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ABSTRACT / RESUME 



 



Proteomic analysis of endosperm and peripheral layers during kernel development of wheat 
(Triticum aestivum L.) and a preliminary approach of data integration with transcriptome 

 

Wheat is the second most produced cereal in the world, important for food, feed and many industrial uses. 
Understanding of the mechanisms involved in grain development is fundamental for developing high 
quality wheat. In particular, detailed knowledge of the wheat grain physiology and molecular mechanisms 
involved in its development would help in breeding not only of wheat but also  many other cereals. A 
proteomic approach has been used in this context but, up to now, there had been no work on developing 
tissues at very short temporal distances. 
 
This thesis presents, firstly, a proteomic study to characterize protein expression changes in peripheral 
layers and in starchy endosperm of wheat, during kernel development. We used grains of Triticum 
aestivum cv Récital, cultivated at INRA, Clermont-Ferrand. Grains were harvested at each 50°Cd from 
fertilization to maturity at fifteen stages for peripheral layers and at twenty-one stages for starchy 
endosperm. After grain dissection, protein extraction and 2DE- MALDI-TOF MS and data mining, we 
identified 207 differentially expressed proteins at fifteen stages (0°Cd-700°Cd) of peripheral layers during 
kernel development. These proteins were then classed in sixteen different functional classes. HCA 
revealed five different expression profiles during development. Similarly after obtaining starchy 
endosperm from dissected grains, we performed protein extraction specific to metabolic proteins. After 
2DE, 487 proteins were identified from fertilization to grain maturity (0°Cd-1006°Cd), using LC-MS and 
data mining.  Proteins were grouped in nine different expression profiles and were classed in seventeen 
biochemical functions.  
 
We have constructed proteome maps of these two important grain tissues during kernel development. 
Further, the comparison of peripheral layers and starchy endosperm proteomic data was made, with an 
objective to understand whether the changes in different biochemical processes differ between these 
tissues. 
Finally, we performed an integration of our proteomic data (focusing our approach on proteins involved in 
carbohydrate metabolism) with that of transcriptomics. Only 32% of proteome/transcriptome expression 
profiles showed a significant correlation during development (from 152°Cd-700°Cd). Comparison of 
enzyme expression profiles with those of proteome and transcriptome would help to distinguish the 
processes regulated at transcriptome level and those controlled at the proteome level. This comprehensive 
grain development data could further help in construction of a Récital databank, which may be used as 
reference for studies of diseased and stressed grain tissues during development. 
 

Keywords: Triticum aestivum, grain development, peripheral layers, starchy endosperm, metabolic 
proteins, expression profiles, proteome/transcriptome  

 

 

 



 



Analyse du protéome de l’albumen et des couches périphérique du grain de blé (Triticum aestivum 
L.) en développement: vers une intégration des données avec le transcriptome 

Le blé est la seconde céréale la plus produite dans le monde. Il constitue une importante source de denrées 
alimentaires et de beaucoup d’autres usages industriels. La compréhension des mécanismes impliqués 
dans le développement du grain de blé est fondamentale pour développer des blés à valeur ajoutée. La 
physiologie du grain de blé et les mécanismes moléculaires impliqués dans son développement nécessitent 
d’être mieux connus et ces connaissances pourront être très utiles pour l’amélioration du blé mais aussi 
des autres céréales. L’approche protéomique a été aussi utilisée dans ce contexte mais aucun travail 
n’avait jusqu’ici été réalisé sur la totalité des phases de développement des tissus et sur des intervalles de 
temps très courts. La caractérisation des changements d’expressions protéiques dans les couches 
périphériques du grain et de l’albumen est présentée dans cette étude.  
 
Nous avons utilisé les grains de Triticum aestivum de la variété Récital, cultivés à l’INRA de Clermont-
Ferrand. Les grains ont été prélevés tous les 50°C jour (°Cj) depuis la fécondation jusqu’à la maturité sur 
15 stades de développement pour les couches périphériques et sur 21 stades pour l’albumen amylacé. Pour 
chaque échantillon, les couches périphériques des grains ont été disséquées et les protéines totales 
extraites. L’analyse des protéines en électrophorèse bidimensionnelle puis par spectrométrie de masse 
MALDI-TOF a permis d’identifier via l’interrogation des bases de données, 207 protéines 
différentiellement exprimées sur 15 stades de développement (0°Cj-700°Cj). Ces protéines ont ensuite été 
classées en 16 classes fonctionnelles. L’analyse en cluster a révélé 5 profils d’expression au cours du 
temps. Parallèlement, l’albumen amylacé a été isolé des grains et les protéines métaboliques de ce tissu 
extraites. Après électrophorèse bidimensionnelle des protéines, 487 protéines variant significativement 
dans l’albumen sur l’ensemble des stades de développement (0°Cj-1006°Cj)  ont été identifiées par 
utilisation de la LC-MS. Les protéines ont été réparties sur neuf profils d’expression et 17 fonctions 
biochimiques. Le protéome des couches periphériques a ensuite été comparé au protéome de l’albumen 
dans le but de comprendre si l’évolution des processus biochimiques diffère dans chacun de ces tissus.  
 
Au final, nous avons optimisé l’intégration des données protéomiques avec celles du transcriptome (en se 
focalisant sur les protéines du métabolisme carboné). Seulement 32% des profils d’expression 
protéome/transcriptome montrent une corrélation significative au cours du développement (152°Cj-
700°Cj). Les profils d’expression des enzymes ont été comparés sur les deux niveaux. Ils devraient 
permettre de distinguer les processus régulés au niveau du transcriptome de ceux régulés au niveau du 
protéome. L’ensemble de ces données pourra être compilé dans une base de données propre de la variété 
Récital et utilisé comme référence dans l’étude des maladies et des stress abiotiques des tissus du grain de 
blé en développement. 
 
Mots-clés : Triticum aestivum, grain en développement, couches périphériques, albumen amylacé, 
protéines métaboliques, profils d’expression, lien des données protéome/transcriptome. 
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Wheat is one of the major source of energy and protein for human beings as it is the second most 

important cereal crop grown in the world. During the last 30 years, yield had increased almost 

threefold (30 to 80 qx/ha). However, genetic constructions and agro-environmental conditions 

have led to a negative correlation between yield and protein content (Oury et al. 2003). To 

remedy this problem, significant progress has already been made on the genetics of grain storage 

proteins and their role in wheat quality (Branlard G and Marion D 2011). The aims of present 

research are not only to produce new varieties with higher protein content but also to control 

variability in the composition of components involved in the nutritional value of wheat. 

The project of the UMR 1095 (Unité Mixte de Recherche) at INRA Clermont-Ferrand is involved 

in this perspective. Research programmes aim to improve understanding of the control of wheat 

grain composition during development, to permit improved and stabilized quality. Agro-

physiological, transcriptional and proteomic aspects are studied in order to identify the genes 

involved.  

The team of ABC (Adaptation du Blé aux Contraintes abiotiques) focuses on environmental 

factors and the distribution of nitrogen in the plant and particularly in the grain. Transcriptomic 

research on  metaQTLs for yield, protein content and some quality traits, to localise and identify 

candidate genes using  micro-array techniques  is carried out  by the PPAV (Paleogénomique des 

Plantes pour l’Amélioration Variétale) and DGS (Diversité Génétique et Sélection) teams. The 

Integrative Grain Biology (BIG) team focuses particularly on gene networks associated with 

storage protein synthesis. Changes in protein expression during grain formation are followed, 

using 2-Dimensional Electrophoresis (2-DE), and studies of their quantitative/qualitative 

variation and characterization.  Collaboration between the teams will allow the development of a 

common and unique database for the soft wheat variety “Récital”. 

Recital is of excellent technological quality and is still much appreciated for bread-making. It is a 

French agronomic wheat variety registered by the Claude Benoit Seed Company in the Official 

French Catalogue of Species and Varieties in 1986. Récital is a winter wheat indifferent to the 

photoperiod, resistant to cold lodging and was revealed susceptible to several diseases like 

Septoria and Fusarium. It was used as parent of two mapped progenies Renan x Récital; Arche x 

Récital, studied in the GENOPLANTE program. The EST analysis of Récital grain was realized 

on eight stages of development. These ESTs are available in the NCBI DBEST public database. 
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A proteomic approach of the grain in development was started in 2005, under the responsibility 

of Dr Gérard BRANLARD on the earlier stages of grain formation and made it possible to 

precise the timing of protein expression for different metabolic pathways (Nadaud et al. 2010). 

Present research focuses on analysis of different tissues to characterize specific proteins and to 

improve understanding of the mechanisms involved in grain development. 

The first objective of thesis was proteomic analysis of peripheral layers (PL) and of starchy 

endosperm (ESM) during wheat grain development; secondly we aimed at data integration of 

proteome and transcriptome during grain development.  Peripheral layers are the inner layers of 

the pericarp which is made up of testa, nucellus tegument or hyaline, aleurone layer and inner 

pericarp. Starchy endosperm is the main reserve of starch and proteins of grain. Grains were 

dissected to separate peripheral layers and endosperm from developing grains, then proteomic 

analysis was made using 2-DE. Quantitative and qualitative (presence/absence) variations of 

proteins expressed during development were studied every 50°Cd in wheat grain development 

from one day before fertilization (0°Cd) to the end of physiological maturity (700°Cd) for 

peripheral layers and till complete maturity for endosperm (1006°Cd). A preliminary approach 

for integrating proteome and transcriptome data was proposed for carbohydrate metabolism 

proteins. 

The present manuscript is composed of five main parts/chapters. The first part describes the 

bibliography related to wheat, wheat grain and its development. This part also details of recent 

techniques used in proteomics and transcriptomics. Proteomic analysis of wheat grain peripheral 

layers is described in chapter 2, and that of starchy endosperm in Chapter 3. A preliminary 

attempt to integrate proteome and transcriptome data is presented in part 4. Other results related 

to proteome comparison of peripheral layers and of starchy endosperm during development are 

described in part 5 together with discussions. The final part concludes the findings of the thesis 

and suggests future perspectives. 
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Figure 1: Top wheat producers according to FAO data 2010. Countries are 
presented on x-axis, while production is on y-axis.
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1 Wheat 
 

Wheat has become the major source of energy and protein for human beings and occupies nearly 

17% of the whole world crop area. About two-thirds of the wheat produced in the world is used 

for human food and about one-sixth for livestock feed. Industrial uses, seed requirements, and 

post-harvest losses account for the remaining withdrawals from the world wheat granaries. Wheat 

products are the preferred base for most cereal-based processed products, and supply ~20% of the 

food calories for the world population. Human wheat consumption is mainly in the form of bread, 

pasta, noodles, biscuits including many other confectionary products (Kumar et al. 2011).  

According to FAO, its production exceeds 600 million tonnes annually with predicted production 

of 690 million tonnes in 2012. According to 2010, data China leads world wheat production 

(approximately 115 million metric tons (MMT)) followed by India and USA. France was fifth 

world wheat producer with an area harvested of 5426000 Ha and a production of 38.2 million 

tons in 2010 (http://faostat.fao.org/) (Figure1 and 2). The leading exporter was USA (21.9 MMT) 

while Italy was the major importer (6479090 tones) of wheat in 2009. 

1.1 Origin 
 

The “Neolithic revolution” is considered as the era when wheat originated, about 10 000 years 

ago. According to Vavilov 1940, wheat was first cultivated in the Mediterranean region and 

Southwest Asia. Later it was found that its origin was in South-east Turkey (Heun et al. 1997, 

Dubcovsky and Dvorak 2007). Hexaploid bread wheat was first seen around 9000 years ago with 

spread of cultivation to the Near East (Feldman 2001). Wheat was entered Europe via Anatolia to 

Greece (8000 BP before present) and then through the Balkans to the Danube (7000 BP) 

northwards and to Italy, France and Spain (7000 BP). It reached to the UK and Scandinavia by 

about 5000 BP (Feldman 2001). 

