond-Kosack et al,

1993).

5.1.5 Wheat processing quality

Every year, Nabim (the National Association of British and
Irish Millers) produces a guide aimed at UK farmers classifying
widely-grown wheat varieties into one of four groups, which relate
to the potential uses of the grain (Nabim, 2011). Group 1 is
composed of high quality bread wheat varieties and attracts a
premium over other varieties as long as specific quality
requirements are met. Group 2 contains those varieties that have
potential for breadmaking but are not eligible for group 1 due to
inconsistent breadmaking performance or worse performance than
those in group 1. Group 3 describes soft wheat varieties for use in
biscuit and cake flour, and group 4 comprises varieties that may be
used for distilling or general purpose flours if they reach millers’
specific requirements or otherwise as animal feed.

There are a number of factors that are important indicators of
grain quality and its suitability for different purposes. Important
properties of wheat grain include specific weight in kilograms per
hectolitre, 1000 grain weight in grams, protein content as a

percentage, protein quality and a-amylase activity (HGCA, 2012).



<€ A >| €— 12 min >
e — Ol = e e —— . o ]
E He D | f"ﬂ)p { ——— JT II —
“ESZE=SESESES
I |
_iE | | 1 | | : |
—r—t 4 i

v o |

| |
A= T [ ) | | 1 '
i = I
| | D !
= o o o) e et e o e
B | 1 | [ ) [ | \ | 1 {
2 W S o i s s o Y .
\ { \ \ \ | \ \ ==Y
k_,_ﬁ,‘_—i;****, T o e v e e et S, D
= —
R o ) _i‘vﬁ A Dough development time (min) Eji:
—+—1— B Dough stability (min)
—% __\E‘EL,_T C Degree of softening (Brabender units) g:

— — (drop after 12 min from peak)

— —X —*r.—r
——— 2 e X Pye—— 23 3 \ * -
—— A 10— ﬁ—ﬂﬁ”\*"\" = v, T
S— W VG A R T VR VA W ——

\ \ 5 \\ ‘\ \4_\ “,'\ A\ - <
" I T, N, VI - 5 =X \\ \\ \\ i

6 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16

Fig. 5.2 - Features of a farinogram

An example of a trace produced by a farinograph, showing resistance to mixing (y-axis)
over time (x-axis). Resistance is displayed in Brabender units (an arbitrary measurement)
and time is measured in minutes. Dough development time (A) is the time between start of
mixing and peak resistance. Dough stability (B) is the time during which the top of the trace
is above the centre of the trace at peak resistance. Degree of softening (C) measures the
drop in resistance (using the centre of the trace) between peak resistance and 12 minutes
after peak resistance.
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The falling number test was originally developed by Hagberg (1960)
to assess the level of undesirable a-amylase activity in flour. A
higher number indicates lower activity meaning the starch is less
degraded and therefore better quality. Protein content is generally
higher in bread wheat varieties than biscuit varieties and can be
assessed while grain is still whole or from flour samples. Protein
quality of wheat grain can be measured in a number of ways.
Specific requirements for the ukp and uks UK export classifications
include W and P/L values as measured by the Chopin Alveograph,
which relate to dough strength and extensibility (BCE, 2011).

There are a number of other rheological tests which measure
similar characteristics relating to protein quality in dough, such as
the Brabender™ Farinograph and Extensograph. These tests are
used internationally to assess quality of dough and its suitability for
various uses. The Farinograph measures and records the resistance
of a dough to mixing as it is formed from flour and water, is
developed and is broken down. This resistance of the dough is called
consistency, the maximum of which is adjusted to a fixed value by
altering the quantity of water added. This quantity, the water
absorption, may be used to determine a complete mixing curve
called a farinogram, the various features of which are a guide to the
strength of the flour (Fig. 5.2). The dough mixed by the Farinograph
is moulded on the Extensograph into a standard shape and rested
under controlled conditions for a specified period. The dough is then
stretched to breaking point on the Extensograph and a curve drawn

recording the extensibility of the dough and its resistance to



stretching.

To investigate the effects of the transgene a variety of
experiments were performed using the transformed wheat.
Expression of the RabD genes was assessed to determine which
genes had been knocked down and by how much at several stages
of endosperm development. Features of the mature transgenic grain
were analysed, including protein profile (ratio of different subunits),
protein and starch content, grain size and shape, dough rheology

and glutenin macropolymer of the dough.



5.2 Materials and Methods
5.2.1 Sodium dodecyl sulphate polyacrylamide gel

electrophoresis of T1 seeds

Whole mature seeds were individually crushed in folded
pieces of filter paper using a small hammer. A 10mg sample was
then weighed out from each ground seed into separate 1.5ml
microcentrifuge tubes and 500ul Laemmli loading buffer (15.3ml
LLB: 13.5ml Sample solution buffer [90ml| SSB: 52ml H,0, 20ml
10% SDS, 10ml Glycerol, 8ml 1M Tris-HCI (pH 6.8)], 1.5ml 1M DTT,
300ul bromophenol blue (2mg/ml). DTT and bromophenol blue
solutions added immediately prior to use) was added to each of the
tubes which were then vortexed. The tubes were incubated at room
temperature for 2 hours, vortexing after 1 hour and at the end of
the 2 hours. They were then incubated in a boiling water bath for 3
minutes on a floating holder along with a tube of protein marker
(Invitrogen - Life Technologies Ltd, 3 Fountain Drive, Inchinnan
Business Park, Paisley, UK, PA4 9RF) and allowed to cool before
vortexing. The tubes were centrifuged at 12,000g for 5 minutes
before 45ul of the supernatant was transferred to new 1.5ml tubes
along with 15ul LLB.

Combs were removed from 2 pre-formed 1mmx15-well Bis-
Tris 12% acrylamide gels and the wells were washed with distilled
H,O. The gels were then placed into the clamping assembly of a mini
dual vertical electrophoresis system (Bio-Rad Ready Gel Cell - Bio-
Rad Laboratories Ltd., Bio-Rad House, Maxted Road, Hemel

Hempstead, Hertfordshire, HP2 7DX). A 20x stock solution of MES



SDS running buffer (Invitrogen) was used to make up 500ml ready-
for-use running buffer.

The clamping assembly including 2 gels was placed into the
gel bath and running buffer was carefully poured into the upper
chamber so that the level of buffer was between the lip of the inside
gel cover and the top of the outside gel cover. The cooling gel pack
included with the electrophoresis system was removed from storage
at -20°C and placed in the lower chamber which was then filled with
the remaining running buffer ensuring the level of buffer was not in
danger of spilling over into the upper chamber.

Prepared wheat seed protein samples were added to the gels
(10pul of each) along with the prepared protein marker, which was
added to the well on the left of the protein samples. The lid was put
on and the gels were run at 20V for 15 minutes then 150V until the
dye front reaches the bottom of the gel (about another 60 minutes)
followed by a further 45 minutes at the same voltage.

Gels were removed from their plastic covers, rinsed with
distilled H,O and marked with a scalpel to aid later identification of
gels. Gels were placed in a plastic tub which was filled with fixing
solution (40% methanol, 7% glacial acetic acid) so that gels were
covered, then left at room temperature overnight with the lid on.
Colloidal Coomassie blue stain (Sigma-Aldrich) was diluted and
stored as described in the manufacturer’s instructions. Immediately
before gels were to be stained, 25ml methanol was added to 100ml
stain and mixed thoroughly. The fixing solution was poured off the

gels which were rinsed with distilled water before adding of the



stain/methanol solution. The tub was placed on a rocker overnight
with the lid on then the stain was poured off. A fresh tub was rinsed
with distilled water and the gels were transferred to it along with
100ml destain 1 (25% methanol, 10% glacial acetic acid) which was
rocked for 30 seconds. The destain 1 was then poured off and the
tub and gels were rinsed with 100ml destain 2 (25% methanol)
which was also decanted off before a fresh 100ml of destain 2 was

added. The tub was stored at 4°C ready for imaging.

5.2.2 Sowing and tagging of T1 wheat, harvesting during

development and harvesting when mature

Twelve seeds from each of sixteen selected T1 lines were
sown four plants per pot (three pots per line) in 21cm diameter
plastic pots (Nursery Trades (Lea Valley) Ltd., Hertfordshire, UK)
using “Rothamsted prescription mix” compost and grown in a
glasshouse at Rothamsted Research (16 hour day, 20°C day, 15°C
night, automatic supplementary lighting turning on when natural

1

daylight falls below 300umol m? s and switching off when rising
above 400pmol m™2 s™).

The date when each ear reached anthesis was noted using the
decimal code devised by Zadoks et al (1974). Ears were recorded as
anthesed when they passed 61 on the scale. Some ears were
removed and the developing T2 grain was harvested at 7, 14 and 21
days post anthesis (dpa). The seeds were frozen in liquid nitrogen in

1.5ml microcentrifuge tubes before being transported to Sutton

Bonington in dry ice and stored at -70°C. The remaining wheat ears



were allowed to mature before harvesting. The unthreshed mature
T2 seeds were placed in separate labelled paper bags for each
individual plant (192 bags total) and transported to Sutton

Bonington.

5.2.3 Sodium dodecyl sulphate polyacrylamide gel
electrophoresis (SDS-PAGE) of T2 seeds

Three mature seeds from each line to be tested were placed
in separate folded pieces of paper and crushed using a pestle. One
line per gel was a control line. A 10mg sample from each crushed
seed was weighed out into a 1.5ml microcentrifuge tube.

A 500ul volume of Laemmli loading buffer (15.3ml LLB:
13.5ml sample solution buffer [90ml SSB: 52ml H,O, 20ml 10%
SDS, 10ml glycerol, 8ml 1M Tris-HCI (pH 6.8)], 1.5ml 1M DTT,
300ul bromophenol blue (2mg/ml). DTT and bromophenol blue
solutions added immediately prior to use) was added to each tube
and the tubes were vortexed. The tubes were incubated at room
temperature for 2 hours, vortexing after 1 hour and at the end of
the 2 hours. A heating block was set to 95°C and once it had
reached temperature the tubes were incubated at 95°C for 3
minutes. The tubes were left to cool before vortexing and
centrifugation at 12,000g for 5 minutes. 7.5ul of the supernatant
was transferred to a new 1.5ml tube along with 2.5ul LLB and 1.1pl
Reducing Agent (Invitrogen).

Two pre-formed 15-well Bis-Tris 10% acrylamide gels

(Invitrogen) were placed into the clamping assembly of a mini dual



vertical electrophoresis system (Sigma-Aldrich). One litre of MOPS
SDS running buffer (Invitrogen) was diluted ready for use from the
20x stock solution. Of this solution, 200ml| was set aside for the
upper chamber, to which 500pul antioxidant (Invitrogen) was added.

The clamping assembly including 2 gels was placed into the
gel bath and the 200ml running buffer for the upper chamber was
carefully poured into the upper chamber so that the level of buffer
was between the lip of the inside gel cover and the top of the
outside gel cover. The cooling gel pack included with the
electrophoresis system was removed from storage at -20°C and
placed in the lower chamber which was then filled with the
remaining running buffer ensuring the level of buffer was not in
danger of spilling over into the upper chamber.

Prepared wheat seed protein samples were added to the gels
(10pl of each) along with the prepared protein marker (Fermentas),
which was added to the well on the left of the protein samples. The
lid was put on and the gels were run at 20V for 15 minutes then
150V for 90 minutes.

