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Abstract

Abstract

This PhD work has been performed in the frame efltalian project “Physical map
of wheat chromosome 5A: Italian initiative for teequencing of the whole genome”,
that is part of the international initiatives ET&IWSC.

Wheat kernel proteins are represented for 80% wtiegl and for 20% by soluble
proteins. Whereas chromosome localization of theéo is well known, that of soluble
proteins, including polypeptides with structuradametabolic functions, still needs to
be identified and mapped.

A proteomic approach has been performed to idepbfypeptides encoded by genes
on chromosome 5A. Intervarietal and interspecifitomosome substitution lines of
durum and bread wheat have been used, leadingetadéntification of 48 soluble
proteins in the two tetraploid genotypes taken iotmsideration, and a total of 86
proteins in the 5 bread wheat cultivars analysed.

The biological functions of most of the identified polypeptides are: stress/defense;
carbohydrate metabolism, protein synthesis/assendilyyrage, and a significative
portion corresponds to unknown proteins.

The knowledge of polypeptides encoded by genesianmwsomes 5A will allow
correlating their presence with specific physiotagicharacteristics, along with quality

properties.
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Introduction

A. Wheat

Wheat is one of the most cultivated cereal cropthéenworld. Its productivity, good
nutritional value as well as the capacity to adtsalf to a varied environment has made
this cereal one of the most important sourcesterhituman and animal nutrition since
ancient time. Additionally to its adaptability toogv over a wide range of climatic
conditions and soil fertility, wheat has other auteges: it is easily transported and
safely stored over long periods of time, and it baneasily transformed into a broad
range of products. This ability of wheat dependsniyiaon gluten, the storage proteins
conferring the capacity to form, after hydrationc@erent mass, insoluble and with
visco-elastic properties. However, also others ammgs, for example the starch,
influence the qualitative characteristics and tbheasible final uses of the wheat flour
(Zeng et al., 1997; Yasui et al., 1999; Lee et28(Q1; Merita et al., 2002; Bhattacharya
et al., 2002). Moreover, wheat is not used only Haman (65%) and animal (21%)
feeding, but also in the textile industries, theegaration of glucose syrups, the

production of adhesive and biodegradable plastith(@nd Shellenberger, 1988).

Two principal types of wheat are cultivated: theuwn wheat Triticum durum) and
the bread whegfTriticum aestivurjp Durum wheat is tetraploid (2n=28), with genome
AABB, and is mostly used in the pasta and semafidastry. Bread wheat is hexaploid

(2n=42), with genome AABBDD, and is used in thedorenaking and cookies industry.
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1. Generalities

a) Phylogeny, origin and ploidy of wheat

All Triticum species are native to the ‘Fertile Crescent’ (Whemcompasses the
Eastern Mediterranean, South-Eastern Turkey, Northraq and Western Iran, and its
neighbouring regions of the Transcaucasus and Biorthran). The cultivated wheat
appeared 10,000 years ago. Bread wheédtidum aestivumL.) was one of the first
domesticated food crops and has been the majolestagEurope, North Africa and
Central Asia for 8,000 years. Einkorn (diploid, gere AA) and emmer (tetraploid,
AABB) wheats were the first cultivated forms, anketonly ones subjected to
domestication selection. Domesticated emmer wigratg widely across the Near East
and beyond. Then emmer wheat cultivation expandedtward through the
Mesopotamian plain to India, and westward throughatdlia to the Mediterranean
coastal region and Europe. In these regions, itam@sof the most prominent crops for

almost 6,000 years.

Y Imia

Figure 1: Map of the Near East that includes the Feile Crescent (shaded in green). The red circle
and dashed purple line respectively denote the ‘cerarea’ where agriculture is thought to have
emerged and the western peripheral region of the naral range of Ae. tauschii where the
allopolyploid speciation of T. aestivum supposedly took place (from Matsuoka, 2011).
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Wheat belongs to the gentigticum of thePoaceadamily, which also includes the

related crop species, rye and barley. The g@mitum consists of six species which

differ by their degree of ploidy, ranging from dpl to hexaploid with chromosome

numbers 14, 28 or 42. The six species Bnidcum monococcunt. (AA genome);

Triticum urartu Tumanian ex Gandilyan (AA genomdjtiticum turgidumL. (AABB

genome);Triticum timopheevi(Zhuk.) Zhuk. (AAGG genome)friticum aestivurL.
(AABBDD genome); andriticum zhukovskyMenabde & Ericz. (AAAAGG genome).

Moreover these species are grouped into threeossctBection Monococcon (diploid

species); Section Dicoccoidea (tetraploid speciagy] Section Triticum (hexaploid

species). Of these specids,urartu exists only in its wild form, whereadk. aestivum

andT. zhukovskyexist only as cultivated forms. The other speclesnonococcumndr.

turgidumandT. timopheevjihave both a wild and a domesticated form.

Bread wheat has the three genomes AA, BB and D8erma each of seven pairs of

homeologous chromosomes numbered from 1 to 7 ftotal of 42 chromosomes;

durum wheat contains only the two genomes AA ancaB& 28 chromosomes.

Table 1: The nomenclature of wild and cultivatedTriticum wheats (according to Van Slageren 1994)

Section Species and subspecies Genome constitution Example of common names
Monococcon  Triticum monococcurh. AA
subspaegilopoides Wild einkorn
subspmonococcum Cultivated einkorn
Triticum urartu Tumanian ex Gandilyan AA
Dicoccoidea  Triticum turgidumL. AABB

subspdicoccoides
subspdicoccon
subspdurum
subsppolonicum
subspturanicum
subspturgidum
subspcarthlicum
subsppaleocolchicum

Triticum timopheevii AAGG
subspArmeniacum
subsptimopheevii

Triticum Triticum aestivuni_. AABBDD
subspaestivum
subspcompactum
subspsphaerococcum
subspmacha
subspspelta
Triticum zhukovskyi AAAAGG

Wild emmer

Cultivated emmer

Durum or macaroni wheat
Polish wheat

Khorassan wheat

Rivet wheat

Persian wheat

Georgian wheat

Wild timopheevii
Cultivated timopheevii

Common wheat
Bread wheat

Club wheat

Indian dwarf wheat

Spelt
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The phylogenesis of wheat is complex and not cotalylknown. The genome A of
tetraploid and hexaploid wheats are related toAhgenome of wild and cultivated
einkorn, while the genome B derived, probably, frtra S genome of an unidentified
diploid Aegilopsspecies and the D genome comes fhsgilopssquarrosa(also called

Triticum).

The natural hybridization betwedh monococcurand anAegilopsspecies carrying
the B genome gave origin to a wild tetraploid wheath the AABB genome T.
turgidumssp.dicoccoide} which then gradually evolved ib. turgidumssp.dicoccum

and finally inT. durum which is the currently cultivated durum wheat.

The cultivated bread wheat (with the AABBDD genonwejlerived from a natural
hybridization betweenT. turgidum ssp. dicoccum (AABB genome) andAegilops

squarrosa(DD genome).

Years Before
Present (vr BP)

Wild Diploid Wheat
Triticum urartu

Goat Grass 1
Aegilops speltoides

\A \ / BR

JOH O ME-S0HY (M)

Wild
Cultivated

_Wild Emmer
Triticum dicoccoides

Cultivated Emmer
Triticum dicoccum

Goat Grass 2
Aegilops tauschii

AABE |
¢ 10000

Macaroni Wheat
Triticum durtm

v AABBDD

Bread Wheat
Triticum aestiviim

BB TN v 9,000
. Spelt
Triticum spelta
L\ABBDD
‘Hulled’ or enclosed crains
\ABB ¢ Free-threshing srains 8.500

Figure 2: The evolution of wheat from the prehistoic Stone Age grasses to
modern durum wheat and bread wheat (from Peng et a12011).
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Plant domestication involves a range of complexphological, physiological, and
genetic changes referred to as the ‘domesticatindreme’ (Peleg et al., 2011). These
changes, such as large fruits, increased apicalrdmmte, loss of seed dormancy, and

synchronized growth and flowering, distinguish @d&m@m their wild progenitors.

The loss of natural seed dispersal, which resualtthé seeds being retained in the
spike, facilitating harvesting, was a key eventthe domestication of most cereals.
Genetic studies have shown that the non-brittlaisais controlled by recessive alleles
at two major loci,Brittle rachis-Al (Br-Al) and Brittle rachis-B1 (Br-B1) that are
located respectively on the short arm of chromoso® and 3B (Watanabe et al.,
2002). It is thought that the spikes of non-brittteitated plants were consciously
selected by early farmers and that thus their f#aqu increased constantly in cultivated
fields. But this process was slow and establishnoéribe non-brittle ancient cultivar

took over one millennium.

A second important trait is the change from huflans, in which the glumes adhere
tightly to the grain, to free-threshing naked fornmgleed the early wheat varieties were
characterized by hulled seeds that required driange liberated from the chaff, but
harvesting became efficient when the farmers sedegpecies with low degree of glume
tenacity and with fragile rachis. Free-threshingeatls have thinner glumes and paleas
that allow an early release of naked kernels. Tée forms arose by a dominant mutant
at theQ locus which modified the effects of recessive maots at theTg (tenacious
glume) locus. Free-threshing genotypes, llkedurumandT. aestivumrepresent the
final steps of wheat domestication.

In addition to qualitative traits, also quantitatitraits have been selected during
domestication, as grain yield, seed size, planglteand heading date, flowering time,
plant height, spike number/plant, spike weight/plasingle spike weight, kernel
number/plant, kernel number/spike, kernel numbéwsgt and spikelet number/spike
(Table 2).
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Table 2: Quantitative trait loci related to domesttation in wheat (from Peng et al., 2011)

Trait g.:_{n gﬁég; Residing chromosom&
Seed size/weight 7 1A, 2A, 3A, 4A, 7A, 5B, 7B
8 1B, 2A, 4A, 5A, 5B, 6B, 7A, 7B
8 1B, 2A, 3A, 3B, 4B, 5A, 6A, 7A
Flowering time 4 2A, 4B, 5A, 6B
Grain yield 8 1B, 2A, 3A,5A, 5B
3 3A, 4A, 5A
Plant height 4 5A, 7B
Spike number/plant 7 1B, 2A, 2B, 5A,7A
Spike weight/plant 10 1B, 2A, 3A,5A, 5B,7A
Single spike weight 5 1B, 2A, 3A,5A
Kernel number/plant 9 1B, 2A, 3A,5A, 5B, 7A
Kernel number/spike 7 1B, 2A, 3A,5A, 6B
Kernel number/spikelet 7 1B, 2A, 3A,5A, 5B, 7B
Spikelet number/spike 6 1B, 2A,5A, 6B

a The bolded chromosomes carry a pair of linked QTL

b) Wheat in numbers

Wheat is cultivated on more than 225 million heesarrepresenting the largest
cultivated crop. In 2010, worldwide production oh&at has reached 651 million tons
(http://faostat.fao.ory/(Figure 3 & 4) About 95% of the wheat grown worldwide is

hexaploid bread wheat, and the 5% remaining is Ijntatraploid durum wheat. Others
wheat species are still grown, in small amountsn&manks first with 16,9% of the

total world production, followed by India (11,8%Russia (9,1%), the United States
(8,8%) and France (5,6%), but the entire EuropeaioiJis the largest producer with
143 million tonnes in 2010.

The most suitable latitudes for wheat cultivatioa between 30° and 60° North and
between 27° and 40° South (Nuttonson 1955). Wheawg from 0 to 3000 m o.s.l.
Wheat growing is optimal at 25°C, with a minimum3#°C and a maximum of 30-
32°C.
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Figure 3: World cereals production (millions tons) h 2010 (http://faostat.fao.org)
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Figure 4: World cereals area harvested (millions hain 2010 (http://faostat.fao.org)

¢) Wheat kernel: structure and composition

The edible part of wheat is the caryopsis (or ki@rree dry and indehiscent fruit,
made up of a seed and teguments. The length ajrtie is between 5 and 8 mm, its
width between 2 and 4 mm, its thickness betweenad 3,5 mm, its longitudinal
section between 10 and 16 mm?, its transverseosebetween 4 and 7,5 mm2, its
weight between 20 and 50 mg and its density betwe®and 1,4.
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The grain is mainly constituted of starch (apprcadety 70 %), proteins (10-15 %)
and of pentosans (8-10 %); other minors constitugame % only) are lipids, cellulose,

free sugars, minerals and vitamins (Feillet, 2000).
These constituents are not equally distributedhéwtheat kernel. Table 3 reports the
distribution of the major components in wheat kérne

Table 3: Chemical composition of the whole wheat gin with its various parts. Average percentages
converted on a dry matter basis (from Belderok, 200)

Whole grain Endosperm Bran Germ
Proteins 16 13 16 22
Fats 2 15 5 7
Carbohydrates 68 82 16 40
Dietary fibres 11 15 53 25
Minerals 1.8 0.5 7.2 4.5

(1) The bran

The bran, envelope of the seed and the fruit, isiéal by different cell layers. The
pericarp, composed by the outer and the inner agrisurrounds the entire kernel. The
epidermis, the hypodermis and the innermost lagadted the remnants of thin-walled
cells compose the outer pericarp. The inner pgrisacomposed by the cross cells and
the tube cells. The testa, also called seedcoanhsf@another layer firmly joined to the
tube cells. The nucellar epidermis (hyaline layetjghtly bound to the internal surface
of the testa. Bran is particularly rich in dietdityer, whereas starch, vitamins, proteins,

and minerals are present in significant quantities.

(2) The endosperm

The endosperm is constituted by the starchy albuiueth the aleurone layer
(together 80-85 % of the grain mass). It is comgdse 80% of carbohydrate, for 12-
17% of proteins and for 1-2% of fats. The starchpumen comprises cells filled with
starch granules embedded in the middle of a proteatrix. The aleurone layer,
typically only one cell layer thick at maturity,cludes the starchy endosperm and part
of the embryo. The aleurone cells are block-shg&eb5 pm by 25-75 um) within a
single kernel and have thickened (6-8um) doublerey cellulosic walls. The

endosperm is mainly a source of nutrients for théryo when the germination begins.
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(a) The starch

Starch is the major component of the endosperrheteéreal grains and accounting
for 65-75% of the grain dry weight and up to 80%hs& endosperm dry weight. It is
the stored form of energy: during germination, aamgl enzymes (both synthesized and
deposited during the period of grain filling de novosynthesized upon germination)
break the starch down to release glucose unitshirdeveloping embryo, roots, and
shoots. Starch is also the most common carbohydratehe major source of energy for
human diet, providing it in a “slow-release” forthat is well suited to our digestive

systems.

Starch is composed only of D-glucose, linkedob¥-4 bonds to form linear chains,
whereas branches are formed through the connegtiorl-4 linked chains via-1-6
linkages.

Starch is made up of two types of polymers: amybsg amylopectin, which differ
in degree of polymerization and branch frequencgpdéhding on the plant, starch
generally contains 20 to 25% amylose and 75 to &b@3glopectin. In hexaploid and

durum wheats, amylose content ranges from abota 38%.

In all higher plants, starch is packaged into $tayranules which are characterized
by their density (1.5 — 1.6 g/cm3) and by their sergstalline nature, as indicated by
their characteristic birefringence under polarizigtht (Buléon et al, 1998). The size
distribution of wheat starch includes two, and stimes three size classes of granules,
a feature shared with starches from offieticeag notably barley and rye. The larger
“A” granules have a diameter of 15-géh whereas “B” granules, initiated after the“A:
granules, have a diameter that is typically bel@yuh. A third “C” class of very small
granules is seen under cooler environmental camditallowing a long grain fill period.
Additionally wheat starch granules contain a defiset of prominent proteins located
within the interior of the starch granule, incluglitGranule-Bound Starch Synthase,
Starch Synthase |, Branching Enzymes lla and Iig Starch Synthase lla. Starch
granules extracted from mature grain are assochitdd a range of surface located
proteins which become bound as the maturation asttchtion of the grain leads to the
disruption of the amyloplast membrane, largely dbsd as the purindolines, friabilins
and grain softness proteins (Darlington et al. 2B¥dwin 2001).

12



Introduction

HEkBa® b ylopectin

=1 Em

Figure 5: Structure of the amylose, the amylopectimnd the starch granule (fromBall and Morell,
2003)
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(3) The germ

Introduction

The germ (3 %) consists of the embryo and the Boaote This latter contains some

storage proteins, is adjacent to the endospermsangs to absorb nutrients from the

endosperm during germination. The germ is a rialra®of protein, sugar and oil. It is

also quite rich in vitamin E and in B-vitamins.

Hair {beard)

External portion of crease

Endosperm Endosperm call
Iwith starch granules)

Alsurone Inyer
{sandwiched between Endosperm and Bran]

Alpurone call

aa Pericarp

Epidermis [beeswing)

Hypadermis
Cross layer
Tube calles

Seed coats

Tasta
Hyaline layaer

Bran =

rf

Germ =

Lenght 5-8 mm

thickness
2,5-3,5 mm

Figure 6: Structure and dimension of the wheat grai
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2. Wheat proteins and their chromosome localization

At the beginning of the 2bcentury, a systematic study was conducted by @sbor
(1907) to develop a classification for cereal-seeoteins based on their sequential
extraction and differential solubility. The wheatofeins were classified into four
different groups: albumins, soluble in water anldtdi buffers; the globulins, soluble in
saline solutions; gliadins, soluble in water/etHasolution; and glutenins, partially
soluble in the dilute acid solutions and in soméegents or dissociating agents.
Albumins and globulins are generally proteins hguviological functions essential to
the physiology of the grain (enzymes, carriers,yares inhibitors ...). The gliadins
(monomeric) and the glutenins (polymeric) consgittite storage proteins of the grain.
They are usually called prolamins because of thaiticular amino-acids composition
in which a repetitive domain rich proline and in gluamine is present, that is partly
responsible for the original rheological propertiésvheat-based doughs (Shewry, et al.,
1990). Prolamins are only localised in starch-basadosperm. The germ and the

aleurone layer are the compartments richest imaitsiand globulins (Table 4).

Flour
KC/I Buffer
KCl-Insoluble KCI-Soluble
SDS Buffer Ammonium
Acetate in Methanol!
|
SDS-Soluble Methanol-Insoluble Methanol-Soluble
Acetone Metabolic Proteins
Acefone
Yy
Acetone-Insoluble Acetone-Insoluble

Gluten Proteins CM-like Proteins

Figure 7: Separation of wheat flour proteins into duten, metabolic and CM-like protein fractions (from
Hurkman and Tanaka, 2004).

15
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Table 4: Distribution of various proteins in the wheat grain (Popineau, 1988).

Proteins content (% dry

Grain part Weight (% whole seed) Proteins
content)
Germ 3 35-40 Albumi_ns
Globulins
Albumins
Aleurone layer 7-9 30-35 Globulins
Pericarp 4 6-7
Prolamins
Albumins
Starchy Albumen 80 9-14 Globulins

The determination of the prolamins primary struestuallowed Miflin et al. (1983)
and Shewry, et al. (1986) to propose a more predassification of wheat proteins
based on the composition in sulfur amino-acidsy tsteucture and their function in the
grain. According to this classification, prolamiosrrespond to the storage proteins
which are characterized by their composition inravacids very rich in proline and in
glutamine. Their function is only the storage dfregen, in the form of amino-acids,
usable during germination. This classification wasently detailed by Shewry and
Halford (2002). Prolamins are separated in thresugs: prolamins low in sulfur,
prolamins rich in sulfur and prolamins of high nml&ar weight. However, to
completely describe the complexity of prolamins ifgmt is also necessary to take into
account the fact that they present different aggifeg states at maturity: it is in fact

possible to find monomeric gliadins and polymetigenins.

Table 5: Wheat proteins classification according t&hewry and Halford, 2002

Structural and

functional proteins Prolamins (70%)
(30%)
Sulfur-poor Sulfur-rich High Molecular Weight
o/B-, y-gliadins
Albumins, globulins, w-gliadins
LMW-GS type B HMW-GS
others LMW-GS type D
LMW-GS type C
30-75 kDa 30-45 kDa 65-90 kDa
(10-20%) (70-80 %) (6-10%)

16
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a) Albumins/ Globulins

Albumins and globulins account for approximately92®f total proteins of the
wheat flour. Indeed soluble proteins are complextunes containing metabolic
enzymes, hydrolytic enzymes necessary for seedigation and enzyme inhibitors
(Payne and Rhodes, 1982). Albumins contain maitriycgiral proteins, enzymes or
enzymes inhibitors and storage proteins like 2Suralhs. Globulins, present in the
germ, the aleurone layer and the endosperm, contastly storage proteins and some
proteins having physiological functions during thaturation of seedlhey are rich in
lysine and arginine but poor in tryptophan, aspaegnd glutamine.

Also present, the triticins, proteins related tguieins (the seed storage proteins of
legumes), account for 5% of the total seed protdiisen considering their solubility
properties, they behave as globulins. They aretédcan protein bodies in the starchy
endosperm of the wheat grain.

The genes of albumins and globulins of wheat haenlassigned to chromosomes 3,
5, 6 and 7 (Garcia-Olmedo, et al, 1982).