 



Shewry, P. R. et al. 2009

Figure 3: The evolutionary and genome relationship between cultivated
bread (AABBDD) and durum (AABB) wheat and related wild diploid (AA,
BB, DD) are shown.
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1.2 Evolutionary History 
 

Diploid, tetraploid and hexaploid chromosome numbers of Triticum genus were known by 1921 

(Percival 1921). The basic Triticae genome is organized into seven chromosomes which lead to 

the occurrence of 2n=2x=14=diploid, 2n=4x=28=tetraploid and 2n=6x=42=hexaploid wheat 

species. The existence of homologous and homoeologous chromosomes (genetically related 

chromosomes in different genomes) is useful in studies of natural phenomena of genome 

evolution and speciation, which were the basis of species diversity. In earlier studies it was found 

that T. monococcum and T. turgidum share one genome in common, while two common genomes 

were found between T. turgidum and T. aestivum (Sax 1922). Cytological data failed to 

discriminate between genomes of T. monococcum and T. urartu (Johnson and Dhaliwal 1976), as 

genome A donor. While molecular evidence distinguished T. urartu as donor of genome A for 

both polyploid wheats (Dvorak et al. 1993, Salse et al. 2008). A. tauschii was found to be the 

donor of D genome of bread wheat (McFadden and Sears 1946, Kihara 1944). Hence, bread 

wheat originated from two successive events of interspecific polyploidization (Figure 3). In a first 

step, T. diccocoides (wild ancestor of T. turgidum) was formed by cross between T. monococcum 

ssp urartu, (A genome donor 2n=14, AA) and an unknown specie of section Sitopsis (close to Ae. 

speltoides, B genome donor 2n=14, BB), around 0.5 to 3 million years ago. The second step 

occurred 7000 to 9500 years ago, through a cross between domesticated tetraploid T. turgidum 

ssp. dicoccum and the diploid A. Tauschii (D genome donor, 2n=14, DD) (Feuillet et al. 2008, 

Feldman 2001). 

1.3 Wheat Genome  
 

Wheat (Triticum aestivum L.) has a genome about five times larger than that of the human 

genome i:e ~17000  Mb and is also huge in comparison to other cereals (brachypodium 355 Mb, 

rice 375 Mb; barley 5500 Mb; rye 8000 Mb; maize 2365 Mb; sorghum 689 Mb) (Salse et al. 

2009). It is known to be a very complex structure comprised of three independent genomes. The 

presence of high proportion (~80%) of repetitive sequences as compared to rice (~22%) and 

maize (~50%), complexify wheat genomic research as compare to other cereals (Whitelaw et al. 

2003, Linkiewicz et al. 2004). However, enrichment of wheat evolutionary history data 



Sub-area Dependent area

Mediterranean (147)
Southwest Asia

Ethiopia (250)Anterior Asia (412) Middle Asia (260)
T. boeoticum (16) T. boeoticum (57)

T. urartu (6)
T. araraticum (13)
T. dicoccoides (25)

T. monococcum (13) T. monococcum (14)
T. sinskajae (1)

T. dicoccum (7) T. dicoccum (15) T. dicoccum (8)
T. ispahanicum (2)
T. karamyschevii (3)
T. timopheevii (4)
T. militinae (2)
T. zhukovskyi (1)
T. macha (14)
T. vavilovii (7)

T. spelta (14) T. spelta (14) T. spelta (19)
T. durum (80) T. durum (75) T. durum (8)
T. turanicum (4) T. turanicum (34) T. turanicum (7)
T. turgidum (34) T. turgidum (54) T. turgidum (3)

T. carthlicum (18) T. jakubzineri (1)T. carthlicum (18) T. jakubzineri (1)
T. polonicum (11) T. polonicum (14) T. polonicum (3) T. polonicum (6)

T. sphaerococcum (17)
T. compactum (13) T. compactum (40) T. compactum (64)
T. aestivum (25) T. aestivum (59) T. aestivum (142) T. aestivum (33)

T. petropavlovskyi (4) T. aethiopicum (203) 

Dorofeev et al. 1979

Table 1: Distribution of the species of wheat in the Ancient Mediterranean area, the origin 
of cultivated plants. In brackets, are the number of botanical varieties per species.
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associated with cytogenetic stocks and genomic and genetic resources has resulted in significant 

progress in wheat genomic research (Paux et al. 2011, Philippe et al. 2012). 

1.4  Wheat Classification 
 

Seven classes of wheat were established by the Official U.S Standards for Grain (USDA-FGIS, 

1987). These classes are:  

Durum wheat (DU):  belongs to T. durum 

White:  soft and hard white winter belongs to T. aestivum, club wheat T. compactum 

Hard red spring (HRS)  

Hard red winter  (HRW)       belongs to T. aestivum 

Soft red winter (SRW) 

Un classed: any wheat other than white or red color 

Mixed: any mixture of wheat that consists of less than 90% of one class and more than 10% of 

one other class or a combination of classes that meet the definition of wheat (any of various 

annual cereal grasses of the genus Triticum of the Mediterranean region and southwest Asia). 

Most of the European wheats (T. aestivum) are intermediate between red and white, and may be 

ranked in HRS, HRW or SRW. Soft red spring is also cultivated but on very small area. 

 

Classification into spring and winter wheat traditionally refers to crop growing seasons. Winter 

wheat is sown in late summer or fall. Young plants remain in vegetative phase during winter 

temperatures (0-5°C), and resume growth in early spring. This type of wheat is grown throughout 

the world where the soil does not freeze sufficiently to winter-kill the young plants. Spring wheat 

is generally sown in spring and is harvested in late summer than winter wheat but it can be sown 

in autumn in countries that experience mild winters. Its yield is generally lower than for winter 

wheat. 

Wheat shows wide genetic variation (Table 1), many species are still in existence and currently a 

total of around 4000 bread wheat varieties (spring or winter) are grown around the world (Posner, 

2000). Generally, four species of the genus Triticum are cultivated: 

T. monococcum (diploid); T. timopheevi (tetraploid); T. turgidum (tetraploid) durum or macaroni 

wheats, most widely grown together with; T. aestivum (hexaploid) common or bread wheat. 

Other wheat species (T. dicoccoides and T. spelta) are still grown in some regions but in small 



tillers

leaves

peduncle

spike

crown

root system

node

Dead tip of spikelet

Floret 3

Floret 5

Floret 1

Lower glume

Rachilla

Palea

Lemma

ovary

Rachis

a: wheat plant with its different parts

b: Internal structure of wheat inflorescence. 
Spikelet, its florets and individual parts of 
florets are shown. 

Figure 4: Morphology of bread wheat plant parts (Triticum aestivum).  

c: Wheat spikelet at grain maturity stage. Component parts of floret 2 have been shown.
Figure modified fromhttp://www.wheatbp.net.
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amounts. Hulled (emmer and einkorn) wheats are together called faro in Italy (Szabó and 

Hammer 1996, Özkan et al. 2011), while spelt continues to be grown in Alpine areas of Europe 

(Fossati and Ingold 2001).  

Wheat crops are most successful between latitudes 30°-60°N and 27°-40°S but this cereal is 

unrivalled not only in its range of growing conditions (Feldman 1995) but also in its diversity. 

 

1.5 Wheat Plant Anatomy 
 

Botanically, the wheat grain is a single seeded fruit called a caryopsis, in which the ripened ovary 

wall is fused to the seed. Plant characteristics are the following (Esau 1953, Gardner et al. 1985, 

Soltner 1988): 

 

Roots: Two types of roots are found, the seminal roots and the nodal roots (adventitious or crown 

roots), which arise from the lower nodes of the shoot.  

Shoot: This is made up of a series of repeating units or phytomers, each potentially having a 

node, an elongated internode, a leaf, and a bud in the axil of the leaf (Figure 4a) 

Tillers:  They have the same basic structure as the main shoot; arise from the axils of the basal 

leaves.  

Leave: Each leave comprises the sheath, wrapping around the subtending leaf, and a lamina 

(blade). At the junction of the sheath and lamina, there is a membranous structure, the ligule, and 

a pair of small, hairy projections, the auricles.  

Inflorescence: The wheat inflorescence is called a spike or ear, where the grains are born. This is 

a simply branched structure in which the major axis (rachis) bears two rows of alternating 

secondary axes (rachilla, the axis of spikelet) (Figure 4b). The rachilla is also branched 

alternately, which bears a pair of empty glumes at the base and a series of florets (three to six 

potentially fertile) in the spikelet (Kirby and Appleyard, 1984, Acevedo et al. 2006), which are 

96% self pollinated (Martin et al., 1976).The self pollination rate may vary according to 

environmental conditions and particularly may decrease with high temperature. Each floret 

consists of a pair of pales (lemma and palea) which enclose the ovary and later the caryopsis 

(Figure 4b and c). At the base of the floret, there is a pair of lodicules that swell at the time of 

fertilization, pushing the pales open and allowing the anther on elongated filaments to emerge. 
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Figure 5: Longitudinal cut of wheat kernel. Three major parts of grain are shown: 
peripheral layers, endosperm and embryo.

Surget , A. et Barron, C. 2005

AX    

g/100g b

Glc

a

A/X Bound FA 

g/100g b

DHD Bound FA + 
DHD      

g/100g AX c

Outer Pericarp 47.0 25.9 1.16 0.33 0.23 1.2

Inner Pericarp + Testa + NE 38.9 15.7 0.42 0.58 0.06 1.4

Nucellar epidermis (NE) 60.0 4.4 0.12 0.48 0.06 1.8

Aleurone 24.4 11.8 0.44 0.81 0.03 3.5

Starchy endosperm 1.6 76.2 0.84 0.005 traces 0.3

Embryonic axis 14.8 3.0 1.35 0.04 0.01 0.4

Table 2: Polysaccharide composition of tissues in mature wheat grain.
a: mainly present as mixed linked beta-glucan in aleurone, starch in starchy endosperm and 
cellulose in other tissues; b: in g/100g of tissue; c:Ferulic acid+ DHD in g/100g of AX.
AX : sum of arabinose and xylose ; Glc : glucose.A/X : arabinose/xylose ratio ; FA : Ferulic
acid ; DHD sum of ferulic acid dehydrodimers. 

Saulnier, L., 2012
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1.6 Wheat Grain Structure 
 
 
Wheat grains differ in their shape from almost spherical to long, narrow or flattened, but in 

general they are oval shape, 5-9 mm length and of weight 35-50 mg. They have a crease down 

one side which indicates the point of connection to the flower (Belderok et al., 2000). The wheat 

grain is composed of mainly three parts (Figure 5). 

 

Peripheral Layers (PL): hyaline layer, testa, inner and outer pericarp  

Endosperm (ESM): starchy endosperm and aleurone layer (AL) 

Embryo:  scutellum and embryonic axis 

1.6.1 Peripheral Layers (PL) 
 

The outer layers of wheat grain protect the embryo and endosperm part of the grain. To protect 

these parts, more than half the bran (PL + aleurone layer) consists of water-insoluble fiber 

components (53%) (Table 2). 

Wheat bran fiber contains, essentially, cellulose and pentosans, polymers based on xylose and 

arabinose, which are tightly bound to proteins and their ratios, differ between these layers 

(Antoine et al. 2002, Antoine et al. 2003, Parker et al. 2005, Šramková Z 2009). Particle size 

distribution, microstructure, starch content and chemical composition also differ between bran 

samples, studied on both wheat and rye bran (Kamal-Eldin A 2009). Barron et al. 2007 made an 

attempt to identify the possible tissue specific biochemical markers of wheat. The pericarp 

(ovary/fruit wall), is the ripened ovary wall which is dead at grain maturity. Most of the tissues 

are devoid of cytoplasm and have lignified walls. Its composition include: 30-40% heteroxylans, 

25-30% cellulose, ~10 lignins and 5-7% proteins (Pomeranz 1988, Fincher and Stone 1986).  

 

Outer pericarp is composed of outer epidermis, hypodermis and thin walled starch-filled 

parenchyma. The epidermis is 15-20 µm thick and is a complete layer without intracellular space 

which covers the entire grain surface except for the rachilla. Cell dimension and shape vary 

according to cultivar. Study of Bradbury et al 1965a showed that it is formed of long narrow cells   

(80-300 µm length, 25-48 µm width, 3-9.5 µm thickness) that are alternately arranged.  The 
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mature hypodermis lies just below the epidermis, to which it resembles in structure and 

appearance at maturity. 

 

Inner pericarp  is composed of cross and tube cells, found only in grasses (Rost and Lestern 

1973). These elongated cells (mainly cross cells) are arranged perpendicular to epiderm cells, and 

are aligned in palisade. They are photosynthetic (chlorenchyma) in nature, and give the green 

colour to developing caryopsis in early stages (Morrison 1976, Evers and Millar 2002). Their size 

is between 100-150 µm X 10-15 µm. The tubes cells are elongated cells disposed in quincunx 

and above all present on dorsal part of grain. Their size is 120-250 µm X 12-15 µm, 5-10 µm 

wide. 

1.6.1.1 Testa (seed cover) 
In the wheat grain it is fused with the fruit coat (pericarp), although they are united physically but 

botanically can be distinguished. This cell layer develops from the integuments that surround the 

nucellus at the time of fertilization.  It has cells that are 100-191 µm long, 9-20 µm wide and 5-8 

µm thick (Bradbury et al 1965a).  

1.6.1.2 Hyaline layer (or nucellar layer) 
This cell layer is located between the endosperm and the seed coat in the mature caryopsis, an 

amorphous layer is present to separate this layer from aleurone layer of endosperm. The 

elongated cells of this layer vary widely in size (30-200 µm long, 15-40 µm wide, 12-20 µm 

thick). At fertilization, this layer is present as a thick tissue and it degenerates in parallel to grain 

maturity (Baldo et al. 1983). Degeneration of this layer provides nutrients and space to the 

developing endosperm and embryo and may also influence further changes in other grain tissues. 