Gels were removed from their plastic covers, rinsed with
distilled H,O and marked with a scalpel to aid later identification of
gels. Gels were placed in a plastic tub which was filled with fixing
solution (40% methanol, 7% glacial acetic acid) so that gels were
covered, then placed on a rocker for 1 hour with the lid on. Colloidal
Coomassie blue stain (Sigma-Aldrich) was diluted and stored as
described in the manufacturer’s instructions. Immediately before

gels were to be stained, 25ml methanol was added to 100ml stain



and mixed thoroughly. The fixing solution was poured off the gels
which were rinsed with distilled water before adding of the
stain/methanol solution. The tub was placed on a rocker for 1 hour
with the lid on before the stain was poured off and gels and tub was
rinsed with distilled water. Destain 1 (25% methanol, 10% glacial
acetic acid) was added to the tub which was rocked for 30 seconds
to remove stain from the tub. The destain 1 was then poured off and
the tub and gels were rinsed with destain 2 (25% methanol) then
distilled water. The tub was filled with distilled water and left on a
rocker for 1 hour then the water was poured off and fresh distilled
water was added. The tub was stored at 4°C ready for imaging.
Phoretix 1D software by Totallab was used for densitometry analysis

at Campden BRI.

5.2.4 Grain size and shape analysis

Mature wheat grains were analysed for grain size and shape
using a DigiEye apparatus (VeriVide Limited, Quartz Close, Warrens
Business Park, Warrens Park Way, Enderby, Leicester, LE19 4SG,
United Kingdom). Grains were placed onto the platform, making
sure no grains were touching each other or the side, along with a
colour calibration chart (Fig. 5.3). A photograph was then taken
using the DigiEye software. Several photos were taken of grain from
each line using a different set of grains in each photo. The pictures
were analysed using Imagel software measuring plan area,
perimeter, roundness, maximum calliper and minimum calliper of

each grain image.



Fig. 5.3 - DigiEye apparatus

Samples were placed into the drawer along with a calibration palette and the drawer was
closed before a colour- and brightness-calibrated photograph of the sample was taken and
displayed on the screen. These photographs were later analysed to determine size and shape
measurements.
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5.2.5 Milling of T2 grain

Mature T2 grain was milled using a Quadrumat milling
machine (Brabender GmbH & Co. KG, Kulturstrasse 51-55, 47055
Duisburg, Germany) at Campden BRI. Before milling, wheat grain
was conditioned to 16% moisture. Each sample of wheat grain was
weighed into a labelled container and 1ml of water was added per
100g grain. The container was sealed and shaken vigorously for 1
minute then left to stand for 10 minutes. The mill was thoroughly
cleaned with a brush and vacuum cleaner then turned on and left to
run empty for 5 minutes to warm up. The grain sample was poured
into the feed hopper and slowly fed into the mill. Any blockages
were cleared with a brush. Once the sample had all been fed into
the mill it was turned off and any material stuck on the lower roll
was brushed into the lower mill. The mill was then restarted and run
for 30 seconds, after which the bran from the receiving drawer was
placed back into the feed hopper. The mill was run and the lower roll
brushed as before, then bran placed into the feed hopper again and
the process repeated once more. After this third run the inside of
the mill was carefully brushed down from top to bottom until empty.

The flour was removed from the receiving drawer and sieved
using a 200pm-aperture mesh on a rotary-shaker for 15 minutes.
The flour that passed through the sieve was placed into in a labelled
sealable clear plastic bag and the flour still in the sieve was

discarded.



5.2.6 Determination of flour moisture content

The following method was carried out at Campden BRI. A
ventilated electric fan-assisted drying oven was set to 131°C and
allowed to reach temperature. 60mm diameter metal dishes of
20mm height with close fitting lids were desiccated at room
temperature then weighed. With an accuracy of £0.001g, 1g of flour
was weighed out into a pre-weighed metal dish and covered with
the corresponding lid. The combined weight of the dish with lid and
flour was recorded.

The oven fan was switched off and allowed to stop before
opening the oven door. The dishes were uncovered and placed in
the oven along with their lids, then the oven door was closed and
the fan switched on. Once a temperature of 130°C was reached the
flour was left to dry for 90 minutes. When drying was complete the
fan was switched off and allowed to stop before the oven door was
opened and lids were replaced onto their corresponding metal dish.
The covered dishes were then placed in a desiccator and allowed to
cool to room temperature.

The cooled dishes and contents were weighed with an
accuracy of £0.001g. The percentage moisture content was then
calculated to the nearest 0.1% using the following formula: (M-
M;)*100/My where Mgp=initial weight of sample in grams and

M;=weight of sample after oven drying in grams.

5.2.7 Measurement of flour protein content

Protein content was determined by Dumas combustion in an



oxygen rich environment at high temperatures. Protein is calculated
using a factor of 5.7 to from total nitrogen determination.

Combustion was carried out in a Leco FP528 at Campden BRI.

5.2.8 Small-scale breadmaking quality test - Reomixer

Dough rheology of flour made from T2 seeds was measured
using a Reomixer machine (Reologen i Lund, Sweden). The
Reomixer torque was calibrated to 2,200 g cm at an output of 10V.
The analysis control parameters were set as follows: Strip width:
1.0; Max width norm: 0.70; Mov avg length: 40; Std max mix torq:
10; Plot time scale: 10; No. of title char’s: 12; Time in 1 sec: 30;
Time 2 dividend: 2; Time 4 dividend: 2; Mix pen width: 3; Line pen
width: 1. The download parameters were set as follows: Mixing
sampl freq: 200; Mixing n samples: 200; Reseved: 1. The mixing
speed parameter was set to the equivalent of 93 (+/-2) rpm,
checked before use. The following options were selected: Auto-save
data, Large zero reading, Grid. The mixing time was set to 10
minutes. Before testing, a scrap dough was mixed followed by a
control dough, the output values of which were checked to ensure
they were within previously established tolerances.

The recipe for each dough was as follows: 10g flour, 4.2g 5%
NaCl solution, (W-4)g distilled water. W = water absorbance
percentage value / 10. The 10g flour was weighed into a reomixer
mixing bowl, covered with film and placed in a water bath at 30°C,
along with a glass beaker of distilled water and one of 5% NaCl

solution, for 5 minutes. A three pronged well was made in the flour
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Mixing bowl

Reomixer

Fig. 5.4 - Reomixer apparatus

Flour and water samples were placed into the mixing bowl, which was kept at a constant
30°C by water circulating from a water bath. The PC was used to start the mixing and to
record the resistance to mixing over a period of 10 minutes.
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(between the spokes) that would contain the liquid about to be
added. 4.2g 5% NaCl solution was then weighed out into the well
followed by the calculated amount of distilled water. The mixing
bowl was then placed into the reomixer and the mixer head was
lowered into it (Fig. 5.4). The mixer was immediately started and a
freezer block at -20°C was placed above the mixer head to prevent
excessive heating of the dough. After the 10 minute mix was
complete, the mixing bowl was removed, the dough was discarded
and the bowl and mixing head were cleaned. The graph produced
was saved and the smoothed trace data were exported to a text file

to be later imported into spreadsheet software for further analysis.

5.2.9 Sowing, transport and potting up of T2 wheat

From each of twenty selected T2 lines (including 2 bar-only
control lines) 100 seeds were sent to Rothamsted Research. Each
line was sown across 2'%2 40-well trays (wells: 40x40mm, 50mm
deep. 5x8 wells per tray) using “Rothamsted prescription mix”
compost and kept in a glasshouse at Rothamsted Research (16 hour
day, 20°C day, 15°C night, automatic supplementary lighting

1 and

turning on when natural daylight falls below 300pmol m™2 s
switching off when rising above 400umol m™ s?). After four weeks,
the seedlings of three selected transgenic lines and the two control
lines were kept while the other 15 lines were discarded. One control
line and two transgenic lines were transported to Sutton Bonington,

potted up five plants per pot in 5 litre plastic pots using Levington

C2 compost and grown in a glasshouse (16 hour day, heating to



16°C day, 15°C night, venting at 20°C, constant supplementary
lighting 6am to 10pm). The other control line and transgenic line
were potted up five plants per pot in 21cm diameter plastic pots at
Rothamsted Research using “"Rothamsted prescription mix” compost
and grown in a glasshouse there (conditions as previous Rothamsted

glasshouse).

5.2.10 Tagging and harvesting of developing T3 seeds

and harvest of mature seeds

The date when each ear of the T2 plants at Rothamsted
Research and Sutton Bonington reached anthesis was noted using
the decimal code devised by Zadoks et al (1974). Ears were
recorded as anthesed when they passed 61 on the scale. Some ears
were removed and the developing T2 seeds were harvested from
them at 14 and 21 days post anthesis (dpa). The seeds were frozen
in liquid nitrogen in 15ml centrifuge tubes and those at Sutton
Bonington were then stored at -70°C, while those at Rothamsted
Research were transported to Sutton Bonington on dry ice then
stored at -70°C. The remaining wheat ears were allowed to mature

before they were harvested.

5.2.11 Milling of T3 grain

Milling was carried out by conditioning grain to for 14-16hrs
to 16.0% from at least 1% lower grain moisture content, and
milling using relevant protocols on a laboratory scale Buhler MLU

202 mill and Russell-Finex 14550 redresser at Campden BRI.



5.2.12 Size exclusion high-performance liquid
chromatography (SE-HPLC)

SE-HPLC was carried out on flour samples using the Profilblé
method developed jointly by ARVALIS - Institut du vegetal (France)
and I'Institut National de la Recherche Agronomique (INRA) (Morel
et al, 2000). Flour (160mg) was dispersed in 20mL of 1% SDS in
0.1M phosphate buffer, pH 6.9. Samples in 50mL tubes were then
placed on a rotary mixer in an incubator at 60°C (to inactivate
major proteases) for 80 minutes to allow the soluble gluten proteins
to be extracted from the flour. The SDS soluble protein extract was
obtained after centrifuging the sample for 10 minutes at 5000rpm,
after which an aliquot was taken from the supernatant and placed in
a HPLC vial. Alternatively, the suspension was subjected to mild
sonication (30 seconds at a power output level of 5 Watts RMS)
treatment using a probe sonicator (Microson XL2000, Microsonix,
CT, USA) to solubilise the polymeric protein fraction (sonication
breaks down some intermolecular bonds and thus increases the
solubility of protein in a sample). The sample was then centrifuged
for 10 minutes at 5000rpm, after which an aliquot was taken from
the supernatant and placed in a HPLC vial.

All SE-HPLC analysis was performed using a Jasco (Essex, UK)
system comprising a LG-980-02 ternary gradient unit, a PU-980
pump, a DG-1580-53 three line degasser, an AS-950 autosampler
and a UV-975 UV/VIS detector. The analytical column used was a
TSKgel G 4000SW (7.5mm (ID) x 7.5cm (L), cat no. 05790, Tosoh

Bioscience, Japan) and this was operated in conjunction with a



TSKgel SW guard column (7.5mm (ID) x 7.5cm (L), cat no. 05371,
Tosoh Bioscience). Samples (20uL) were eluted using 0.1% SDS in
0.1M phosphate buffer with a flow rate of 0.7mL/min and detection
at 214nm. Each chromatogram took 25 minutes to collect.
Chromatograms were integrated using a combination of automatic
and manual (using a fixed set of ‘rules’ developed by ARVALIS)
methods depending on the shape of the peak associated with each
of the fractions. The response for each sample for a given extraction
series was normalised using the results for the control flour for that
series. The control flour (supplied by ARVALIS) was a common
wheat flour having a chromatographic profile typical of a flour of
good baking quality. All values were quoted as a percentage of the
total response of the column, i.e. as a percentage of total protein.
The overall performance of the columns on the day of analysis
was determined by comparing the results for a protein standard
(cytochrome C) with control values determined when the column
was first used. Each combination of guard and analytical columns
was characterised on first use by running the following five protein
standards; cytochrome C (also used for subsequent column
assessment), carbonic anhydrase, bovine serum albumin, yeast
alcohol dehydrogenase and bovine thyroglobulin. The retention
times for each standard are used to create a calibration curve
against log molecular weight. Protein types corresponding to each

peak were judged using a Profilblé legend (Fig. 5.5).
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Fig. 5.5 - Subunit distribution for SE-HPLC

An example SE-HPLC trace of wheat seed storage proteins identifying the protein subunits
present in each region of the trace.
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5.2.13 Statistical analysis

All statistical analyses were performed using GenStat 14"
Edition (VSN International Ltd). T-tests were used to compare two
distinct groups of samples and analysis of variance tests with Tukey
multiple comparisons were used to compare more than two groups

of samples.