Protocols developed to obtain protein fractionsaled in albumins and globulins
(KCl-soluble) have allowed the analysis of thisgkly unexplored protein fraction
(Vensel et al.,, 2005). By using a classical proteoapproach based on 2DE, 254
proteins, grouped in 13 different biochemical psses of the endosperm, were
identified in this fraction: ATP interconversionations, carbohydrate metabolism, cell
division, cytoskeleton, lipid metabolism, nitrogenmetabolism, protein
synthesis/assembly, protein turnover, signal tracisoin, protein storage, stress/defense,
transcription/translation, and transport (Venselakt 2005). A complete list of the
protein identifications by Vensel et @005) is reported in Table 6.

More recently, Dupont et al (2011) have analyzesdtttal wheat flour proteins and
233 spots were identified. Among these amylasedps® inhibitors represent 4.1%,
triticins 1.6%, serpins 1.6%, avenin-like proteih§%, beta-amylase 0.5%, globulins
0.4%, other enzymes and factors 1.9%, and all @#e(the remaining is composed of
a-gliadins for 20.4%, LMW-GS for 18.0%, HMW-GS for 1%, y-gliadins for 12.2%,
andw-gliadins for 10.5%).

17



SwissProt no.

Protein

SwissProt no.
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Protein

Q8S1A5
Q8L5C2
Q8L5C2
Q42669
QILZF6
P49608
023927
023755
098447
Q43638
QILF88
Q8W0Q7
QIXGF1
Q9M6ES
QOAT32
QIM6E6
P93616
P93616
P93616
Q39641
P93616
P93616
Q01899
Q9SPK5
Q40058
Q95176
P93616
Q8L724
Q9FME2
Q9FME2
QI5NX2
Q944F5
065305
Q9ZR86
Q94DV7

Q94DV7

Q8GWX8
Q8WAMS5
Q41141
QILWT6
P52589
049485

Carbamoyl phosphate synthetase
4SNc-Tudor protein, (NTPase)
4SNc-Tudor protein, (NTPase)

Aconitase

Cell division cycle protein

Aconitase

Pyruvate Pi dikinase

Elongation factor 2

ClpC protease

Heat shock protein, 82K, precursor

Late embryogenesis abundant protein-like
Methionine synthase

Heat shock protein 80-2

Poly(A)-binding protein

Poly(A)-binding protein

Poly(A)-binding protein

Poly(A)-binding protein

Poly(A)-binding protein

Poly(A)-binding protein

Heat shock protein 70

Poly(A)-binding protein

Poly(A)-binding protein

Heat shock protein 70
10-Formyltetrahydrofolate synthetase
DNAK-type molecular chaperone HSP70
F23N19.10, putative stress-induced protein
Poly(A)-binding protein

Stress-induced protein, stil-like
RNA-binding protein, similarity
RNA-binding protein, similarity
Phosphoglucomutase

Fructokinase

Acetohydroxyacid synthase

Protein disulfide isomerase-like protein
Phosphoglycerate mutase, 2,3-bisphosphoglycerate-
independent

Phosphoglycerate mutase, 2,3-bisphosphoglycerate-
independent

2-Isopropylmalate synthase
PPi-fructose-6-P 1-phosphotransferase
PPi-fructose 6-P 1-phosphotransferase beta subunit
Chaperonin 60 kDa beta subunit

Protein disulfide isomerase

Phosphoglycerate dehydrogenase-like protein

P55307
Q93YR3
Q8RZW7
Q8LST6
QIFPK6
Q8GUO1
QoM4z1
049218
Q43772
Q43772
QoM4z1
Q9ASP4
Q93YR3
Q8W3W6
Q8GU18
Q9ASP4
Q8GU18
P52894
Q8GUO01
P52894
Q42971
Q42971
Q9ZRR5
Q9ZRBO
Q42971
081237
Q8W3N9

Q8VZ47
Q9AUVE
Q08837
Q8W516
Q8W3W4
QOFXT8

P41378
Q40058
QIFXT8

P37833
Q9SAUS

QOFXT8

QIXGUS

Catalase isozyme 1

Heat shock associated protein

Selenium binding protein

Aldehyde dehydrogenase

Aldehyde dehydrogenase

Globulin-2

ADP-glucose PPase, SS
Methylmalonate-semialdehyde dehydrogenase
UDP-glucose PPase

UDP-glucose PPase

ADP glucose PPase, SS

Dihydrolipoamide dehydrogenase

Heat shock associated protein

LMW glutenin subunit group 3 type I

LMW glutenin subunit

Dihydrolipoamide dehydrogenase

LMW glutenin subunit group 3 type Il

Alanine amino transferase 2

Globulin-2

Alanine amino transferase 2

Enolase

Enolase

Tubulin a-3 chain

Tubulin b-3 chain

Enolase

6-Phosphogluconate dehydrogenase

26S Proteasome regulatory patrticle triple-A ATPase
subunit 3

Argininosuccinate synthase-like protein
UDP-glucose dehydrogenase

Triticin

SGT1

LMW glutenin subunit group 4 type Il

26S proteasome regulatory particle triple-A ATPase
subunit 4

Eukaryotic initiation factor 4A

DNAK-type molecular chaperone HSP70

26S Proteasome regulatory particle triple-A ATPase
subunit 4

Aspartate amino transferase

Heat shock protein 70

26S Proteasome regulatory particle triple-A ATPase
subunit 4b (10 dpa)

Isocitrate dehydrogenase (NAD) (36 dpa)



082783
P16098
P12299
P12299
P12299
P30184
P30184
Q8RZF3
Q9M7EO
Q8RZW7
Q8GU01

P93692
Q40676
P93692
Q41593
Q9ZR33
P93692
Q9ZRI8
Q9ZR33
Q9ZRI8
Q40676
Q8LK23
081221
Q41319
Q93Y71
Q40676
Q8LK23
QOM4V4
Q40069
P25861
Q8LK23
Q9ST58
Q94CS6
Q942N5
Q9M4V4
QOM4V4
P26517
Q94KS2
QIXGC6
Q03678
Q9FRV1
Q94KS2
P41095
Q94CS6
Q94CS6

Importin a-2 subunit
B-Amylase

ADP-glucose PPase, LS
ADP-glucose PPase, LS
ADP-glucose PPase, LS
Leucine amino peptidase
Leucine amino peptidase
Ketol-reductoisomerase
Elongation factor 1-a
Selenium binding protein

Globulin-2

Serpin homolog WZS3

Aldolase

Serpin homolog WZS3

Serpin

Reversibly glycosylated polypeptide (10 dpa)
Serpin homolog WZS3 (36 dpa)

Formate dehydrogenase

Reversibly glycosylated polypeptide
Formate dehydrogenase

Aldolase

Peroxidase 1

Actin

Acyl-acyl-carrier protein desaturase
Protein disulfide-isomerase precursor
Aldolase

Peroxidase 1

Glyceraldehyde-3-P dehydrogenase (NAD)
Peroxidase BP1

Glyceraldehyde 3-P dehydrogenase (NAD)
Peroxidase 1

Serpin

Legumin-like protein

Auxin-induced protein (10 dpa)
Glyceraldehyde-3-P dehydrogenase (NAD) (36 dpa)
Glyceraldehyde-3-P dehydrogenase (NAD)
Glyceraldehyde-3-P dehydrogenase (NAD)
TGF-b receptor-interacting protein 1
Adenosine kinase

Globulin Beg 1

Chitinase-a

TGF-b receptor-interacting protein 1

60S Acidic ribosomal protein PO
Legumin-like protein

Legumin-like protein

Q8GUO1
Q9ZRI8
P37833
P93693
P37833
Q9ST58
Q43492
P37833
P93692
P04727
Q9FUS4

Q8LKVS
Q04832
Q9FRVO
023983
023983
QYFER4
023983
Q944C6
P11955
P27919
QIFS79
Q8LKV8
QIFS79
P34937
Q8LK23
Q8LKV8
Q8S4P7
QYFER4
P29546
Q945R5
QILMK1
Q9AXH7
Q09114
P52572
QILSU2
Q96185
Q9MB31
Q93VQ6
P16347
Q84UH6
Q93XQ6
Q09114
QILMK1
Q9MB31
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Globulin-2

Formate dehydrogenase
Aspartate amino transferase
Serpin WZS2

Aspartate amino transferase
Serpin

Serpin homolog WZS3
Aspartate amino transferase
Serpin homolog WZS3
a/b-Gliadin clone PW8142
Actin

Seed globulin

DNA-binding protein HEXBP
Chitinase-c

Ascorbate peroxidase

Ascorbate peroxidase

20S Proteasome a-subunit
Ascorbate peroxidase

Small ras-related GTP-binding protein
Chitinasea

Avenin

Triosephosphate isomerase

Seed globulin

Triosephosphate isomerase
Triosephosphate isomerase
Peroxidase 1

Seed globulin

Thaumatin-like protein TLP7

20S Proteasome a-subunit
Elongation factor 1-b

Ascorbate peroxidase
F10K1.21/F7A7_100 protein, similarity
1-Cys peroxiredoxin

Avenin N9

Peroxiredoxin

20S Proteasome a-subunit B
Superoxide dismutase [Mn]
GSH-dependent dehydroascorbate reductase 1
Expressed protein
a-Amylase/subtilisin inhibitor
Dehydroascorbate reductase
Cyclophilin A-2

Avenin N9

F10K1.21/F7A7_100 protein, similarity

GSH-dependent dehydroascorbate reductase 1
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Q9C774 26S Proteasome regulatory subunit S12 Q9LMK1 F10K1.21/F7A7_100 protein, similarity
Q09114 Avenin N9 QILST9 b-1 Subunit of 20S proteasome
Q9FTO00 Malate dehydrogenase (NAD) Q9MB31 GSH-dependent dehydroascorbate reductase 1
Q94JA2 Malate dehydrogenase (NAD) Q9zsuU2 Translation initiation factor 5A
P49027 Guanine nucleotide-binding protein b subunit-liketpin Q8LRMS8 Translationally controlled tumor protein
Q945R5 Ascorbate peroxidase Q93XQ8 Protein disulfide isomerase 2 precursor
Q42988 PPi-fructose-6-P 1-phosphotransferase Q41561 Heat shock protein 16.9C
Q9zWJ2 Glyoxalase | Q41518 Glycine-rich RNA-binding protein
Q40676 Aldolase Q41518 Glycine-rich RNA-binding protein
Q07810 Tritin Q42973 Ubiquitin-protein ligase
T06212d) Glucose and ribitol dehydrogenase P35686 40S Ribosomal protein S20 (10 dpa)
Q9C5Y9 Initiation factor 3g Q43659 Grain softness protein 1b (36 dpa)
Q8WS5L9 Purple acid phosphatase P17314 a-Amylasel/trypsin inhibitor, CM3
Q7X653 OSJNBb0118P14.5 P23345 Superoxide dismutase [Cu-Zn]
Q8L5C6 Xylanase inhibitor protein | Q43472 Glycine-rich RNAbinding protein
Q7X653 OSJNBb0118P14.5 Q02254 Nucleoside diphosphate kinase |
Q8L5C6 Xylanase inhibitor protein | Q9XHSO0 40S Ribosomal protein S12
Q8LKV8 Seed globulin Q95QG8 Pathogenesigelated protein 4
P29305 14-3-3 Protein homolog P01085 a-Amylase inhibitor 0.19
Q8LKV8 Seed globulin Q8S3L1 Glutaredoxin
Q8LKV8 Seed globulin P01084 a-Amylase inhibitor 0.53
P01084 a-Amylase inhibitor 0.53 Q9ST58 Serpin
049956 a-Amylase inhibitor Ima 1, monomeric P12783 Phosphoglycerate kinase
Q09114 Avenin N9 P93438 S-Adenosylmethionine synthetase 2
P35687 40S Ribosomal protein S21 Q9FXT8 26S Proteasome regulatory A subunit
Q40641 Polyubiquitin 6 P50299 S-Adenosylmethionine synthetase 1
Q40058 DNAK-type molecular chaperone HSP70 Q945R5 Ascorbate peroxidase
Q944R8 UDP-glucose dehydrogenase Q945R5 Ascorbate peroxidase
P40978 40S Ribosomal protein S19 Q9ZR33 Reversibly glycosylated polypeptide
Q93wW25 Cyclophilin A-1 QILF88 Late embryogenesis abundant protein-like
Q43223 Sucrose synthase type 2 Q8GU0O1 Globulin-2
QILF88 Late embryogenesis abundant protein-like Q8GU01 Globulin-2
Q8S7U3 Embryo-specific protein P26517 Glyceraldehyde 3-P dehydrogenase (NAD)
Q8GU0O1 Globulin-2 Q43247 Glyceraldehyde 3-P dehydrogenase (NAD)
Q8GU01 Globulin-2 Q9FF52 60S Ribosomal protein L12
Q41551 LMW glutenin (fragment) pP28814 Barwin
P26517 Glyceraldehyde 3-P dehydrogenase (NAD) pP26517 @Glydehyde 3-P dehydrogenase (NAD)
T06212d) Glucose and ribitol dehydrogenase Q8LK23 Peroxidase
Q03678 Globulin Beg 1 Q947H4 Plasmodesmal receptor
Q8LsI0 Globulin-like protein P24296 Nonspecific lipid-transfer protein precursor

Table 6: Proteins of wheat endosperm identified bS (redrawn from Vensel et al., 2005)
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Predicted
Predominant protein pl
MW
Farinins
Farinin Bu-1 full length 29 978 8,1
Farinin Bu-1 C-terminus 18 832 8,4
Farinin Bu-1 C-terminus 18 832 8,4
Farinin Bu-2 30 567 7,5
Farinin Bu-2 30 567 7,5
Farinin Bu-2 30 567 7,5
Farinin Bu-3 30 883 7,9
Farinin Bu-3 30 883 7,9
Purinins
Purinin Bu-1 20272 5,9
Purinin Bu-1 20 272 59
Purinin Bu-2 20592 6,2
Purinin Bu-2 20 592 6,2
Purinin Bu-3 22371 6,2
Purinin Bu-3 22371 6,2
Triticins (Tri-1)
Triticin [GenBank:DR736644] N-terminal subunit inc inc
Triticin TC11_285558, N-terminal subunit 40 501 6,2
Triticin TC11_285558, N-terminal subunit 40 501 6,2
Triticin TC11_285558, N-terminal subunit 40 501 6,2
Triticin TC11_285558, N-terminal subunit 40 501 6,2
Triticin TC11_264477, C-terminal subunit 21830 8,1
Triticin TC11_264477, C-terminal subunit 21830 8,1
Globulins
Globulin-1 [GenBank:ABG68030] (Glo-2) 22 941 8,6
Globulin-2 Bu-17295 53 832 6,6
Globulin-2 Bu-17295 53 832 6,6
Globulin-2 Bu-17366 inc 7
Globulin-2 Bu-18428 53 554 6,6
Globulin-2 Bu-18428 53 554 6,6
Globulin Glo-3-type TC234094 inc inc
Globulin Glo-3-type TC11_305389 inc inc
Globulin Glo-3-type TC11_ 305389 inc inc
Globulin Glo-3-type TC234094/WTAI-CM3 [SwissPrét17314] nd nd
GSP and Puroindoline (Pin-D1)
Grain softness protein [GenBank:CAA56591] 16 157 8,1
Grain softness protein [GenBank:CAA56586] 16 381 7,6
Puroindoline-b [GenBank:AAT40244] 14 812 9
Puroindoline-b [GenBank:AAT40244] 14 812 9

Alpha-amylase and protease inhibitors
CMx1/CMx3 TC11_308146 14 027 8,1
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CMx1/CMx3 TC11_309398 13891 8
WASI [SwissProt: P16347] 19 633 6,8
WCI [GenBank:CAD19440] 12 943 74
WDAI TC11_338524 13 239 5,7
WDAI [GenBank:AAV91972] 13191 5.2
WDAI [SwissProt:P01085] 13 337 6,7
WMAI [PRF:223520] 13 342 6,2
WMAI [PRF:223520] 13 342 6,2
WTAI-CM1 TC11_340510 13 096 6,7
WTAI-CM2 [SwissProt:P16851] 13 034 6,2
WTAI-CM2 [SwissProt:P16851] 13 034 6,2
WTAI-CM3 [SwissProt:P17314] 15 832 6,7
WTAI-CM3 [SwissProt:P17314] 15832 6,7
WTAI-CM16 [SwissProt:P16159] 13 437 5
WTAI-CM16 [SwissProt:P16159] 13 437 5
WTAI-CM17 [GenBank:CAA42453] 13502 4,9
WTAI-CM17 [GenBank:CAA42453] 13502 4,9
WCI [GenBank:CAD19440]/wheatwin-Bu-2/trypsin inftidr factor nd nd
TC11 315743

Serpins
Serpin Bu-1 Type 1b, like [GenBank:ACN59483] 37 667 5,4
Serpin Bu-1 Type 1b, like [GenBank:ACN59483] 37 667 5,4
Serpin Bu-1 Type 1b, like [GenBank:ACN59483] 37 667 5,4
Serpin Bu-1 or Bu-4 inc inc
Serpin Bu-1 or Bu-4 inc inc
Serpin Bu-2 Serpin Z1c, like [SwissProt:Q9ST58] 42 882 5,6
Serpin Bu-2 Serpin Z1c, like [SwissProt:Q9ST58] 42 882 5,6
Serpin Bu-3, Z1a type [Swiss-Prot: P93693] 43 118 5,6
Serpin Bu-3, Z1a type [Swiss-Prot: P93693] 43118 5,6
Serpin Bu-4 or Bu-5 inc inc
Serpin Bu-5, like [GenBank: CAA72274] 42 981 5,2
Serpin Bu-5, like [GenBank: CAA72274] 42 981 5,2
Serpin Bu-7, like [GenBank:ACN59484] 43 431 51
Serpin Bu-7, like [GenBank:ACN59484] 43 431 51

Other Inhibitors
Tritin TC235992 29 653 9,8
Xylanase inhibitor XIP-1 [PDB:10MO0] 30 285 8,3

Beta-amylase §-Amy-Al, b-Amy-B1, b-Amy-D1)
Beta-amylase Bu-18 60 016 6,9
Beta-amylase Bu-1 60 016 6,9
Beta-amylase Bu2 54 481 5,9
Beta-amylase Bu2 54 481 59
Beta-amylase Bu3 54 319 5,8
Beta-amylase Bu3 54 319 5,8
Beta-amylase Bu3 54 319 5,8
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Other enzymes

ADP-glucose PP Ig subunit [GenBank:CAD98749] 53 030 5,6
ADP-glucose PP Ig subunit [GenBank:CAD98749] 53 030 5,6
ADP-glucose PP sm subunit [GenBank:AAF61173] 52 061 55
ADP-glucose PP sm subunit [GenBank:AAF61173] 52 061 55
Alanine amino transferase TC11_282456 52 820 6,1
ATP-synthase beta-subunit [GenBank:CAA52636] 58 562 54
Chitinase, rye, [GenBank:BAB18520] 26 095 8,7
Chitinase [GenBank:AAX83262] 26 022 8,3
Dehydroascorbate reductase TC264934 23 358 59
Enolase TC11_292359 48 033 5,4
Glyoxalase | TC11_ 288238 32 568 54
Glucose/ribitol dehydrogenase RS_UWI_14903 31851 6,3
Ketol-acid reducto isomerase TC234371 57 486 5,4
Malate dehydrogenase [GenBank:AAT64932] 35 486 5,8
Malate dehydrogenase [GenBank:AAT64932] 35 486 5,8
Methionine synthase RS_UWI_10957 84 552 5,7
Orthophosphate dikinase TC11_322894 73501 5,8
PDI3 [GenBank:AAK49425] 54 094 4,9
Sucrose synthase 2 [GenBank:CAA03935] 92 608 6,2
Thiamine biosynth enzyme TC11_308909 33 167 57
Triose-phosphate isomerase [GenBank:CAC14917] 26 803 5,4
27 K thiol reductase-like TC11_300123 23 642 6,1
27 K thiol reductase like TC11_299048 23788 6,1
Other
Elongation factor EF1A [Swiss-Prot: Q03033] 49 169 9,2
HSP70 (Butte 86) [GenBank:AAB99745] 71031 51
Initiation factor Eif4A [Swiss-Prot: P41378.1] 46 928 53
LTP Bu-2 9 606 8,2
Thaumatin-like protein TC11_283136 21 408 7,9

Table 7: Proteins of wheat endosperm identified bS (redrawn from Dupont et al., 2011)
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b) Gluten

Gluten proteins (or prolamins) are the principakeé storage proteins, except for oat
and rice (Shewry et al., 1995), and can repregetd 80% of the total proteins.
Prolamins are divided into gliadin and glutenin arding to their alcohol-solubility
(Osborne, 1907).

(1) Gliadins

Gliadins are heterogeneous mixtures of single-adthipolypeptides which are
soluble in 70% aqueous alcohol. They are subdividddur groups according to their
electrophoretic mobility at acid pHi-, B-, y- and w-gliadins, althougho— and (3-
gliadins are actually grouped ia/B-gliadins, since they are structurally identical
(Kasarda et al, 1987). Gliadins are monomeric mefenith intramolecular disulfides
bonds (fora/B- andy-gliadins). They interact by non-covalent connattietween them
or with glutenin polymers. Their molecular weighthetween 30 and 45 kDa faff3-
andy-gliadins and between 45 and 75 kDa fordhgliadins (Masci et al., 2002).