1.6.2 Endosperm (ESM) 
 

The endosperm is a triploid tissue, a consequence of double fertilization (biological process in 

which one sperm nucleus fuses with the egg to produce the embryo, while a second sperm 

nucleus fuses with two polar nuclei to form the triploid endosperm). The origin of this tissue is 

also intrinsically linked to this unique biological process (Lopes and Larkins 1993). 

 



Grain Contents Whole grain Mealy endosperm Bran Embryo

Proteins 16 13 16 22

Constituents (µg/g) Pericarp Aleurone layer Albumen
Iron                97 338 10

Manganese   56 78 5.5
Total Phosphorus (%) 0.056 3.17 0.08

Thiamine        0.6 16.5 0.42
Niacine           20-25.7 613-741 8.79

Pyridoxine      6 36 -

Riboflavine Traces 10 0.28

Table 3: Principal minerals and amino acids content of wheat kernel tissues.

Pomeranz, 1988

Proteins 16 13 16 22

Fats 2 1.5 5 7

Carbohydrates 68 82 16 40

Dietary fibers 11 1.5 53 25

Minerals (ash) 1.8 0.5 7.2 4.5

Other component 1.2 1.5 2.8 1.5

Total 100 100 100 100

Table 4: Caption of The wheat grain: Chemical composition of the whole 
wheat grain and its various parts (converted to percentages on a dry matter 
basis) 
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1.6.2.1 Aleurone Layer 

The outer endosperm, the aleurone layer (AL), has a special structure: it consists of single layer 

of cubic shaped cells whose cell wall layers are rich in AX and inside the cavity are proteins and 

other enzymes. It is a tissue rich in proteins, lipids, phytates, vitamins (B1, B2, B3, B6, B9 and E) 

and minerals (P, K, Mg and Fe) (Table 3) (Pomeranz 1988, Brouns et al. 2012). These proteins 

and enzymes play a vital role in germination processes, being the only living tissue of mature 

grain along with embryo. AL is modified where it borders the endosperm cavity in the region of 

the crease (Winton et al. 1932). Modified AL is found to be involved in formation of the crease 

(Evers 1970).  

1.6.2.2 Starchy endosperm 
 

The inner endosperm is referred to as mealy or starchy endosperm and as the name indicates, 

contains the totality of energy-yielding starch of the grain, which is used by embryo as the major 

source of nutrition for development (Belderok 2000). In contrast to its high concentration of 

carbohydrates, this tissue is poor in proteins, fats, dietary fibers and minerals as compared to 

embryo and AL (Table 4).  According to Popineau and Pineau 1988, the distribution of proteins 

and weight is not equal among different grain tissues, as can be seen in the Table 8 on page 25. In 

starchy endosperm three types of cell are reported, differing according to their size, shape and 

sites of occurrence (Greer et al 1951).  

 

i) Peripheral or sub-aleurone cells are adjacent to the aleurone cells. They are of similar size to 

these cells with about 60 µm of diameter. They are rich in AX and lenticular starch granules of A 

type (diameter >10 µm). ii) Prismatic cells radiate in columns from their junction with sub-

aleurone cells. These cells are 128-200 µm long with 40-60 µm wide. iii) Central cells, are 

generally round or polygonal and have a length of 72-144 µm and a width of 69-120 µm 

(Bradbury et al. 1956b, Evers and Millar 2002). All three types of starch granules (A, B, C) are 

present in these two types of cells (prismatic and central), which differ in size and shape. The 

large one is lens shaped (A type) and the small one is near-spherical (B and C type).  

 



Stage (DAS) General Description
Feekes 
Scale

Zadoks 
Scale Additional Comments

Germination (0-42)

Dry seed 0

Imbibition complete 3 Seed typically at 35 to 40% moisture.

Leaf just at coleoptile tip 9

Seedling Grow th (until ~77)
First leaf through 
coleoptile 1 10

First leaf unfolded 11

9 or more leaves 
unfolded 19

Tillering (78-89)

Main shoot and 1 tiller 2 21

Main shoot and 3 tillers 23
Many plants w ill only have 2 or 3 tillers per 
plant at recommended populations.

Main shoot and 6 tillers 3 26 Leaves often tw isting spirally.

Stem Elongation(90-101)

Pseudostem erection 4 and 5 30

1st detectable node 6 31 Jointing stage

2nd detectable node 7 32

4th detectable node 34
Only 4 nodes may develop in modern 
varieties.

Flag leaf visible 8 37

Flag leaf ligule and collar 
visible 9 39

Booting (102-113)
Flag leaf sheath 
extending 41 Early boot stage.

Boot sw ollen 10 45

Flag leaf sheath opening 47

L1 L2

L3

T1G

T2GT4

T3G

Flag leaf sheath opening 47

First visible aw ns 49 In aw ned varieties only.

Head (Inflorescence) Emergence
First spikelet of head 
visible 10.1 50

Head completely 
emerged 10.5 58

Pollination (Anthesis) (up to ~128)

10.51 60 Flow ering usually begins in middle of head.

10.52 Flow ering completed at top of head.

10.53 Flow ering completed at bottom of head.

Flow ering completed 68

Grain development (129-190)
Kernel (caryopsis) 
w atery ripe 10.54 71

Early milk 73

Medium Milk 11.1 75 Milky ripe.

Late Milk 77

Noticeable increase in solids of liquid 
endosperm w hen crushing the kernel 
betw een fingers

Early dough 83

Soft dough 11.2 85 Mealy ripe: kernels soft but dry.

Hard dough 87

Kernel hard (hard to split 
by thumbnail) 11.3 91

Physiological maturity. No more dry matter 
accumulation.

Kernel hard (cannot split 
by thumbnail) 11.4 92 Ripe for harvest. Straw  dead.

Beginning of f low ering

Milk Development 
(129-143)

Dough Development 
(144-158)

Ripening (159-190 
until harvest 
stages)

Table 5: Wheat growth stages modified from (http://www.uky.edu). Pictures and data
about DAS is taken fromhttp://www.wheatbp.net. L=leave, T=Tiller, G=group,
DAS=Days after sowing.
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1.6.3 Embryo 
 

The embryo is situated on the front dorsal side of grain and consists of scutellum (massive 

storage organ, considered as a cotyledon) and germ cells that gives the seedling after 

germination. It is rich in proteins, lipids and minerals (Table 4). Wheat germ is available as a 

separate entity because it is an important source of vitamin E. It has only half the glutamine and 

proline of flour, but levels of alanine, arginine, asparagine, glycine, lysine and threonine are 

double (Evers and Millar 2002, Cornell 2003). 

At the time of grain germination, the embryo was found to be involved for absorption of glucose 

from the endosperm (Aoki et al. 2006). 

2 Development of Wheat Plant and Grain 
 

Winter wheats, like many other cereal grains, require vernalization (Dennis and Peacock 2009). 

They tolerate low temperatures for a specific required length of time to become competent to 

flower (plants convert from vegetative to reproductive growth). This process prevents the damage 

of the cold-sensitive flowering meristem during the winter. There is no requirement of 

vernalization in spring wheat varieties (Acevedo et al 2006). VNR1 gene is critical in division of 

polyploidy wheat varieties into the winter and spring categories (Tranquilli and Dubcovsky 2000, 

Law and Giorgi 1975). Vernalization may occur at three stages of the growing cycle of the wheat 

plant: during germination, during vegetative plant growth and during seed formation in the 

mother plant (Flood and Halloran 1986). 

 

Five different scales are used worldwide for wheat growth stages. This classification varies from 

simple division in three phases of development to construction of detailed scales which covers all 

visual steps of development. Commonly used scales are Zadoks and Feekes-Large scales. The 

comparison between the two scales is not too easy but some key stages of development allow us 

to align these two scales (Table 5). In Feekes scale developmental stages are designated on a 

scale of 1 (seedling growth) to 11 (ripening) (Large 1954). The Zadoks scale is much more 

descriptive. Globally it goes from primary stage 00 (dry seed) to 90 (ripening) (i:e 10 primary 

stages, each of which is divided into 10 secondary stages = total of 100 stages) (Zadoks et al. 
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1974). The time span of each development phase depends essentially on genotype, temperature, day length 

and sowing date (Acevedo et al. 2006). 

2.1 Germination to the End of vegetative growth 
 

Germination is a complex process during which the imbibed mature seed must quickly shift from 

a maturation to a germination driven program of development and prepare for seedling growth 

(Nonogaki et al. 2010). Phytohormones such as abscisic acid (ABA), gibberellins (GAs), 

ethylene, brassinosteroids, salicylic acid, cytokinin, auxin, jasmonic acid and oxylipins are one 

the important factors influencing this phenomenon by forming an interlocked signaling network 

(Rajjou et al. 2012). ABA and gibberellins have antagonistic effects, where ABA is present at 

later stage of grain development to inhibit germination and thereafter grain imbibition its level is 

reduced, while GAs are essential germination activators. ABA/GA ratio regulates the metabolic 

transition required for germination process (Liu et al. 2010).   

   The mature grain contains enough stored reserves in the endosperm that are 

sufficient for the growth of embryo wheat plant. Minimum water content required in the grain for 

wheat germination is 35 to 45% by weight (Evans et al. 1975) with temperature range of 4-37°C 

being optimal from 12-25°C. Wheat crop emergence occurs at 3-4 leaf primordial stage of seed 

embryo and almost half of the leaf primordia already initiated (Baker and Gallagher 1983a, 

1983b, Hay, and Kirby 1991).  The first roots that appear are the seminal roots followed by 

coleoptiles which protect the emergence of the first leaf. Germination process lasts around 0-42 

DAS (days after sowing of seeds, Table 5) and vegetative stage may vary from 60 to 150 days.  

   With the emergence of the first leaf seedling, growth begins and continues 

until the next stage (tillering). Not all tillers produce spikes in wheat and many of them abort 

before anthesis (Gallagher and Biscoe 1978). Next is the stem elongation (jointing) phase which 

occurs as a result of internodes elongation. This phase completes with the emergence of last leaf 

from the whorl (flag leaf) (Krumm et al. 1990). Shortly after flag leaf emergence, the flag leaf 

sheath and the peduncle pushed up the developing head through the flag leaf sheath which 

obtains a swollen appearance to form a boot. Boot stage is rather short and coincides with meiosis 

which starts in the middle of the spike continuing later, above and below this zone, in wheat and 

barley plant growth (Zadoks et al. 1974). 
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Figure 6: Schematic representation of theoretical changes from flowering to grain
maturity. Each number corresponds to cell layer which are named in Table 6.
(modified from http://www.wheatbp.net)

PL

Pericarp Number in 
diagram

Name of tissue Becomes later Collectively called / 
Mill Fractions

1A Cuticle of Outer 
epidermis Beeswing

Bran

1 Outer epidermis Outer pericarp

2 Hypodermis

3 Parenchyma (thin-walled)

4 Intermediate cells Inner pericarp

5 Cross cells

6 becomes7 Inner epidermis/ Tube 
cells

Embryo 
sac wall 

8A and 8B Outer integument Pigmented 
seed coat 
(testa) 

9A and 9B Inner integument

10 Nucellar epidermis

11 Nucellus degenerates

ESM 12 Aleurone Removed with bran

13 Starchy endosperm White flour

Germ Not Shown Embryo and scutellum Germ

Table 6: Main constituents of grain and their corresponding cell layers, along with general
terms used by farmers and millers for each fraction . (modified from http://www.wheatbp.net)
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2.2 Flowering and fertilization 
 

Heading or inflorescence emergence stage begins (Feekes 10.1; Zadoks 50) when the tip of the 

spike (head) can be seen emerging from the flag leaf sheath, and continues until the complete 

emergence of head (Feekes 10.5; Zadoks 58) which than enters in flowering stage (anthesis) 

(Table 5). This is the transitional stage from vegetative to initiation of reproductive phase. Like 

meiosis, anthesis also normally begins in the center of the head and progresses to the top and 

bottom of the head during 3-5 day period (Peterson 1965). All heads on a plant pollinate within a 

few days (starts from the main stem with tillers slightly later). Pollen formation and pollination 

are very sensitive to environmental conditions. Double fertilization event takes place in carpel, 

within the embryo sac.  

 

2.3 Grain Development 
 

Important events during formation of wheat kernel can be divided in three main phases of 

development i.e Grain growth, Grain filling and Grain dehydration. 

 

2.3.1 Grain Growth  
 

After double fertilization, an overview of endosperm and embryonic sac wall changes is 

presented in Figure 6 and Table 6. During this phase grain parts undergoes following changes: 

 

Peripheral Layers (PL) 

A network of complex changes in these layers lead to degeneration of outer integument and 

nucellus that were present at start of grain development (Figure 7a and 7b). In embryonic sac 

walls only inner integument is viable throughout grain development (Figure 6). 