5.2.14 Two-dimensional polyacrylamide gel

electrophoresis (2D PAGE)

Ground grain material was extracted for 1 hour in 2% NP-40,
O9M wurea, 1% DTT, 0.8% carrier ampholytes (pH 3-10) at
20mg/0.4ml. Aliquots of 20ul of each extract were diluted x4 in the
same buffer and applied to the 3-10 pH Immobiline DryStrips for the
1st dimensional separation by isoelectric focusing (IEF). The 2nd
dimensional separation was performed using ExcelGel SDS, gradient
8-18% gels. All procedures were performed using appropriate
reagents and pre-cast gels, together with the Multiphor
electrophoresis unit (all from GE Healthcare). Gels were stained with
colloidal Coomassie Blue stain (TES-CM-0033). 2D PAGE was carried
out at Campden BRI. Images were analysed with SameSpots

software from Non-Linear Dynamics.

5.2.15 Brabender farinograph
A flour sample of 300.0g was allowed to equilibrate to 25.0 £
5.0°C. The flour sample was placed in the farinograph bowl and the

lid was closed, thereby engaging the safety switch. The farinograph



was turned on and the pen placed on the recording chart at 8
minutes. The farinograph was then allowed to run with the bowl
empty for 1 minute with the pen on the zero line then stopped when
the pen reached 9 minutes. The burette including the tip was filled
with water at 30.0 £ 2.0°C. The pen was set on the chart paper, so
that the pen is on a 9-minute line. Mixing of the dry flour was then
started with the motor running at 63 £ 2 rpm. As the pen crossed
the zero minute line, addition of water from the burette was started
through the front end of the right hand slot in the lid. A volume of
water was added close to that expected to bring the curve to a
maximum consistency of 600BU (Brabender units). Water addition
was completed within 30 seconds. When the dough formed, a plastic
scraper was used to carefully push any flour particles or dough
adhering to the mixing bowl! walls down into the dough being mixed.

The chart output is called a farinogram. Farinogram
characteristics (except water absorption) were measured relative to
the line on which the peak of the curve actually centred. If, for
example, the curve centres at 610BU measurements were made
along this line. Water absorption is the volume in millilitres of water
added to achieve a consistency of 600BU expressed as a percentage
of the weight in grams of flour used. If the peak consistency was
exactly on the 600 BU line, then the water absorption percentage
was that read directly from the burette. When the peak consistency
varied from 600BU by up to £ 20BU, a correction was made to the
reading from the burette. The correction was 0.6% per 20BU

difference. If the peak value was greater than 600BU the calculated



correction was added to the burette reading and if the peak value
was lower than 600BU the calculated correction was subtracted from
the burette reading. Water absorption is given to 1 decimal place.
Development time is the time in minutes from the start of mixing to
the point on the curve immediately before the first signs of
weakening. Development time is given to the nearest 0.5 minute.
Stability is the difference in time (in minutes) between the point
where the top of the curve first intercepts the centre line at the
maximum consistency and the point where the top of the curve
leaves this line. Stability is given to the nearest 0.5 minute. Degree
of softening is the difference in height (in BU) between the centre of
the curve immediately before the first signs of weakening and the
centre of the curve 12 minutes later. Degree of softening is given to

the nearest 5BU.

5.2.16 Brabender extensograph

Before use, the temperature of the extensograph cabinet was
checked to ensure that it was 30 £ 0.5 °C. The dough-holders were
lightly greased with vegetable oil. Water was placed in the troughs
of the dough-holder cradles and they were returned to the dough
cabinets at least 15 minutes before use. The chart paper was
correctly aligned on the sprockets of the chart recorder to ensure
that the pen followed the arcs on the chart paper when the
extensograph balance arm was moved. The pen was placed on the
zero line before a dough-holder with clamps and 150g weight are

placed in position on the extensograph balance arm.



Balance arm

Fig. 5.6 — Extensograph apparatus
A piece of dough that has been mixed, balled, moulded and incubated is placed onto the
balance arm of the extensograph before a hook is used to stretch the dough to breaking
point while the dough'’s resistance to stretching is recorded.

Adam M Tyler 111 University of Nottingham



A mixed dough sample was removed from the farinograph
with the minimum of handling, taking care that it was not pulled or
deformed unnecessarily in the process. Scissors were used to scale
off a 150g dough-piece as near as possible in one piece. The 150g
dough-piece was placed in the balling unit and moulded (twenty
revolutions of the plate). It was then removed from the balling unit
and passed once through the moulder ensuring that the dough-piece
entered the moulder centrally positioned and base first. A dough-
holder was taken from a cradle in the cabinet and the clamps were
removed. The test piece from the moulder was placed into the
centre of the holder and clamped in position. The dough-holder was
replaced in the cradle in the cabinet and the door was shut. A timer
was set to 45 minutes. A second dough-piece was weighed, balled
and moulded. The second holder was removed from the cradle and
the dough-piece was clamped. The dough-holder was replaced in
the cradle in the cabinet and the door was shut.

Forty five minutes after clamping the first dough-piece, the
first dough-holder was placed in position on the balance arm of the
extensograph, ensuring that the pen tip was on the extensograph
chart paper. The bridge between the two halves of the dough-holder
was on the left hand side to avoid impeding the hook. The hook
descent was started immediately (Fig. 5.6). Once the dough-piece
had broken, the dough-holder was removed from the balance arm
and the dough was collected from the dough-holder and hook. The
hook was returned to the start position. The chart paper was turned

back to the same start position as for the first dough and the



stretching procedure was carried out on the second dough-piece.
Resistance is the mean maximum height of the curves from
the two dough-pieces at each test time of 45 minutes. Resistance is
given to the nearest 5BU (Brabender units). Extensibility is the
mean distance travelled by the chart paper from the moment the
hook touches the dough-piece until the dough-piece breaks.

Extensibility is given to the nearest millimetre.



5.3 Results
5.3.1 Protein analysis of grain from TO plants

An SDS-PAGE was performed to determine the types of seed
storage proteins being expressed in T1 seeds (i.e. seeds harvested
from TO parents). Three mature seeds of each TO plant were run
across four gels; however two of the gels did not run well including
that containing the control line. In the two successful gels some
differences between lines could be observed although these were
not consistent between replicates in the same line and could be due
to differing levels of protein in each sample (Fig. 8.1). This suggests
that there was little or no difference in the ratio of gluten proteins

between lines, although further study was required to confirm this.

5.3.2 T2 grain size and shape analysis

In order to help determine which lines should be selected to
be grown in the next generation, an analysis of the size and shape
of the T2 grain was performed. Photographs were taken of grain
belonging to 41 T2 lines, including 6 lines from the L24 bar-only
control parent. The photographs were analysed to give values for
plan area, perimeter, length, width and circularity of each grain
image (circularity = 4n x plan area/perimeter?®). A circularity value
of 1 indicates a perfect circle and increasingly elongated shapes give
values approaching 0. The number of grains analysed for each line
ranged from 76 to 703 but was mostly in the range 150-200. The
mean of each of the values was determined for each T2 line (Fig.

5.7-Fig. 5.11). While L05.6 apparently had the highest mean
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Fig. 5.7 - Plan area of grain from T2 lines.

Green bars: bar-only control lines, orange bars: appear hemizygous, blue bars: appear
homozygous, pale blue bars: zygosity unknown, red bar: appears null segregant. Error
bars indicate standard error. Numbers on the right represent number of grains analysed in
each line (n).

Adam M Tyler 115 University of Nottingham



n
112.12 191
126.8 169
125.1 205
L12.11 147
119.3 166
128.12 85
L17.12 178
123.12 182
L05.1 188
L08.9 198
L08.7 155
L04.7 203
124.12 172
124.10 170
L11.2 202
124.1 169
124.2 170
L04.6 130
124.8 147
o L1245 191
f L13.6 703
F 116 158
102.12 508
L02.6 600
125.3 190
L04.5 214
125.5 146
L10.4 291
1043 | ' ' ' H 182
1105 | 478
L02.1 | 185
110.10 | ' ' ' H 307
L05.6 | ' ' ' H 76
110.7 | ' ' ' W 177
10.8 | ' ' ' i, 145
L03.6 | ' ' ' i, 348
L08.5 | ' ' ' H 252
1106 | ' ' ' H 187
L10.1 | ' ' ' CH 169
103.11 “ 350
1109 | H 165
0 5 10 15 20 25
millimetres

Fig. 5.8 — Perimeter of grain from T2 lines.

Green bars: bar-only control lines, orange bars: appear hemizygous, blue bars: appear
homozygous, pale blue bars: zygosity unknown, red bar: appears null segregant. Error
bars indicate standard error. Numbers on the right represent number of grains analysed in
each line (n).
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Fig. 5.9 - Length of grain from T2 lines.

Green bars: bar-only control lines, orange bars: appear hemizygous, blue bars: appear
homozygous, pale blue bars: zygosity unknown, red bar: appears null segregant. Error
bars indicate standard error. Numbers on the right represent number of grains analysed in
each line (n).
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Fig. 5.10 — Width of grain from T2 lines.
Green bars: bar-only control lines, orange bars: appear hemizygous, blue bars: appear
homozygous, pale blue bars: zygosity unknown, red bar: appears null segregant. Error
bars indicate standard error. Numbers on the right represent number of grains analysed in

each line (n).
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Fig. 5.11 - Circularity of grain from T2 lines.

Green bars: bar-only control lines, orange bars: appear hemizygous, blue bars: appear
homozygous, pale blue bars: zygosity unknown, red bar: appears null segregant. Error
bars indicate standard error. Numbers on the right represent number of grains analysed in
each line (n).
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Fig. 5.12 — Mean size and shape values of grain from T2 lines.

A: Plan area and Perimeter; B: Length and Width; C: Circularity. Blue bars indicate mean
of lines that appear homozygous in PCR, orange bars indicate mean of lines that appear
hemizygous in PCR, yellow bars indicate mean of lines that are positive for the transgene
in PCR (homozygous + hemizygous), green bars indicate mean of bar-only control lines.
Error bars indicate standard error. Numbers on the right represent number of grains
analysed in each category (n).
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perimeter and width, it had the lowest number of grains analysed
(76) therefore its mean values are the least reliable.

The control lines tend towards the mid-range in most of the
properties, with a slight leaning towards the higher range in plan
area and the lower range in perimeter, and with a wide spread in
length. This implies that the transgene has little effect on these
grain properties. However, the control lines appeared to have
greater circularity than most of the other lines (Fig. 5.11), which
would suggest that the transgene reduces grain circularity (i.e.
causes a more elongated grain shape). Upon analysis of mean
values for PCR homozygous lines, hemizygous lines, transgenic lines
(both homozygous and hemizygous) and bar-only control lines, the

transgene appears to reduce plan area and circularity (Fig. 5.12).

5.3.3 T2 grain protein analysis

To better understand protein deposition in the T2 grain, SDS-
PAGE experiments were carried out on the mature seeds of 30 lines
selected by PCR and seed bag weight (Fig. 8.2-Fig. 8.6). Controls
used included bar-only and gold-only T1 lines (Fig. 8.2-Fig. 8.4),
and a bar-only T2 line (Fig. 5.13-Fig. 8.6). Densitometry was
performed by the Cereals and Milling Department at Campden BRI
on 5 of the gels. Only very small differences were found between
the intensity of the bands in transgenic lines compared to the
controls (Fig. 5.14). This indicates that the transgene has little, if
any, effect on the ratio of different seed storage proteins, which was

suggested by the first SDS-PAGE results.
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Fig. 5.14 - Examples of densitometry analysis of T2 SDS-PAGE.