Using one-dimensional electrophoresis, gliadinsaotingle wheat grain can be
separated into 20-25 components (Bushuk and Zillh@n8; Autran et al 1979;
Wrigley et al 1982; Metakovsky et al 1984). Two-éimsional electrophoresis allows
better separation with a resolution of up to 50 ponents (Wrigley 1970; Payne et al
1982; Lafiandra and Kasarda 1985; Pogna et al 1990)

The y-gliadins differ from a/p-gliadins in the amount of aspartic acid, proline,
methionine, tyrosine, phenilalanine, and tryptoplBietz et al 1977). The-gliadins
differ in amino acid composition from other gliadiand do not have cysteine. The
gliadins are characterized by high levels of glutem(+glutamate) (40-50 mol %),
proline (20-30 mol %), and phenylalanine (7— 9 #9] which represent >80% of the
total amino acid residues (Tatham and Shewry 1985 gliadins are low in the ionic
amino acids (histidine, arginine, lysine, and fcaeboxylic groups of aspartic acid and
glutamic acid). Also, gliadins can be classified@ding to their N-terminal amino acid
sequence.

They show a large polymorphism and a variety of atlean contain from 20 to 50
different gliadins (Brown et al., 1981; Pogna et &B90). The gliadins are coded by
genes located on chromosomes 1 and 6 of the tleremnges A, B and D, at the Id8ii-

1 andGli-2.
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Gliadin content contribute to dough viscosity amxteasibility (Shewry et al, 2003),
whereas glutenins to elasticity.

Genetics and polymorphism:

Using starch gel electrophoresis, Boyd and Lee {12®d Shepherd (1968) have
analyzed the compensating nullisomic—tetrasomic ditedlosomic series developed by
Sears (1954, 1966) in the bread wheat cv. Chinpsads This led them to report that
gliadin proteins are controlled by genes presenthenshort arm of the homoeologous
group 1 and 6 chromosomes. The poor resolutiorh®fane-dimensional separations
and the overlapping of many gliadin components méaat it was possible to assign
only a few of them to specific chromosomes.

This chromosomal assignment was confirmed by tvmeedisional electrophoresis in
Chinese Spring as well as in different bread wite#itvars (Brown et al., 1981; Payne
et al., 1982; Lafiandra et al., 1984). Similar $&sdof durum wheat (Joppa et al., 1983;
Lafiandra et al., 1987) and wild relatives of wheatve also confirmed these results
(Lafiandra et al., 1993).

Extensive studies of the inheritance of gliadinghe progeny of specific crosses
have indicated that the major gliadin genes ocautightly linked clusters, termed
blocks, with intrablock recombination being rare@ZBov and Poperelya, 1980). It is
now generally accepted that tke andy-gliadins are controlled by clusters of tightly
linked genes present at tEdi-1 loci (Gli- Al, Gli-B1, andGli-D1) on the short arms of
the homoeologous group 1 chromosomes, whereasfibgliadins are controlled by the
Gli-2 loci (Gli-A2, Gli-B2, and Gli-D2) present on the short arms of the group 6
chromosomes (Payne, 1987). Shewry et al., 1984 atinbuted this spatial separation
of gliadin genes on the group 1 and 6 chromosomemntancient interchromosomal
translocation, with thé&li-2 locus originating from the translocation ofydype gene
from chromosome 1 to chromosome 6, followed by djgeace of the coding sequence
to give rise to the-type sequence. Theli-1 loci have been shown to be present on the
distal parts of the group 1 chromosomes, showimgpendent or loose linkage with
their respective centromeres (Shepherd, 1988).GIk2 loci have been studied in less
detail, but telocentric mapping showed 35% recomuitom between th&li-A2 locus
and the centromere (Payne, 1987). The individlall andGli-2 loci exhibit extensive

polymorphism, as detected by electrophoretic tephes, with allelic blocks differing in
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the numbers, proportions, and mobilities of differeomponents. This results in a great
diversity of gliadin patterns, providing the bad$w distinguishing different wheat
cultivars (Metakovsky, 1991).

(2) Glutenin

Glutenins, which are heterogeneous mixtures of mehg stabilized by inter- and
intrachain disulfides bonds, represent 40% of thtal tprotein content. The glutenin
polymeric structure can reach very high molecuizess (Wrigley, 1996). The glutenins
can be divided according to their molecular weigitér reduction of disulphide bonds,
in High Molecular Weight (HMW) and Low Molecular Wt (LMW) glutenin
subunits, with the latter being further dividedoifg-, C-, and D-type subunits according
to size, isoelectric points, and composition (Pagnd Corfield, 1979; Jackson et al.,
1983). The C and D groups of LMW subunits are higimilar in sequence to gliadins,
and are considered to be derived from these conmp®ixy mutations resulting in the
presence of odd cysteine residues, which are alflerin interchain disulfide bonds. In
contrast, the B-type LMW subunits form a discrateug (D'Ovidio and Masci, 2004).

High Molecular Weight Glutenin Subunits (HMW-GS)

Even if the HMW-GS are the minor components in gwh quantity, they are the
key factors for breadmaking, because they are tlagormdeterminants of gluten
elasticity. Their molecular weight, estimated bySSPAGE, is around 80-130kDa.

Using nullisomic-tetrasomic, nullisomic-trisomiaycaditelocentric lines of Chinese
Spring, Bietz et al (1975) showed that HMW-GS waoatrolled by genes at loGlu-1
on the long arms of the chromosomes 1A, 1B andM@e detailed studies about the
genetics of the HMW-GS and their relationship tedaimaking quality were conducted
by Payne et al (1981) and Lawrence and ShepheB1)19

Low Molecular Weight Glutenin Subunits (LMW-GS)

The LMW-GS (B-, C-, and D-subunits) represent abmng-third of the total seed
protein and ~60% of total glutenins. Because of diigculty in identifying them in
one-dimensional SDS-PAGE gels, they have beerstassed than the HMW-GS.

The LMW-GS are controlled by genes at thki-A3 Glu-B3 andGlu-D3 loci on the

short arms of chromosome 1A, 1B, and 1D, respdgiibait there is also evidence that
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some LMW-GS (especially of the C-group) are comgmlby genes on group-6
chromosomes (Masci et al, 2002). Two LMW-GS withlecalar weights 0f=30-—
31,000 Da Glu-D4 locus) and 32,000 Da5{u-D5 locus) were reported to be coded at
genes located on chromosomes 1D and 7D, respactaddhough their exact location

within the chromosome has not been establishean{lli et al., 2001)

¢) Chromosomal assignment

The wheat genome size is equivalent to five tineg of the human genome and
forty times that of rice (Vitulo et al., 2011) (Tial8). Moreover it has been shown that
over 30,000 genes are expressed in the developiegtvgrain (Wan et al., 2008). Even
if the sequencing of the wheat genome is not yetpteted, earlier studies have shown

the chromosomal assignment of some genes andmsoteli

Table 8: Genome size for some commercially importdrcereal crops

Cereal Genome size (Mb)
Rice (Oryza sativa) 420
Maize (Zea mays) 2500
Barley (Hordeum vulgare) 4800
Wheat (Triticum aestivum) 16000

Group 1:

The triticin are encoded by the short arm of chreomee 1A Tri-Al locus) and 1D
(Tri-D1 locus). Recently, genes coding for triticin weoerid on chromosome 1B1(-
B1 locus), but no protein expressed by this locusshaeen identified, suggesting that

this locus is inactive (Dubcovsky, et al., 1997).

The LMW glutenin subunits are encoded by genestdolcan the short arm of the
group 1 chromosomes at the I&&lu-A3 Glu-B3 andGlu-D3. The genes encoding the
HMW glutenin subunits are located on the long afralwmomosome group 1 at the loci
Glu-Al, Glu Bl and Glu-D1 (Jackson, et al., 1983; Payne, et al., 1984; Sieglal.,
1988).

Also - andy -gliadins genes have been located on the shorb&ichromosome 1,
at theGli-1 loci (Gli-Al, Gli-A2, andGli-A3) (Payne et al., 1985)

27



Introduction

Merlino et al., 2009 have mapped the thioredoxitype on the chromosomes 1AL
and 1BL, a Heat Shock Protein (HSP70), an alphartthionin and a wheatwinl on
the 1BL. They have also mapped on the chromosonseal@utathione-S-transferase.
Also purothionin (apoprotein) are coded by geneshenchromosomes 1AL, 1BL and
1DL (Garcia-Olmedo et al., 1982).

In 2001, Singh et al., have assigned a 23kDa giolbalthe chromosome 1D.

Glucose phosphate isomerase and malate dehydregbaas been mapped on the
1A, 1B and 1D (Cox et al., 1987).

Group 2:

For the homologous group 2 Singh and Skerritt (20@1/e found the-amylase
inhibitor to be encoded by genes on chromosomearZA2B, and the-amylase and a
42 kDa protein on chromosome 2D.

Merlino et al., 2009 have assigned to the chrom@s2BS the 1-cys peroxiredoxin.
Wu et al. (1999) have assigned to the homologowsipgr2 the mitochondrial
manganese superoxide dismutase (MNnSOD) gene.

Group 3:

Alpha-amylase inhibitors have been also assignégetchromosomes 3BS and 3DS
(Singh and Skerritt, 2001).They have also assign8dkDa protein and a 20kDa to the
chromosome 3AL and 3Ds respectively.

A 16,9kDa Class | Heat shock protein was assignegenes on the chromosomes
3AS, 3BS and 3DS. Moreover two others Small heaftclsiprotein (HSP17,5 and
HSP17,8) have been located on the 3BS and 3DSifMdest al.,2009). They have also
assigned to the 3AS the ATP synthase beta subunit.

The analysis of grain esterase isozymes in Chifgsang aneuploid genotypes by
IEF indicated that genes on the long arms of chemmes 3A, 3B and 3D control the

production of 19 isozymes (Ainsworth et al., 1984).

Group 4:

Alpha-amylase inhibitors have been also assignettidachromosome 4B and 4D
(Carbonero, et al., 1999; Singh and Skerritt, 208lAm, et al., 2003).

The B-amylase enzymes are encoded by genes on the forsgoh chromosomes 4A
and 4D.
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Three proteins with 51, 52, 56 kDa molecular wesdghave been located on the 4A
chromosome. The serine carboxypeptidase Il ankB&@rotein have been assigned to
the 4BS (Singh and Skerritt, 2001).

Payne et al (1985) have shown that globulins anéralbed by genes on chromosome
group 4, more precisely on the 4BL and 4DS. Moreadso two globulins, with
molecular weights of 39 and 50kDa are encoded etctitomosome 4DS (Singh and
Skerritt, 2001).

Also the CM-like proteins CM3 have been assignethéochromosome 4A (Garcia-
olmedo et al., 1982).

Group 5:

The UDP-glucose pyrophosphorylase, a serpin, alesstganded nucleic acid
binding protein, a 0.19 dimeric alpha-amylase iitbibhave been assigned to genes on
the chromosome 5BL (Merlino et al., 2009).

In 2009 Chikmawati et al., have mapped the elongdtactor-1 alpha on the 5DL, a
ribosomal protein S29-like protein on the 5AL ardl5 a Lipid Transfer Protein 7a2b
on the 5DL, a thioredoxin on the 5DL and the 5B®nethionine synthase protein on
the 5AS and 5BS. They have also confirmed the asmgt of the UDP-glucose
pyrophosphorylase made by Merlino et al. (2009}ten5BL but have also assigned it
to the 5AL and 5DL.

Singh and Skerritt (2001) have found a 38kDa allbuamd two globulins to be
encoded by genes on the chromosome 5DL.

Studies have shown that three orthologous loctHerGrain Softness Protein (GSP)
exist in hexaploid wheat. They are located on tistabend of the homologous group 5.
The GSP-1 locus on 5DS is closely linked to theoputoline genes and thus is linked
to grain texture. Clearly, GSP-1 is closely relatedhe puroindolines and is a member
of the same protein ‘superfamily’ that includesmylase/trypsin inhibitors, the ‘CM’
proteins, and non-specific lipid transfer proteil®rris, 2002).

In 2009, Pérez et al. have localized the Rad50 ftesponsible for a protein involved
in the repair of breaks in double-stranded DNA tloe short arm of chromosomes 5A,
5B and 5D.

By using substitution lines, Veisz and Sutka (199&ve confirmed that
chromosomes 5A, 5B and 5D carry genes responsibledst resistance.

29



Introduction

5A Chromosome:

The chromosome 5A with a predicted size of 827Miresents 4,9% of the wheat
genome and carries genes controlling importantsteich as vernalization requirement
(TaVRT-), cold tolerance and abiotic stress toleranceadis resistance (e.g. Fusarium
head blight) and domestication traits (e.g. freegshing Q gene ). Considering the
predicted chromosome arm lengths of 295Mb and 53&IVIBAS and 5AL, the coding
fraction can be estimated as 1.08% and 1.30% instin@t and the long arm,
respectively. Considering an average coding sequiemgth of 2,000 bp, the number of
genes was estimated at about 1,593 genes on theashand 3,495genes on the long
arm, for a total of 5,088 genes for the whole chweame. The gene ontology (Figure 6)
allowed the association of 75,834 reads with 8s$er37 Biological Process, 25
Molecular Function and 25 Cellular Component. Bgital Process terms were
associated to 22,816 reads, Molecular Functiongoaites annotated 44,196 reads,
“binding” and “DNA binding” function accountingfor 34% ; Cellular Component
categories annotated 8,822 terms, 37% of thenMenibrane”(Vitulo et al.,2011).

Biological Process

W Metabolic process (11%)
@ Cellular process (10%)

[ Protein modification (8%)
@ Transport (9%)

@ Transcription (9%)

W Response to stress (6%)
M Biosynthetic process (5%)
H Cell death (5%)

[ Mucleic acid metabolism (4%)
[ Calabolic process (4%)
B Cther (26%)

Molecular Function -
B Nucleotide binding (18%)

[ Binding (15%)

[ Catalytic activity (12%)
I Hydrolase activity (10%)
I Kinase activity (9%)

B Protein binding {6%)

M Transferase activity (6%)
B DNA binding (5%)

[ Nucleic acid binding (4%)
B Transporter activity (3%)
W Other (10%)

Cellular Component

B Membrane(37%)

H Intracellular (15%)
[ Nucleus (14%)

W Plastid (8%)

B Cytoplasm (5%)

B Mitochondrion (4%)
B Ribosome (3%)

B Thylakoid {3%)

[ Cytoskaleton (3%)
[E Extracellular region (2%)
B Other (7%)

Figure 8: Percentage distribution of the GO entrieselative to
chromosome 5A (from Vitulo et al., 2011).
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Tsujimoto and Noda (1990) have mapped, by cytokigmethods, a suppression
speltoid gene@), which confers the free-threshing character efgpike and influences
other important agronomic traits, andBamylase gene on the long arm of the 5A

chromosome.

Chromosome 5A has been shown to carry alleles taftecimportant yield
components and also at least two loci affectingyliteilndeed Snape et al (1985), by
using single-chromosome recombinant lines, havatéat/rnl, g andbl genes on the
long arm of the 5AVrnl is one of the main determinants of the winterfspmrown
habit polymorphismg determines ear morphology abtigene determines the presence
of awns. For the&/rnl also two others loci have been mapped on the chrose 5D
(Vrn-D1) and on the chromosome 58r(-B1).

By the use of homozygous deletion lines of wheatb#L, generated in the variety
Chinese Spring, the frost resistance geérte has been mapped on the long arm of the
5A chromosome (Sutka et al., 1989; Snape et @010

The gene controlling the compact spike morphologg Wocated on the chromosome
5AL (Kosuge et al., 2011).

In 2010, Burt et al have identified a single mafdfL conferring resistance to
eyespot on the long arm of chromosome 5A.

Others QTL have been localized on the 5A chromosohye Jantasuriyarat et al
(2004) by using recombinant inbred lines produaedhie frame of the International
Triticae mapping Initiative (ITMI). One QTL for ghue tenacity which explains 15-
22% of the phenotypic variance, one QTL affectimgshability responsible for 10% of
the phenotypic variance, one QTL affecting the iadfagility and explaining 16% of
the phenotypic variance, and finally one QTL whadfects the spike compactness and
explains 14% of the phenotypic variance, were found

Moreover it was showed that expression of genedilaad in other chromosomes are
regulated by the 5A chromosome during cold hardgrnim fact, the transcription of 78
genes (39 up-regulated) proved to be chromosomdép®ndent. These genes encoded
proteins involved in transcriptional regulation,felece processes and carbohydrate

metabolism (Kocsy et al., 2010).
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Group 6:

For the homologous group 6 Merlino et al (2009) endocalized the HSP70, the
small HSP Hsp23.5 and the monomeric alpha-amylakéiior on the 6BS; the
cytolosic glutathione reductase and the beta-aray@s the 6DL; and finally the
EM4_WHEAT Em protein H5 on the 6AS. This confirnfetlocalization of thex-
amylase inhibitor made by Islam et al (2003) andgBiand Skerritt (2001) on the
chromosome 6.

A 41kDa and a 48kDa albumins have been assigndtetohromosome 6BS; and a
42kDa albumins and a 38kDa globulin to the 6DS imgl$ and Skerritt (2001).

Also gliadins are encoded by genes on the homokgpaup 6 (Lafiandra et al.,
1984)

Group 7:

Concerning the homologous group 7, a serpin wasgress$ to the 7DS, a
lactoylglutathione lyase to the 7DL and a putaggryl-tRNA synthetase to the 7BS
(Merlino et al., 2009).

The genes encoding for the Chloroplastic Copped/Zsuperoxide dismutase
(Cu/ZnSOD) were found to be on the long arm ofgteip 7chromosomes by Wu et al.
(1999).

Singh and Skerritt (2001) reported that 4 albunf#@kDa, 45kDa, 39kDa, 19kDa)
are encoded by genes on the 7BS, one (56kDa) byAhe&nd one 44kDa albumin by
the 7D. They have also found 2 globulins to be daddby genes on the 7DS and one
on the 7BS.

Moreover the CM-1 and the CM-2 are encoded by gemethe group 7B and 7D
respectively (Garcia-Olmedo et al., 1982)
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Table 9: Chromosomal location of wheat proteins

Protein Name

Chromosomal location

Biological proces/molecular function

Reference

Triticin 1A, 1B, 1D Nutrient reservoir activity Dubcovsky,a., 1997
Thioredoxin H-type 1AL, 1BL Electron transport Med et al., 2009
Heat Shock protein (HSP70) 1BL Protein Folding Nherlet al., 2009
Alpha-1-purothionin 1BL Defence response Merlino et al., 2009
Wheatwinl 1BL Defence response Merlino et al., 2009
Glutathione-S-transferase 1BS Response to stress rlinMet al., 2009

Group 1  23kDa globulin 1D Nutrient reservoir activity Singh and Skerr@01
Purothionin (apoprotein) 1AL, 1BL, 1DL Defence reaspe Garcia-Olmedo et al., 1982
LMW-glutenin 1AS, 1BS, 1DS Nutrient reservoir activity Paynealet 1984
HMW-glutenin 1AL, 1BL, 1DL Nutrient reservoir activity Payne at, 1984
Glucose phosphate isomerase 1A, 1B, 1D glycolysis ox &t al., 1987
Malate dehydrogenase 1A, 1B, 1D carbohydrate mésabo Cox et al., 1987
- y-Gliadins 1AS, 1BS, 1DS Nutrient reservoir activity Paynalet 1985
Alpha-amylase inhibitor 2A, 2B Response to stress ingtsand Skerritt, 2001
a-amylase 2D carbohydrate metabolism Singh and Skerritt, 2001

Group 2 42kDa protein 2D \ Singh and Skerritt, 2001
1-cys-peroxiredoxin 2BS Response to stress Merlino et al., 2009
Mitochondrial MnSOD 2 metal ion binding Gusta et al., 1999

Group 3 Alpha-amylase inhibitor 3BS, 3DS Response to stress Singh and Skerritt, 2001
32kDa protein 3AL \ Singh and Skerritt, 2001
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20kDa protein 3DS \ Singh and Skerritt, 2001
ATP synthase beta subunit 3AS ATP biosynthetic Merét al., 2009
GAD1 3BS Glutamate metabolism Merlino et al., 2009
16,9kDa Class | Heat shock protein 3AS, 3BS, 3DS oten folding Merlino et al., 2009
Small Heat Shock Protein HSP 17,5 3BS Protein fgidi Merlino et al., 2009
Small Heat Shock Protein HSP 17,8 3DS Protein figidi Merlino et al., 2009
Grain esterase 3AL, 3BL, 3DL \ Ainsworth et al., 1984
Alpha-amylase inhibitor 4B, 4D Response to stress slant et al., 2003
B-amylase 4AL, 4DL carbohydrate metabolism Singh and Sker2ii01
Protein disulfide isomerase 2 4BS electron trartspor Merlino et al., 2009
Serine carboxypeptidase I 4BS proteolysis Singh@kerritt, 2001
Group4 51 kDa, 52 kDa and 56 kDa albumins 4A \ Singh Skerritt, 2001
66 kDa albumin 4BS \ Singh and Skerritt, 2001
Globulins 4BL, 4DS Nutrient reservoir activity Payne et 4B85
CM-3 4A Response to stress Garcia-Olmedo et al., 1982
39 kDa and 50 kDa globulins 4DS Nutrient reseraaiivity Singh and Skerritt, 2001
UDP-glucose pyrophosphorylase 5BL carbohydrate Inoditan Merlino et al., 2009
Serpin 5AL response to stress Merlino et al., 2009
Single-stranded nucleic acid binding protein 5BL anslation Merlino et al., 2009
0,19 dimerica-amylase inhibitor 5BL response to stress Merlino et al., 2009
Group 5 Elongation Factor-1 alpha 5DL GTP binding Chikmaweal., 2009
Ribosomal protein S29-like protein 5AL, 5DL tragtgbn Chikmawati et al., 2009
Lipid transfer protein 7a2b 5DL lipid transport ikmawati et al., 2009
Thioredoxin M 5BS, 5DL electron carrier activity Chikmawati et, @009
Methionine synthase protein 5AS, 5BS ATP binding hikehawati et al., 2009
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38kDa albumin 5DL \ Singh and Skerritt, 2001
HSP 70 6BS Protein folding Merlino et al., 2009
Small heat shock protein Hsp 23,5 6BS Protein fgdi Merlino et al., 2009
Monomeric alpha-amylase inhibitor 6BS Responsértss Merlino et al., 2009
Cytolosic glutathione reductase 6DL Electron tramsp Merlino et al., 2009