 

Endosperm (ESM) 

ESM development in cereals has been studied widely (Olsen et al. 1999, Olsen 2001, 2004, 

Sabelli and Larkins 2009, Xu et al. 2010, Opanowicz et al. 2011). ESM development can be 



c: 11 DAF

Figure 7: Peripheral layers changes during grain
growth (a & b), grain filling (c & d) and just before
dry down stage.nu – nucellus; ne - nucellar
epidermis; oi - outer integument;mp - maternal
pericarp; en-endosperm;pe-pericarp; tc-tube cells;
cc-cross cells
(modified fromhttp://www.wheatbp.net)

a: 2DAF b: 7DAF

d: 16DAF

mp

ne nu en

pe nu

en

nu

cc

tc

en al

en

nu

en

nu al

Grain growth

Grain filling

Before dry down (26 DAF)

CBA D

(A) central vacuole (cv) fills up most of the volume. endosperm (en),
cytoplasm (cy).(B) central cell nucleus division.(C) eight endosperm nuclei
stage(D) complete endosperm coenocyte

Cellularization of the 
coenocytic endosperm

(E) Radial Microtubal System (RMS) form on nuclear membranes in the cereal
endosperm coenocyte. ccw, central cell wall; cv, central vacuole.(F) alveoli (alv)
formation. acw, anticlinical cell walls(G) periclinal cell wall (pcw) formation(H)
endosperm at complete cellularization stage

GFE H

RMS

ccw
alv acw pcw

cv

The Endosperm Coenocyte

Olsen, O.A., 2004

Figure 8: Endosperm development in cereals, coenytic and cellularization stages.
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divided in four phases: coenocytic, cellularization, accumulation and dehydration (Olsen 2001). 

First two events are characteristic of grain growth period. In wheat the cell division is 

accompanied with water accumulation in the young grain.  

 

Coenocytic ESM: The mitotic activity of the triploid nucleus results in a coenocytic 

endosperm (4-5 DAP) where the cell wall material is formed by microtubules that are condensed 

near the nucleus membrane (Olsen 2001). In Figure 8, triploid endosperm nucleus (en) is located 

in the basal cytoplasm of the central cell. A large central vacuole (cv) fills up most of the volume, 

surrounded by a thin line of cytoplasm (cy) (A). Next is the division of central cell nucleus 

without the formation of a functional interzonal phragmoplast, and no cell wall is formed 

between sister nuclei (B). Eight endosperm nuclei are located in a single plane in the basal 

endosperm coenocytes, after three rounds of nuclear division (C). At the completion of this 

phase, nuclei are evenly spaced in the entire peripheral cytoplasm (D) (Olsen 2004). More than 

2 000 syncitial nuclei are reported in several Triticum species, as compared to 512 in maize 

(Bennett et al. 1975, Sabelli and Larkins 2009). The number of cells in teguments is determined 

early, approximately 5 DAP (Schnyder and Baum 1992).  

 

Cellularization: After the nuclei migrate to the periphery of the central vacuole, the cell 

walls are formed. Centripetal cell divisions occur first in anticline mode to form anticlinal cell 

walls (acw) which form tubes or alveoli (alv) to surround nucleus with their open ends toward the 

central vacuole  (Figure 8 E and F).  The division in pericline mode results in periclinal cell walls 

(pcw) that separates the outer layer of cells from a new layer of alveoli. (Figure 8 G).  This mode 

of division continues in the innermost layer of alveoli until complete cellularization of endosperm 

(Figure 8 H) (Olsen 2001, 2004). AL appears just before the start of grain filling and is clearly 

identifiable in cereals between 6-10 DAP, as can be seen for wheat in Figure 6. In wheat single 

layer of AL is found like maize, while in barley it consists of up to three layers (Jestin et al. 2008, 

Sabelli and Larkins 2009). The number of cells at the end of the cell division was reported to be 

linked to final kernel mass (Brocklehurst 1977). Final kernel volume appears to be established at 

the end of cell division. These observations led physiologists to state that the potential size of the 

wheat kernel is determined early (9 to 12 DAP). 

 



Grain growth Grain filling (16 DAF)

Before dry down (26DAF)

(b: 7 DAF)

ce

em

shoot pole root pole

mesocotylsc

ce

em

nu rt
sa

sc

c

(a: 2 DAF)

Figure 9: Development of embryo, a & b
events are in first phase of grain
development (grain growth phase). Embryo
is fully differentiated with embryonic shoot
and embryonic root.ce=cellular endosperm;
em=embryo; nu=nucellus; sc- scutellum;
rt- root tip; c - coleoptile;sa - shoot apex.
(modified fromhttp://www.wheatbp.net)

Modified from Opanowicz, M. et al. 2011

Figure 10: Wheat grain development focusing on the key stages in endosperm
development. Grain tissues are indicated by colour: pericarp, green; integuments;
black; nucellar projection, grey; central endosperm, red. MA is modified aleurone.
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Embryo 

In newly formed zygote cell divisions are slow.  A basal cell produced as result of one transverse 

division and it does not divide again. A five celled globular shaped embryo is formed in 

consequence of apical cell divisions. Seven days after fertilization, cell division continues but 

differentiation is slow, so that there is a simple dermatogen surrounding a central core of cells. 

(Figure 9 a and b). 

 

2.3.2 Grain Filling 
 

This stage corresponds to the growth of endosperm cells when the storage components, starch 

and proteins, are accumulated.  

 

Peripheral Layers (PL) 

These layers were differentiated at grain growth stage. In grain filling stages changes in nucellus 

occur. At 16 DAF it becomes progressively compressed as the endosperm packs with starch. 

(Figure 7d).The pericarp tissue was the major site of starch deposition until 3 DAP, then after 6 

DAP, size and the number of granules in endosperm gradually increased (Li et al. 2012). 

 

Endosperm (ESM) 

This phase is accumulation stage of ESM, with exponential synthesis and accumulation of 

storage proteins in protein bodies. A-type starch granules are also synthesized and starch granules 

of B-type are initiated and accumulate at 26 DAF (Simmonds and O’Brien 1981). The dorsal 

cells of the AL continue cell division, helping kernel expansion (Altenbach et al. 2003) (Figure 

10). When the starch component is accumulated, there is a change in the colour of the kernel 

from green to yellow. Transcriptomics analysis of kernel development revealed that the genes for 

protein and starch decreased and genes associated with plant defense are particularly expressed 

during the end of grain filling (Vensel et al. 2005, McIntosh et al. 2007).  

At the end of grain filling the cells of AL are embedded in a firm matrix and have a granular 

appearance as the vacuoles are filled with proteins (Figure 7). 
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Embryo 

The embryo continues to divide and increase in size, as a result by 11 DAF a cleft is seen on the 

dorsal side. Rapid differentiation of the two components of the embryo occurs at this stage; the 

embryonic axis (comprising the mesocotyl and the shoot & root poles) and the scutellum. At 16 

DAF, scutellum becomes a fully differentiated organ that transfers nutrients from the endosperm 

reserves to the embryo for its own further development. 

 

2.3.3 Grain dehydration-maturation stage 
  

Peripheral Layers (PL) 

Peripheral layers undergo the process of programmed cell death at this stage and are yellow in 

color.  

 

Endosperm (ESM) 

This stage is characterized by a decrease in water content. When the water content reaches 55% 

dry matter (DM), the starch and protein accumulation process is stopped and the dry matter 

content is at the maximum. This stage is also called physiological maturity, usually at this time 

the flag leaf and spikes turn yellow (Hanft and Wych 1982). In durum wheat the grain filling was 

reported to be stopped at 45.9% of grain moisture (Ferreira et al. 2011).  At maturity, the water 

content is between 10 to 15% of DM (Young and Gallie 2000). 

 

Embryo 

Although during the grain filling period the structure of the embryo is completed, but it continues 

to receive storage reserves of lipid droplets and protein bodies until later. Within the space of 

forty days a perfectly formed miniature plant (with fully differentiated embryonic shoot and 

embryonic root) is developed from a single cell of the fertilized ovum. 

 

 

 



WHEAT 
PROTEINS               

ALBUMINS

WATER 
SOLUBLE

GLOBULINS

SALT  
SOLUBLE

GLIADINS

ALCOHOL 
SOLUBLE

α-GLIADINS

β-GLIADINS

γ-GLIADINS

ω-GLIADINS

GLUTENINS

DILUTE ACID 
SOLUBLE

LMW-GS

HMW-GS

X-TYPE

Y-TYPE

Figure 11: Wheat protein classification according to their solubility.

Soluble proteins 
(Non-Prolamins)

Insoluble proteins 
(Prolamins)

Table 7: Wheat proteins and their characeristics.

(Non-Prolamins) (Prolamins)
Protein name albumins globulins gliadins glutenins

% in wheat proteins 15-20% 35% 45%

Natural function Proteins for grain 
metabolism

Reserve proteins for future plant

Molecular weight 5 -90 kDa 25-75 kDa 100- 1.103 kDa

Lysine 3.2 5.9 0.5 1.5

Threonine 3.1 3.3 1.5 2.4

Osborn 1907
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3 Wheat Grain Contents (Composition) 
 

3.1 Non Protein Contents 
 

The wheat grain (Triticum aestivum) is composed of 12-18% water, 63-74.5% glucids (starch and 

sugar), 8-12% proteins, 1.5-2% of lipids, 2.5-3% cellulose and 1.5-2% minerals. Wheat kernel 

components, particularly storage proteins and starch, have received a great deal of attention in the 

last two decades. Distribution of these contents is presented in (Table 2, 3 and 4). In this section, 

wheat proteins will be presented in detail. 

3.2 Protein Contents  
 

Traditionally wheat proteins have been classified into four types according to their solubility 

(Figure 11), soluble; metabolic proteins (albumins and globulins) and insoluble, gluten or storage 

proteins (gliadins and glutenins) (Osborne 1907, Table 7). 

3.2.1 Metabolic Proteins (Non-prolamins or Soluble) 
 

Albumins and globulins of flour are also known as soluble, non-prolamins or metabolic proteins. 

They are not specific to the endosperm; they can easily be extracted from any kernel tissue 

(endosperm, aleurone layer, and embryo) (Table 8).They are composed of thousands of enzymes 

and proteins needed for cell survival (most albumins) and cell structure (many globulins). They 

represent 15-20% of total wheat proteins (Shewry et al. 1986). Some high molecular weight 

albumins and globulins of triticins can also serve as storage proteins (Gupta et al. 1991, Singh 

and Skerritt 2001). Genes of globulins were localized mainly on chromosomes 4D, 5D, 6D, 7B 

and 7D, while characterization of products of these genes by IEF revealed that majority of them 

have pI that vary from 5.50 to 7.89 (Singh and Skerritt 2001). More information regarding this 

category of proteins is provided in Chapter 3. 

3.2.2 Storage Proteins (Prolamins or non-soluble) 
 

Prolamins are defined as proteins extractable in aqueous ethanol. Storage proteins (gliadins and 

glutenins) because they are very rich in proline and glutamine are also called as prolamins. As in 



Table 8: Grain parts with their corresponding weight, proteins and protein types.

Grain part Weight
(% of total grain)

Protein
(%Dry Mass)

Protein type

Embryo 3 35-40 Albumins and globulins

Aleurone layer 7-9 30-35 Albumins and globulins

Pericarp 4 6-7 Albumins and globulins

Starchy
endosperm

80 9-14 Albumins and globulins/ 
Prolamins

Popineau and Pineau 1988



 Chapter 1: Introduction 
 

25 
 

addition to gliadins, the low molecular weight glutenins are also soluble in aqueous ethanol after 

reduction. They are evolutionarily closely related to the rest of the wheat prolamins (Shewry and 

Tatham 1999). 

The storage proteins of wheat are unique because they are also functional proteins. They do not 

have enzymatic activity, but they are the only cereal proteins to form strong, cohesive dough. 

Gluten, which is simply obtained by water-washing of flour, is widely known to be responsible 

for its mixing properties. This water-insoluble network is a complex physico-chemical system 

composed of polymeric glutenins and monomeric gliadins (Bietz and Wall 1972).  

3.2.2.1 Glutenins  
 

They are known to provide elasticity whereas gliadins mainly influence the extensibility and 

viscosity of the dough system (Bietz and Wall 1980, Clare Mills et al. 1990). Glutenins are 

classified according to their electrophoretic mobility in two groups HMW-GS (High Molecular 

Weight Glutenin Subunits) and LMW-GS (Low Molecular Weight Glutenin Subunits). HMW-

GS (72 -130 KDa) and LMW-GS (30-60 KDa) are soluble in acid and dilute base respectively.  