A: Densitometry analysis of Fig. 5.13 A; B: Densitometry analysis of Fig. 5.13 B.
Molecular weights of 13 bands are indicated on the left in kDa. Error bars indicate
standard error.
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homozygous; grey bars: zygosity unknown; red bar: appears null segregant; yellow bar:
mean of transgenic lines (excluding high protein line L03.11). Error bars indicate predicted
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After milling, a protein content analysis was carried out on the
T2 flour to compare the total levels of protein in the 20 selected
lines (Fig. 5.15). The mean protein content of the control T2 lines on
a dry weight basis was 16.38% while that of all the T2 lines found to
contain the transgene was 14.83% - a proportional drop of 9.5%. If
the anomalous high protein transgenic line L03.11 is discounted the
proportional difference is a 12.9% reduction in the mean protein

content of the transgenic lines.

5.3.4 T2 dough rheology

The main factor in deciding which homozygous T2 lines to
grow on in the next generation was a study of the processing
properties of the dough. Twenty lines were chosen to be milled
based on transgene PCR and grain weight. Once milled, the flour
samples were tested for moisture and protein content (Fig. 5.15)
and mixed into dough using reomixer apparatus. The reomixer
produced traces of resistance to mixing over the course of 10
minutes, measured in arbitrary units of torque from 0 to 10 (Fig.
5.16). The important features of the trace are peak torque, dough
development time (time at peak torque), breakdown amount/angle
(reduction in dough strength after peak torque) and trace width.

The high protein line L25.1 showed a high peak torque of 9V
but a thin trace and short development time of 130s. On the other
hand, homozygous T2 lines L10.5, L12.11 and L17.12 had
substantially lower peak torques of around 7 but somewhat longer

development times (150-190s). Trace width varied between them -
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Fig. 5.16 - Six examples of torque traces during mixing of dough made with
flour from T2 lines.

A: High protein line L25.1; B: Homozygous line L10.5; C: Homozygous line L12.11; D:
Homozygous line L17.12; E: Control line L24.2; F: Control line L24.10. Black line
indicates middle of trace, grey lines indicate edges of trace, blue line indicates trace
width.




L17.12 had the widest trace (similar to the controls) and the trace of
the other two lines appeared to gradually narrow after peak torque.
The peak torque of the four control lines was in the range 8.1-8.4
and occurred after 195-225s. Trace width was greater than most of
the transgenic lines.

Certain variables from the traces of the twenty lines were fed
into two dough quality indicators — PC1 and PC2. PC1 increases as
peak torque and dough development time decrease, therefore weak
biscuit-like flours have a higher PC1 and strong bread-like flours
give a lower PC1l. PC2 is determined by breakdown - greater
breakdown gives a higher PC2 value - so a more stable dough will
have a lower PC2. The PC values were calculated for each line and
plotted on a quality map (Fig. 5.17).

Not including the anomalous high protein line LO03.11,
transgenic T2 lines had higher PC1 values and lower PC2 values
than the control lines, and homozygous lines more so than
hemizygous lines. A null segregant included in the experiment
showed similar PC1 to the controls but somewhat decreased PC2,
although only one hemizygous line had a PC2 value between the null
segregant and the control lines. These results indicate that presence
of the transgene in the grain significantly altered the processing

properties of the dough.

5.3.5 Expression of RabD genes in T3 RabD knockdown line

In order to support that case that any differences discovered

in the T3 line L10.5 were due to the successful knockdown of the
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target RabD gene Ta.54382 it was necessary to confirm that
expression was reduced in the developing endosperm compared to
the T3 control line L24.2. Additionally, it would also be useful to
learn whether the RNAi had affected other RabD genes due to
sequence similarity. To these ends, a quantitative real-time PCR was
performed looking at the RNA concentration of four RabD genes in
the endosperm of T3 lines L10.5 (knockdown) and L24.2 (control) at
14 and 21dpa (Fig. 5.18).

Three other genes were also included as potential
normalisation genes and calibrations curves were set up as in the
previous gqPCR experiment (Expression of RabD genes in developing
wheat endosperm). RNA concentration data for the RabD genes
were normalised using the Ta.54227 gene (for primers see Table 2).

All four RabD genes were found to some extent to have lower
transcript levels at 14dpa in the transgenic line compared to the
control. The RabD1 genes Ta.35418 and Ta.47209 had 49% and
22% reductions in RNA concentration respectively. The RabDZ2a
target gene Ta.54382 saw a 60% reduction and its closest relative
Ta.54881 had 50% lower expression than in the control. At 21pda
the RNA concentrations of RabD2 genes Ta.54382 and Ta.54881
again showed similar drops in the transgenic line compared to the
control line of 58% and 60% respectively. However, at 21dpa the
RNAi effect on the RabD1 genes was larger in Ta.47209 (51%
transcript reduction compared to control) than Ta.35418 (appeared
to be slightly reduced but the difference was not statistically

significant), which contrasts with the RabD1 expression drops at
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Fig. 5.18 - Expression of RabD genes at 14 and 21 days post anthesis in the
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14dpa where Ta.35418 appeared to be affected more. The
transgene clearly had a large effect on RNA concentration of RabD
genes in the developing endosperm, with RabD2 genes knocked

down by 50-60% at 14 and 21dpa.

5.3.6 T3 grain size and shape analysis

An analysis of the size and shape of the T3 grain was
performed in order to reveal any differences between the
knockdown and control lines and to determine whether or not
differences seen in the T2 generation were also present between T3
lines (Fig. 5.19). Photographs were taken of grain belonging to the
T3 knockdown line L10.5 and the T3 control line L24.2. The
photographs were analysed to give values for plan area, perimeter,
length, width and circularity of each grain image (as T2 grain size
and shape analysis). The data set for L10.5 was produced through
analysis of 1329 grains and that for L24.2 from 984 grains.

There is a slightly greater perimeter and smaller plan area in
the grains of the T3 knockdown line compared to the control line
(Fig. 5.19 A). Additionally, the knockout grains are slightly longer
and thinner (Fig. 5.19 B). These combined small differences result in
a significant reduction in circularity of the knockdown line compared
to the control (Fig. 5.19 C). This finding agrees with the results from
the T2 generation (Fig. 5.11), which further indicates that the

changes seen are caused by the transgene.
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Fig. 5.19 — Mean size and shape values of grain from T3 lines.

A: Plan area and Perimeter; B: Length and Width; C: Circularity. Blue bars indicate T3
knockdown line L10.5 (1329 grains analysed), green bars indicate T3 bar-only control line
L24.2 (984 grains analysed). Error bars indicate standard error.
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5.3.7 Yield of T3 grain harvest

Mature grain was harvested from 100 T2 wheat plants of each
line (L10.5 and L24.2) and threshed before undergoing size and
shape analysis. The grain was conditioned to 16.3% moisture before
milling at which point the grain weight of the T3 knockdown line
L10.5 was 1822g and that of the T3 control line L24.2 was 1615g, a
proportional difference of 12.8% more in the transgenic line. In the
previous generation, grain was harvested from individual T1 plants.
In that generation the L10.5 T1 plant produced 20.03g of grain and
the L24.2 plant produced 23.67g (15.4% less in the transgenic line).
As the transgenic line produced more T3 grain but less T2 grain
compared to the control, it cannot be determined whether any

difference in yield is caused by the transgene.

5.3.8 Analysis of T3 grain protein content

An analysis of protein content determined that there was a
1.37% reduction in total protein in the T3 transgenic line L10.5
compared to the control line L24.2, a proportional difference of
9.2% (Fig. 5.20 A). This finding concurs with the differences in
protein content of T2 transgenic lines compared to the T2 controls
(Fig. 5.15), and specifically the difference between T2 lines L10.5
and L24.2. No significant difference in starch content was found

between the T3 knockdown and control lines (Fig. 5.20 B).
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Fig. 5.20 - Protein and starch content of flour from knockdown and control T3

lines as a percentage of dry weight.

A: Protein content of T3 lines on dry weight basis; B: starch content of T3 lines. The blue
bars represent T3 knockdown line L10.5, the green bars represent T3 bar-only control line

L24.2. Error bars indicate predicted error of measuring techniques.
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5.3.9 Two-dimensional gel analysis of T3 lines

No substantial changes in levels of different protein subunits
were previously found when SDS-PAGE was performed on mature
seeds from 29 T2 lines (Fig. 8.2-Fig. 8.6). In order to confirm the
levels of subunits were unchanged between the transgenic and
control T3 lines a two dimensional PAGE was performed by Doug
Smith at Campden BRI using flour from the knockdown and control
lines (Fig. 5.21). There appeared to be more protein loaded onto the
transgenic gel than the control gel, which makes identification of
differences largely speculative. Additionally, only one gel of each line
was run, which rules out calculation of statistical significance of
spots using 2D gel software. However, taken as a preliminary
experiment there are some promising features which hint at

differences in a few seed storage proteins.

5.3.10 Analysis of glutenin macropolymer composition in

T3 dough

As the difference in protein content was relatively small
compared to the alteration of dough rheology in the T2 generation
(Fig. 5.15-Fig. 5.17) and the relative levels of gluten subunits were
very similar (Fig. 5.14), it was hypothesised that other factors were
contributing to the processing properties of the dough. To
investigate bonding strength of subunits in the glutenin
macropolymer that gives dough its elastic properties, a size
exclusion high performance liquid chromatography (SE-HPLC)

experiment was carried out (Fig. 5.22). Two replicates of each T3
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Fig. 5.21 - Aligned and overlaid images of 2D gels from T3 flour.

Protein from T3 transgenic line L10.5 shown in green. Protein from T3 control line L24.2
shown in pink. The first dimension run (horizontal) was isoelectric focussing (IEF) and
second dimension (vertical) was SDS-PAGE. Possible increased protein in transgenic line

circled in red.
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Fig. 5.22 - SE-HPLC traces of protein from T3 flour samples.

A: Untreated flour sample. B: Sonicated flour sample. The two replicates of T3 line L10.5
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and dark green.
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line were run untreated and sonicated. Proteins with a higher
molecular weight run through the column faster and are on the left
of the plot while smaller proteins take longer to pass through the
column and are on the right. The purpose of the sonication was to
disrupt bonding in the glutenin macropolymer, which has a very
high molecular weight and is excluded from the column. Proteins
present in the untreated samples consist of monomers, oligomers
and glutenin subunits which were only weakly bound to the glutenin
macropolymer. The sonicated samples should contain the same
proteins as the equivalent untreated samples plus the glutenin
subunits that have been released from the macropolymer.

The plot of untreated samples shows that there is visibly
more protein in the whole glutenin subunit range between 9m and
13m40s in the T3 knockdown line L10.5 than the T3 control line
L24.2 (Fig. 5.22). There is also a smaller difference in the
globulin/albumin fraction between 16m50s and 19m, with the
transgenic line again showing more protein. The two lines appear
similar in the 13m40s-14m45s fraction, though with a slightly higher
protein level in the transgenic, while the 14m45s-16m50s a-/y-
gliadin fraction appears identical between lines. In the plot of
sonicated samples the 14m45s-16m50s a-/y-gliadin and 16m50s-
19m globulin/albumin fractions appear unchanged from the
untreated samples, while the 13m40s-14m45s w-gliadin fraction
appears to increase slightly in both T3 lines compared to the
untreated samples. The 9m-13m40s glutenin subunit range is where

the sonication has had the most effect with both lines showing more
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Fig. 5.23 - Farinograph traces of dough made with flour from T3 lines.
resistance to mixing (Brabender units). A: T3

MINUTES

= time (minutes); y-axis
knockdown line L10.5 (Development time 2 minutes, Stability 1.5 minutes, Degree of
softening 250BU). B: T3 bar-only control line L24.2 (Development time 3.5 minutes,
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Stability 2.5 minutes, Degree of softening 200BU).
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Fig. 5.24 - Results from farinograph mixing of T3 dough.