Group 6  Beta-amylase 6DL Carbohydrate metabolism Merlino et al., 2009
EM4_WHEAT Em protein H5 6AS Response to stress Mert al., 2009
41kDa, 42kDa and 48Kda albumin 6BS \ Singh andr8ke2001
38kDa globulin 6DS \ Singh and Skerritt, 2001
a- B- Gliadins 6AS, 6BS, 6DS Nutrient reservoir activity Lafiandieal., 1984
serpin 7DS Response to stress Merlino et al., 2009
Lactoylgluttathione lyase 7DL Carbohydrate metadli Merlino et al., 2009
Putative glycyl-tRNA synthetase 7BS Translation liheret al., 2009
C_hloroplastic Copper/Zinc superoxide 7 metal ion binding Wu et al., 1999
dismutase

Group 7  46kDa, 45kDa, 39kDa, 19kDa albumins 7BS \ Singt &kerritt, 2001
56kDa albumin 7A \ Singh and Skerritt, 2001
44kDa albumin 7D \ Singh and Skerritt, 2001
Globulins 7BS, 7DS \ Singh and Skerritt, 2001
CM-1 7B Response to stress Garcia-Olmedo et al,, 1982
CM-2 7D Response to stress Garcia-Olmedo et al,, 1982
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B. Proteomics

To exploit the genetic information from plant ger®mrojects, it is necessary to

have the ability to identify the multitude of pobtides synthesized as a result of gene

expression. This requires the technologies to tepl&actionate, characterize and

identify large numbers of proteins in parallel. temmnics is an attractive approach to

determine gene expression in biological systemausthe proteome complement can

change markedly as a result of developmental amitaermental factors. Although
proteomics is a relatively new science, it is bagedreviously established analytical
techniques (Humphery-Smith et al., 1997). The diifié proteomic steps are illustrated
in Figure 9. Originally, the core separation tedbgyg of proteomics was two-
dimensional gel electrophoresis (2-DE), a systea iwell suited to the separation of
complex mixtures of proteins. It is significant thlis methodology was first developed
in relation to the separation of cereal grain prt€Wrigley, 1968, 1970), with further
developments of high-resolution 2-DE by O’Farrdl®75), Klose (1975), and Scheele
(1975), demonstrating the enormous potential & dmalytical technique for separating
thousands of proteins in parallel. In the earligplecations of Wrigley (1968, 1970), it
was possible for the first time to determine chreomal locations, using aneuploid
lines, for over 50 gliadin proteins.

Much more recently, 2-DE has been used to estabhsbmosomal locations for a
wider range of genes for wheat grain proteins ifisket al., 2002, 2003). The 2-DE
methods currently used in proteomics offer muclaigneresolving power than the early
methodology. The current state of 2-DE as a separ&tchnology has previously been
reviewed by Gorg et al. (2000). 2-DE separates eprst using two independent
physiochemical parameters. The ‘first dimensiomoWwn as isoelectric focusing (IEF),

separates the proteins in an immobilised pH gradi®G). Proteins migrate and stop

when they reach their isoelectric point)(prhe ‘second dimension’ separates proteins

according to their molecular mass alone, usingwsudiodecyl sulfate polyacrylamide
gel electrophoresis (SDS-PAGE). (Gorg et al., 2a9€rbert et al., 1997; Humphery-
Smith et al., 1997).
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Figure 9: schematic representation of the proteomistudy
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Aim of the work

Among the species of agricultural interest, wheabne of the most important, but
the sequencing of its genome is very complex bec#sssize is 16 billion base pairs,
about 5 times the human genome. To handle thets8merhallenge of analysing the
wheat genome, two international consortia have bestablished: the IWGSC
(International Wheat Genome Sequencing Consortiam) the ETGI (European
Triticeae Genome Initiative). The strategy chos=Esed on chromosome sorting, makes
possible to divide the wheat genome in many liesrieach consisting of only one
chromosome or chromosomal arm. The Italian init@ti‘Physical map of wheat
chromosome 5A: Italian initiative for the sequemciof the whole genome”, is
responsible for the analysis of chromosome 5A apdPhD takes part of this project.

The aim of the project is to identify the polypeles encoded by the genes on the
chromosome 5A of tetraploid and hexaploid wheatse Knowledge of polypeptides
encoded by genes at chromosome 5 will help in tiderstanding of the correlations
between their presence and specific physiologitalracteristics, along with quality
properties.

In order to identify these polypeptides, the stuhs performed with a proteomic
approach based on 2D-Electrophoresis and Mass rSpwtty analyses.The first target
was the identification of the 5A proteins of thewm wheat cv Langdon, by using the
interspecific chromosome substitution lines withdicoccoidesnd this allowed also to
characterize 5A encoded polypeptides of this lafibis study was done both on the
metabolic fraction and the CM-like fraction. Thiosk was also performed for the
gliadin and the glutenin fractions, in order to ckiéthere are additional loci, besides
those already known (present on chromosomes 1 anthé second objective was to
identify 5A encoded polypeptides in bread wheatse Btudy was conducted in the
same way, i.e. by means of the use of intervar@®athromosome substitution lines,
specifically five lines in which the 5A chromosomkthe bread wheat cultivar Chinese
Spring has been replaced by each of 5A chromosahesiltivars Hope, Thatcher,
Timstein and Cheyenne.

Besides the wheat kernel proteome, we were alsoestied in the leaf proteome, and
more particularly in the nuclear proteome. Becatis nuclear protein fraction is
present in low quantity and thus it is difficult bave sufficient quantity to realize 2D

electrophoresis, for this part the study we usecHodtrophoresis.
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Materials and methods

A. Plant Material

For tetraploid wheat, the substitution lifieturgidumsubsp.durumcv. Langdont.
dicoccoidessA or 5B (in which the pair of either chromosonfe & 5B of Langdon is
replaced by the pair of either chromosome 5A orobB. dicoccoideshas been used,

along with the parental lines (cv. Langdon, dndlicoccoides).

For bread wheat, different intervarietal chromososabstitution lines have been
used (Table 10), in which chromosome pair 5 (ApBD) of the bread wheat cultivar
Chinese Spring (the recipient variety) has beetaceg by the chromosome pair 5 (A,
B or D) of the bread wheat cultivars Cheyenne, Hapatcher, or Timstein (fig.10).

Because growing conditions affect protein expregsgeeds of the parental lines
along with their chromosomes 5 substitution lingere first germinated at 4°C for 15
days, then were allowed to reach maturation inraate chamber at ~20- 25 ° C until

spike maturation.

In the case of the analysis of seed proteins, plavdre grown until maturity,
whereas, the analysis of nuclear proteins was pedd on leaves collected three weeks

after germination, when plants have around sixdeg¥igure 11).

This latter analysis was performed on tetraploicattonly.
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Figure 10: Schematic representation of the main sps used for obtaining a chromosome
substitution line

Table 10: Substitution lines used in this study

Name of the Substiution fne abbreviation

Chinese Spring (Hope5A); Chinese Spring (HopeSH)ESk Spring (Hope5D) CS-Hope5A; CS-Hope5B; CS-HopebD
Hexaploid Chinse Spring (Timstein5A); Chinese Spring (Tiin5®);Chinese Spring (Timstein5D) | CS-Timstein5A; CS-Timstein5B; CS-Timstein5D
wheat  Chinese Spring (Thatcher5A); Chinese Spring (Tleaifb);Chinese Spring (Thatcher5D)| CS-Thatcher5A; CS-Thatcher5B; CS-ThatchersD
Cheyenne (Chinese Spring5A);Cheyenne (ChinesegSBiiCheyenne (Chinese SpringdD)  CNN-CS5A; CNN-CS5B; CNN-CS5D

Tetraploid Langdon (Dicoccoides5A) LDN-TD5A
wheat  Langdon (DicoccoidessB) LDN-TD5B

Figure.11: Tetraploid wheat plants collected for nglear proteome analysis
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B. Methods

The ideal situation for performing proteomic comgans would be to extract and
separate total proteins, but this is not alwayssides, either for the enormous number
of polypeptides that would be present, and forkimehemical characteristics of some
polypeptides that hamper the possibility to extractseparate them by IEF. For this
reason, it is more appropriate to perform pre-foaetion procedures that allow to
obtain fractions enriched in specific protein ckass

1. Metabolic and chloroform-methanol (CM) fractions

a) Protein extraction

Because gluten proteins, that are the most abumdatdin class in wheat endosperm,
are mostly coded by chromosomes 1 and 6, we hasteafalysed the soluble protein
fractions, in which it is presumed that polypepsid®ded by genes at all chromosomes

are present.

Proteins are extracted following a sequential exiva protocol. Wheat flour
proteins are separated into gluten, metabolic,charoform/methanol-soluble proteins
fractions based on solubility in KCI and methargblurkman et al., 2004).

Metabolic fraction:

First, about 30 seeds are milled to obtain 300 rhdlaur. Then the flour is
suspended in 1,18 mL of cold KCl-buffer (50 mM THEI, 100 mM KCL, 5 mM
EDTA, pH 7,8) with 24 uL of protease inhibitor céak (ref 11 873 580 001, ROCHE).
The suspension is incubated 1 hour on ice by virgexevery 15 minutes. The
suspension is centrifuged at 8500 rpm for 25 mmae4°C.The supernatant or KCI-
soluble fraction is collected and 5 volumes of 0,aiMmonium acetate in methanol are
added, and incubated overnight at -20°C. Thenxtrae is centrifuged at 8500 rpm for
15 minutes at 4°C. The pellet, containing the maialdraction, is washed two times

with cold acetone, and then dried at room tempegatu
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CM fraction:

Five volumes of cold acetone are added to the safsmt previously obtained, and
incubated overnight at -20°C. Then it is centrifdige 8500 rpm for 15 minutes at 4°C,
and the pellet, containing the chloroform-methdnattion, is washed two times with

cold acetone, and dried at room temperature (FigjRye

Finally the pellets containing the protein fracgoof interest are resuspended in a
rehydratation buffer (7M urea, 2M thiourea, 2% CHFAR% Triton X-100).
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Figure 12: Schematic representation of the extraabin protocol for obtaining the different
wheat protein fractions
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b) Quantification

2-D Quant Kit Assay (Ge Healthcare) is based orspeific binding of copper ions
to protein. Precipitated proteins are resuspended copper-containing solution and
unbound copper is measured with a colorimetric ageme color density is inversely
related to the protein concentration. The assayahisear response to protein in the
range of 0-50ug. This Kit was used to have an accurate estimatiothe protein
extractions and thus be able to use always the pantein concentration prior the IEF.
Six dilutions (0-50ug) of BSA provided in the kit (2mg/mL) were usedstandards.
Five and teruL of samples (containing the protein extractionssdived in RB) have
been assayed in each test.

¢) Two dimensional electrophoresis

Eighteen centimetres immobiline pH gel strips (pH(3 are rehydrated for 12 hours,
overnight, with 340 pL of rehydratation buffer addeith 300 pg of proteins and 0,5%
IPG buffer and 1,2% of Destreak. Then the strigsfacused for a total of 95000 Volts
(200V for 4h; 500V for 2h30; 1000V for 3h; 5000Vrfah; 8000V for 30 minutes in
gradient step; 8000V for 9h30) using the IPGPHaisoelectric Focusing System (Ge

Healthcare).

After isoelectrofocalisation, strips are equili@@tor 15 minutes three times, first in
the equilibration buffer (6M urea, 50mM Tris, 30%yagrol, 2% SDS) added with 1%
DTT , then in the equilibration buffer added wit/s% iodoacetamide, and finally with
the equilibration buffer alone.

The strips are deposited on 20 centimetres SDS-P@élE(T=12%; C=2,67%), cast
in the PROTEAN Plus Multi-Casting Chamber (Biora@ihe gels are focused, in the
PROTEAN Plus Dodeca Cell (Biorad), at 20 mA/gel floe first 20 minutes, then 40
mA/gel and the focusing is stopped 15 minutes #fieidye front output.

Three technical replicates are made for each lindied. In this case, biological
replicas were not performed, since we searched fonlgrotein bands that were either

present or absent, and not modulated in their sspe levels.
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d) Gel staining and acquisition

The 2DE gels were stained in a solution contaidi@g gr/L of ammonium solphate,
1 gr/L of Coomassie G250, 11% of phosphoric acid 20% methanol overnight and
destained three times for 1 h with distilled wdiefore image acquisition.
All the gels were scanned with EPSON Perfection O/p8o at 16 Bit and 300 dpi

resolution in grayscale.
e) Image analysis

All the gels, three replicates for each studie@,liwere analysed with the software
Progenesis Samespots ver 4.5 (Nonlinear Dynamik$,ttJ detect the spots. After an
alignment step in which gels are superimposedsdifitevare detects all the spots present
on the gel. After the software has performed spaasarement and background
subtraction, the normalised volume of each spoeach replicate is compared to
determine differences of expression. The spots@msidered to be present/absent when
thep-value is < 0.05 (generated by the applicationnafigsis of variance ANOVA), the
g-value< 0.05(False Discovery Rate), and the pon@8, and by direct observation.

For the tetraploid wheat study, it was used a “sragel” made from a 50/50 mixture
of T. turgidumsspdurumcv Langdon and'. dicoccoidesn order to count spots that
were specific to each of the two parents (Merlincale, 2009). Master gel analysis
allows to identify all the protein spots that anecommon between the two genotypes,
that thus cannot be attributed to any chromosoniereas differential spots allow to
perform chromosome localization by means of ther@mpte genetic lines. This

experiment was repeated two times in order to cantine results.

In order to detect 5A encoded polypeptides in eitihe parental genotypes, the

following scheme was applied (tab.11):
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Table 11: Workflow for the image analysis done wittProgenesis Samespots

Tetraploid
wheat

T. durumcv Langdon
S
Triticum dicoccoides

Identification of common spdts

Triticum dicoccoides
S
LangdonT.dicoccoideSA

Identification of TD 5A spots

T. durumcv Langdon
S
LangdonT .dicoccoideSA

Identification of TD 5A
and LDN 5A spots

Bread wheat

T.aestivuncv Chinese Spring
S
T.aestivurrcv Hope

Identification of common spdts

T.aestivuncv Hope

Vs Identification of Hope 5A spots
CS/Hope5A
T.aestivuncv Chinese Spring dentification of CS 5A
Vs
CS/Hope5A and Hope 5A spots

T.aestivuncv Chinese Spring
S
T.aestivuncy Timstein

Identification of common spdts

T.aestivunty Timstein
S
CS/Timstein5A

Identification of Timstein 5A spots

T.aestivunecv Chinese Spring
'S
CS/Timstein5A

Identification of CS 5A
and Timstein 5A spots

T.aestivuncv Chinese Spring
S
T.aestivuncv Thatcher

Identification of common spdts

T.aestivunty Thatcher
Vs
CS/Thatcher5A

Identification of Thatcher 5A spots

T.aestivuncv Chinese Spring
'S
CS/Thatcher5A

Identification of CS 5A
and Thatcher 5A spots

T.aestivunrcv Chinese Spring
S
T.aestivuntv Cheyenne

Identification of common spdts

T.aestivuntv Cheyenne
'S
Cheyenne/CS5A

Identification of Cheyenne 5A spots

T.aestivunecv Chinese Spring
S
Cheyenne/CS5A

Identification of CS 5A
and Cheyenne 5A spots

2 spots in common between the two parents areakentinto consideration for the analysis, sinds fitot possible to
attribute them to any chromosome
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f) Mass spectrometry

Mass spectrometry analyses were conducted at ti®AlBlatform “Biopolymers-
Structural Biology” located at the INRA Center ohders-Nantes, during different

stages | performed during my PhD  activity http://www.angers-

nantes.inra.fr/plateformes et plateaux techniqlegsforme bibs

Before being submitted to mass spectrometry, tloesspf interest are picked and
hydrolysed.

The spots are first washed to remove contaminasgscated with coloring step.
Then the disulfide bridges of proteins are brokenhe use of 1,4-Dithiothreitol (DTT),
and to avoid re-matching of the cysteine, proteins alkylated with iodoacetamide.
Subsequent steps of washing permit to remove thenidal reagents used in the steps
of reduction / alkylation. Following these stepg tbroteins are then hydrolyzed with
trypsin (which cleaves peptide chains mainly at ¢aeboxyl side of the amino acids
lysine or arginine, except when either is followsdproline) at a concentration of 15
ng/pL in a 25 mM NBHCGO; buffer. Then 1 pL of trypsin is added in each eploeh
which are incubated at 37 ° C overnight. The next tthe reaction is stopped by adding
10 pL of 10% formic acid (Larré et al., 2010).

Nanoscale capillary liquid chromatography-tandenssrepectrometry (LC-MS/MS)
analyses of the hydrolyzed proteins were perforrasthg a U3000 RSLC system
(Dionex, Amsterdam, the Netherlands) coupled to TQ{Orbitrap VELOS mass
spectrometer (Thermo Scientific, San Jose, USA)o@hatographic separation was
conducted on a reverse-phase capillary column @ktclPepmap 100, C18, 3 um
particle size, 100 A, 7fm i.d., 15 cm length, Dionex) with a linear gradiélom 3%
to 40% of acetonitrile in 25 min, followed by arciease to 65% of acetonitrile within 5
min. Mass data acquisitions were piloted by the 2{Hitir software (Thermo Scientific)
using a typical parallelised “top 5 CID” experimeMS data were recorded at 30,000
resolution in the Orbitrap analyzer, whilst theefimost intense ions (with the exclusion
of singly charged ions) were selected and fragntemtethe LTQ ion trap (MS/MS
measurements).

Proteins were identified by comparing the collected-MS/MS data with the
Uniprot sequence databank, restricted to théiridiplantae taxonomy

(http://www.uniprot.org)l and with the Institute of Genomic Research (TI@R)ressed
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sequence tag (EST) databank. Databank searchesp@dmemed using the Mascot
server 2.2 program (Matrix Science), whichaipowerful search engine that uses mass
spectrometry data to identify proteins. First Mddooks for the best peptide sequence
match to each MS/MS spectrum in databank and thaupg these peptide matches into
protein matches. The mass tolerance was set atm$ppparent ions (MS mode) and
0.5 Da for fragment ions (MS/MS mode); one missedper peptide was allowed, and
Carbamidomethylation of cysteine was specified atatic modification whereas the
oxidation of Methionine was set as a variable modiion.

Protein identification was based on a minimum ob tpeptides matching the
databank sequence, with individual MASCOT ion ssoabove the significance
threshold (threshold score of 33, p<0.05).

For the identfication, the results of the two datats have been compared, and
proteins have been selected following various GatéMascot score, peptides numbers,
emPAl, sequence coverage and good correlation batWiN/ pl theoric and MW/pl
experimental. The Exponentially Modified Protein ukldlance Index (emPAl) offers
approximate, label-free, relative quantitation bé tproteins in a mixture based on
protein coverage by the peptide matches in a ds¢abe@arch result, and can be used to
represent the contribution of each protein in tpet#loreover to verify that the
identfication is the best possible for some sqiaytides a supplementary blast on ncbi
was realized.

The gene ontology (biological and molecular funa}iof each protein was search on
the database of Uniprot and in literature.

Finally, information on the chromosomal assignenwdrihe identified proteins was

controlled in the GrainGenes EST database.
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2. Glutenin and gliadin fractions

a) Protein extraction and quantification

For the gliadins, 100 mg of flour is suspended wokimes of extraction buffer (1,04
mL of DimethylFormamide in 10 mL #D) and incubated for 1 hour. Then the solution
is centrifuged for 15-20 minutes at 13000 rpm. Bhpernatant contains the gliadins.
Proteins are precipitated in cold acetone at -20%€rnight, then resuspended in
Acetonitrile 25%/ Trifluoroacetic acid 0,025%. Afta centrifugation at 13000 rpm for
10 minutes, the protein concentration is calculdigdspectrophotometer analysis=(
280 nm ee=0.75). Finally, proteins are aliquoted in 30-40 fuactions and vacuum-
dried.