3.2.2.2 Gliadins 
 

This category is divided into four groups: alpha, beta, gamma and omega, according to their 

electrophoretic mobility. They represent approximately 50% of gluten proteins and are often 

considered as merely acting as diluants (Macritchie 1992). Gliadins are often resolved using A-

PAGE (Acidic Poly Acrylamide Gel Electrophoresis) for purposes such as allele identification, 

variety identification and seed purity controls. Gliadins and glutenins can also be separated using 

SDS-PAGE. This technique was largely employed to study the genetic determination of these 

proteins (gene chromosomal location, allelism) in the 1990’s.  

 

Wheat gluten proteins are secretory in nature i:e their synthesis, folding and deposition take place 

within the endomembrane system of the plant cell. Two different pathways were observed for 

their secretion and accumulation. They may pass from ER to vacuoles via Golgi (Parker 1980, 

Parker 1982, Loussert et al. 2008) or they may accumulate within ER then move to protein bodies 

(Campbell et al. 1981, Parker 1982). A coalescence of protein bodies is usually observed during 
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Figure. 12. Chromosomal localization of genes encoding HMW and LMW-GS.
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protein accumulation. The final protein bodies (1-2 microns of diameter) are disrupted upon grain 

dehydration giving a protein matrix surrounding the starch granules.   

 

In wheat, a network of regulatory proteins known as TF-like (transcription factor) storage protein 

activator (SPA) and prolamin-box binding factor (PBF) are involved to control prolamin gene 

expression in a specific temporal and spatial pattern (She et al. 2011). Alpha/beta gliadins and 

LMW glutenin-encoding genes are only expressed during seed development stages, two 

expression peaks were discerned during protein accumulation one at10 DPA and the second at 20 

DPA (Kawaura et al. 2005). HMW-GS were reported to peak at 12 DPA and expressed 

preferentially in the lobes of starchy endosperm (Lamacchia et al. 2001). 

At transcript level, LMW-GS initial synthesis can progress with that of HMW-GS (Johnson et al. 

2006, Tosi et al. 2009). Other reports suggested that minor amounts of LMW-GS were 

synthesized after HMW-GS at about 14 DPA (Loussert et al. 2008). Takemoto et al. 2002 

indicated that in rice, cystein rich prolamins were synthesized throughout development while 

cystein poor prolamins appeared abundantly at later stages in the endosperm. 

 

3.3 Impact of Wheat proteins on its Quality 
 

Wheat quality parameters are at least as wide as their uses. Wheat that is suitable for one 

particular use may possess certain qualities that render it entirely unsatisfactory for another use. 

The various kernel parts also have different uses; for example, bran is used for feed, germ as a 

diet supplement and the endosperm for flour. Quality criteria in most cases refer to the 

characteristics of the endosperm (Pomeranz 1988).  

On the basis of botanical characterization wheat species and varieties are the main determinants 

of quality. Weight per unit volume, kernel weight, its size, shape, hardness, vitreousness, 

impurities and kernel condition (damaged or not), color and milling quality are the physical 

parameters for quality determination. Chemical characteristics which have impact on quality 

include moisture content, protein content and quality, alpha amylase activity, fat acidity, crude 

fiber and ash.  

Protein content of wheat ranges from 6 to 20% depending upon variety and environmental 

conditions during growth. Proteins are useful markers of quality (Payne 1987). Several studies 



Gene Allele(s) Main phenotype Reference
HMW-GS
Dx, Dy Various Dough strength [Marchylo et al., 1989a] and [Marchylo et al., 

1989b], [D'Ovidio etal.,1994] and [De Bustos et 
al., 2001]

Dx5 Glu-D1d Dough strength [Smith et al., 1994], [D'Ovidio and 
Anderson, 1994], [Ahmad, 2000],[Ma et al., 
2003] and [Radovanovic and Cloutier, 2003]

Ax, Ay Various Dough strength Lafiandra etal. (1997)
Ax null Glu-A1c Dough strength [D'Ovidio et al., 1995] and [Lafiandra et al., 

1997]
Ax Various Dough strength De Bustos et al. (2000))
Dy10/Dy12 Glu-D1d/a Dough strength Ahmad (2000)
Bx7/Bx17 Glu-B1b Dough strength [Ahmad, 2000] and [Ma etal., 2003]
Ax2B - Dough strength Juhasz etal. (2001), using marker of D'Ovidio 

and Anderson (1994)
Ax1, Ax2 Glu-A1a,b Dough strength [Ma etal., 2003] and [Radovanovic and Cloutier, 

2003]
Bx7,Bx7 B1al Dough strength [Radovanovic and Cloutier, 2003] and [Butow et 

al., 2003]
Bx B1 al, b, i Dough strength Butow etal. (2004)
LMWGS

Glu-B1 Pasta quality [D'Ovidio, 1993] and [D'Ovidio and Porceddu, 
1996]

i-type LMWGS Glu-A3 a–f Dough strength and i-type LMWGS Glu-A3 a–f Dough strength and 
extensibility Zhang et al. (2004)

Glu-A3 Dough strength and 
extensibility Devos et al. (1995)

Puroindolines
pinA PinA-D1a,b Grain hardness Gautier etal. (1994)
pinB PinB-D1a,b Grain hardness Giroux and Morris (1997)
pinB PinB-D1c Grain hardness Limello and Morris (2000)
pinB Various Grain hardness Morris (2002)
Unknown Grain hardness Partridge etal. (2002)a
GBSS1
GBSS1-4A Wx-B1a FSV [Briney etal., 1998] and [Gale et al., 2001]

a

GBSS1-7D Wx-D1a FSV Shariflou etal. (2001)
GBSS1 Various FSV McLauchlan etal. (2001) and Nakamura etal. 

(2002)
GBSS-7D Wx-D1e FSV Yanagisawa etal. (2003)
Wheat/rye translocations
Rye chromatin Dough properties [Francis et al., 1995] and [Koebner, 1995]
ω-secalin, 
LMWGS

1B/1R Dough stickiness [de Froidmont, 1998], [Zhang et al., 
2003] and [Andrews et al., 1996]

ω-secalin Sec-2(Rye 2RS) Dough stickiness Skerritt et al. (1996)

Table 9: List of diagnostic molecular markers for quality traits in wheat.

Gale, K.R., 2005
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indicate that in bread making quality, 20-60% of the variability between varieties can be 

accounted, by variation in grain storage proteins (Payne 1987, Lukow et al. 1989, Kolster et al. 

1991, Worland, and Snape 2001). Gluten quality is largely a varietal characteristic, in addition to 

environmental factors. Among glutenin polymers HMW-GS are important components that play 

a major role in determination of the unique visco-elastic properties of wheat doughs (Halford et 

al. 1992, Nieto-Taladriz et al. 1994). There are three loci for HMW-GS: Glu-A1, Glu-B1, Glu-D1 

(Figure 12). Each locus encodes an x- and y- type HMW-GS, where x- type encodes HMW-GS 

of higher molecular weight than y-type. Of the three loci, Glu-D1 has the most significant effect 

on dough strength. Extra cystein residues present in N-terminal unique domain of 1Dx5, result in 

stronger dough (in combination with 1Dy10) (Lafiandra et al. 1993, Chen et al. 2012). Recently 

the sequence named 1Dx3 in Aegilops tauschii, was found to have similarity with 1Dx5, 

suggesting that it might have positive effects on dough quality (Wang et al. 2012). 

The effect of allelic variation of LMW-GS on wheat quality attributes has received far less 

attention than that of HMW-GS, as scoring of these sub-units on SDS-PAGE is relatively 

difficult. LMW-GS are thought to play a major role in determining extensibility and to lesser 

extent the dough strength, both directly and via their interaction with HMW-GS (Gupta and 

Macritchi 1994, Luo et al. 2001). Groos et al. 2004, reported QTL’s for dough strength on 

chromosomes 3A and 7D, suggesting that non-glutenin parts also have some influence on dough 

quality.  

Bread making processes are dependent upon an optimal mixture of gliadins and glutenins 

(gluten), and disulphide bonds are the key factor in determining gluten properties (Shewry and 

Tatham 1997). They link two cysteine residues, either by intrachain (within a single protein) or 

by interchain (between proteins) bonds. Gliadins are mostly monomeric and contain either no 

cysteine (ω5- and ω1,2-gliadins) or disulfide bonds within a single protein. α-gliadins contain six 

and γ-gliadins, six to eight, cysteine residues located in the C-terminal domains. They form three 

and four homologous disulfide bonds between proteins (Müller and Wieser 1995, Lutz et al. 

2012). A comprehensive review of wheat quality determining factors was provided by Gale K.R. 

and is presented in Table 9, which also includes some additional markers to that are discussed 

above in this section (Gale 2005). 
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4 Proteomics to Study Expression of Candidate Genes 

4.1 Proteomics 
 

The proteome is the set of expressed proteins in a given type of cells or an organism at a given 

time under defined conditions (Wilkins et al. 1996). In technical term the study of proteome 

called proteomics, can be classified into three groups according to Lau et al. 2003 (Figure 13). 

i) Expression or Differential proteomics. A quantitative study of protein expressions between 

samples is studied under this class. Using this approach protein expression of the entire proteome 

(ideally) or subsets of proteome can be compared. In addition novel proteins (e.g. disease-specific 

biomarkers) can also be identified. 

ii)  Structural proteomics. Under this group we map the structure of proteins or protein 

complexes present in a sub cellular localization or an organelle (Blackstock and Weir 1999).  

iii) Functional proteomics. Relative quantification of proteins, targeted by their function is 

studied in this class. Proteins relations to each other and to the specific biological condition of the 

cell also come under its area (Monti et al. 2005). 

Analysis of protein profiles at sub cellular sites is helpful in understanding the functional 

organization of cells at the molecular level. The combination of protein identification by mass 

spectrometry with fractionation techniques for the enrichment of particular sub cellular structures 

is termed as 'sub cellular proteomics' (Dreger 2003).  

4.2 Quantitative Proteomics 
 

In comparative proteomics, quantitation is an intrinsic requirement. Most quantitative proteomics 

methods are common among prokaryotes and eukaryotes such as humans, animals, yeast and 

plants as well. In plant quantitative proteomics, low protein concentration, complex and large 

plant genomes, are some frequent challenges. In contrast, control of growth conditions and easy 

establishment of cell culture are advantageous compared with animals (Bindschedler and Cramer 

2011). Classification and different methods used in quantitative proteomics are presented in 
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(Figure 14). Relative and absolute quantifications can be used according to analysis and required 

results.  

4.2.1 Relative quantification 
 

Relative quantification is well established, using different strategies comparative levels of 

proteins or individual peptides can be measured in two or more samples.  

 

4.2.1.1 Gel based relative quantification 
 

Gel based Techniques need gel preparation to visualize the protein spot, before their 

identification. 1D (one dimensional) is mostly to compare different bands, or can be coupled to 

2DE (two dimensional electrophoresis) for specific band visualization on 2D plan. DIGE 

(difference gel electrophoresis) is modified form of 2DE and was first described by Ünlü et al. 

1997. The difference from 2DE is that protein samples (up to 3) are labeled with fluorescent dye 

before 2DE, they are mixed and a single gel is formed from this mixture.  

4.2.1.2 Gel free relative quantification 
 

Gel free techniques permit quantification by using stable isotope labeling or label free methods. 

Classification and different strategies used under labeled and label free category are shown in 

Figures 14 and 15.  

4.2.1.2.1 Gel free relative quantification using labeling methods 
Commonly used labeling methods described are: 

Metabolic Labeling (in vivo): 

  HILEP Hydroponic Isotope Labeling of Entire Plants (Bindschedler et al. 2008)  

Elemental SILIP   Stable isotope labeling in planta (Schaff et al. 2008) 

  SMIRP subtle modification of isotope ratio proteomics (Whitelegge et al. 2004) 

Amino acids SILAC stable isotope labeling with amino acids in cell culture  

 



(Or 13C organic compound can also be used)

Modified from Bindschedler, L.V., et al. 2011

Figure 15: Stable isotope labeling methods and their sample processing workflow.
* Indicates DIGE quantitation is independent of MS analysis.
x indicates the labelling techniques that allow multiplex analysis (in the same experimental run,
more than two samples can be compared
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In elemental quantification 15N Salts or 13C organic compounds are used for labeling. This 

method is used successfully in mammals (Gustavsson et al. 2005) E.coli (Ross 2004), and in 

plants (Engelsberger et al. 2006, Palmblad et al. 2008). In some cases whole higher organisms 

can be labeled (Krijgsveld et al. 2003). For labeling of amino acids, lysine, arginine or leucine are 

generally used (Gruhler et al. 2005, Mann 2006, Schütz et al. 2011). 