A: Development time (time until peak resistance) and Stability (amount of time during
which the top of the trace is above the centre of peak resistance) - times were rounded
to the nearest 0.5 minutes, indicated by error bars. B: Degree of softening (drop in
resistance between peak resistance and 12 minutes after peak resistance) - values are
given to the nearest 10 BU, indicated by error bars. The blue bars represent T3
knockdown line L10.5, the green bars represent T3 bar-only control line L24.2.
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Fig. 5.26 - Measurement of T3 dough processing properties by extensograph.
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BU, indicated by error bars. B: Extensibility (time until dough breaks) - values are given
to the nearest 0.5 minutes, indicated by error bars. The blue bars represent T3
knockdown line L10.5, the green bars represent T3 bar-only control line L24.2.
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protein compared to the untreated samples, though the fractions
increase by varying amounts. In the 9m-10m10s HMW-GS and
10m10s-11m20s LMW-GS fractions the knockdown line displays a
lower level of protein compared to the control, whereas in the
11m20s-13m40s LMW-GS fraction the knockdown shows more

protein than the control.

5.3.11 T3 dough rheology

The small-scale rheology results from the T2 generation (Fig.
5.16-Fig. 5.17) showed substantial changes in the processing
characteristics of the dough of transgenic lines. In order to
demonstrate the specific changes in gluten quality on a larger scale,
farinograph and extensograph tests were carried out (Fig. 5.23-Fig.
5.26). The Brabender farinograph measures and records the
resistance of a dough to mixing as it is formed from flour and water,
is developed and is broken down. While similar to the reomixer test
performed on T2 flour (see 5.3.4 T2 dough rheology), the
farinograph is better established and more reliable. The dough
mixed by the farinograph is moulded on the Brabender
extensograph into a standard shape and rested for 45 minutes
before being stretched to breaking point on the extensograph and a
curve drawn recording the extensibility of the dough and its
resistance to stretching. The dough is immediately remoulded and,
after a further rest period, is re-stretched.

In the traces produced by the farinograph, there are clear

differences between the T3 knockdown line L10.5 and the T3 control



line L24.2 (Fig. 5.23). The dough development time (time until peak
resistance) is noticeably shorter in the knockdown line and the
dough starts to break down more quickly after peak resistance.
Additionally, the width of the trace in the knockdown line is smaller
than in the control throughout the mixing and the resistance drops
to a lower level compared to the control. The specific measurements
made by the farinograph back up these observations (Fig. 5.24).
The knockout line had a 43% reduction in development time, 40%
reduction in stability (time during which the top edge of the trace is
above the centre of the peak resistance) and 25% increase in
degree of softening (difference in resistance between peak
resistance and 12 minutes after peak resistance) compared to the
control line.

The extensograph traces show that dough made from the T3
knockdown line was less resistant to extension and also broke much
earlier than dough made from the control line (Fig. 5.25). This is
reflected by the resistance (peak resistance during stretching) and
extensibility (time until dough breaks) figures which were
respectively 43% lower and 32% lower in the knockout line

compared to the control (Fig. 5.26).



5.4 Discussion
5.4.1 Protein content of transgenic wheat

In both T2 and T3 generations the knockdown lines had a
lower protein content than the control lines. This could be due to
limits in ER to Golgi trafficking causing a bottleneck in the process of
protein production, transport and storage. As such this may have
led to negative feedback in the expression of seed storage proteins
or a reduction in ribosome efficiency due to either large glutenin
aggregates in the ER lumen or higher levels of transport directly
from the ER to protein bodies, leading to depletion of the rough ER
membrane. Alternatively, excess protein destined to be transported
to the Golgi may have been targeted to a lytic compartment for
degradation instead, reducing the efficiency of protein production.
Another hypothesis is that lower expression of RabD genes in the
developing endosperm may have affected cell growth, division,
organisation or other cell processes, which could have adversely
affected seed storage protein production.

In fact, RabD2b was found to be involved in growth and
development in Arabidopsis, with lines overexpressing a mutant
RabD2b gene exhibiting two different phenotypes showing growth
and development abnormalities (Wang et al, 2012). The authors
also agreed with earlier suggestions by Pinheiro et al (2009) that
RabD1 and RabD2 members may be functionally redundant, or at
least overlapping, due to similar Golgi-associated localisation in
Arabidopsis and lack of phenotype in RabD2b or RabD2c knockout

plants. This evidence lends itself to the idea that endosperm



development was adversely affected in the knockout line. However,
this effect may be limited by the fact that the HMW-GS promoter
present in the vector construct used doesn’t become active until
around 10dpa, by which time syncytium formation and
cellularisation are usually complete (Fineran et al, 1982; Mares et

al, 1975; Mares et al, 1977).

5.4.2 Gluten bonding strength

The SE-HPLC results show visible differences between the
knockdown and control lines, which may shed light on bonding
strength between glutenin subunits. The fractions that do not
increase between untreated and sonicated samples (14m45s-19m -
a-/y-gliadin and globulin/albumin) are likely to be almost exclusively
composed of monomers that do not bond inter-molecularly and do
not form part of the glutenin fraction. Those fractions that are
higher in the untreated knockdown line samples than the untreated
controls and which rise equally in both lines when sonicated
(11m20s-14m45s - smaller LMW-GS and w-gliadin) would appear to
have similar proportions of subunits incorporated in the glutenin
macropolymer in both lines but more unincorporated subunits in the
knockdown line. On the other hand, the larger glutenin fractions
(9m-11m20s - HMW-GS and larger LMW-GS) appear to show
greater levels of unincorporated glutenin subunits in the knockdown
line but during sonication significantly more macropolymer-
incorporated subunits are released from the control line and the

total levels of protein after sonication are also greater in the control



line.

These findings provide evidence that the RabD knockdown
transgene has markedly affected bonding between glutenin subunits
in the gluten macropolymer of dough. Bonding strength appears
most reduced in HMW-GS and some of the larger LMW-GS. As these
subunits are probably the most important in giving gluten its elastic
properties (Anjum et al, 2007) the transgenic dough would be
expected to have weaker gluten strength when processed. This
correlates with the results of the rheology experiments, in which the
knockdown lines exhibited considerable reductions in gluten

strength and extensibility compared to controls.

5.4.3 Potential post-translation modification differences in
storage proteins of transgenic wheat

Based on the SDS-PAGE, SE-HPLC and rheology results, there
appears to be a reduction in the bonding ability of the gluten
proteins. A significant contributing factor to this may be the
likelihood that fewer gluten proteins in the transgenic lines than in
the control lines go through important post-translational
modifications that occur in the Golgi.

A number of studies on glycosylation of gluten proteins have
yielded results indicating that a significant proportion of wheat
storage proteins are glycosylated (Gujska & Khan, 1999; Lauriere et
al, 1996; Tilley, 1997; Tilley et al, 1993). One study found that
gliadins and glutenins were both glycosylated and aggregated LMW-

GS showed N-glycans with xylose, thought to indicate processing in



the Golgi (Lauriere et al, 1996). Meanwhile, other studies describe
finding little or no glycosylation of HMW-GS and a-gliadins using
mostly mass spectrometric approaches such as GC-MS, RP-
HPLC/ESI-MS and MALDI-TOF-MS (Bollecker et al, 1998; Cunsolo et
al, 2002; Cunsolo et al, 2003; Cunsolo et al, 2004; Foti et al, 2000;
Roels & Delcour, 1996; Turner et al, 2002; Zhang et al, 2008).
Additionally, some of these studies also discovered false positive
results when using other techniques including periodate-digoxigenin
glycan detection assay and acid PAGE (Bollecker et al, 1998; Roels
& Delcour, 1996).

N-glycosylation in plants begins in the ER and continues in the
Golgi where further modifications to the glycan take place (Song et
al, 2011). In contrast, the majority of O-glycosylation occurs in the
Golgi, though O-glycosylation can also occur in the ER (Webster &
Thomas, 2012). While evidence has built up that HMW-GS are
probably not commonly glycosylated, LMW-GS and gliadins are less
well studied and there is still uncertainty about whether or not they
undergo glycosylation (Li et al, 2008). If any LMW-GS or gliadins are
glycosylated, then it is likely that reducing ER-to-Golgi vesicle traffic
would have a profound effect on this process.

Based on results produced, it is likely that post-translational
modifications occur in the Golgi that affect bonding ability of gluten
proteins. These modifications could be in the form of disulphide
and/or hydrogen bonding, or folding into a structure able to produce
the loop and chain arrangement thought to give gluten its elasticity

in dough (Belton, 1999). Protein disulphide isomerase (PDI) is



located in the ER and protein bodies, and though this glycoprotein is
thought to catalyse inter-molecular covalent bonding between
glutenin subunits, it is not known whether it has a role in folding of

the subunits (Shimoni et al, 1995).



6 General Discussion

6.1.1 Expression of RabD genes in developing wheat
endosperm of wild type and transgenic Cadenza wheat
Each of the four RabD protein sequences available in wheat
has high sequence similarity to one of the four RabD proteins
present in Brachypodium, the most closely related species studied.
This implies that while there may be other RabD genes present in
the wheat genome, the RabD sequences collected for wheat may
represent all of those that are actually expressed, or at least one of
each homeologue present. As such, the gPCR assessing the
expression of four wheat RabD genes in developing wheat
endosperm may represent all those expressed. Alternatively, mRNA
from multiple homeologues may have been amplified by a given
primer pair, in which case the RNA concentration seen would be the
result of the expression of multiple genes. However, if the
homeologous sequences are well conserved enough with the
targeted mRNA to bind with the same primers, it is likely that the
RNAi mechanism would also target those sequences. Either way, the
gPCR confirming the knockdown of RabD genes in the T3 endosperm
gives a valid representation of relative transcript levels of members
of the RabD clade between the transgenic and control lines.
Transcript levels of all four wheat RabD genes studied were
reduced in the transgenic line at 14dpa, and all but Ta.35418
(RabD1) were knocked down at 21dpa. The transgenic effect is

thought to have been a result of an RNAi vector containing a 270bp



sequence taken from a single Rab gene, Ta.54382 (RabD2a) with a
21nt match with Ta.54881 (RabD2b). A recent study by Wang et a/
(2012) found that overexpression of a YFP-associated mutant
RabD2b gene in Arabidopsis led to cosuppression of the native
RabD2b gene along with down-regulation of RabD1 and RabDZ2c
genes, though RabD2a appeared unaffected. A similar down-
regulation mechanism might help account for the expression pattern
seen in the developing T3 seeds, where aside from the target gene,
three other genes of the same subfamily showed reduced transcript
levels. Alternatively, the fact that this strategy appeared to affect a
number of similar genes regardless of whether or not there was a
perfect 21nt match between them could be due to cleavage of
MRNA sequences that are highly conserved with the siRNA
incorporated into RISC, in addition to those that are fully identical.
Ta.2291 (Class I ARF), Ta.2776 (RNase L inhibitor-like
protein) and Ta.54227 (AAA-superfamily ATPase involved in cell
division control) were selected as normalising genes for gPCR based
on work identifying reference genes in wheat by Paolacci et al
(2009). Ta.54227 appeared to have the most stable expression in
both gPCR experiments and Ta.2776 also appeared to be an
acceptable reference gene in the wild type gPCR. For the first gqPCR
on wild type endosperm, Ta.2776 and Ta.54227 were used to
normalise the RabD RNA concentration data, whereas for the second
gPCR investigating expression in transgenic endosperm Ta.54227
was the only reference gene used. However, using any combination

of reference genes, including no normalisation, still produces a



significant reduction in expression of RabD2a and RabD2b in the
transgenic line compared to the control at both 14dpa and 21dpa.
Ta.2291 (Class I ARF) seemed to be unsuitable as a reference
gene in both gPCR experiments and in fact appeared to be
significantly up-regulated in the transgenic line compared to the
control by 79% at 14dpa and 120% at 21dpa (based on
normalisation with Ta.54227). This is an interesting result as ARF
proteins are small GTPases involved in endosomal vesicle trafficking
and are part of the same Ras superfamily as Rab GTPases
(Wennerberg et al, 2005). It would appear that reduced translation
of RabD mRNA affected some equilibrium or feedback mechanism in
the vesicle transport system leading to increased expression of at
least one ARF gene, perhaps to compensate for reduced ER-to-Golgi

vesicle traffic.