For the glutenins, 100 mg of flour is washed uratgtation with 1 mL of propanol-
50% for 30 minutes, centrifuged 15 minutes at 1399®, and the supernatant is
discarded. This step is repeated three times. Tepellet is suspended in 10 volume
of extraction buffer (50% propanol, 50 mM Tris pH881% DTT, 1 mM EDTA 10 mM
lodoacetamide) and incubated at 65°C for 1 hounallyi, a centrifugation at 13000 rpm
at 4°C for 15 minutes is performed. Four volumecofd acetone is added to the
supernatant and incubated overnight at -20°C. Adteentrifugation for 5 minutes at
13000 rpm at 4°C, the supernatant is discarded thedpellet is resuspended in
rehydratation buffer (7M urea, 2M thiourea, 2% CHFAR% Triton X-100).

b) A-PAGE/SDS-PAGE for the gliadin fraction

Since gliadins do not present a wide range of et points, IEF is not the method
of choice for their separation. For this reasonpedormed 2D electrophoresis, by
using Acid PAGE (A-PAGE) as first dimension.

* A-PAGE

Gliadins are resuspended in 20-30 pl of sampleeby mg DTT, 360 mg Urea,
1,4pL acetic acid and methyl violet as a trackigg tbr a final volume of 1 mL).
The first-dimension electrophoresis was carried iau&cidic solution with a Biorad
apparatus for polyacrylamide gels (0.75 mm, T=6 @r@.67) containing 4 M urea and
0.75% (v/v) acetic acid. A pre-run with normal pahlaat constant current (27 mA/gel)

was performed with 0.75% (v/v) acetic acid for 5thutes. Then after one hour of
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agitation, the gliadins are loaded on A-PAGE géle Tipper chamber contained 0.14%
(v/v) acetic acid and the lower contained 0.25%ie@xid. The run was carried out at
constant current (27 mA/gel) with reversed polafitpper electrode positive), and was

stopped 5 min after the dye reached the bottorheofel.

» SDS-PAGE

The second-dimension electrophoresis was perforimetie same apparatus. The
main gel was T=12 and C=2. The stacking gel (T=3C&2.67, 0.125 M Tris-HCI, pH
6.8, 0.1% SDS) was poured up to about 0.5 cm fioentap of the glass plates. Bands
of A-PAGE gel are cut and equilibrated in 15 mLegjuilibration buffer (Tris 0,5 M,
Glycerol 50%, SDS 10%, DTT 0,5%). After, bands deposited on SDS-PAGE gels
(T=12, C=2) and focused at 40 mA/gel up to 50 nesdfter the exit of the front.

3. Nuclear proteome
a) Isolation of leaf nuclei, protein extraction and gwantification

This was performed by using the Plant Nuclei IsotdExtraction Kit(SIGMA
CelLytic"'PN)

* Preparation of the cell lysate

Eighteen grams of fresh leaves are crushed witlazarrblade with the NIBA
solution (Nuclei Isolation Buffer (NIB) + DTT 1M $protease inhibitor cocktail), and
incubated for 10 minutes. Then the suspensiongsquatwice through the 20m filter
mesh, and the filtrate is aliquoted into an eveminer of eppendorfs .The eppendorfs
are centrifuged for 10 minutes at 13000 rpm at 4Fla2 pellets are resuspended in the
NIB buffer 1X (the supernatant is kept as a fir@tteol). 0,6%(v/v) of Triton X-100 is
added to lyse the cell membrane, and incubatetiCfaninutes on ice.

« Isolation of nuclei and obtainment of the nuclear gspension

500 pL of the lysate obtained is deposited on dlpeaf eppendorfs containing a 0.8
mL sucrose 1.9 M cushion, which are centrifugeti3®00 rpm for 20 minutes.
The upper phase is kept as second control and é¢fetg are washed by re-

suspending each of them in 400-500 pL of NIBA solutA centrifugation for 5 min at
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13000 rpm at 4°C is performed. Finally the nuclellgis are pooled and re-suspended
in Nuclei PURE Storage Buffer (Kit SIGMA) for a ihvolume of 20QuL.
The nuclei integrity is checked under fluorescemieroscopy with 10 pL of nuclei

suspension stained with propidium iodide.

* Protein extraction from the nuclear suspension

The nuclei suspension is centrifuged at 13000 rpm10 minutes. The pellet is
dissolved with 120uL of Extraction buffer 1M NaCl, and sonicated (2x8ates;
3minutes; 2minutes). A centrifugation for 5 minugsl3000 rpm is performed and the

supernatant (protein extract) is kept and quautifie Bradford assay.

b) One-dimensional electrophoresis

18 pl of the protein suspension are deposited dRAGE® Novex® Bis-Tris Gels
(SDS-PAGE) with MES SDS Running Buffer, and migdatg 200 V for around 50
minutes. Then the gels are stained with Blue Cosieass described above.

Each nuclear extract was loaded in three lanesogeds (ie 18 lanes in total for
each extract) to avoid deformation due to the ntigmaand in order to have significant

results.

c) Image analysis

The one-dimensional gels were analysed, with Lage{& APELAN Bio-Imaging
Solutions). Lablmage detects lanes and bands ogethand thus allows comparing 1D

profile in order to detect possible differencesn®sn various wheat lines.
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Nuclei extraction

Modified kit Sigma CELLYTIC protocol

Razor blade

Cut leaves in 12 ml of NIBA
(NIB 1X, DTT, protease inhibitor)

—» Filter of the suspension with 20 um filter (2X)

15m| 15m| 15m| 15m| 15m| 15m| 15m| 15m|
— Centrifugation 13000 rpm, 4°C, 10 min
Centrifugation 13000rpm, 20 min, 4°C

Pellets in NIB1X for a 2mL final Volume
+120 pL Triton 10%
Cleaning of the pellets with NIBA

— 4°C,10 min
Each pellet in 50 L of Nuclei PURE Storage Buffer

500 pL on 800 uL of 1.9M sucrose solution

Figure 13: Scheme of the Isolation of leaf nucleiral their protein extraction

54



IV. Results and discussion

55



Results and discussion

A. Tetraploid wheat

1. Set-up of the extraction procedure

Because chromosomes 5 encoded polypeptides shelddgomainly to the soluble
metabolic protein fraction, which are prevalentiggent in the outer layers of the wheat
kernel, we first compared metabolic proteins exéddrom the wheat flour, the sieved

flour, and the remaining outer layers after sieuimg flour ofTriticum dicoccoides

The Principal Components Analysis (PCA) performed Brogenesis Samespots
revealed three distinct groups (fig.14) which conéd that each extract type was
different from the others. Moreover, image analysigaled, by comparing all the spots
volume of each extract, that sieved flour showeal likst pattern. Since we expected
that the outer layers were those containing mo#tepolypeptides, we suppose that the

presence of polyphenols in the bran could affeatgin solubilisation.

On the basis of these results, only the sievedrdlavere used for the analyses, by
separating the different protein fractions on theig of their solubility.
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Figure 14: Principal Components Analysis of the metbolic fraction of wheat flour, the sieved flour
and kernel outer layers ofT.dicoccoides.
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Figure 15: 2D gels of the wheat flour, the sievedolur and the outer layer of T. dicoccoides

2. Metabolic fraction

This analysis allowed to identify 453 spots in thaster gel, 127 spots (28%) are
specific of T. dicoccoidesand 97 (21%) are specifics of durum wheat culthangdon.
The remaining spots were not assigned to eilheicoccoide®r T. durum.

The comparisons Master/LDIND5A, LDN/LDN-TD5A and TD/LDN-TD5A
confirmed that 26 spots were encoded by genes enctitomosome 5A ofT.
dicoccoideswhereas 10 spots were confirmed for Langdon {i&gg& 17). All the spots

have a p<0.05, a g-value <0.05, a fold chariy® and a power 0.8.

The mass spectrometry led to the identificatior@fproteins forT.dicoccoidesand
8 proteins forT. turgidumssp durumcv Langdon. These proteins are involved in
different biological processes and have variouseswdbar functions (Figures 18 & 19

and subparagraphs below). In a few cases, twoipsoteere identified in the same spot.

5A polypeptides identified i .turgidumssp durumcv Langdon:

Relatively toT. durum gene ontology search was performed for each ipat&iA
polypeptide. Spot 1 is represented by Chitinase ithavolved, among others, in the
defense against chitin-containing phytopathogenicgél infection. The acidic and
basic isoforms of chitinases are induced in plamt®esponse to pathogen attack, other
environmental stimuli, but may be also expressedplamt tissues during normal

development (Singh et al., 2007).
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Spots 2 and 3 are represented by Putative Late yaménesis abundant proteins
(LEA) that are known to be stress related proteltSA proteins are produced in
abundance during seed development, comprising épotof cellular proteins and even
if their precise function is unknown, they are amsed to protect cellular or molecular
structures from the damaging effects of water (G&®yal et al, 2005).

Although the specific role of Globulin 3 (spot 3)not known, globulins are known
to be the principal storage proteins in the seddficot species, and to be involved in
the food and respiratory allergy to wheat.

Triticin (spot 4) are located in protein bodiesthe starchy endosperm of the wheat
grain. The triticins are disulfide-linked, hetemiramers made up of four subunits
which have been designated as D (Mr 58,000 Dayjrd&2@,000 Da), A (Mr 52,000 Da),
and a (Mr 23,000 Da). The molecular weights of nlaéive molecules are lower than
other polymeric storage proteins. Triticins chagazed so far are encoded by genes on
the short arms of chromosome 1AritAl locus) and 1D Tri-D1 locus). Recently,
triticin genes have also been observed on chromestB (Tri-B1 locus) but no
expressed protein has been found, suggestinghisdbtus is not active (Dubcovsky et
al., 1997). When considering their solubility prapes, they behave as globulins. No
important link with breadmaking quality has beetabkshed (Gianibelli et al., 2001).

Spot 6 is represented by alcohol dehydrogenaseshwiki an enzyme presumably
required by plants for NADH metabolism, via redantiof acetaldehyde to ethanol,
during periods of anaerobic stress. Genetic studiethe alcohol dehydrogenase of
hexaploid wheat indicate that three structural germe located in each genome,
encode three subunits which associate in all plessilimeric combinations. The
available evidence indicates that in tetraploid athévo alcohol dehydrogenase
structural genes encode two subunits, desigrnaseti, which associate to form three
iIsozymes, ADH-1do subunits), ADH-2 ¢/f), and ADH-3 ) (Langston et al., 1980).
Thea-amylase inhibitor CM3 was also found in the spoard this protein is described
more in details in the paragraph IV.A.2.

Spot 7 is represented by glucose and ribitol detgeinase, which catalyses the
oxidation of D-glucose without prior phosphorylatido D{-gluconolactone using
NAD or NADP as a coenzyme.

Xylanase inhibitor 1l is present in the spots 8 & XIP-type inhibitors are

glycosylated monomeric proteins with a molecularssnaf 29 kDa and pl values of
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8.7-8.9 and inhibit microbial xylanases from glyideshydrolase families 10 and 11
(Elliott et al., 2009). In cereals, endogenous ngke action is required for controlled
remodeling of the plant cell wall during growth aselvelopment. In addition, cell wall
breakdown during germination ensures that otherdiytic enzymes, secreted from the
aleurone or scutellum, can reach starch and pr@&mpson et al., 2003) and moreover
xylanases are routinely used in bread making, whkden—starch separation and as
supplements in animal feed production. For theasamrs XIP have an important role on
quality properties.

By looking at the molecular function of this 8 pts identified, the major part have
a role in the binding (28%) and as nutrient reser{iB8%) (Fig.18). These results are
consistent with those of Vitulo et al (2011), whavl find molecular function of
binding and DNA binding for 34% of the 2772 unigemdentified.

5A polypeptides identified iif.dicoccoides

Spot 1 is represented by the tubufirB chain. Tubulins are components of the
cytoskeleton, both in microtubules and microfilatserand play an important role in
spindle formation and chromosome separation duckglg division (Barcaccia et al.,
2001).

Spot 2 was identified as alcohol dehydrogenase A®Hihich was described
previously.

Spot 4 is represented by the Glyceraldehyde-3-gtaispdehydrogenase (GADPH)
which is involved in the glycolysis and glyconeogsis. Secondary functions have
been suggested: for example, Bustos and IglestB]2eported that wheat endosperm
and GAPDH undergoes posttranslational phosphooylagnabling interaction with 14-
3-3 family proteins, thus exerting a regulation eithat maintaining the levels of energy
and reductants in the cytoplasm. Recently, usingreteomic approach it was
established that GAPDH activity Wrabidopsiswas inhibited by HO,, suggesting that
GAPDH is a direct target of 4, and might have a role in mediating ROS signaling i
plants (Hancock et al, 2005).

Also the malate dehydrogenase is present in spatgl%. It catalyzes the formation of
oxaloacetate from malate in mitochondrial matrikjah leads via transamination to the

formation of aspartate, a precursor of methionilsynthesis.
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Spot 6 was identified as Isoflavone reductase-pkaetein, which is an important
enzyme in phenylpropanoid metabolism. This proteas recently described as allergen
by Yang et al (2011).

Spot 7 was found as globulin 3, which was descrhlefdre (spot 4 Langdon).

Spot 8 and 9 correspond to Pathogenesis-relat@doiéin. The pathogenesis related
(PR) proteins are low-molecular proteins (6-43 kD&dtractable and stable at low pH
(< 3), thermostable, and highly resistant to pre#ea They have dual cellular
localisation — vacuolar and apoplastic, the apoplaing the main site of their
accumulation, and have an important role in plaefedse against pathogenic
constraints and in general adaptation to stregsfuironment. Moreover it was recently
found that among the identified plant allergen$pd8long to the group of PRs (Aglika,
2005).

Spot 13 is represented by the Triosephosphate rs@@elriosephosphate isomerase
is an ubiquitous and highly conservative dimerizyene, consisting of subunits of Mr
26,000-27,000 that catalyzes the conversion of diibwyacetone phosphate (DHAP)
and glyceraldehyde 3-phosphate (GAP), an imporséep in the glycolytic pathway
(Cui and Karplus, 2001).

Spot 14 was identified as Manganese Superoxide uigsa (MnSOD) which is
mainly located in the mitochondria. SODs are a grotimetalloenzymes that protect
cells from superoxide radicals by catalyzing theitation of the superoxide radical to
molecular Qand HO; (Wu et al., 1999).

Spot 15 is represented by a mix of two protein7K protein and a Cold shock
domain protein 3. This latter belongs into CSD dcshock domain) proteins and it is
implicated in regulation of transcription as RNAaperone (Vitamvas et al., 2012).
Concerning the 27K protein, there are few informadi However, Kimoto et al (2009)
have found and identified a “Tri a bd 27k proteas an N-linked glycoprotein with
mannose and fucose residues, which is a major vatleagen.

Spot 20 was identified as Single-stranded nucleid ainding (SSb) protein. The
SSB protein binds to single-stranded regions of DiNAorder to prevent premature
annealing, to protect the single-stranded DNA fimemg digest by nucleases, and also
to remove the DNA secondary structure allowing gthenzymes to function effectively
on it. The SSB protein is produced during all theps of the DNA metabolism.This
protein was found on the 5BL (Merlino et al., 2009)
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Spot 21 is composed of two proteins, the globuke-protein (describe previously)
and the Pre-mRNA processing factor. The activiésseveral mMRNA processing
factors are coupled to transcription through bigdito RNA polymerase Il
(Komarnitsky et al., 2000).

Spot 22 to 26 are represented by thamylase inhibitor in different aggregation
state (monomeric, dimeric). It was already describ®re in details in the paragraph
IV.A.2.

By looking at the molecular function of these pnase also forT. dicoccoideghe
major part have a role in binding (57%). Among pineteins involved in binding, there
are: the isoflavone reductase-like protein (nualleotbinding), the MnSOD (ion
binding), the alcohol dehydrogenase ADH1A (nuck®tand ion binding), the Cold
Shock domain protein 3 (DNA and ion binding), thegte-stranded nucleic acid
binding protein (nucleic acid and nucleotide bimjiand the Pre-mRNA processing
factor (nucleic acid and nucleotide binding).

Among these proteins, three are common betweetwtha/heat lines: the globulin 3,
the alcohol dehydrogenase and theamylase inhibitor CM3. The alcohol
dehydrogenase was found to be encoded by geneheorbA chromosome after

interrogation of the GrainGenes databasehttp(//wheat.pw.usda.gov/cgi-

bin/westsqgl/map_locus.dgiThe globulin 3 was found associated to the 58 e 5D

chromosomes and we can assume that also genesrenbmdthis protein are present

on the 5A because of the gene homoeology.

For the cultivar Langdon, among its identified 5fotein, the chitinase and the
ADH1A were already reported to be encoded by gemesthe chromosome 5A
(GrainGenes), meanwhile the XIP-1ll was confirmedbe encoded by genes on the
chromosome 5A by PCR (Kalunke, 2012).

After interrogation of the GrainGenes database, Tialicoccoides,n addition to
ADH1A previously cited, no other protein was foundoe encoded by genes present on
the chromosome 5A. The malate dehydrogenase andjldielin-like protein were
found associated with the long arm of the chromasBDL and 5BL, respectively.
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Table 12: Proteins identified by LC-MS/MS inT.dicoccoides

Spot Peptides Protein Chromosomal localization*
1 2 Tubulin beta-3 chain \
1BL, 1DL, 2B, 2BS, 2DS, 3AL, 3BL, 3DL, 4A, 4BS, 4D%AL, 5BL, 5DL, 6AL, 6BL, 6DL, 7AL, 7BL,
2 2 Alcohol dehydrogenase ADH1A 7DL, 7DS
4 2 Malate dehydrogenase 1Al, 1BL, 1DL, 2AL, 2BR0OL, 2BS, 3AL, 3BL, 3DL, 5DL, 6AL, 6BL, 6DL
4 2 Glyceraldehyde-3-phosphate dehydrogenase  @&B8IS,6BL
5 5 Malate dehydrogenase 1AL, 1BL, 1DL, 2AL, 2BDOL, 2BS, 3AL, 3BL, 3DL, 5DL, 6AL, 6BL, 6DL
6 2 Isoflavone reductase-like protein \
7 2 Globulin 3 1A, 1BL, 2AL, 2BS, 2DL, 3BL, 3DI5BS, 5BL, 5DS, 6AL, 6BL, 6DL, 6DS, 7BS, 7BL, 7D, D
8 2 Pathogenesis-related 1b \
9 2 Pathogenesis-related 1b \
10, 11, 12 \ \ \
13 3 Triosephosphate isomerase 3AS, 3AL, 3BS, 3BIS
14 3 Manganese Superoxide dismutase (MNnSOD) 2BL, 2DL
15 2 27K protein \
2 Cold shock domain protein 3 7AL, 7BL
16 2 Gliadin/avenin-like seed protein
17, 18, 19 \ \ \
20 3 Single-stranded nucleic acid binding protein 3DL
21 2 Pre-mRNA processing factor \
2 Globulin-like protein 2BS, 5BL
22 & 23 6&2 Alpha amylase inhibitor CM3
24 4 Dimeric alpha-amylase inhibitor 4AL, 4BL, 4DL, 4BS, 4DS, 7AS, 7DS
25 & 26 5&3 Monomeric alpha-amylase inhibitor

/ = no significative result
*= obtained by GrainGenestfp://wheat.pw.usda.gov/cgi-bin/westsgl/map_locgiy.
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Table 13: Proteins identified by LC-MS/MS inT.turgidum ssp durumcv Langdon

Spot Peptides Protein Chromosomal localization*

1 1 chitinase flsﬁt 1AS, 1BL, 1BS, 1D, 1DS, 2AL, 2AS, 2BL, 2BS, R[2DS, 3AL, 3BL, 3DL, 4AL, 4BL5AL, 5AS,

2 6 Putative late embryogenesis abundant protje_m_, 1BL, 1DL, 3BS, 3DL, 4AL

3 6 Putative late embryogenesis abundant protein

4 3 Globulin 3 1A, 1BL, 2AL, 2BS, 2DL, 3BL, 3DI5BS, 5BL, 5DS, 6AL, 6BL, 6DL, 6DS, 7BS, 7BL, 7D, D

5 6 Triticin 1AS, 1BS, 1DS

A 4 Alcohol dehydrogenase ADH1A %gt %Blé 2B, 2BS, 2DS, 3AL, 3BL, 3DL, 4A, 4BS, 4D%AL, 5BL, 5DL, 6AL, 6BL, 6DL, 7AL, 7BL,
4 Alpha amylase inhibitor CM3 4AL, 4BL, 4DL, 4B&DS, 7AS, 7DS

7 10 Glucose and ribitol dehydrogenase \

8 6 Xylanase inhibitor XIP-IlI 3DL

9 1 Xylanase inhibitor XIP-I111

10 4 Alpha amylase inhibitor CM3 4AL, 4BL, 4DL, 834DS, 7AS, 7DS

/ = no significative result

*= obtained by GrainGenes (http://wheat.pw.usddagivbin/westsql/map_locus.cgi)
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5A of T. dicoccoides

———

Figure 17: Polypeptides identified as encoded byeges on chromosome
5A of T.turgidum ssp durumcv Langdon

A
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Molecular function

M chitinase activity

H nutrient reservoir activity

H binding

M oxidoreductase activity

M alpha-amylase inhibitor activity

m serine-type endopeptidase inhibitor
activity

i alcohol dehydrogenase (NADP+)
activity

 hydrolase activity, hydrolyzing O-
glycosyl compounds

Biological Function

W stress/defense
m storage protein

m carbohydrate metabolism

Figure 18: Percentage distribution of the biologial process and the molecular function relative tohte
identified proteins in T.turgidum ssp durumcv Langdon obtained by gene ontology
(http://www.uniprot.org/uniprotand by literature research
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Molecular function

nucleic acid GTP nucleotide
binding binding
9%

DNA
binding
4% metal ion

binding

H binding m oxidoreductase activity
B nutrient reservoir activity M unknown
M superoxide dismutase activity W triose-phosphate isomerase activity

m serine-type endopeptidase inhibitor activity

Biological Function

| cell division

7% m carbohydrate metabolism
m storage protein
W stress/defense

M Translation

M unknown

Figure 19: Percentage distribution of the biologickfunction and the molecular function relative to he
identified proteins in T. diccocoides, obtained by gene ontologyHttp://www.uniprot.org/uniprotand by
literature research
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3. CM-like fraction

This fraction was taken into consideration becatusm®mntains most of the known
allergenic proteins (Shewry, 2009; Salcedo e8l1,1; Mamone et al., 2011).