 

Chemical labeling (in vitro): 

 

  DIGE Difference gel electrophoresis (Ünlü et al. 1997) 

Of Proteins ICAT isotope coded affinity tag  

  ICPL isotope-coded protein labeling (Lottspeich and Kellermann 2011) 

 

 

  H2
18O DNA is labeled with H2

18O (Schwartz 2007) 

Of Peptides  iTRAQ isobaric tag for relative and absolute quantification (Pichler et al. 2011) 

  TMT Tandem mass tag (Pichler et al. 2011)   

  ANIBAL aniline and benzoic acid labeling (Panchaud et al. 2008) 

 

 

4.2.1.2.2 Label free quantification 
Peak intensity measurements and spectral counts (for relative and absolute quantitation) are the 

two commonly used methods in this class of quantification. To overcome possible errors because 

of run-to-run variations, it is essential to use the methods with good mass accuracy, highly 

reproducible nano-HPLC separation and very delicate and sensitive computational tools (Domon 

and Aebersold 2006, Koubaa et al. 2012). 

4.2.2 Absolute Quantification 
 

Absolute quantification is less well established compared to relative, and is performed using 

internal standards (usually peptide surrogates). In this method protein abundances are ranked in 



Figure 16: Principle of 2-dimensional electrophoresis. Iso electro focusing (1st dimension), 
Mass dependent separation of proteins (2nd dimension).

1st dimension (IEF) 2 nd dimension

Protein
sample

SDS

a b

Isoelectric Point (pI)

lipophilic

protein

hydrophilic

At low pH most proteins have positive charge
while at high pH post proteins have negative
charge

When an electric field is present the cathode and
anode end pull the proteins to their isoelectric
points where each individual protein possesses a
neutral charge

The proteins stopped migrating because they’ve
reached their isoelectric point at a unique pH level

Figure 17: a) IEF work flow
b) SDS molecule and protein interaction
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order and assessment of stoichiometry can also be performed. This approach facilitates targeted 

proteome analysis (Peltier et al. 2006, Huillet et al. 2012). 

 

2D-PAGE (2 Dimensional-Poly-Acrylamide Gel Electrophoresis) 

Two-dimensional Electrophoresis (2-DE) is separation of proteins using Immobilized pH 

Gradient (IPG), for their separation firstly according to the iso-electric point and secondly 

according to their molecular weight by the use of polyacrylamid gel (Görg et al. 1988, Gorg et al. 

2000). 2DE is combined with protein identification using MS (mass spectrometry) (Aebersold 

and Mann 2003). Inspite of advancement in proteomic technologies, this technique is still a 

powerful tool for protein identification (Rabilloud 2002, Görg et al. 2004).  

 

In 2DE, proteins are separated and identified in two dimensions oriented at right angles to each 

other (Figure 16). In first dimension IEF (Isoelectric focusing) separates proteins on the basis of 

their net charge. Proteins are amphoteric molecules; they carry either positive, negative, or zero 

net charge, depending on the pH of their surroundings. The net charge of a protein is the sum of 

all the negative and positive charges of its amino acid side chains and amino and carboxyl-

termini.  The isoelectric point (pI) is the specific pH at which the net charge of the protein is zero. 

If net charge is plotted against the pH of its environment, the resulting curve intersects the x-axis 

at the Isoelectric point (Figure 17 a). 

 

In second dimension further separation of proteins by their mass is obtained using Sodium 

Dodecyl Sulfate Polyacrylamide Gel Electrophoresis (SDS-PAGE) (Figure 17 b). SDS 

(C12H25NaO4S) is a strong detergent agent used to denature native proteins to unfolded, 

individual polypeptides. The lipophilic part of SDS attaches to the lipophilic amino acids in the 

protein, while hydrophilic part (negative charge) of SDS shows to the outside of the protein. 

Consequently all proteins have the same stretched rod like shape and intrinsic charges of 

polypeptides become negligible when compared to the negative charges contributed by SDS. 

These negatively charged protein complexes migrate to the anode and their separation is only 

mass dependent i:e small proteins migrate faster than large proteins. 



Figure 18: Schematic workflow presentation of the different approaches used in 
quantitative proteomic studies.

Matros, A., et al. 2011
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2D-PAGE without using SDS is called Native PAGE, where proteins are not denatured before 

electrophoresis. For most cases, protein complexes remain associated and folded as they would 

be in the cell, this may result in gels where separation of proteins is not clear. Different steps 

involved from sample preparation to protein identification for 2D along with other gel based and 

LC-MS based techniques are summarized in Figure 18 (Matros et al. 2011).  

4.3 Mass Spectrometry 
 

Mass spectrometry is a very important analytical method used in practically all chemistry 

laboratories the world over. Previously, only fairly small molecules could be identified, but John 

B. FENN and Koichi TANAKA have developed methods that make it possible to analyse 

biological macromolecules as well. They were awarded the Nobel Prize of chemistry in 2002 

concerning this effort. There are three fundamental parts in a mass spectrometer (MS);  

i) the ionization source converts neutral molecules to ions by adding or taking away one or more 

protons. This result in single or multiple charges of ions which are easier to control and detect 

than neutral molecules. ii) the analyzer separates  ions according to their mass to charge (m/z) 

ratio under an electromagnetic field. iii) the detector measures the relative abundance of each ion 

present. Finally, signals are sent to the data system and are formatted in m/z spectrum. Many 

different types of ion source, analyzer and detector exist, depending upon the type of analysis to 

be performed. Here, I will shortly describe only MALDI-TOF and LC-MSMS, which were used 

in our experiments. 

 

4.3.1 MALDI-TOF (Matrix-Assisted Laser Desorption -Time of flight) 
 

MALDI ion source is coupled with TOF type mass analyzer for this type of mass spectrometry 

analysis. MALDI is a soft ionization technique using a laser beam and involving two steps. In the 

first step, matrix molecules are ionized by laser flash, in the second step, sample molecules are 

ionized by proton transfer from matrix.  

Time-of-flight (TOF) is the least complex mass analyzer in terms of its theory. Ions are given a 

defined kinetic energy and allowed to drift through a field-free region (0.5 to several meters). The 



time

intensity

Figure 19: Simplified schematic of MALDI-TOF mass spectrometry. 

Laser

Time of flight tube
Matrix

Electric
field genetor

Detector

Figure 20: Schematic of Tandem mass spectrometry.  
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time ions take to arrive at the detector is measured and related to the m/z ratio. Lighter ions will 

reach the detector first (Figure 19). 

 

4.3.2 LC-MS (Liquid chromatography mass spectrometry) 
 

Liquid chromatography mass spectrometry (LC/MS or LC-MS) separates compounds 

chromatographically before they are introduced into the ion source and mass spectrometer. The 

mobile phase is liquid, usually a mixture of water and organic solvents.  

4.3.3 Tandem mass spectrometry (MSMS or MS²) 
 

Coupling mass spectrometers in series provides a new technique named Tandem mass 

spectrometry, MSMS or MS² (McLafferty 1981). In the first mass spectrometer, the targeted 

compound is selectively ionized, and its characteristic ions are separated from most others of the 

mixture. The selected primary ions are then decomposed by collision. The final mass analyzer, 

from the resulting products, selects secondary ions characteristic of the targeted compound 

(Figure 20). In the case of proteins, the masses of the identified peptides are measured in first 

MS. These selected peptides are then passed for further fragmentation in  a second mass analyzer 

where the fragment ion masses are measured. The amino acid sequence can be inferred from 

mass differences between peaks, as fragmentation occurs most often along the peptide backbone. 

5 Transcriptomics to Study Expression of Candidate Gene 
 

Transcriptomics is a term given to the set of all transcripts or messenger RNA (mRNA) 

molecules produced in cells. It can also be applied to the specific subset of transcripts present in a 

particular cell or the total set of transcripts in a given organism. It is not only used to capture the 

spatial and temporal gene expression within the tissues, but is also commonly used to increase 

our understanding about molecular events which control biological processes.  

 

 



Transcriptomics
Methodologies

Open systems

DDRT-PCR

cDNA-AFLP

SAGE

MPSS

Close systems

cDNA
Microarrays

Spotted long synthetic
oligos

MPSS

Figure 21: General methodologies used in transcriptomics.
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5.1 Methods to Study Transcriptional Expression 
 

A range of methodologies are available in plants for analysis of gene expression, that fall broadly 

in two categories, i.e Open and Close systems (Figure 21) (Leader 2005). 

 

5.1.1 OPEN SYSTEMS 
 

In these systems, prior cloning or sequencing of genes is not needed and, in principle, can 

generate novel expression information about any transcript in an organism. Briefly in plant 

biology open systems include: 

 

5.1.1.1 RNA finger printing techniques (DDRT-PCR and cDNA-AFLP) 
 

Differential display reverse transcriptase polymerase chain reaction (DDRT-PCR) was one 

of the first methods for analysis of differential gene expression on the scale of the full 

transcriptome (Liang and Pardee 1992). To identify the differentially-regulated genes, DNA 

fragments which show differential expression between conditions, are subsequently cloned.  

 

cDNA-AFLP, amplified fragment-length polymorphism, is also a PCR based tool. It is 

particularly useful technique for detecting rare, differentially-regulated transcripts which are 

often missing from microarray datasets or from RNA fingerprint experiments. Volkmuth et al. 

developed a high throughput protocol for cDNA-AFLP using Arabidopsis model plant to extend 

the usefulness of the technique as a true genomic tool (Volkmuth et al. 2003). 

5.1.1.2 EST, Expressed Sequenced Tags  
 

With the emergence of new open-system strategies for cDNA analysis, it became possible to 

rapidly obtain the fragments of sequences from hundreds of randomly selected cDNA clones 

(Adams et al. 1991). Because cDNA represents the mRNA set, these short sequences were 

dubbed expressed sequence tags (ESTs). 
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5.1.1.3 SAGE, serial analysis of gene expression 
 

SAGE is a conceptually related but technologically distinct and more systematic EST-like 

approach. It is based on generating short transcript tags (13-34 mers) by restriction of cDNA 

molecules and ligation to larger fragments prior to sequencing. After sequencing, the abundance 

of a specific tag is compared with the total number of sequenced fragments, reflecting the relative 

expression level of its corresponding gene transcript (Velculescu et al. 1995). 

5.1.1.4 MPSS, massively parallel signature sequencing 
 

MPSS generates similar data to SAGE but at much higher throughput since up to one million 

individual tags can be sequenced simultaneously in a single experiment. The dynamic range for 

MPSS is typically from below 10 transcripts per million (tpm) to more than 50,000 tpm. 

5.1.2 CLOSED SYSTEMS 
 

For these analyses a prior sequence is required and includes:  

-cDNAs, in situ synthesized oligo probes 

-Spotted long synthetic oligos 

 

With accumulation of thousands of cDNA and EST sequences, automation and miniaturization 

technologies were developed to place these sequences in closely packed arrays that could be used 

as cDNA hybridization targets so as to allow the expression of thousands of genes to be tracked 

simultaneously (Lockhart et al. 1996). Importantly, cDNA arrays do not require a full genome 

sequence and they can be generated relatively easily from pre-sequenced or anonymous cDNA 

clones (Zhao and Bruce 2003). 

 

Due to limitations of both closed and open systems, the new promising technique available is the 

Roche 454 sequencing-by-synthesis (Roche Diagnostics Corporation, Basel, Switzerland), which 

allows the potential for deep transcriptome coverage and produces long reads that are more 

amenable to annotation and specific genome assignment in the hexaploid genome (Coram et al. 

2008). 
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Figure 22: Schematic comparison of three possible options for the analysis of the
transcriptome data in non model organisms. (A) Align-then-assemble;(B) Assemble-
then-align variant 1; (C) Assemble-then-align variant 2.
NL*=non normalized libraries, TA*=Transcript

Ward et al , 2012

Defined gene space
provides a convenient

framework for differential
expression analysis

Perform a spliced alignment
to a related genome to find

intron-exon junctions

Lack of defined gene space
complicates differential

expression analysis Lack of defined gene space
complicates differential

expression analysis

ASSEMBLED TA*

Genome of close relative

Genome of close relative



 Chapter 1: Introduction 
 

36 
 

5.2 Wheat Transcriptomics Studies  
 

In recent years, transcriptomics has been used in understanding the molecular basis of wheat 

grain, its development and underlying mechanisms. Starting from the vegetative phase, map-

based cloning of vernalization genes has been achieved by genetic analysis (Yan et al. 2003, Yan 

et al. 2004, Yan et al. 2006). For spring growth habit in tetraploid wheat, a novel retrotransposon 

was identified using qPCR based techniques (Chu et al. 2011). Transcription profiling of winter 

and spring wheat cultivars have been performed by Winfield et al, 2009. 

 

During grain development larg scale EST sequencing (3500 ESTs) was first described by Ogihara 

et al. 2003 and was extended to include an additional 16, 000 ESTs by  Wilson et al. 2004. cDNA 

arrays from six stages of grain development containing up to 7800 sequences are also available 

(Laudencia-Chingcuanco et al. 2006, Laudencia-Chingcuanco et al. 2007). Wheat gene Chip 

allows simultaneous investigation of 55,000 gene transcripts, and was used by Wan et al. 2008, to 

study grain development profiles. Early stages of grain development were studied by Drea et al. 