6.1.2 Effect of RNAi on Rab gene expression

The chosen RNAi strategy targeted one gene - Ta.54382
(RabD2a) - though there was also a match with Ta.54881 (RabD2b)
of 21nt, which is thought to be the minimum size of siRNAs
incorporated into RISC (Hirai & Kodama, 2008). Nevertheless, there
appeared to be a knockdown effect on the RabD1 genes despite the
fact they had no matches with the target sequence of 21nt or more.
Additionally, the proportional RNA reduction for RabD2b was similar
to that for RabD2a at 21dpa. These non-specific effects may be
explained by a number of studies in the last decade which showed

that RNAi does not necessarily require perfect identity with the



siRNA incorporated into RISC. Identity in certain regions of the
siRNA or a very high overall homology is sufficient to produce mRNA
cleavage (Birmingham et al, 2006; Fedorov et al, 2006; Haley &
Zamore, 2004; Sigoillot et al, 2012). These off-target effects can be
exploited to target multiple genes for knockdown, as in this work, to
avoid an absence of phenotype due to gene redundancy. On the
other hand, off-target effects can cause a problem in large-scale
RNAI screens, which require high specificity (Sigoillot et al, 2012).
Based on the idea that knockdown of RabD genes other than the
target gene was due to non-specificity of RNAI, it is likely that if any
RabD genes other than those studied in qPCR were expressed in the
wheat endosperm, they would also have been knocked down in the
transgenic line due to sequence similarity.

An alternative RNAi strategy suggested involved a target
sequence containing a region of a consensus sequence based on the
four wheat RabD coding sequences available. This approach might
have shown a more uniform knockdown of the four RabD genes,
though some regions of the sequence may have been generic and
conserved between Rab genes in general, which could have caused
knockdown of non-target Rab genes (Birmingham et al, 2006;
Fedorov et al, 2006; Haley & Zamore, 2004). While there were no
>21nt matches of this RabD consensus target region with wheat
Rab coding sequences outside the RabD clade, general homology
with other Rab CDS was not taken into account. Care should be
taken when using a similar consensus-based RNAI strategy that off-

targeting does not affect results. This type of strategy is probably



best suited to studies that aim to knock down a large group of genes

with high homology.

6.1.3 Trafficking of gluten proteins

There is disagreement as to whether or not glutenins and
gliadins are transported differentially through two alternate
trafficking routes in the endosperm. No differences in gluten protein
distribution were noted in one study by Loussert et al/ (2008).
However, although differential use of trafficking routes by gluten
proteins is uncertain, segregation of gluten proteins within and
between protein bodies has been described in various other studies
(Rubin et al, 1992; Tosi et al, 2011; Tosi et al, 2009). Rubin et al
(1992) suggested that high density protein bodies originated from
aggregation of glutenins in the ER while low density bodies
contained gliadins trafficked via the Golgi. A study of fluorescent
protein-tagged y-gliadins expressed in tobacco showed accumulation
and retention of the y-gliadins within protein body-like structures in
the ER and in addition to this most did not co-localise with the Golgi
(Francin-Allami et al, 2011). Alternatively, Tosi et al (2009) followed
a tagged LMW-GS throughout endosperm development and, based
on their results, put forward the idea that a given gluten protein was
more likely to take one trafficking route over the other depending on
development stage. During early development a greater proportion
of the LMW-GS was trafficked via the Golgi compared to transport
from the ER directly to protein bodies. However, Ilater in

development, during increased protein production, aggregation in



the ER was more frequent.

Based on SE-HPLC results of this study, the reduction of RabD
expression in wheat endosperm appears to reduce the bonding
ability of HMW-GS and larger LMW-GS while smaller LMW-GS are
visibly less affected. This may point towards different glutenin
subunits favouring different trafficking routes or alternatively that
smaller glutenins are not as dependant on processing in the Golgi to
retain their ability to bond in the glutenin macropolymer. However,
if there is a difference in the ratio of proteins trafficked via the Golgi
compared to ER aggregation and it remained the same in the
knockdown line, it is not apparent in the SDS-PAGE results, which
do not show any differences in subunit proportions present in the

mature seed between the knockdown and control lines.

6.1.4 Gluten quality in transgenic wheat

The T3 rheology results clearly indicate a reduction in dough
strength and extensibility in the knockdown line compared to the
control. It is likely that altered inter-molecular bonding in the
glutenin macropolymer contributed to this effect, combined with a
drop in total protein content. These findings are at odds with a study
by Di Luccia et al (2005) on durum wheat expressing a trans-
dominant mutant RabD2 gene thought to limit ER to Golgi traffic.
They also saw a reduction in protein content in the transgenic but
also an apparent increase in gluten strength in a 10g mixing test as
well as a higher gluten index. The expression of the mutant gene

itself was confirmed in the transgenic line by RT-PCR, though it was



not shown what effect the mutant gene had on native RabD gene
expression. A 10g mixograph on one transgenic line compared to
one control line using wholemeal flour was the main demonstration
of improved gluten quality, alongside a gluten index test which
demonstrates the cohesiveness of the dough. Using wholemeal flour
in small-scale mixing tests has been shown to give results that are
unrepresentative of actual dough and baking quality unless specific
precautions are taken, including ensuring low particle size (Lai et al,
1989; Steinfurth et al, 2012). Use of different mills was also shown
to have a large effect on the mixing quality of wholemeal flours
(Rakszegi et al, 2010).

The difference in ploidy between durum wheat and bread
wheat is the cause of a difference in the number of subunits
produced. For instance, bread wheat has 6 HMW-GS genes (2 on
each genome), though 5 is the actual maximum number expressed
in any one variety (Payne et al, 1981), while durum wheat also has
2 genes on each genome (4 in total) with a maximum of 3
expressed subunits. The D genome found in bread wheat is not
present in durum wheat which may mean that there is a significant
difference in the trafficking and processing of gluten protein
between the two species. An increase in the gluten strength of
durum wheat may be easier to achieve than in bread wheat as it
naturally has a lower gluten strength than bread wheat. The
disparity in results with this study may be due to genetic or other
differences between species studied, in addition to the fact that the

mutant Rab gene was from tobacco rather than wheat. Alternatively,



some difference in the methods used for knockdown or analysis of
the transgenic flour could account for the different outcomes of
these studies.

As it has been confirmed that the RabD genes are knocked
down in the developing endosperm in the T3 transgenic line relative
to the control line, it is reasonable to conclude that the expression

of one or more of these genes has an effect on gluten quality.

6.1.5 Future prospects

This work has provided a considerable insight into the cellular
environment of the developing endosperm of wheat and its key role
in dough characteristics. The knowledge gained about the sequence
and function of Rab GTPases in the endosperm of hexaploid wheat
can be further exploited to better understand, and possibly improve,
the technological properties of flour.

While it has been confirmed that the transgenic line had
reduced transcript levels of RabD genes, no comparison of actual
ER-to-Golgi vesicle traffic between knockdown and control lines was
performed. To make this easier to achieve, production of a line
containing the transgene along with fluorescence-tagged ER and
Golgi compartments would be carried out, possibly by hybridisation
with existing wheat lines with similar features to that used by
Sparkes et al (2009) in Arabidopsis. This approach could reveal
specific differences in the behaviour of the endomembrane system
in the transgenic endosperm as well as the way the gluten proteins

are produced, transported, processed, sorted and stored.



Based on the results of this work, it would appear that RabD
expression is linked to dough processing quality in bread wheat - at
least in that gluten quality appears reduced when RabD expression
is reduced. It may be inferred therefore that an increased level of
RabD expression might improve gluten quality. However,
overexpression of native RabD genes has met with a lack of
phenotype in studies on durum wheat and Arabidopsis (Di Luccia et
al, 2005; Wang et al, 2012). When no phenotype was found in
transgenic Arabidopsis overexpressing RAC/ROP small GTPases, the
authors of the study suggested that interactors including GAPs and
GDIs could be responsible for keeping GTPase activity stable despite
a greater quantity of protein present (Brembu et al/, 2005). It is
reasonable to conclude that the wide range of Rab interaction
partners could prove problematic to efforts to up-regulate vesicle
trafficking from ER to Golgi by genetic modification.

The RNAI strategy used to reduce RabD2a and RabD2b RNA
levels appeared to target a wider range of transcripts than was
originally expected, also including those belonging to RabD1 genes.
To determine whether or not the transgene had affected members
of other Rab clades, it would be prudent in future to include a
closely related Rab outside of the RabD clade in any gPCR
experiment assessing knockdown success. For example, a selection
of RabE genes as practised by Wang et al (2012) due to the RabE
clade being most closely related to the RabD subfamily.

SDS-PAGE experiments appeared to show very little change

in ratio of seed storage protein subunits between transgenic and



control grains. To gain a deeper insight into the types and quantities
of different proteins present, further experiments such as Western
blot and native 2D PAGE could be performed with the transgenic
grain.

The evidence presented here, particularly from the SE-HPLC
and rheology work, suggests that processing in the Golgi could be
responsible for important post-translational modifications that
improve the breadmaking potential of the gluten proteins. With this
in mind, an increased proportion of seed storage proteins trafficked
through the Golgi in the developing endosperm could be beneficial
to gluten quality. While the transgenic approach to higher RabD
expression may be difficult to achieve, native levels of RabD activity
may vary between different varieties and lines of wheat. With the
bioinformatics and expression data produced in this study as a
starting point, RabD expression could be analysed in a set of wheat
varieties and lines. Of particular interest might be varieties that
show predictors for poor breadmaking quality such as low protein
and HMW-GS associated with low gluten strength, yet demonstrate
good breadmaking quality. For comparison, it may be useful to
include varieties with the opposite condition - good quality
predictors but low quality real-life characteristics. It is worth
investigating whether as yet unexplained gluten quality of these
varieties could be attributed to differences in trafficking in the
endosperm.

PCR, RT-PCR and gPCR of wheat deletion lines with individual

chromosomes missing could shed light on the locations of the RabD



genes and reveal silenced genes. Additionally, a PCR experiment to
obtain the full genomic sequences of the RabD genes would be
simple to complete using the sequence data produced in this project
and would support further investigation of Rab genes in wheat, as
well as aiding in PCR primer design.

In order to obtain more information about the regulation of
ER-to-Golgi vesicle trafficking, an analysis of possible transcription
factors of RabD genes and their interactors and effectors may be
useful. A gene network could perhaps provide details of transcription
factors that affect a wide range of proteins active in the
endomembrane system. This information could then potentially be
used in designing later transformation experiments, with a greater
likelihood of producing a phenotype than RabD overexpression
alone.