The proteomic comparison indicated that 6 spotsvattributable to chromosome
5A of T. dicoccoidesnd 3 spots to Langdon (Figures 20 & 21).

These spots were picked and submitted to Mass I9peetry analysis, whose results
are reported in table 14. With the few exceptioradénylate kinase (spot 1), Class lli
chitinase, vacuolar H+ pyrophosphatase (spot 2, Smperoxide dismutase [Cu-Zn]
(spot 3), the great majority of polypetides ideatfbelonged to the-amylase/trypsin
inhibitors (Hurkman and Tanaka, 2004). Even if ashgroteins have been identified in
these spots, the-amylase inhibitor was always the most abundanggegtide. This is
very likely an artifatct due to the problem of theeat abundance of this protein type
among CM proteins. Its abundance might cause @ratn the Liquid-Chromatography
column used for MS analysis, consequently it isytbin all the spots and may cover the
signal of other proteins. The cereaamylase/trypsin inhibitor subunits are 12-16—kDa
polypeptides with 4-5 intrachain disulphide briddgfest are essential for their inhibitory
activity. Members of the inhibitor family are rasted to the seed storage tissue
(endosperm) (Salcedo et al., 2011). These inhib#oe encoded by a multigene family
which is dispersed over several chromosomes; iticpéar they have been assigned to
the short and long arms of the chromosomes 3, 4nd 7 of B and D genome
(Carbonero et al., 1999; Islam et al., 2003).

In order to try to solve this problem, the spotsrehdeen submitted to mass
spectrometry twice, once with a mass exclusiontbstemove thex-amylase/trypsin
inhibitor of the results. However, using a masslesion list is risky because it could
also eliminate other proteins than that referrdulisTidentifications are made difficult,
and the results presented need to be confirmed.thiese reasons, we eventually
performed this analysis on tetraploid wheats omlyd relative results are reported
below.

The spot 1 was identified, in addition to theamylase inhibitor, as an adenylate
kinase. This protein catalyzes the phosphorylattdnAdenosine-5-monophosphate
(AMP), using as phosphate donor Adenosine-5'-trgpiate (ATP) (Benito et al.,
1989).
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The spot 2 is represented by the chitinase, whia$ described previously (spot 1 of
the metabolic fraction of Langdon). The vacuolar ldyrophosphatase was also
identified in this spot. The vacuole is a dynamigamelle involved in several cellular
processes (storage of metabolites and ions, regulaif cytosolic homeostasis,
degradation and recycling of cellular components| space filling) which are directly
or indirectly related to either the transmembratezteochemical gradient across the

vacuolar membrane or acidic pH in the vacuole (8ueual., 1999).

The spot 3 was identified as a Superoxide dismytaseZn]. This group of proteins

was described previously (spot 14 of thalicoccoidesnetabolic fraction).
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Figure 20: Polypeptides identified, in the CM-likefraction, as encoded by
genes on chromosome 5A df. turgidum ssp.durum cv. Langdon

———— - : Y

Figure 21: Polypeptides identified, in the CM-likefraction, as encoded by
genes on chromosome 5A @f. dicoccoides
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Table 14: Polypeptides identified in the CM fractionof T. dicoccoides and T. turgidum ssp durum cv. Langdon

TIGR TC Triticum Release 12.0 (April 18, 2010)

Serie 1 Serie 2
n° Spot Protein Score Mascot Peptides emPAl Protein Score Mascot ~ Peptides emPAl
Alpha-amylase/trypsin inhibitor CM3 precursor 704 12 17.93 Alpha-amylasel/trypsin inhibitor CM3 precursor 589 9 9,91
1 Dimeric alpha-amylase inhibitor 275 4 1,14
Adenyiate kinase A 134 2 0,28
Alpha-amylase/trypsin inhibitor CM3 precursor 673 11 17.93 Alpha-amylase/trypsin inhibitor CM3 precursor 576 9 9,91
5 Dimeric alpha-amylase inhibitor 489 7 2,79 Dimeric alpha-amylase inhibitor 489 8 3,58
Class Il chitinase 81 2 0,25 Class Il chitnase 114 2 0,25
Vacuolar H+-pyrophosphatase 65 2 0,26
Alpha-amylase/trypsin inhibitor CM3 precursor 678 11 17,93 Alpha-amylasel/trypsin inhibitor CM3 precursor 680 11 6,35
Dimeric alpha-amylase inhibitor 488 7 2,79 Dimeric alpha-amylase inhibitor 607 9 4,54
Superoxide dismutase [Cu-Zn] 4A 257 3 0,94 Superoxide dismutase [Cu-Zn] 4A 183 3 0,5
3 Alpha-amylase/trypsin inhibitor CM16 precursor 225 6 2,03 CM 17 protein precursor 96 3 0,63
Alpha-amylase/trypsin inhibitor CM2 precursor 186 3 0,91
Alpha-amylase inhibitor 0.28 precursor 180 4 1,22
Vacuolar H+-pyrophosphatase 66 2 0,26
Alpha-amylase/trypsin inhibitor CM3 precursor 723 12 46,47 Alpha-amylasel/trypsin inhibitor CM3 precursor 722 11 7,98
Dimeric alpha-amylase inhibitor 249 4 1,14 Dimeric alpha-amylase inhibitor 434 8 2,79
4 Alpha-amylase/trypsin inhibitor CM2 precursor 89 2 0,54 0.19 alpha-amylase inhibitor 191 4 1,11
Alpha-amylase/trypsin inhibitor CM16 precursor 136 3 4%
Alpha-amyiase/trypsin inhibitor CM2 precursor 91 2 D5
Alpha-amylase/trypsin inhibitor CM3 precursor 744 12 46,47 Alpha-amylase/trypsin inhibitor CM3 precursor 731 12 6,35
5 Alpha-amylase inhibitor 0.53 190 2 1,79 Alpha-amylasel/trypsin inhibitor CM3 precursor 607 9 &
Dimeric alpha-amylase inhibitor 129 2 0,44
6 Alpha-amylase/trypsin inhibitor CM3 precursor 587 9 6,55 Alpha-amylase/trypsin inhibitor CM3 precursor 544 7 23,
Alpha-amylase inhibitor 0.28 precursor 383 8 5,02 Alpha-amylase inhibitor 0.28 precursor 367 8 5,02
1L Alpha-amylase/trypsin inhibitor CM3 precursor 618 9 8,08 Alpha-amylasel/trypsin inhibitor CM3 precursor 524 6 23,
Dimeric alpha-amylase inhibitor 148 2 0,46 Dimeric alpha-amylase inhibitor 160 2 0,46
2L Alpha-amylase/trypsin inhibitor CM3 precursor 591 14,75 Alpha-amylase/trypsin inhibitor CM3 precursor 689 11 1,75
3L Alpha-amylase/trypsin inhibitor CM3 precursor 594 9 14,75 Alpha-amylasel/trypsin inhibitor CM3 precursor 619 10 1,75
Alpha-amylase/trypsin inhibitor CM3 precursor 506 7 166
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Uniprot-Viridiplantae release2010_09 (13/08/2010)

Serie 1 Serie 2
n° Spot Protein Score Mascot Peptides emPAl Protein Score Mascot  Peptides emPAl
1 Alpha-amylasel/trypsin inhbitor CM3 precursor 1762 12 18,57 Alpha-amylase/trypsin inhibitor CM3 precursor 293 9 10,21
Dimeric alpha-amylase inhibitor 193 4 1,45
Alpha-amylasel/trypsin inhbitor CM3 precursor 2467 11 18,57 Alpha-amylase/trypsin inhibitor CM3 precursor 894 9 10,21
2 Dimeric alpha-amylase inhibitor 412 7 6,45 Dimeric al@mylase inhibitor 466 8 8,57
Legumin A 51 2 0,14 Legumin A 95 2 0,3
Alpha-amylase/trypsin inhibitor CM3 precursor 3165 11 18,57 Alpha-amylase/trypsin inhibitor CM3 precursor 17% 11 40,17
Dimeric alpha-amylase inhibitor 440 7 4,92 Dimeric aldmylase inhibitor 911 9 13,39
3 Superoxide dismutase [Cu-Zn] 4A 200 3 0,97 Major adleargM16 158 6 2,57
Major alergen CM16 182 5 2,57 Superoxide dismutaseZaJulA 125 3 0,97
Alpha-amylase/trypsin inhbitor CM2 precursor 132 3 92, Cereal-type amylase inhibitor 118 3 1,71
Alpha-amylase/trypsin inhibitor CM3 precursor 6826 12 48,58 Alpha-amylase/trypsin inhibitor CM3 precursor 445 11 18,57
4 Dimeric alpha-amylase inhibitor 223 3 1,45 Dimeric aldmylase inhibitor 320 8 3,74
Alpha-amylase/trypsin inhibitor CM2 precursor 89 4 9,6
Major allergen CM16 88 3 0,89
Alpha-amylase/trypsin inhibitor CM3 precursor 8730 12 48,58 Alpha-amylase/trypsin inhibitor CM3 precursor 996 12 27,39
5 Dimeric alpha-amylase inhibitor 244 3 1,43 Dimeric al@mylase inhibitor 99 9 0,56
6 Alpha-amylasef/trypsin inhbitor CM3 precursor 6738 9 VK Alpha-amylase/trypsin inhibitor CM3 precursor 368 7 4,33
Monomeric alpha-amylase inhibitor 730 9 11,54 Monocnefpha-amylase inhibitor 477 9 11,54
Alpha-amylasef/trypsin inhbitor CM3 precursor 3550 9 ,318 Alpha-amylase/trypsin inhibitor CM3 precursor 822 6 4,33
1L Dimeric alpha-amylase inhibitor 121 2 0,55 Dimeric al@mylase inhibitor 129 2 0,55
Legumin A 116 2 0,3 Legumin A 103 2 0,14
2L Alpha-amylase/trypsin inhibitor CM3 precursor 4696 9 15,25 Alpha-amylase/trypsin inhibitor CM3 precursor 5255 11 22,57
3L Alpha-amylase/trypsin inhibitor CM3 precursor 5600 9 5,26 Alpha-amylase/trypsin inhibitor CM3 precursor 285 10 22,57
Dimeric alpha-amylase inhibitor 86 7 0,56
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4. Gliadin and glutenin fraction

Regarding the glutenin and the gliadin fractiongreif previous studies have
shown that gliadin and glutenin are mainly codedgbyes at chromosomes 1 and 6
(Payne, et al., 1984; Lafiandra et al., 1984), miention was to detect possible
polypeptides encoded by genes on chromosome 5¢e Sireeramulu and Singh (1997)
have assigned a low molecular weight glutenin sitbua the chromosomes 1D and 7D,
suggesting that this possibility needs to be takenconsideration.

Because gliadins present a low variation in pl,dlassical separation by IEF vs
SDS-PAGE may not be resolutive for this proteirctien. For this reason, we used
Acid-PAGE for the first dimension of gliadins, wailve used the classical separation

procedure for glutenin subunits.

For the gliadin fraction a total of 92 spots weetedted in the comparison TD
vs LDN-TD5A, while a total of 99 spots were deteciae the comparison LDN vs
LDN-TD5A, but no spots were found to be 5A spedffig. 23).

For the glutenin fraction 191 spots were deteatetthé comparison TD vs LDN-
TD5A and a total of 228 spots were found in the parnson LDN vs LDN-TD5A,
however also for this fraction no spots were fotmte 5A specific (fig.22).

In conclusion the analysis of the gels has excluttedhypothesis that, at least
the major represented gliadins and glutenin subuare encoded by genes on the

chromosome 5A.
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LDN-TD5A LDN-TD5A

Figure 22: 2D gels relative to glutenin subunits. fie lower part represents the alignment by
Progenesis Samespots (Nonlinear Dynamics)

LDN-TD5A LDN-TD5A

Figure 23: 2D gels relative to gliadins. The lowepart represents the alignment by Progenesis
Samespots (Nonlinear Dynamics)
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5. Nuclear proteome of leaves

Although the main aim of the project is the idan#ifion of 5A encoded
polypeptides expressed in seeds, we deemed iestieg to detect also polypeptides
expressed in other plant tissues. In order to atteéddifficulties we encountered in
studying the soluble protein fraction of seeds, ttuéhe high number of polypeptides
that make the comparisons rather complicate, weddeéco focalize on the nuclear
proteome of leaves, in which a low number of poptmkes should be present. We used
leaves of seedlings collected three weeks aftenigation.

The nuclei were isolated as reported in the methselstion, and the nuclei
suspension was checked under fluorescence micrpscomrder to check nuclei
integrity (fig. 24).

We did not perform 2D gels because the amount ofeprs was not enough, and
thus decided to use SDS-PAGE in order to eventyaiform 1D MS analyses on
electrophoretic gel slices (Repetto et al, 2008).

Gel replicas were analysed with Lablmage, in otderontrol their reproductibility.

It was possible to detect 9 bands in Langdon, &&amT. dicoccoidesand 5 bands in
LDN-TD5A (fig.25).

Although 1D SDS-PAGE usually does not allow to detbe presence/absence of
protein bands, because the resolution power isoolly low compared to 2D
separations, in this case the comparison allowedetatify a group of bands around 50
kDa inT. turgidumssp durumcv Langdonthat disappear in the substitution line LDN-
TD5A (fig.26 & 27). Because a group of bands withik&r molecular weight is instead
present inl. dicoccoidesit is likely that bands present in Langdon areé®oded, but

not those present ih. dicoccoides

Figure 24: Nuclei suspension, stained with propidion iodide, observed under fluorescence
microsconv
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Figure 25: NUPAGE® Novex® Bis-Tris Gels ofl .durum cv Langdon, T. dicoccoides and Langdon-T.

dicoccoidesS5A nuclear protein extract, grouped by wheat lins. 18 replicates for each line.
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Supposed Langdon 5A bands

Gel 1 Gef 2

DN-TD5A LDN

Gel 4 Gel 5 Gel 6
LDN-TD5A LDN TD TD LDN-TD5A LDN TD LDN LDN-TD5A

Supposed Langdon 5A bands

Figure 26: NUPAGE® Novex® Bis-Tris Gels of of nucleaproteins extracted from
T.durum cv Langdon, T. dicoccoides and Langdon-T. dicoccoides 5A
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dicoccoides and Langdon-T. dicoccoides5A.
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B. Bread wheat

In order to identify 5A polypeptides in differentdad wheat cultivars, we used
cultivars Cheyenne, Hope, Thatcher, and Timsteor, Wwhich 5A chromosome
substitution lines are available in the Chineseargpbackground. We first analysed 2D-
gels, always comparing the pattern of the backgtauwdtivar Chinese Spring (CS) with
that of the other parental line and the 5A chromasasubstitution line. This allowed to
attribute differential protein spots to chromosobAeof either parental cultivars. After
spot identification, MS analysis was performed,usyng two databanks (UniProt and

TIGR). The results are reported cultivar by cultiva

1. Identification of 5A polypeptides in the cultivar Hope

According to the comparison CS vs Hope; CS vs CBd34,; Hope vs CS-HopebA,
19 spots correspond to polypeptides encoded bysgamé¢he chromosome 5A of Hope.
All the selected spots have a p<0.05, a g-valuéx@ fold changel,5 and a power
0.8. The PCA (fig.31) confirmed the specificitytbe 5A spots selected.

All the Hope 5A spots, their statistical values dmelr identification are presented in
the next pages, but only the more abundant prateiihe spot is described. The results
obtained for Chinese Spring are presented sepgraiace the genetic background of
this cultivar was in common to all the substitutitmes, allowing a more detailed
analysis.

The proteins identified in the cultivar Hope areimhainvolved in the binding (38%)
and in protease/hydrolase activity (17%) (fig.3Bg3e results are comparable with
these obtained in the tetraploid wheat, and witlsé&treported by Vitulo et al (2011).

After interrogation of the GrainGenes EST database,a total of 41 identfied
proteins, 7 proteins (17%) (Protein disulfide isoase; Elongation factor; 3ketoacyl-
CoA thiolase like protein; xylanase inhibitor; Nast polypeptide-associated complex;
Fructose-biphosphate aldolase; chitinase) resuibedbe encoded by genes on the
chromosome 5A.

Among all the identified proteins, 5 proteins (12B8ye been found in two or more
spots.

Unfortunately it was not possible to attribute tiner chromosome the great majority

of the spots, since their mobility in 2D gel is dapping (Fig. 30).
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TN .

Figure 29: 5A specific spots fofT.

Figure 30: Common spots be
and T.aestivum cv Hope

=

aestivum cv Chinese Spring

tweeifi.aestivum cv Chinese Spring
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Table 15: Identified polypeptides by LC MS/MS in tre bread wheatT. aestivum cv Hope

Results and discussion

N° spot
1

10

11

12

13

14

15

16

17

18

19

Protein

Glucose-1-phosphate adenylyltransferase
Protein disulfide isomerase 3 precursor
Aspartic proteinase

Elongation factor 1-gamma 2
Triticin
Citrate synthase

Alanine--glyoxylate aminotransferase 2
Aspartate aminotransferase

HSP 70 precursor
NADP-specific isocitrate dehydrogenase
Alcohol dehydrogenase class 3

3-ketoacyl-CoA thiolase-like protein
Predicted protein
3-ketoacyl-CoA thiolase-like protein

Xylanase inhibitor

Predicted protein
Globulin-2 precursor

Predicted protein
Embryo globulin
Globulin-like protein

Nucleosome chromatin assembly protein

Nascent polypeptide-associated complex NAC
Predicted protein

Fructose-bisphosphate aldolase

Glucose and ribitol dehydrogenase
Pyridoxine biosynthesis protein
Short-chain dehydrogenase/reductase

Globulin-like protein
Aldose reductase

rRNA N-glycosidase
beta-amylase

Globulin-like protein
Peroxidase 1

Peroxidase

Aldose reductase
Malate dehydrogenase, glyoxysomal precursor

LEAL protein
Triosephosphate isomerase
Class Il chitinase

Superoxide dismutase [Cu-Zn]
Alpha-amylase inhibitor

Score MASCOT

498
319
265

482
313
311

368
255

623
534
469

457
478
428
240

630
182

552
145
143
309

118
373

209

952
331
501

648
267

201
283

281
170

174

220
133

433
251
79

100
121

Peptides

emPAl

2.19
0.73
0.85

2.34
1.36
0.72

1.39
0.96

412
3.09
1.68
2.32
1.83
1.16

4.56
0.66

3.01
0.74
0.47
1.98

0.49
3.37

1.2
7.07
1.49

241
2.43

1.44
18

2.55
0.69

0.58

1.37
0.69

4.49
1.18
0.47

0.5
111
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Principal Components Analysis

Principal Component 2

05 04 03 02 -0 0.0 o1 02 03 04 05 06
Principal Component 1

Figure 31: PCA representation in which the contribdion of each spot of the two lines compared is
reported. Blue points represent the three replicate of CS-Hope5A and the red points that of CS.

Molecular function

M transferase activity

M electron carrier activity
M protease / hydrolase

M binding

M nutrient reservoir
activity

m oxidoreductase

Biological function

B carbohydrate metabolism

H protein

7% synthesis/assembly
3% m stress / defense

| storage protein
3%

m proteolyse

m biosynthetic process

Figure 32: Percentage distribution of the biologichprocess and the molecular function for the
identified proteins in “Hope” obtained with the gene ontology fttp://www.uniprot.org/uniprot/and
by literature research.
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As an example, | report the information obtainedh®/Progenesis Samespots software,

which show spot nr. 1, and the relative statistaalyses, along with MS results.