2005, while McIntosh et al. 2007 studied wheat caryopsis using SAGE at 5 stages of 

development, spanning 8 to 40 DPA.  

Wheat has a huge non-sequenced genome, but sequence information about model plants (such as 

brachypodium, arabidopsis, rice and sorghum) can be transferred to non-sequenced genomes for 

agricultural improvement (Spannagl et al. 2011). To this end comparative transcriptomic  

analysis of gene expression evolution among three Poaceae members revealed that highly and 

broadly expressed genes tend to be conserved at the coding sequence level while narrowly 

expressed genes show accelerated rates of sequence evolution. This data also revealed higher 

correlation among expression patterns of syntenic orthologs as compared to non-syntenic ones 

(Davidson et al. 2012). Ward et al described the three different transcriptomics strategies for non-

model plant species (Ward et al. 2012) (Figure 22). 

(A) Align-then-assemble: Short-read data can be directly aligned to the genome of a close 

relative, using predefined gene models from the organism’s annotation. This is particularly useful 

for analysis of experiments because comparisons between gene models are unambiguous. 

However, exons and whole genes can be missed when reads fail to align (checkered exons). 



Reference Plant Material Used Variety Technique/ Method of study used
WHEAT
Nadaud I. 2010
Proteomics, 10:2901-10

0-280°Cd  (11 stages) T.aestivum
Récital

SDS-PAGE ,2DE, MALDI-TOF-MS

Shewry P. R. 2009
J. Cereal Sci., 50: 106-112

10-42DPA (8 stages) and 
Mature Grain

T.aestivum
Hereward

SDS-PAGE (1D), Transcriptomics and HPLC

Wan Y 2008
BMC Genomics. 9 :121

6-42DAA (10 stages) T.aestivum
Hereward

Transcriptomics

RICE
Sheng Bao Xu 2008
Plant Physiology 148:908-925 

2-20 DAF grains
(10 stages)

Oryza sativa
Nipponbare

2DE –MALDI Tof

BARLEY
Finnie C. 2002
Plant Physiology, 129:1308-1319

Grain filling and seed 
maturation

Hordeum vulgare 2DE –MALDI Tof

BRACHYPODIUM
Opanowicz M 2011
Journal of Experimental Botany 62:735-748.

0-20DAA
(9 stages)

Brachypodium
distachyon

Cytological studies and SDS-PAGE

MAIZE
MechinV., 2007 4-40DAP (7 stages) Zea mays (inbred line 2DE,  LC-MS/MS

Table 10: Some studies on grain development of cereals and non-cereals. Only proteomics or transcriptomics studies are given.

MechinV., 2007
Plant physiology, 143:1203-1219 

4-40DAP (7 stages) Zea mays (inbred line 
F2)

2DE,  LC-MS/MS

NON-CEREALS
Faiza Tebbji 2010
BMC Plant Biology 10:174

Ovules at 12 stages 0-22 DAP Solanum chacoense cDNA microarray

Agrawal G.K. etal., 2008
Plant Physiology 148:504-518 

2-6 WAF (5stages) Glycine max  and 
Brassica napus

2DE and MudPIT with nESI-LC-MS/MS

Hajduch M, etal., 2006
Plant Physiol,141: 32–46

2-6 WAF (5stages) Brassica napus 2DE-MALDI Tof and LC-MS

Norma L. H. 2009
Plant Physiology 151:857-868

2-6 WAF (5 stages) Ricinus communis 2DE-LC-MS

Gallardo K., 2003
Plant Physiol, 133: 664–682

8-44 DAP 
(10 stages)

Medicago truncatula
cv Jemalong

2DE-MALDI Tof and ESI-MS/MS

Shi Y 2010
Journal of Experimental Botany 61 : 2367-2381

6 stages (every 2 weeks) Cunninghamia
lanceolata

2D-DIGE-MALDI Tof

Dam S 2009
Plant Physiology 149:1325-1340 

7-43 DAF (10 stages) Lotus japonicus DNA sequencing, 1 and 2DE, MALDI-MS and LC-MS

Alonso AP 2007

The Plant Journal, 52: 296-308

12 -17 DAP (5stages) Helianthus annuus L. GC-MS
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 (B) Assemble-then-align variant 1: Short-read data are assembled into transcripts in a manner 

that allows integrated detection of gene expression, but lack of defined gene space can result in 

ambiguous comparisons in the experimental context. The genome of a close relative can help 

define comparisons among large numbers of transcripts. The approach also requires additional 

sequencing depth compared to the align-then-assemble approach.  

(C) Assemble-then-align variant 2: Longer 454 reads or Sanger reads are assembled into 

transcripts. 454 data sets are typically normalized prior to sequencing the initial assembly; 

therefore, expression information is lost. Again, lack of defined gene space can result in 

ambiguous comparisons in the experimental context, but the genome of a close relative can help 

to define comparisons among large numbers of transcripts. The approach is the most expensive in 

terms of sequencing costs and computational time. 

6 Integration of Proteomics and Transcriptomics data 
 

In plants, considerable advancement in “omics” techniques have been made in recent years for 

study of plant phenotype diversity.  For study of changes in genome, microarray and serial 

analysis of gene expression (SAGE), approaches have provided important advances in many 

plant species including T. aestivum, during the past decade (Table 10). These profiling 

technologies do not require selection of the important genes in advance and provide an unbiased 

approach to identify genes whose regulation is changed during environmental perturbation of the 

cell, tissue or organism (Waters et al. 2006). Proteomics plays a central role in systems biology as 

it complements transcriptome and metabolome data. Many studies on grain have been performed 

to describe proteome profiling during development both in cereals and non-cereals (Table 10). 

The steady-state level of a protein presents in a given cell or tissue is thought to be modulated by 

post-transcriptional mechanisms, including translation, post-translational modifications. Data of 

gene expression patterns are therefore insufficient for the prediction of protein abundance. To 

gain insight into a broad range of biological processes and to understand the organization 

principles of cellular functions, integration of complementary information contained in proteomic 

and mRNA data sets is needed. Although this comparison poses several important challenges, 

these efforts should provide considerable advancement concerning fundamental mechanisms 

underlying physiology, development, and the emergence of disease.  The major challenge is 
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inadequacy of available statistical tools to compensate for biases in data collection methodologies 

which result in poor correlations between data sets. This type of proteome and transcriptome 

correlation study is well described in sequenced organisms particularly non-plants and is less well 

developed in those that have not yet been sequenced. Some recent examples are given here: 

In aphids this combined proteomic and transcriptomic approach was used to study photoperiodic 

regulation (Le Trionnaire et al. 2009). Zhang et al published a comprehensive review which 

covered the “interactomics” studies made on microbial organisms (Zhang et al. 2010). A study on 

proteome and transcriptome variation in mouse resulted in an average correlation of 0.27. This 

varied depending on the cellular location and biological function of the gene (Ghazalpour et al. 

2011). In Zebra fish, natural routes of an infectious disease have been described, also using 

proteome and transcript profiles in control and infectious individuals (Encinas et al. 2010). 

Similarly the same approach was used in flatfish (Senegalese sole) at various stages of testes, 

throughout spermatogenesis to improve understanding of the molecular mechanisms responsible 

for the successful production of functional spermatozoa (Forne et al. 2011).  

In arabidopsis, General Linear Modeling was used to evaluate the protein/transcript expression 

patterns at five stages of development. 56% of expression pairs showed a significant correlation 

using this statistical assessment (Hajduch et al. 2010). Genomic and proteomic approaches were 

applied to identify candidate genes and proteins involved in antimicrobial defense and (heavy) 

metal uptake and translocation in lupin (Lupinus albus L.) roots at 5, 10, 15 and 20 days post-

emergence (Tian et al. 2009). In medicago (Medicago truncatula) 50% protein/transcript were 

found correlated at six stages from 12-36 days after pollination (Gallardo et al. 2007). 

 

Advances in genome sequencing using modern technologies would facilitate this type of 

comparison, and would result in more reliable correlations among “omics” data. 
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The present study was based on the following two main themes: 

 

1: Grain tissue proteomics 

 

Many studies have been published to describe the physiology of wheat grain development. 

Proteomic studies of wheat grain development have also been described, but only divided into a 

few stages which span the development with large temporal durations. The research reported here 

concerned the development of two important grain tissues (endosperm and peripheral layers) over 

very short temporal durations, with twenty one stages from 0 to 1006°Cd for endosperm and at 

fifteen stages from 0 to 700°Cd for peripheral layers.  

Metabolic proteins of starchy endosperm have already been studied but only at two stages of 

development, and a proteome map of peripheral layers is described for the first time by our study. 

The main aims of our study were following: 

 

� What are the principle phases, during development of peripheral layers and endosperm? 

� How many profiles could result during development of both tissues? 

� What are the main functional classes for differentially expressed identified proteins? 

 

These classes were analysed i) to understand how these functions vary among profiles. ii) to 

develop  a proteome map for each profile and to study what are the variation (differences/ 

similarities) among profiles. In the proteomic study of starchy endosperm proteins, we 

investigated some additional questions: 

What are the different localizations which can be predicted for proteins identified in starchy 

endosperm? 

How does the abundance of stress/ defense category proteins change during development? What 

sub-categories exist in the stress/ defense class and how do they vary?  

This data from these two proteomic studies enabled us to compare proteomic changes which 

occur in the two tissues at a given stage: comparison of expression profiles, functional profiles 

and total proteins identified. This additional information is provided in “Chapter 5”. 
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2: Integration of Proteome and Transcriptome data 

 

In recent years, research has been directed towards integration of different datasets for better 

understanding of fundamental mechanisms underlying physiology, development, and the 

emergence of disease. In plants, regarding proteome and transcriptome data linkage, there have 

been very limited studies compared to other organisms. We proposed to combine proteome data 

(obtained by our study) and transcriptome (Romeuf, I., 2010) data, with the following questions:  

� How can the transcript which corresponds to our identified protein be obtained? 

� What is the ratio of significant correlations among expression profiles of proteome and 

transcriptome data? 

We applied this linkage to enzymes of carbohydrate metabolism, to determine if it would provide 

complementary information for this functional category. 
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Chapter 2 (Article 1): Proteomic analysis of peripheral layers during 
wheat (Triticum aestivum L.) grain development 
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Additional Data:      SuppInfo Table 1 and Table 5 are presented in Annex 1. 
 
SupplInfo 1: Proteins separated by 2-DE, numbered spots were identified (table 1).  a) 295°C ; 
b) 455°Cd. During these stages spots abundance shifts gradually from acidic to central zone and 
then centre to basic side of the gel.  

a 

b 
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SupplInfo 2: Principal Component Analysis (15stages of development) 
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SupplInfo 3: Accumulation profiles by clustering of 806 significant spots during 15 stages of 
development. Protein expression profiles were obtained by clustering of protein spots, each 
horizontal line represents a protein spot. X (121 spots) represents common or irregular profiles, 
five main profiles were:  1 (98 spots) Very early accumulation cluster;  
2 (137 spots) Early accumulation cluster;       3 (128 spots) Early-mid accumulation cluster;  
4 (54 spots) Mid-late accumulation cluster;    5 (268 spots) Late accumulation cluster. 
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0      59     109   153    204    247   295  350   397   455    501    546   658    594   700 

1 2

1a 1b 2a 2b

1 2

1a 1b 2a 2b

Stages of development

0   59  109  153   204    247  295  350  397   455    501    546      594      658   700 (°Cd)

SupplInfo 3: Clustering revealed four main phases of development: 1a) 0-59°Cd; 1b) 109-
247°Cd; 2a) 295-455°Cd; 2b) 501-700°Cd. Each vertical line (column) represents a gel.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
SupplInfo 4: Grains of Récital at fifteen stages of development, color change between 397-
455°C.  
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Chapter 3 (Article 2): Expression profiling of starchy 
endosperm metabolic proteins at twenty-one stages of 
wheat grain development 
Journal of Proteome Research, 2012, 11 (5), pp 2754–2773 
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Additional Data 
 
 
 
 
 
 
Supplemental Figure S1: Proteins separated by 2-DE, numbered spots were identified 
(Supplemental Table S1). a) 152°Cd; b) 457°Cd; c) 903°Cd. Spots abundance shifts gradually 
from upper to lower part and from acidic to basic zone of gel, with kernel development.  
 