Most attempts to alter breadmaking quality in bread wheat
using biotechnology have targeted the gluten proteins themselves,
particularly the HMW glutenin subunits. This study represents a
novel approach to this area of work by altering the transport of
these important proteins in the endosperm. The resulting effects
reported on grain shape, protein content, bonding in the glutenin
macropolymer and dough rheology have considerably added to the

understanding of factors that contribute towards gluten quality.
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8 Appendix

8.1 Alignment of wheat RabD nucleotide sequences
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2.Ta47209-WheatRab_D1

3.Ta54362-WheatRab_D2a
4.Ta54881-WheatRab_D2b
5.72.35418 part
6.72.35418 part
7.7a36418 part
8.7a.47209 part
9.7a54382 partgene 1 (PCR) T T A
10.Ta54382 partgene 2(655) T T A
11.Ta.54861 partgene 1 CAT
2T
13.Ta 54881

consensus 0 ————m—— el ]
Identity

1.Ta.35418-WheatRab_D1

2.Ta47209-WheatRab_D1

3.Ta54382-WheatRab_D2a
4.Ta54881-WheatRab_D2b
5.Ta.35418 part
6.Ta.35418 part
7.Ta.35418 part
8.Ta47208 part
9.Ta54382 partgene 1 (PCR) A
10.Ta54382 partgens 2 (6SS) 14
11.Ta 54881 partgene 1 A
12.Ta 54881 par
13.Ta 54881 par

Gonsensus
Identity

1.Ta.35418-WheatRab_D1
2.Ta.47200-WheatRab_D1
3.Ta54382-WheatRab_D2a
4.Ta.54881-WheatRab_D2b
5.7a35418 part
6.7a.35418 part
7.7a.35418 part
8.72.47200 part
9.7a54382 partgene 1 (PCR) G-G.C-G_G G.G.G T [IADANSAG IASNANEG G MG NG BMNNNE - T AAG TATATTT
10.Ta.54382 part gens 2 (GSS) TTATATCAGTACTATTG BENIEEGC TAAGTATATTT
11.Ta.54881 partgene 1 BICIEEG TARGTTGATTC
12.Ta 54881 partgens 2
13.Ta 54881 partg

G
Gl
G ACTEGTACEITG G T MACITAINTG G| ATTTCI
GAMIG AlINIE = [TA T BTG G AG AG EITATATEAG MAGTATNTG GG INIG A C [NFE

TTTCTTGGTCTGAGTGTT
TTTCTTGGTCTGAGTGTT
TTGCGAGCTTACATGAAG

Consensus
Identity

1.7a.35416-WheatRah_D1
2.Ta.47209-WheatRah_D1

3.Ta.54382-WheatRah_D2a
4.7Ta.54881-WheatRab_D2h
5.7a.35418 part

8.72.47200 part
9.7a54382 partgene 1 (PCR) GATGTTCTGGCTAC
10.Ta5d382 partgene 2(6ss) GATGTTCTGGCTAC—
11.Ta.54881 part gene 1 TTAATTTTCTGTATAG
12.Ta 54881 part gens 2
13.Ta.54861 parigene 3

ATTGAACTTGTAGT

A
AAT TGAAC TTGTAGT

Consensus
Identity

1.Ta 35418-WheatRab_D1
2. Ta.47209-WheatRab_D1
3.Ta54382-WheatRab_D2a
4.Ta 54881-WheatRab_D2b
5.Ta35418 part
6.Ta 35418 part
7.Ta36418 part
6.Tad7209 part
9.Ta 54382 partgene 1 (PCR)
10.Ta 54362 part gzns 2 (655)
11.Ta54861 partgene 1

12.Ta 54881 part gene 2
13.Ta 54881 partgene 3

Consensus
Identity

1.Ta35416-WheatRab_D1
2.Ta.47206-WheatRab_D1
3.T254382-WheatRab_D2a
4.Ta54881-WheatRab_D2b
6.72.36418 part
6.7a.35418 part
7.Ta35418 mn
8.7a.47209 pa
9.Ta 54302 gangem (cR)  MCHEAHT
10.Ta54382 partgene 2 (6SS)  IRCEART
11.Ta54861 partgene 1
12.Ta54381 part gens 2
13.Ta54881 partgens 3

CCAGATTTGACARARATAGAAGACTTTAT
AGATTTGACAARATAGAAGACTTTAT

Gonsensus
Identity

1.2 35418-WheatRab_D1
2.Ta 47209-WheatRab_D1
3.Ta54382-Wheat-Rab_D2a
4.Ta54881-Wheat-Rab_D2b
5.Ta35416 part

6.Ta35418 part
7.Ta35418 part
8.Ta47209 part ger
9.Ta54382 part ge
10.Ta 54382 part gene 2 (GSS)
11.Ta 54881 partgens 1
12.Ta.54881 partgens 2
13.Ta.54881 partgene 3

1(PCR) CTGTTTTGTGGAGTTTGCTGGAT
C

Cccc G CACTAATATAGCATGCCGTTATTCATCAGTATTTATGTGGTTGTTAG
TGTTTTGTGGAGTTTGCTGGAT C

CCTTT
CCTTTGCA-TAATATAG sTTATTCATCAGTATTTATGTGGTTGTTAG

Consensus
Identity

1.7a.35418-WheatRab_D1
2.Ta47208-WheatRab_D1
3.Ta.54382-WheatRab_D2a
4.Ta.54881-WheatRab_D2h
5.Ta.35418 part

6.Ta.35418 part
7.Ta.35418 part
8.Ta.47200 part
9.Ta.54382 partgens 1 (PCR) TTGAGGCCAGTTCACAGGAAACAGAAACTCCACTATGCCTGAATATGTAGGCAGTTGCACRACCCCCTTTTACCTTTTGG
10.Ta54382partgene2(6s5) TTGAGGCCAGTTCACAGGAAACAGAARACTCCACTATGCCTGAATATGTAGGCAGTTGCACRACCCCTTTTTACCTTTTGG
11.Ta.54881 part gene 1
12.Ta54881 partgene 2
13.Ta.54881 partgene 3
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Consensus ~ mmmmmmmmm e 2
dentity

1.Ta 35418-Wheat-Rab_D1
2.Ta 47209-Wheat-Rab_D1
3.Ta 54362-Wheat-Rah_D2a
4.Ta.54881-Wheat-Rab_D2b
5.Ta 35418 part gene 1
6.T2.36418 pat gene 2

7200 part gene 1
QT254HBZDEV\QEHE1(PCR) ATTTTTTAGTTCCATCCATTTAAARTTACTGTTGARCATARAGAATAAGAGTAGTTTGGCCCATTAAATTAARATGTTATAA
10.Ta54382partgene2(6ss) ATTTTTTAGTTCCATCCATTTAAATTACTGTTGAACATARAGAATAAGAGTAGTTTAGCCCATTARATTAAATGT TATAZ—\
11.Ta 54861 part gene 1
12.Ta. 54861 part gene 2
13.Ta 54881 part gene 3

Consensus
Identity

1.Ta.35418-Wheat-Rab_D1
2.Ta 47208-Wheat-Rab_D1
3.Ta 54382-Wheat-Rab_D2a
4.Ta 54881-Wheat-Rab_D2b
5.7a.35418 part gene 1
6.T2.35418 part gene 2
7.Ta.35418 part gene 3
8.7a.47209 part gene 1

9.Ta 54382 part gene 1 (PGR) AGTTTCTTAGTTCGCATAAAGAATCGCACTTTCAAGATGTTTTTAGATACCARAGTG
10.Ta54382 partgene 2(6s8) AGTTTCTTAGTTCGCATAAAGAATCGCACTTITCAAGATGTTTTTAGATACCAARGTG
11.Ta 54801 part gene 1
12.Ta 54881 part gene 2
13.Ta.54881 part gens 3

s

Consensus
Identity

1.7Ta.35418-Wheat Rah_D1
2.72.47200-Wheat Rah_D1
3.72.64382-Wheat Rah_D2a
4.7T2.64881-Wheat Rah_D2b
5.Ta.35416 part gene 1
6.Ta.35418 part gene 2
7.Ta.35418 part gene 3
£.Ta.47200 part gene 1

9.Ta 54382 part gene 1 (PCR) TAGGGGCCTGATAGTATGTCATTTAAATACTTIGGGTGGTACAGTAGCTCATGCTGCACCTACTGTTGGCATTTGTTGATT
10.Ta54382 partgene 2(688) TAGGGGCCTGATAGTATGTCATTTARATACTTGGGTGGTACGGTAGCTCATGCTGCACCTACTGTTGGCATTTGGCGATT
11.Ta.54881 part gene 1 Z
12.Ta.54881 part gene 2 -
13.Ta.54881 part gene 3 —

as0

T 120 g £ 1350 1m0 1
Consensus

Identity

1.Ta 35418-Wheat-Rab_D1
2.Ta 47208-Wheat-Rab_D1
3.Ta 54382-Wheat-Rah_D2a
4.Ta 54881-Whsat-Rah_D2h
5.T2.35418 part gene 1

6.Ta 35418 part gene 2
7.Ta 35418 part gene 3
8.7a.47200 part gens 1
0.Ta.54382 part gene 1 (PCR) TGTGTGACACATTACATTTAGTGATGCAAGATAT
10.Ta 54382 part gene 2 (GSS) TGTGTGACACATTACATTTAGTGATGCAAGATAT
11.Ta 54861 part gens 1
12.Ta 54861 part gene 2
13.Ta 54861 part gene 3

Consensus
dntity

17Ta35416-WheatRab DI~ —— —————
2.Ta 47209-Wheat-Rab_D1
2.Ta.54382-Wheat-Rah_D2a
4.Ta 54881-Wheat-Rab_D2b
5.Ta.35418 part gene 1
6.T2.35418 part gzne 2
7.Ta.35418 part gene 3

8 7a.47200 part gene 1

9.Ta 54382 part gene 1 (PCR)
10.Ta 54362 part gene 2 (GS5)
11.Ta 54861 part gene 1
12.Ta. 54561 part gene 2
13.Ta 54881 part gene 3

Consensus
Identity

1.Ta.35418-Wheat-Rab_D1

2. Ta 47209-Wheat-Rab_D1
3.Ta 54382-Wheat-Rak_D2a
4.Ta 54881-Wheat-Rab_D2b
5.7a.35418 part gene 1
6.Ta.35418 part gene 2
7.Ta.35418 part gene 3
8.Ta.47208 part gene 1
9.Ta.54382 part gzne 1 (PCR)
10.Ta 54302 part gene 2 (655)
11.Ta 54861 part gene 1
12.Ta.54881 part gens 2
13.Ta.54881 part gens 3

ATCATT: G AL
ANSANEGHG AG C MENHG INEE A A

. T TGl
C-T.TG-GT TETETERECT TG-AGA-AAT
ANSATNTEGEG AG C MENNG IEE A A l TT

AT -T-AT TG-AGA-TAAC-

190

G_GGI IG_G_

1880

-G_G-

Consensus

Identity

1.Ta.35418-WheatRab_D1
2.Ta 47209-Wheat-Rab_D1
3.Ta.54382-WheatRab_D2a
4.Ta.54881-WheatRab_D2h
5.Ta.35418 part gene 1
67235416 part gans 2 TEITATG CTTCAACAATY

7.Ta.35418 part gen 3 -G-CAT CAIAC_TGG T TIC GIT G2 C I G G M G A - -GG-A TGGIGIG_G_G
8.Ta.47200 part gene 1
0.Ta54382 part gene 1 (PCR) I T EINININT > 7 B T.C ANANANAEAALATGGEGT .G-G-G_G-G.G-AG_GGIC.G_GIG-G
10.7a 54382 part gens 2 (GSS) L2V S

11.Ta 54881 part gene 1
12.Ta 64881 part gene 2
13.Ta 54881 part gene 3

Gonsensus
Identity

1.Ta.35418-WheatRab_D1 IAC (o]

2.Ta 47208-Wheat-Rab_D1 -G.GG T.GIG T G.G-G.T.GG-T GEIC BEGMGECHEGIGIG TG-G-

3Tase3ErhearRab D2 EIAGHGG TG ARGIGAGEAM TGAT CG CMAT G-GIGIG-GIT

4.Ta.54851-Wheat Rab_D2b

5.Ta.35418 part gene 1

6.Ta.35418 part gene 2

7.72.36418 part gene 3

8.Ta.47200 part gene 1

G.7a.54382 part gene 1 (PCR)