Spot 1
ﬂ vﬁ -
o pap s Rap xhw

# Anova (p) Fold g-value Power

n?.l

M

1285 0,00035 2,58169 0,01126  >0,9995

TC | Protein peptides mass Score emPAl

TC368615_6  [2- 1435] UniRef100_Q9MAZ1 Cluster: Glucose-1-phosphate adenylyltransferase; n=1; Triticum aestivum 1 52803 198 219
Rep: Glucose-1-phosphate adenylyltransferase - Triticum aestivum (Wheat), complete ’
TC401677_9  [3- 1616] UniRef100_Q93XQ7 Cluster: Protein disulfide isomerase 3 precursor; n=3; Triticeae 3 0452 319 073
Rep: Protein disulfide isomerase 3 precursor - Triticum aestivum (Wheat), complete '
TC390079_10 [3-1295] homologue to UniRef100_Q40IN7 Cluster: Aspartic proteinase; n=1; Triticum aestivum

7 46684 265 0,85
Rep: Aspartic proteinase - Triticum aestivum (Wheat), partial (95%)

In the case of spot nr. 1, the most likely idenéifion corresponds to glucose-1-
phosphate adenylyltransferase that is involvedarnch synthesis (Majoul et al., 2004).
It is abundantly expressed in the whole graingarticular in the endosperm.

The protein disulfide isomerase (PDI) was the sdcomost abundant protein
identified in spot 1. This protein is reported ®dncoded by the 5A chromosome in the
GrainGenes database. The PDI is one of the mosidabti proteins in the endoplasmic
reticulum (ER). The ability of PDI to bind to unfted or partially folded proteins
preventing their aggregation has also suggestewlg¢sas a chaperone. In cereals PDI
may accomplish an important role in the foldingoteint secretory proteins, particularly
during the formation of endosperm protein bodidse nvolvement of the typical PDI
and probably of additional PDI-like proteins in ti@ding of endosperm storage
proteins is especially important in wheat, becatls® processes occurring during
protein synthesis and deposition may affect thectfanal properties of gluten, which
play an integral role in determining the visco-gtaproperties of wheat dough.
Therefore, the genes encoding storage proteingielisas factors that may affect their
deposition, such as molecular chaperonesand folelasgmes, are of particular interest
to wheat industry (d'Aloisio et al., 2010).
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Spot 2

Elongation factor 1-gamma 2 was described to ppéie in the polypeptide elongation
cycle of protein synthesis (Lauer et al., 1984)oHio et al (1994) have shown that
Elongation factor 1+ contains glutathione transferase (GST) domain,civhis a
widespread, conserved enzymatic module that maygdwalently or noncovalently
complexed with other proteins. Regulation of protessembly and folding may be one
of the functions of GST.

Spot 3

The Alanine--glyoxylate aminotransferase is repbrie literature to function as a
photorespiratory peroxisomal glutamate:glyoxylatereotransferase (GGAT). GGAT,

in photorespiration, catalyzes the reaction of gghate and glyoxylate to produce 2-
oxoglutarate and glycine. Photorespiratory transation to glyoxylate, which is

mediated by GGAT and serine glyoxylate aminotraiasie (SGAT), is believed to play
an important role in the biosynthesis and metabolé$ major amino acids (lgarashi et
al., 2006).

Spot 4

NADP-specific isocitrate dehydrogenase is an enzgfrtee Krebs cycle. Citrate in the
cytosol is converted to isocitrate, by the actidnaoonitase, and then isocitrate is
converted to 2-oxoglutarate by the action of NARefic isocitrate dehydrogenase.
The 2-oxoglutarate is a required input of carbon &mino acid biosynthesis and

ammonia assimilation (Park and Kahn, 1999).

Spot 5

Metabolism of fatty acids requirgsoxidation, whereby acetyl-CoA is produced and is
then processed via the glyoxylatecycle and glucgeeesis, and 3-ketoacyl-CoA
thiolase-like protein catalyzes tiieoxidation of fatty acids. Moreover, recently it sva
shown, inArabidopsis that this protein is also involved in the absxciatid (ABA)
Signal Transduction (Jiang et al., 2011).

Finally, 3-ketoacyl-CoA thiolase protein was alreadported to be encoded by the 5A
chromosome (GrainGenes database).
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Spot 6

For this spot, the first result obtained is relatie an unknown protein of barley. This is

common because wheat genome is not yet fully seggen

However, the two other results, 3-ketoacyl-CoA lise-like protein and the xylanase
inhibitor, both described previously, were alreadgorted to be encoded by genes on

the chromosome 5A (GrainGenes database).

Spot 7

Also in this case, the most likely identificatiarelative to an unknown barley protein,

whereas the second most likely is globulin-2 precur

Spot 8

The spot 8 is represented by an embryo-globulinaddition to a predicted barley
protein. Globulins are known to be the principarage proteins in the seeds of dicot

species, and to be involved in the food and respiyallergy to wheat.

Spot 9

The spot 9 was identified as a nucleosome chronessembly protein. Nucleosome
assembly protein is an integral component in theabdshment, maintenance, and
dynamics of eukaryotic chromatin. It shuttles hi&® into the nucleus, assembles
nucleosomes, and promotes chromatin fluidity, theraffecting the transcription of

many genes (Park and Luger, 2006).

Spot 10

A predicted barley protein is the most abundantenels the second corresponds to a
Nascent polypeptide-associated complex (NAC), yikeerforming a chaperone-like
function (Raden and Gilmore, 1998).

Spot 11

The spot 11 was identified as Fructose-bisphosphidtdase, which is involved in the
glycolysis by catalyzing an aldol cleavage of fosd-1,6-bisphosphate to
dihydroxyacetone-phosphate and glyceraldehyde 3qgitaie and a reversible aldol
condensation (Wang et al., 2010).

84



Results and discussion

By interrogation of the GrainGenes database, ttagem is confirmed to be encoded by
genes on the chromosome 5A.

Spot 12

The spot is mainly represented by the glucose indlrdehydrogenase, described

previously (spot 7 of the cultivar Langdon, p.58).

Spot 13

In this spot, in addition to the globulin-like peat, it was identified an aldose reductase.
Aldose reductases belong to the well-conserved-#keto reductase super family of
enzymes in plants and animals. They are mononwyiasolic proteins that catalyze the
NADPH dependent reduction of a variety of carbangtabolites.They are involved in

stress response (Sree et al., 2000).

Spot 14

The spot 14 was identified gsamylase. The3-amylases are water-soluble enzymes
with a molecular weight of about 60 kDa. TRBeamylases are responsible of the
hydrolysis of (1->4)-alpha-D-glucosidic linkagespolysaccharides. They are encoded
by genes on the long arms of chromosomes 4A, 406andoci f-Amy-]). In the wheat
kernel, they form polymers linked together by disied bonds (Gupta, et al., 1991) and
may ling to glutenin subunits, thus contributinggtatenin polymers formation (Peruffo

et al., 1996), although the amountfeémylases seems inversely correlated to the size

of glutenin macropolymers (Curioni et al., 1996).

Spot 15

The spot 15 is represented mainly by the globuke-protein, previously described

(spot 8 of the cultivar Hope p.84).

Spot 16

The spot 16 was identified as peroxidase. Perogglase able to utilize peroxide to
oxidize a wide range of hydrogen donors includimgmmls, citocrome-c and nitrite.
Depending on the plant tissue and isozyme/isofoperoxidase can have others
functions like oxidation of toxic reductants, biofiyesis and degradation of lignin,

suberization, auxin catabolism, response to enmmntal stresses such as wounding,
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pathogen attack and oxidative stress. Up to nowegeoding for peroxidases have
been located on the chromosome 4BL, 7AS and 7BStHer wheat endosperm
peroxidase; on the chromosome 3DS and 3DL for ithiergo plus scutellum peroxidase
and on the 1BS and 1DS for the leaf peroxidasesdlBet al., 1987).

Spot 17
The two proteins identified in the spot 17 haverbeescribed previously (spot 13 of the
cultivar Hope p.85 for the aldose reductase and 4paf T. dicoccoide.59 for the

malate dehydrogenase).

Spot 18

Also for the spot 18, identified proteins have béescribed previously (spots 2 & 3 of
the cultivar Langdon p.58 for the LEA; spot 13 ®f dicoccoidesp.60 for the
triosephosphate isomerase ; spot 1 of the cultimagdon p.57 for the chitinase).

Spot 19
Proteins identified in the spot 1&amylase inhibitor and superoxide dismutase have
been previously described (spot 14 of Thalicoccoide$.60 and in the part relative to

the CM-like fraction previously for the-amylase inhibitor).
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2. Identification of 5A polypeptides in the cultivar Thatcher

The proteins identified in the cultivar Thatchee anainly involved in the binding
(38%) and in protease/hydrolase activity (20%).819. Also for this cultivar, these
results confirm those already described for théivar “Hope”, for tetraploid wheats
here reported, and those reported by Vitulo €R@lL1). It is also interesting to note
that 28% of the proteins have a role in carbohydragtabolism and 28% in stress /
defense response.

After interrogation of the GrainGenes EST database,a total of 45 identfied
proteins, 9 proteins (20%) (Elongation factor; 8leetyl-CoA thiolase like protein;
Phosphoenolpyruvate carboxylase; peroxidase; FReadigphosphate aldolase;
Lipoprotein; adenylate kinase A; xylanase inhihitmarboxypeptidase D) resulted to be
encoded by genes on the chromosome 5A.

Among all the identified proteins, 12 proteins (268%ave been found in two or more

spots.
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Figure 33: 5A specific spots found ifT. aestivum cv Thatcher

R .

Figure 34:5A specific spotsfound in T. aestivum cv Chinese Sprinc

Figure 35: Common spots betweeifi.aestivum cv Chinese Spring
and T.aestivum cv Thatcher
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Table 16: Identified polypeptides by LC MS/MS in tte bread wheatT. aestivum cv Thatcher

N° spot
1

10

11

12

13

14

15
16
17

18

19

20

21

22

23

Dihydrolipoamide dehydrogenase precursor
Beta amylase
T-complex protein

Globulin-like protein
DNA-binding protein GBP16

Triticin

Elongation factor 1-gamma 2

Triticin

Serpin

Aspartate aminotransferase

Alcohol dehydrogenase class 3
NADP-specific isocitrate dehydrogenase

HSP70 precursor
Serpin

3-ketoacyl-CoA thiolase-like protein
Phosphoenolpyruvate carboxylase

rRNA-N-glycosidase
Peroxidase 1

Aspartate aminotransferase
Glyceraldehyde-3-phosphate dehydrogenase

Glyceraldehyde-3-phosphate dehydrogenase
Fructose-bisphosphate aldolase
Malate dehydrogenase

Malate dehydrogenase
Fructose-bisphosphate aldolase

Peroxidase 1
Aldose reductase
NADP-specific isocitrate dehydrogenase

Lipoprotein-like
(2R)-phospho-3-sulfolactate synthase-like

Adenylate kinase A
Xylanase inhibitor XIP-IlI
Triosephosphate isomerase

LEA1
Elongation factor 1-alpha

Carboxypeptidase D

Ribosomal protein L18
Endogenous alpha-amylase/subtilisin inhibitor

Endogenous alpha-amylase/subtilisin inhibitor
Globulin 1
Carboxypeptidase D

Alpha-2-purothionin precursor
USP family protein

Peptidyl-prolyl cis-trans isomerase
Glyceraldehyde-3-phosphate dehydrogenase

Score MASCOT
1231
798
537

1058
524

1542
1023
652
311
878
597
592

720
276

568

172

227
179

1435
462

736
412
354

309
327

470
302
137

697
478

227

1005

200

389
122

95

231
229

065
189
97

363
203

137
164

N° peptides
18
11
9

12
15

8
17
8
10
16
10
12

14
8

10

emPAl
23.61
6.83
6.25

2.81
3.37

1.59
6.3
1.44
14
6.51
341
3.52

8.1
1.05

2.32
0.14

0.95
0.69

21.4
2.27

5.2
2.36
1.87

1.72
1.58

2.72
2.96
0.43

23.89
2.75

1.98
4.95
2.44

3.13
1.03

3.23

14
1.43

18.4
1.23
0.49

2.24
3.39

113
1.39

89



Results and discussion

Principal Components Analysis
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Figure 36: PCA representation in which the contribdion of each spot, relative to the genotypes

analysed is reported. Blue points represent the tiee replicates of CS-Thatcher5A and the red point
that nf CS

Molecular function
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M nutrient reservoir
activity

M inhibitor activity

Bl oxidoreductase

M protease / hydrolase

W transferase activity

unknown

Biological function

M carbohydrate metabolism

3% 3% i3 ® protein synthesis/assembly

I storage protein
M transcription/translation

W stress / defense

M nitrogen metabolism

protein tunover

3%

unknown

Figure 37: Percentage distribution of the biologichprocesses and the molecular function relative to
the identified proteins in “Thatcher” obtained with gene ontology ffttp://www.uniprot.org/uniprot/)
and by literature research
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Spot 1

The spot 1 is represented by the Dihydrolipoamieleydrogenase. It is a flavoprotein
which is a partner of pyruvate dehydrogenase inpgrevate dehydrogenase complex
which transforms pyruvate into acetyl-CoA and lirdggosolic glycolytic metabolism

with the tricarboxylic acid cycle (Manaa et al. 120.

Spot 2
The spot is mainly represented by the DNA-bindimgtggn GBP16. GBP16 is a

member of a DNA-binding protein complex that speaify binds the single-stranded

G-rich telomere sequence (Casati et al., 2005).

Spot 3

This spot was identified as a Triticin, which wassdribed previously (spot 4 of

Langdon p.58).

Spot 4

It is mainly represented by an Elongation factdrealy described (spot 2 of Hope
p.83).

Spot 5

The spot 5 is represented by the aspartate amnséérase. Plant aspartate
aminotransferase (AAT) catalyses the reversiblasaeination reaction between L-
aspartate and 2-oxoglutarate to give oxaloacetai® laglutamate (Maciga and
Paszkowski, 2004).

Spot 6

The spot 6 was identified as HSP 70 precursor. H8We been known to protect cells
against deleterious effects of stress and they bhasential functions under no stressful
conditions. It has been shown that all Hsps hamgctsiral and functional properties,

and that they bind to ATP and to unfolded or péytidenatured polypeptides ( rev. in

EFEQGLU, 2009).
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Spot 7

It is represented by the 3-ketoacyl-CoA thiolage-lprotein, which was described

previously (spot 5 of Hope p.83).

Spot 8

The spot 8 was identified as a phosphoenolpyruvatieoxylase. Phosphoenolpyruvate
carboxylase is a ubiquitous cytosolic enzyme inhbargplants and is also widely
distributed in bacteria, cyanobacteria, and grdgaea It catalyzes the irreversibfe
carboxylation of phosphoenolpyruvate (PEP) in thesence of HC® and Mé" to
yield oxaloacetate (OAA) and Pi, and thus is inedlintimately in C4-dicarboxylic
acid metabolism in plants (Chollet et al., 1996).

The GrainGenes database interrogation revealshtbd@EPC was already known to be

encoded by genes on the chromosome 5A.

Spot 9

The spot 9 was identified as rRNA-glycosidase. Thmtong to the ribosome-
inactivating family, which are widely distributed higher plants (Massiah and Hartley,
1995).

Spot 10

This spot was identified as aspartate aminotraasérdescribed previously (spot 5
p.91).

Spot 11

The spot 11 is mainly represented by the glycelslde-3-phosphate dehydrogenase,
which was found and described in the spot #.aficoccoide$.59.

Spot 12

This spot was identified as a malate dehydrogerfasad and described in the spots 4
& 5 of T. dicoccoide$.59.

Spot 13

This spot is mainly represented by the peroxidasehis protein was described in the
spot 16 of Hope p.85-86.
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Spot 14

The spot 14 is represented mainly by the Lipopmelike. Some lipoproteins are
involved in the formation of cell membranes and roythobic layer, while some of
them play an important role in the transport ofyfaicids or thir CoA derivatives, such

as lipid transfer protein thionins (Deng et al.02p

Spot 15

The spot 15 was identified as Adenylate kinase Ajctv was already found and
described (spot 1 of the CM-like fraction p.67).

Spot 16

This spot was identified as xylanase inhibitor XIRwhich was previously described
in the spot 8 & 9 of Langdon p.58-59.

Spot 17

The spot 17 was identified as triosephosphate isasee previously described in the
spot 13 ofT. dicoccoide®.60.

Spot 18

This spot is mainly represented by the Late Embepegis Abundant protein. This
protein was described in spots 2 & 3 of the cuttivangdon p.58.

Spot 19

The spot 19 was identified as Carboxypeptidase De Tarboxypeptidase is
characterized by a broad substrate specificity estdrase and/or amidase activity, in

addition to the intrinsic carboxypeptidase actifibrzymata and Bielawski, 2009).

Spot 20

The spot 20 is mainly represented by the ribosgrakin L18. Ribosomal proteins are
major components of ribosomes, and are regulateth levelopmentally and

environmentally in plants (Yingyin et al., 2006).

Spot 21

The spot 21 is mainly represented by an endogenamylase / subtilisin inhibitor.
This protein family is described in the part relatto the CM-like fraction (p.67).
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Spot 22

It contains an alpha-2-purothionin precursor that imvolved in plant defence

mechanisms.

Spot 23 and Spot 24:

The spot 23 and 24 are mainly represented by the @#ily protein. Ubiquitin-
Specific Proteases (USPs) are a family of uniquérdigses that specifically remove
polypeptides covalently linked via peptide or ispjde bonds to the C-terminal glycine
of ubiquitin (Yan et al., 2000).
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3. Identification of 5A polypeptides in the cultivar Timstein

The set of image analysis (CS vs Timstein; CS vsT@%tein5A; Hope vs CS-
Timstein5A) revealed 13 spots to be polypeptidended by genes on the chromosome
5A of Timstein. The PCA (fig.41) confirmed the spiietty of the 5A spots selected.

The Gene Ontology reveals that 31% of the idemwtifieoteins are involved in the
carbohydrate metabolism, 23% in protein synthessgimbly and 15% in
transcription/translation. Also for this cultivaheir molecular function is mainly
“binding” (50%) (Fig.42).

In this cultivar, among the identified proteins,06 the 22 proteins (27%) were
already known to be localized on the chromosomégAnterrogation on GrainGenes
database. These proteins are fhB-glucan exohydrolase, the Hydroxyproline-rich
glycoprotein, the pyruvate kinase, the alcohol debgenase, the elongation factor and

the peroxidase.
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Figure 38: 5A specific spots of. aestivum cv Timstein

NG . —

Figure 40: Common spots betweefii.aestivum cv Chinese Spring andr.aestivum cv Timstein
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Table 17: Identified polypeptides by LC MS/MS in the bread wheatT. aestivum cv Timstein

N° spot

1

10

11

12

13

Embryo globulin
Hydroxyproline-rich glycoprotein
Beta-D-glucan exohydrolase

Embryo globulin
Beta-D-glucan exohydrolase

Embryo globulin

Beta-D-glucan exohydrolase
Cytosolic NADP malic enzyme

Embryo globulin

SAR DNA binding protein
Cytosolic NADP malic enzyme

SAR DNA binding protein
Pyruvate kinase

Globulin-like protein
DNA-binding protein GBP16

Alcohol dehydrogenase ADH1A

Aspartate aminotransferase
Elongation factor 1-gamma 2

Peroxidase 1

17.6kDa heat-shock protein
Peptidyl-prolyl cis-trans isomerase

Small heat shock protein HSP17.8

Score MASCOT

230
224
197

961
463

816

419
299

313

120
115

224
139

1047
420

111

506
498

237

264
256

204

N° peptides emPAl
11 1.35
9 1.3
7 0.44
17 4.18
13 12
22 9.82
12 0.88
10 0.81
12 1.21
3 0.2
4 0.24
5 0.35
4 0.38
14 4.82
14 2.15
6 0.49
12 2.84
12 2.11
6 1.58
6 2.38
4 113
8 3.96
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Principal Components Analysis
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Figure 41: PCA representation in which the contribdion of each spot is reported. Blue points represe¢n
the three replicates of CS-Timstein5A and the redpoints that of CS.
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Figure 42: Percentage distribution of the biologichprocess and the molecular function for the

identified proteins in “Timstein” obtained with gene ontology &ttp://www.uniprot.org/uniprot/and
by literature research
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Spot 1& 2& 3

These spot are mainly represented by the embrymfroGlobulin are described in the

spot 8 of the cultivar Hope (p.84).

Spot 4.

The spot 4 is represented by fhel-glucan exohydrolasg-d-glucan exohydrolase is
involved, with two others hydrolases, in the depatyization of (©3),(1>4)-3-d-
glucans in germinated grain or in the partial hjgbis of the polysaccharide in
elongating vegetative tissues. The>d),(1>4)-p-d-Glucans represent an important
component of cell walls in the Poaceae family afhler plants, and are an important
source of stored glucose for the developing segdhtmova and Fincher, 2001).

In the GrainGenes database, ESTs of fflkieglucan exohydrolase are found on the

chromosome 5A.

Spot 5

Also this spot was identified as an embryo glohuliescribed in the spot 8 of Hope
(p.84).

Spot 6

This spot is mainly represented by an NADP malizyeme. The enzyme acts in many

different metabolic pathways in plants (Casatiletl®97).

Spot 7

The spot 7 is mainly represented by the pyruvatede. Pyruvate kinase (PK) is an
important enzyme of glycolytic pathway that alsandtions in providing carbon
skeleton for fatty acid biosynthesis (Ambasht amy#&stha, 2002).

Spot 8

The spot 8 is mainly represented by a globulin-pketein, which are described in the

spot 8 of Hope (p.84).
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Spot 9

The spot 9 was identified as alcohol dehydrogenaBdilA. This protein was
described in the spot 6 of Langdon (p.58).

Spot 10

The spot 10 was found to be mainly representethéaspartate aminotransferase. This
protein was found and described in the spot 5 atdter (p.91).

Spot 11
The spot 11 was identified as peroxidase, which alteady described in the spot 16 of

Hope (p.85-86).

Spot 12 & Spot 13
This two spots are mainly represented by Heat Slyokein (17.6kDa and 17.8kDa
respectively). The HSPs have been described isgbe6 of Thatcher (p.91).
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4. Identification of 5A polypeptides in the cultivar Cheyenne

The set of image analysis (CS vs CNN; CNN vs CNNe&SCNN vs CNN-CS5A)
revealed 18 spots to be polypeptides encoded bgsgen the chromosome 5A of
Cheyenne. The PCA (fig.46) confirmed the specificit the 5A spots selected.

Twenty-seven polypeptides were identified in th#éticar Cheyenne, as encoded by
genes at chromosome 5A. They are mainly implicatedhe metabolism of the
carbohydrate (37%) and in the response to stre&%)(2Their molecular function is
binding for 30% of them, and 17% have proteasetiigde functions (fig.47).

The ubiquitin-like modifier-activating enzyme 5, ethenolase, the glucose-6-
phosphate isomerase, tReD-glucan exohydrolase, thgglucosidase, the serpin, the
ATP synthase, the chitinase and the glycine-richARNNhding protein were already
known to be encoded by genes on the chromosomé&s&inGenes EST database). In
spot 12, the protein identified is a xylanase iitbith) whose genes were already
indicated as present on chromosome 5A. Moreover,Galreticulin-like protein was
reported on the chromosome 5B and 5D, and thusthenbasis oh chromosome
homeology, it is likely that genes encoding forsthprotein are present in the
chromosome 5A.

For this cultivar, only one protein (caleosin) viasnd in more than one spot.
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Figure 43: 5A specific spots foiT .aestivum cv Cheyenne
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Figure 44: 5A spéciﬁc gpiots fc‘)\Frl" .éestivum cv Chinese Spring

N4 e e -~
Figure 45: Common spots betweeili.aestivum cv Cheyenne and
T.aestivum cv Chinese Spring
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Table 18:Identified polypeptides by LC MS/MS in the bread wheat T. aestivum cv Cheyenne

N° spot

1

5&6

10

11

12

13

14

15

16

17

18

Calcium-binding protein precursor
Calreticulin-like protein

Ubiquitin like protein
Enolase

Glucose-6-phosphate isomerase

UTP--glucose-1-phosphate uridylyltransferase
Glucose-1-phosphate adenylyltransferase

Beta-D-glucan exohydrolase
Beta-D-xylosidase

3-ketoacyl-coA thiolase like
Beta-glucosidase
Serpin

Glyceraldehyde-3-phosphate dehydrogenase

Fructose-bisphosphate aldolase cytoplasmic isezym

Glucose and ribitol dehydrogenase
Caleosin 1

Vacuolar ATP synthase subunit E
Xylanase inhibitor

26 kDa endochitinase 1 precursor
Xylanase inhibitor protein 1 precursor
Aspartic proteinase

Triosephosphate isomerase

1-Cys peroxiredoxin

Caleosin 2

Thaumatin-like protein
Manganese superoxide dismutase

16.9 kDa class | heat shock protei
USP family protein

Glycine-rich RNA-binding protein

Score MASCOT

290
69

575
311

156
379

371

269
217

568

414

127
587

385

1166
463
217
111
265
186
149
487
476
404

388
113

382

307

407

N° peptides emPAl
6 0.53
3 0.24
7 291
9 0.99
4 0.23
14 1.83
12 1.78
7 0.52
7 0.53
10 2.32
9 1.28
6 0.77
12 7
9 3.36
19 17.96
8 29
8 1.49
4 0.53
4 0.96
7 1.23
5 1.25
7 2.23
8 3.16
7 2.31
10 2.73
3 0.48
6 18
6 3.39
6 25
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Principal Components Analysis
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Figure 46: PCA representation in which the contribdion of each spot is reported. Blue points
represent the three replicatis of CNN-CS5A and the redpoint that of CNN.
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Figure 47: Percentage distribution of the biological processral the molecular function for the
identified proteins in “Cheyenne” obtained with the gene ontology [fttp://www.uniprot.org/uniprot/)
and by literature research.
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Spotl

The spot 1 is mainly represented by a calcium-bigdirotein precursor. Calcium is
required for many vital processes in fungi and {gaHligh levels of calcium are found
in cell walls, vacuoles, and most organelles, whigy low levels of calcium are

present in the cytosol of plant cells. Calcium-lmgdproteins are involved in the events

that accompany the action of calcium as a secorssenger (Moreau, 1987).

Spot 2

The spot 2 was identified as ubiquitin-like-modiactivating enzyme 5. In literature
no informations about this specific protein are ilade, but information about
ubiquitin-like modifier reveal is a member of theipsrfamily of ubiquitin-like
polypeptides that become covalently attached tmwarintracellular target proteins as a

way to alter their function, location, and/or hkié& (Kurepa, 2002).

Spot 3:

The spot 3 was identified as glucose-6-phosphatenesase (GPIl). GPI catalyze
reversible aldose-ketose reactions involving adirst, a lysine, a glutamic acid residue

and probably an arginine residue at the catalygider.

Spot 4

The spot 4 is mainly represented by glucose-1-ghetepadenylyltransferase, which
was also found and described in the spot 1 of Hp[B2).

Spot 5 and Spot 6

These three spots are mainly represented by tlelbglucan exohydrolase, which was

previously described in the spot 4 of Timstein §.9

Spot 7

The 3-ketoacyl-coA thiolase like identified in tlapot was already found and described

in the spot 5 of Hope (p.83).

Spot 8

The spot 8 was identified @isglucosidase. In plant$;D-glucosidases are involved in

various functions, including lignification, regulat of the biological activity of
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cytokinins, control of the biosynthesis of indol&a&etic acid, and chemical defense
against pathogens and herbivores (Sue et al., 2006)

Spot 9

The spot 9 was identified as serpin. Serpins ctutsta large family of related proteins,
the majority of which are Serine Protease InhilsitoFhey are members of a large
family of proteins that are structurally closelyated, yet functionally diverse, most of

which regulate proteolysis. They are also knowheallergens (Wu et al., 2012).

Spot 10
The spot 10 is mainly represented by the Glycehglde-3-phosphate dehydrogenase.

This protein was also identified and describedh@agpot 4 off . dicoccoidegp.59).

Spot 11

This spot is mainly represented by the glucose rantbl dehydrogenase, which was

previously described (spot 7 of the cultivar Langdn.58).

Spot 12

The spot 12 was identified as a xylanase inhibigdsp find in the spots 8 & 9 of
Langdon (p.58-59).

Spot 13

The spot 13 is mainly represented by the aspartiteipase. Aspartic proteinases are
widely distributed among plant species. The biatagrole of plant aspartic proteinases
is not completely established. In general, plans ARRve been implicated in protein
processing and/or degradation in different plaigaas, as well as in plant senescence,
stress responses, programmed cell death and repiad(rev. Simoes and Faro, 2004).

Spot 14

The spot 14 is mainly represented by the 1-Cysxpedoxin. Peroxiredoxins are thiol-
based peroxidases. Peroxiredoxins are antioxidatizgmes that catalyze the reduction
of alkyl hydroperoxides to alcohols and hydrogenrogiele to water. 1-Cys
peroxiredoxins perform important roles during laeed development in plants (Kim et
al., 2011).
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Spot 15

The spot 15 was identified as thaumatin-like protéfLP). They have antifungal

activity and thus are involved in plant defensePTere recently identified wheat flour
salt-soluble protein family to be associated wittkdr’s respiratory allergy (Salcedo et
al., 2011).

Spot 16

The spot 16 was identified as a 16.9kDa Heat Slrvokein. Heat Shock Protein have
been found and described in the spot 6 of Thatghed).

Spot 17

It was identified as USP family protein. This piatevas previously described (spot 23
of Thatcher p.94).

Spot 18

The spot 18 was identified as a Glycine-rich RNAdwng protein. Glycine-rich RNA-
binding proteins (GR-RBPs) have been implicategl&y roles in post-transcriptional
regulation of gene expression in plants under waristress conditions. However, the
functional roles of GR-RBPs in plant response teirenmental stresses are largely
unknown. It was been shown that glycine-rich RNAeng protein contributes to the
enhancement of freezing toleranceAiabidopsis thaliangKim et al., 2005).
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5. Identification of 5A polypeptides in the cultivar Chinese Spring

For the cultivar Chinese Spring, the attributionpotypeptides to chromosome 5A
has been performed by taking into considerationrésellts obtained on the basis of
each comparison with the different chromosomal witi®n lines. Twelve spots have
been selected and identified (fig.48).

In total, 25 proteins have been identified. Evefoif22% of them the gene ontology
do not give any information on their biological @ion, the majority are involved in the
carbohydrate metabolism (31%), which is consistéh vesults obtained on the others
cultivars. Also for Chinese Spring, the identifigdoteins have mainly a binding
function (33%) or a protease /hydrolase functiorf)L

After GrainGenes EST database interrogation amdweget 25 identifications 6
(enolase, B-glucosidase; fructose-bisphosphate aldolase; agkninhibitor XIP-III;
GTP-binding protein; ADP-ribosylation factor) haleen confirmed to be encoded by

5A chromosome.
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Figure 48: 5A identified spots inT.aesitvum cv Chinese Spring

Table 19:Identified polypeptides by LC MS/MS in the bread wheat T. aestivum cv Chinese Spring

N° spot

1

10

11

12

Globulin-2 precursor
Enolase
ATP synthase alpha subunit

Beta-glucosidase

Endo-1,4-beta-glucanase
Adenosylhomocysteinase

Fasciclin-like protein FLA31
Methylmalonate semi-aldehyde dehydrogenase

Glyceraldehyde-3-phosphate dehydrogenase
Phosphoglycerate kinase

R40g2 protein
beta amylase
Fructose-bisphosphate aldolase

Globulin 1
Xylanase inhibitor XIP-III

Globulin 1
Ribosomal protein S8

Alpha-2-purothionin precursor
Peroxiredoxin

16.9 kDa class | heat shock protein
18,9 kDa ABA-induced protein
GTP-binding protein

Purothionin A-1 precursor
Cold regulated protein

17.4 kDa class | heat shock protein 3
Peptidyl-prolyl cis-trans isomerase
ADP-ribosylation factor

Score MASCOT
1137
385
313

337

350
292

179

180

1868
587

350
213
206

761
250

759
183

621
445

268
251
160

412
284

473
312
144

N° peptides
22

12
11

10

o>

emPAl
6.63
1.28
1.04

114

0.81
1.15

0.57

0.28

6.41
3.57

1.85
0.75
0.85

6.44
1.57

7.51
0.87

7.1
2.52

7.49
3.89
0.92

109



Results and discussion

Biological function
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B storage protein
W stress / defense

M protein
synthesis/assembly

M others

B unknown

Molecular Function

B nutrient reservoir activity
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Figure 49: Percentage distribution of the biologichprocess and the molecular function for the
identified proteins in “Chinese Spring” obtained with the gene ontology of
http://www.uniprot.org/uniprotand by literature research.
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Spot 1

The spot 1 is mainly represented by the globulpreétursor. Globulins are described in

the spot 3 of Langdon p.58.

Spot 2

The spot 2 was identified as Beta-glucosidase. ptosein was previously found and
described in the spot 8 of Cheyenne (p.105-106).

Spot 3

The spot 3 is mainly represented by the Adenosytioysteinase, also called S-
Adenosyl-I-homocysteine hydrolase. S-Adenosyl-I-bogsteine hydrolase is one of
the most highly conserved enzymes from bacterrmagaomals. It plays a key role in the
regulation of transmethylation reactions in all &ulotic organisms Targets of AdoMet-
dependent methyltransferases include a wide speadfucellular compounds, such as
DNA, mRNA, histones H3 and H4, and other proteiasa@ll as smaller metabolites,
including lipids (Malanovic et al., 2008).

Spot 4

The spot 4 is mainly represented by the Fascidtmrotein FLA31. The fasciclin-like
arabinogalactan-proteins (FLAs) are a class of ehitnArabinogalactan proteins
(AGPs) which contain one or two AGP-like domaingHrin noncontinuous Pro
residues) and one or two fasciclin-like domainsidess the three features of the
classical AGPs. AGPs comprise a family of hydroxyime-rich glycoproteins that are

implicated in plant growth and development (Litakt 2008).

Spot 5

This spot is mainly represented by the glyceraldeh¥-phosphate dehydrogenase,
which was found and described in the spot #.aficoccoide$.59.

Spot 6

The spot 6 is mainly represented by a protein aimid the R40g2 protein of Oryza
sativa. This protein is reported to be ABA-indueibl
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Spot7 &8

This spot is mainly represented by a globulin olslins are described in the spot 8 of
the cultivar Hope (p.84).

Spot 9

The spot 9 is mainly represented by the alpha-®thionin precursor that is involved

in plant defence mechanisms.

Spot 10 & 12

These two spot are mainly represented by a 16.2kidlaa 17.4kDa Heat shock protein
respectively, previously described in the spot Glwditcher (p.91).

Spot 11

The spot 11 is mainly represented by a purothioniich are involved in plant defence

mechanisms.
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6. Comparison between various bread wheat cultivars

In total in the bread wheat, 86 proteins have hdentified in five different cultivars.
Those proteins have mainly a role of storage pna26%), and are also involved in the
carbohydrate metabolism (20%) and in stress /defescesses (19%). These 86
proteins have predominantly a function of bindir8¥%) and to lesser extent of
protease /hydrolase (9%) and of oxidoreductase (866%0).

Among these 86 proteins, 32 (37%) have been fountivbo or more cultivars
(tab.20). Moreover, 22 of these proteins are combetween two cultivars, 8 between
3 cultivars and only two (Fructose-bisphosphat®lakk and a inhibitor) are common
of 4 cultivars. Thatcher and Hope are the two eai8 which share the more protein (7
proteins) and they also have 5 others proteinsimneon with Timstein (fig.51).

Among these proteins in common, the Elongationofatche alcohol dehydrogenase,
the 3-ketoacyl-CoA thiolase-like protein, the xydae inhibitor, the beta-amylase, the
peroxidase, the DNA-binding protein, the serpirg fAD-glucan exohydrolase, the
enolase and3-glucosidase were already known to be encoded egen the
chromosome 5A (according to GrainGenes). The saatabdse indicated that the
globulin-2 precursor, the globulin-like protein,etiMalate dehydrogenase and the
Globulin 1 are encoded by genes on the chromosdBnang/or 5D. Because of the
homeology among these chromosomes, it is likely they are encoded by genes on
chromosome 5A as well.
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Biological function
B carbohydrate metabolism
B protein synthesis/assembly

W storage protein

16%

2%
3%

M biosynthetic process
M stress /defense

M transcription/translation

M proteolysis
2%
I others

unknown

Molecular function

3‘ '

M transferase

W protease / hydrolase

M binding

M nutrient reservoir
activity

m oxidoreductase

B inhibitor activity

M others

M unknown

Figure 50: Percentage distribution of the biologichprocess and the molecular function for the
common identified proteins in bread wheat obtainedvith the gene ontology of
http://www.uniprot.org/uniprotand by literature research.
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Table 20: Identified proteins commons between tworanore bread wheat cultivars.

Protein

Cultivars

Aspartic proteinase

Elongation factor

Triticin

Aspartate aminotransferase

HSP 70 precursor

NADP-specific isocitrate dehydrogenase
Alcohol dehydrogenase
3-ketoacyl-CoA thiolase-like protein
Xylanase inhibitor

Globulin-2 precursor

Embryo globulin

Globulin-like protein
Fructose-bisphosphate aldolase
Glucose and ribitol dehydrogenase
Aldose reductase

beta-amylase

Peroxidase

Malate dehydrogenase
Triosephosphate isomerase
DNA-binding protein

Serpin
Glyceraldehyde-3-phosphate dehydrogenase
Globulin 1

Alpha-2-purothionin precursor

USP family protein

Peptidyl-prolyl cis-trans isomerase
Beta-D-glucan exohydrolase
heat-shock protein

Enolase

Glucose-1-phosphate adenylyltransferase
Beta-glucosidase

Peroxiredoxin

Hope, Cheyenne

Hope, Thatcher, Timstein

Hope, Thatcher

Hope, Thatcher, Timstein

Hope, Thatcher

Hope, Thatcher

Hope, Thatcher, Timstein

Hope, Thatcher

Hope, Thatcher, Cheyenne, Chinese Spring
Hope, Chinese Spring

Hope, Timstein

Hope, Thatcher, Timstein

Hope, Thatcher, Cheyenne, Chinese Spring
Hope, Cheyenne

Hope, Thatcher

Hope, Thatcher

Hope, Thatcher, Timstein

Hope, Thatcher

Hope, Thatcher, Cheyenne,
Thatcher, Timstein

Thatcher, Cheyenne

Thatcher, Cheyenne

Thatcher, Chinese Spring
Thatcher, Chinese Spring
Thatcher, Cheyenne

Thatcher, Timstein, Chinese Spring
Timstein, Cheyenne

Timstein, Chinese Spring, Cheyenne
Cheyenne, Chinese Spring

Hope, Cheyenne

Cheyenne, Chinese Spring
Cheyenne, Chinese Spring
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Thatcher Timstein Hope
Timstein Chinese Spring Cheyenne; 3
Chinese Spring; Cheyenne; 1

Timstein
Cheyenne; 1

Cheylenne | Hope Thatcher
Chinese Spring; Timstein; 5
3
Thatcher
Chinese Spring;
2
Thatcher

Cheyenne; 3

Thatcher
Timstein; 1

Hope Thatcher;
7
Hope Chinese

Hope Thatcher Soring: 1
ring;
Cheyenne ; 1 bring Hope Thatcher
Hope Timstein; Cheyenne
1 Chinese Spring;
1

Figure 51: Representation of the number of proteinshare between the various bread wheat
cultivars.
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V. Conclusion

Wheat is the dominant crop in temperate countmekia used for human food and
livestock feed. Its success depends partly ondigptability and high yield potential but
also on the gluten protein fraction which confdrs viscoelastic properties that allow
dough to be processed into bread, pasta, noodidspther food products. The wheat
genome is about 5500 Mb for the tetraploid wheat 46,000 Mb for the hexaploid
wheat, and it has been shown that over 30 000 gameesxpressed in the developing
wheat grain (Wan et al., 2008). The genes presenh® chromosome 5 have a role in
the quantity of protein, in the frost resistanaethe hardness, in the compact spike
morphology. Thus the knowledge of polypeptides eiedoby genes at chromosomes 5
will allow correlating their presence with specifptiysiological characteristics, along
with quality properties. Recently the virtual gemreler of 392 genes for the 5A short
arm and of 1,480 for the 5A long arm was perforf\étllo et al., 2011).

By using a comparative proteomic study betweenrardines and chromosome
substitution lines, we were able to identify spiecHA protein both in tetraploid wheat

and hexaploid wheat.

The first target was the identification of the 5Pofgins of tetraploid wheat, more
particularly theT. turgidumssp.durum cv Langdon andr. dicoccoidesboth on the
metabolic fraction and the CM-like fraction. Theaglin and the glutenin fractions were
also studied in order to check if there are add#lidoci, besides those already known
present on chromosomes 1 and 6. Finally, mass repeetry analysis led to the
identification of 20 proteins of the metabolic ftiao for T. dicoccoidesand 8 proteins
for T. turgidumssp.durumcv Langdon. The major part of the 5A identifiedteins has
a role in the binding (28% for Langdon and 57% Tordicoccoidesand are involved
mainly in the carbohydrate metabolism, in procesdestiress / defense and as storage
proteins. Concerning the CM-like fraction, we wexlgle to identified 6 spots OfF.
dicoccoidesand 3 for Langdon, although the great abundantleeaf-amylase inhibitor
in this fraction made difficult the validation ohd identified proteins. However, in
addition to thex-amylase inhibitor, the adenylate kinase, the cage, the vacuolar H+

pyrophosphatase, the Superoxide dismutase [Cu-&rg heen identified.
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We were also able to confirm that neither gliadims glutenins are encoded by

genes on the chromosome 5A.

Preliminary results obtained relatively to the macl proteins of leaves of durum
wheat, performed by 1D electrophoretic analysedicated the presence of a group of
bands around 50 kDa if. turgidumssp.durumcv Langdon, that are very likely 5A
encoded, and that will be submitted to 1D-MS aredys

The second objective was to identify 5A encodeqpaptides in bread wheats. The
2D proteomic allowed us to identify specific cuéirvoA proteins in five cultivars,.We
identified 39 proteins for cv. Hope, 45 proteing tw Thatcher, 22 proteins for cv
Timstein, 27 proteins for cv Cheyenne and 25 pngtéor cv Chinese Spring. All these
proteins have mainly a binding function, which ansistent with the results presented
by Vitulo et al (2011). Among these proteins, 32 abommon between two or more
cultivars. After interrogation of the GrainGenesTE&atabase, 15 proteins confirmed

the chromosome localization.
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