10.Ta.54382 part gene 2 (655)

11.Ta 54861 part gene 1

12.Ta 54861 part gens 2 _ _ GARBAAGITG C G ATEITA(

13.Ta.54861 part gene 3 -GIG G-T -T GHEABET G-GG-T G-GIG_GIG_G-TIGGIG GGG_GIG c G_G-Gl
2030 200

Consensus 1er B ittt ittt

Identity

1. Ta.35418-Wheat Rab_D1
2.Ta.47209-Wheat Rab_D1
3.Ta.54382-WheatRab_D2a T |2 I 2 A

4.Ta 54881 -Wheat-Rab_D2b GGIITETTASG AGGETG
57235418 part gene 1

6.Ta.35418 part gens 2

7.7a.35018 part gene 3

8.Ta.47209 part gene 1 GGAGGEEARAGG TARACCCTTCTCTCTCTTTCTTTTAGTTCTACCGACAGTTTAGCCATA
9.Ta.54382 part gene 1 (PCR)
10.7a.54362 part gene 2(655)  C
11.Ta.54881 part gene 1 G
12.Ta.54861 part gene 2 G
13.Ta 54881 part gene 3 G

GGIITETTACGC AG G
AGEAGAGIGGINITENTACG AGGENG G BA
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Consensus
Identity

1.7Ta.35418-Wheat Rah_D1
2.72.47200-Wheat Rah_D1

3.72.64382-Wheat Rah_D2a
4.7T2.64881-Wheat Rah_D2b

£,Ta.47200 part gzn 1
9.Ta 54382 part g CcR)
10.72.54382 part gena 2 (GSS)

Consensus
Identity

1.7a.36418-Wheat Rah_D1
2.72.47208-Wheat-Rah_D1

3.7Ta.54382-Wheat-Rah_D2a
4.7Ta.54881-Wheat-Rah_D2b

8Ta mng partgene 1
9.Ta 54382 part gen
10.T2:64382 part gane 2 (68S)
81 part

Consensus
dntity

1.7Ta.35418-Wheat-Rah_D1
2.7a.47209-Wheat-Rah_D1

3.7a.54382-Wheat-Rah_D2a
4.Ta.54881-Wheat Rah_D2b

8.Ta.47200 part gens 1
9.72.54382 part gene 1 (
10.7a 54362 part gene 2 (655)

Consensus

Identity

1.7a.35418-Wheat-Rah_D1
2.72.47206-Wheat Rah_D1

3.7a.54382-Wheat Rah_D2a
4.T2.54881-Wheat Rah_D2b

7.7a.35418 part gene 3
8.72.47209 part gene1
9.Ta. 54382 part ger
10.Ta, 54352 Dar\ gene 2 (©53)
1T

(PCR)

Consensus
Identity

1.Ta 35418-Wheat-Rab_D1
2.Ta 47209-Wheat-Rab_D1

3.Ta 54382-Wheat-Rah_D2a
4.Ta 54881 heat-Rab_D2p
5.Ta 35416 part o
6.Ta 35416 part o
7.T2.35418 par
8.Ta.47200 part gene 1
9.Ta 54382 part gene 1 {PC
10.72.54362 part gene 2(088)

Consensus
Identity

1.7a.36418-Wheat Rah_D1
2.72.47208-Wheat-Rah_D1

3.7Ta.54382-Wheat-Rah_D2a
4.7Ta.54881-Wheat-Rah_D2b

8.7a ﬂm@ nan ger\51
0.72.54382 part gene 1 (
10.7a 54382 part gene 2 (GSS)
11.Ta.54881 part
81 part
54881 part

Consensus
Identity

1.7Ta.35418-Wheat-Rah_D1
2.7a.47209-Wheat-Rah_D1

3.7a.54382-Wheat-Rah_D2a
4.Ta 54861 Wheat Rab_D2b

8.7a ﬂm@ part gene 1
9.72.54382 part gene 1 (PCR)
10.7a 54362 part gene 2 (GSS)

91
12.Ta 54881 part

Consensus
Identity

1.7Ta.35419-Wheat-Rah_D1
2.72.47206-Wheat Rah_D1
3.72.64382-Wheat Rah_D2a
4.72.54881-Wheat Rah_D2b

8 Ta 47208 part gene 1
9.Ta 54382 part g (
10.7a 54382 Dar\ gene 2 (655)

Consensus

Identity

1.72.35418-Wheat Rah_D1
2.72.47200-Wheat Rah_D1
3.72.64382-Wheat Rah_D2a
4.7a.54881-Wheat-Rah_D2b
5.Ta.35416 part gene 1

8.Ta.47200 part gene 1
9.Ta 54382 part gene 1 (PC
10.Ta54302 part gene z (6s8)

Adam M Tyler

2440 240 2400 2470 2400
G EREITTTGEITG ATG AG ATTG G AATECETTEETG G AGATIAG TG

IG-G-GIG-GGG T T T _AGIA-AIGIG
5 RA T -

- -
-GEC C-G-C G-G-G-GG-A-A_GGIA-C-G-G

GTAATCAAGTAACTAAAACATCTATGATGAATTTCAGGETINNIGEAGHEAT CATHAGGEANG AL T NNSEN TCECHENHGHG
~CTTTCTGCTCTTTGTGTTTACATTTGG TG TATGCAGGE-A NG ENGANGAGCENIEG G C Bl C B~ NS~ G G AGEEIC BGHG

EARAGGHEA T EEANSANIGNG GEGHAC AG BINNNE T A 2 SEANGIIE A T BAG 2 AANEANGC BAEAL G TAAGCCAAGARATGCACA
EAAAG R NGB TG ENC Gl T GEG C AGG BININE ~ G | BNGIENGET T C AMNSAAGGCABRGG TG TGTGTTCCCAGRCGGT

2am 280 280 2600 2810 200 263 2800

GTTTTAGAGGCCCTTTTCTTCCCAGCTTCTCTGCTATATTCGATGCTGATAGATCGTCAARATTAACTGCATTCTATGAGA

TTAATTAGCACAGGCCATCCTACTAGTCCACTTTTTTTAACTACCATTATTTTACACTTTATTTACTACTCATTGAT- -~

ACTATTTCGCTTTTTCTAGGTTAATATTIGT TACAAACACTTTATTTAGATATTCACATTAGTTTACATGAGGGC TAAAT
——————————————————————————————————————————————————————————————————————— GCTTTGTTC

GCAGATCATACAGTCCTCCCCTCTTATGGTTACTTTATCCCTCCTTICTAAATCTTGCCTCTCTTICGAGTGAAGTATCTAG

CTATAGTATCATAACCAAAATTGCCCTACACTCTTTAGCATGTTGTCTGTTAACTGTTCTATGTTATTCCTTCACGGTGT
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Consensus
Idzntity

1.Ta 35416-WheatRab_D1
2,Ta.47209-WheatRab_D1
3.Ta 54332-Wheat-Rab_D2a
4.Ta 54881-Wheat-Rab_D2b
57235418 part gena 1
6.T2.35418 part gene 2
7.Ta.35418 part gene 3
6.Ta.47209 part gene 1
9.Ta.54382 part gzne 1 (PCR)
10.Ta 54382 part gene 2 (658)
11.Ta 54861 part gene 1
12.Ta 54381 part gens 2
13.Ta54881 partgens 3

Gonsensus
Identity

1.7 35418-WheatRab_D1
2 Ta 4720%-Wheat-Rab_D1
3.Ta 54332-Wheat-Rab_D2a
4.Ta.54881-WheatRab_D2b
57235410 part gene 1
6.T2.35418 part gene 2
7.Ta.35418 part gene 3

8 Ta.47200 part gena 1

6.Ta 54382 part g=ne 1 (PCR)
10.Ta 54362 part gzne 2 (655)
11.Ta.54861 part gene 1
12.Ta 54881 part gene 2
13.Ta 54881 partgene 3

Consensus
Identity

1.Ta.35418-WheatRab_D1
2 Ta 47209-WheatRab_D1
3.Ta64332-Wheat-Rab_D2a
4.Ta 54881-Wheat-Rab_D2b
5.Ta.35418 part gene 1
6.T2.35418 part gene 2
7.Ta.35418 part gene 3

8 7247200 part gens 1

9.Ta 54382 part gene 1 (PCR)
10.Ta 54382 part gene 2 (6SS)
11.Ta 54861 part gene 1
12.Ta 54861 part gens 2
13.Ta. 54361 parigens 3

CCA
- - - -GENGGE ECEEAGCEE-GETG

ACTGTATATCTCTCTTGGTATATCCAGATAATACCTGACTACTGATT TACCTGCG TG CAGGENGGEGHEGEEN. BETGEGG
TGTTCTATGTACACCTCATAGARAGAGCATATAATTATGAATAAARATCTTGGTTTC TACGENGGECHECBENGCEEAGECG

2610

G INEIIG @G Gl

ATGRAAGGGCAG]
GATECGEGGG CAR
ATGEGGGGET CAG-TGT

EBGGAGAGGEARATCGABGGE TEC
EAEACGAGCGETEGEEE " GEEAE.GEC TEGA TACCGEGGEG C AL BEBNGIEG AACAGEAGCHEEGHEGC TG

200
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8.2 SDS-PAGE gels

A
kDa
205

116
97
80

66
55

} HMW-GS
} w-Gliadins

45 } LMW-GS

a-, B-, y-Gliadins

TR

30

21

Albumins/Globulin

6.5“ )

Lane M‘12 3 | a 56’78 9’10 11 12

T1 Line LO5 LO4 LO3 L02
kDa
205
g
30 } HMW-GS
66
55 ;} w-Gliadins
45 } LMW-GS
1
} a-, B-, y-Gliadins
30 \

> Albumins/Globulin

6.5

Lane
T1 Line L12

Fig. 8.1 - SDS-PAGE of mature T1 seeds.
Sizes of marker proteins are indicated on the left in kDa. Lane numbers and T1 lines are
displayed below the gels. Categories of seed storage proteins are indicated on the right.
M indicates a lane containing protein marker.

L11
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40

30

25

Lane 1 2 3
Sample M L10.1

Fig. 8.2 — SDS-PAGE of mature T2 seeds.

Sizes of marker proteins are indicated on the left in kDa. Lane numbers and line names
are displayed below the gels. LO7 = T1 bar-only control line, LO1 = T1 gold-only control

line. M indicates a lane containing protein marker.
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!
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Sample M L10.4 L10.6 L25.5 M

Fig. 8.3 — SDS-PAGE of mature T2 seeds.

Sizes of marker proteins are indicated on the left in kDa. Lane numbers and line names
are displayed below the gels. LO7 = T1 bar-only control line, LO1 = T1 gold-only control
line. M indicates a lane containing protein marker.
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Fig. 8.4 - SDS-PAGE of mature T2 seeds.

Sizes of marker proteins are indicated on the right in kDa. Lane numbers and line names
are displayed below the gels. LO7 = T1 bar-only control line, LO1 = T1 gold-only control
line. M indicates a lane containing protein marker.
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kDa

200
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11 12 13
124.12

Lane 1
Sample M

3
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Sample M L19.3 1.23:12 L25.1 L24.12

Fig. 8.5 — SDS-PAGE of mature T2 seeds.

Sizes of marker proteins are indicated on the left in kDa. Lane numbers and line names
are displayed below the gels. L24.12 = T2 bar-only control line. M indicates a lane
containing protein marker.
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Fig. 8.6 — SDS-PAGE of mature T2 seeds.

Sizes of marker proteins are indicated on the left in kDa. Lane numbers and line names
are displayed below the gels. L24.12 = T2 bar-only control line. M indicates a lane

containing protein marker.
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