 
 
 
 
 
 
 

a) Gel of stage 152°Cd (identified spots of P3) 
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b) Gel of stage 457°Cd (identified spots of P6)   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
c) Gel of stage 903°Cd (identified spots of P9)   
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Supplemental Figure S2: Principal component analysis for 21 x 6 gels. PC1=32.5%, 
PC2=18.3%, PC3=6.0%.  Four main phases of development were identified, with three sub-
phases in phase 3 and two sub-phases in phase 4. Four main phases of development could be 
observed: 1) 0-93°Cd; 2) 152-192°Cd; 3) 247-764°Cd; 4) 804-1006°Cd.   
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Supplemental Figure S3 : Hierarchical Clustering Analysis (HCA)  of 950 significant spots. 
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Supplemental Figure S4:  Predicted protein distribution in different sub-cellular localization of 
all identified proteins. X-axis represent profiles (P1 to P9), while y-axis represent number of 
proteins.  Sub- cellular localizations are cysk, cytoskeleton; cyto, ctosol; ER, endoplasmic 
reticulum; Extr,  extracellular region; M, mitochondria; nucl, nuclear; P, plastid; Peroxi, 
peroxisomal  
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Supplemental Figure S6:  a) 
Proteasome (PCD related protein) representative curve
and stages of development (in °Cd) are on horizontal axis.
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Supplemental Figure S6:  a) Enzymes involved for starch biosynthesis and 
related protein) representative curve. Normalized volume is on vertical axis 

and stages of development (in °Cd) are on horizontal axis. 
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Enzymes involved for starch biosynthesis and accumulation. b) 
Normalized volume is on vertical axis 
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An attempt to integrate proteome and transcriptome data: application to 

carbohydrate metabolism of wheat grain development 

 

Key words: proteome, transcriptome, data integration, grain development, wheat 

 

Abbreviations: PR, proteins; TR, transcript; °Cd, degree days after pollination; CM, 

carbohydrate metabolism 

 

Abstract 

 

A preliminary approach for comparative study of proteome and transcriptome changes during 

grain development of Triticum aestivum (cultivar Récital) is described. All matched peptide 

sequences (varied from 3 to 30) of 145 identified proteins by LC-MS/MS were used for tblastn, 

to search corresponding transcripts. For 16 proteins no hits were found after tblastn search. 

Expression profiles were compared for proteome and transcriptome which resulted in 32% 

agreement between these two series of data. Divergent patterns were also seen, which is 

indicative of post-transcriptional or post-translational changes. We used the proteins identified in 

starchy endosperm for metabolism of carbohydrate. Enzymes involved in starch and sucrose 

biosynthesis showed the highest correlations between proteome-transcriptome profiles, among all 

other categories of carbohydrate metabolism. This study not only helped functional annotation of 

transcripts but also revealed the correlation between two “omics” data for the first time in wheat.  
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INTRODUCTION 

Grain development in cereals is a complex process which involves a coordinated network of 

several metabolic pathways. Cereals are the main sources of staple starchy foods for humans, and 

wheat is one of the most widely grown, so knowledge of grain development in this species is 

important. Development of both the whole grain and of individual tissues has been studied using 

techniques including transcriptomic and proteomic to understand the underlying mechanisms 

(Wan et al. 2008, Nadaud et al. 2010, Robert et al. 2011). Earlier studies revealed that 

carbohydrate metabolism (CM) is of great importance for plant adaptation to varying 

environmental conditions (Guglielminetti et al. 1999).  

Enzymes of carbohydrate metabolism (CM) are involved in important plant functions such as 

sucrose and starch synthesis, primary cell wall metabolism (pentose phosphate pathway), 

glycolysis and citrate cycle. During grain development, sucrose is converted to starch, the major 

storage carbohydrate in wheat, which accounts for 80% of mature grain weight, which is thus the 

main factor determining yield and important for both food and non-food industries (Tyson and ap 

Rees 1988, Poitrat 1999, James et al. 2003). As part of CM, starch synthesis is of prime 

importance since grain filling is mainly associated with this phenomenon (Yang et al. 2004), but 

other processes in which CM enzymes are involved, are also important in several ways. 

Glycolysis leads to carbohydrate degradation, the pentose phosphate pathway serves as a source 

of ribose 5-P and erythrose 4-P for synthesis of nucleotide and nucleic acid and for aromatic 

compounds respectively (Kelly and Latzko 1980). Study of CM during wheat grain development 

is important, as accumulation or depletion of different carbohydrates produce significant 

characteristics which can considerably change wheat properties (Kumar and Singh 1981). 

Separate transcriptome and proteome analyses have been performed on developing seeds of 

wheat to understand the mechanisms and related pathways of CM (Wang et al. 2011, Tetlow et 

al. 1994, Dupont 2008).  To follow precisely expression behavior during grain development, new 

strategies have been developed, such as pattern comparison of data issued from different “omics” 

techniques, more commonly transcriptomics, proteomics and metabolomics. Comparison of 

omics data, instead of analytical challenges, is helpful to provide more detailed insight into 

fundamental mechanisms involved during complex processes like development. Recently, some 

of these integrated “omics” studies have been reported for human, microorganisms and animals 
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(Wagner et al. 2006, Gómez-Pastor et al. 2010, Zhao et al. 2011). This strategy is also applied in 

plant species such as arabidopsis, medicago and maize (Gallardo et al. 2007, Hajduch et al. 2010, 

Casati et al. 2011). Proteome and transcriptome data comparison helped us to distinguish the 

processes regulated at transcriptome level and those controlled at the proteome level. 

 

In the present study we monitored changes in enzymes of carbohydrate metabolism at protein and 

transcript level, with the aim of determining the relation among post-transcriptionally regulated 

transcript abundance and protein accumulation. Wheat (Triticum aestivum) grains at eleven 

stages, spanning the important developmental period related to CM enzymes (grain filling period) 

were analyzed using two major seed tissues (peripheral layers and endosperm).  

 

MATERIAL AND METHODS 

Plant Material 

Wheat (Triticum aestivum) plants (cv Récital) were used for study, both of proteome and 

transcriptome analysis. The grains were cultivated and collected as described earlier (Tasleem-

Tahir et al. 2012). We use the same eleven stages of grain development as were used to perform 

transcriptomic analysis: 152°Cd-706°Cd (degree days after pollination). 

Transcriptomic Analysis 

Transcriptomic analysis of endosperm grain development was performed earlier at eleven stages 

of development during grain filling (Romeuf 2010). Microarray profiling was performed by using 

12x135k NimbleGen® cDNA microarray (Rustenholz et al. 2011), with two biological and two 

technical replicates. Nearly 35% of transcripts were expressed differentially during development, 

from 152°Cd-706°Cd. 

Proteomic Analysis 

For proteomic analysis, the steps involved from grain dissection to two-dimensional 

electrophoresis (2-DE) and identification using LC-MS/MS are described by Tasleem Tahir, A., 

2012. The present comparison was made on 145 proteins involved in carbohydrate metabolism.  
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Figure 1: Expression profiles of proteins and transcripts. Permutmatrix was
used to draw colour presentation, abundance decreased while moving from
red to green color. Stages of development are shown on top in horizontal axis.
a) 1 Transcript (on left) found in several proteins (on right),b) 1 protein (on
left) expressed by several transcripts (on right).
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Bioinformatics Analysis 

Protein identifications were considered valid when at least three peptides passed the significance 

criteria in LC-MS analysis and data base interrogation (Tasleem-Tahir et al. 2012). For CM 

category, the number of matched peptides for a single spot varied from 3 to 30.  Only five 

proteins were validated with 3 peptides, and 58 were identified with more than 10 matched 

peptides. 

We use individual sequences of all matched peptides, for each protein spot to search for sequence 

similarity against NCBI Wheat Unigene built 55 (http://www.ncbi.nlm.nih.gov/unigene), using 

tblastn program of BioEdit sequence alignment editor v7.1.3 (Hall 1999). The first hit of tblastn 

(with 100% identity and coverage) was considered as transcript (TR) sequence coded for given 

peptide. For each spot, TR that matched with a maximum number of peptides was validated 

(SuppInfo: Table 1 in Annex 2).  In few cases, the same number of peptides matched to two or 

more TR, which resulted in more than one TR for a single protein spot. For these TR sequences, 

we used ClustalW2 alignment to determine their sequence similarity and the results were parsed 

using homemade Perl script. Further, these TR were translated to peptide sequences using 

homemade Perl script. For translation, we selected the same reading frame as for reference 

peptides. Finally, these translated sequences were compared with whole protein NCBI sequences 

to determine which TR was closest to our protein (SuppInfo: Table 2 in Annex 2). We also 

compared the translated sequences with our protein sequence, in the case where one TR was 

validated for one protein spot. 

Proteome /Transcriptome Expression Pattern Comparison 

To compute PR and TR profile comparisons, log2 values for both data were used. Pearson 

correlation analysis was performed both for stage and spot variation. We used PermutMatrix 

(http://www.lirmm.fr/~caraux/PermutMatrix/) for pattern comparison of PR x TR pairs, which do 

not give one to one ratios (Figure 1). Mean center column values were used for expression 

presentation.  

We assigned manually enzyme (EC) numbers to CM proteins identified in endosperm.  To 

overview the CM enzymes, also expressed in grain peripheral layers, we used a previous study of 

PL during wheat grain development (Tasleem-Tahir et al. 2011). In this study, a total of 207 PL 
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proteins were identified, 27 of which were found to be involved in CM. After assignment of EC 

numbers to proteins of both grain tissues (SuppInfo Table 1 and 3 in Annex 2), we mapped them 

in five different CM categories with the help of Mapman (Usadel et al. 2005). These categories 

were: Glycolysis, Citrate cycle/TCA, Sucrose and starch synthesis, Pentose phosphate pathway 

and Fructose and mannose metabolism. Expression profiles were displayed for PR and TR of 

wheat grain endosperm data. For each enzyme, expression values of all corresponding proteins 

and transcripts were averaged to obtain a global expression for reference EC (Figure 2). 

Prediction of Sub-cellular Localization 

Sub-cellular localizations were predicted for endosperm proteins identified. We also predicted 

sub-cellular localizations for proteins of CM in peripheral layers using the same five programs as 

for endosperm: WoLF PSORT, Predotar, TargetP, YLoc and WegoLoc (Emanuelsson et al. 2000, 

Small et al. 2004, Horton et al. 2007, Briesemeister et al. 2010, Chi and Nam 2012). Sub-cellular 

localizations were validated, if at least three programs predicted the same localization of a protein 

at sub-cellular level. 

 

RESULTS 

Enzymes related to CM were monitored at eleven stages of grain development, at proteome and 

transcriptome level using 2-DE and NimbleGene microarray respectively. These stages covered 

the key period of grain filling, which is dominated by the main grain yield determinant process of 

starch synthesis.  

______________________________________________________________________________ 

Legend Figure 2: Enzymes of carbohyrate metabolism expressed in endosperm and grain 

peripheral layers. Each number corresponds to an enzyme as shown in side table presentation. 

Names of enzymes are given in SuppInfo Table 1 and Table 3. Colored bars represent expression 

of protein (upper bar) and transcript (lower bar), corresponding to reference enzyme. For each of 

five categories of CM, overall expression curves are shown on right of Mapman presentation. 

Trasncripts (TR) data is on primary axis with proteins (PR) on secondary axis.  
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sign p Value all pairs Glycolysis TCA* Suc&Starch**
Pentose 

phosphate
Fruc,Mann,

Galac***

Negative <0.05 9 3 4 1 2
Negative all 50 20 12 16 7 10
Positive all 49 13 8 12 8 6
Positive <0.05 37 10 3 17 5 5
Total 145 46 23 49 21 23
Significant 46 13 3 21 6 7

% Of significant pairs 32 28 13 43 29 30

Table 1: Pearson’s correlation values, among proteins and transcripts expressed during grain
development. *TCA=tricarboxylic acid cycle **=sucrose and starch synthesis, ***=Fructose,
Mannose and Galactose metabolism.

Figure 3: 2DE map of endosperm proteins during grain development. The 
outlined proteins are of carbohydrate metabolism at 457°Cd
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A 2-DE map of CM included previously identified 145 proteins (PR) in endosperm and 27 in 

peripheral layers (Tasleem-Tahir et al. 2011, Tasleem-Tahir et al. 2012) (SuppInfo Table1 and 3 

in Annex 2).  Peripheral layer proteins were used only to map CM related enzymes in Figure 2, 

whereas, for all PR x TR comparisons, we only used proteins identified in endosperm. Their 

distribution on 2DE gel is shown in Figure 3. They were abundantly located in upper region of 

the gel, indicating that they are mostly of high molecular weight (>50 kDa) with only few in low 

molecular weight region. In addition, it was observed that during seed filling phase, proteins 

involved in CM were present in 5-8 pH range, on the gel.  

Each protein was represented by one to multiple spots (2-9) which resulted in 70 unique proteins. 

In our data, 32 proteins were identified in more than one spot and five were found in spots with 

opposing or significantly different expressions. Up to three different expression profiles for the 

same protein id were found in different spots: abundance at start of grain filling, with a plateau in 

the middle or towards end of grain filling or a spot with a peak at 706°Cd (Figure 4). 

 

Tblastn Results 

We found 135 transcripts (TR) in NCBI wheat Unigene, by performing tblastn. No single hit in 

Unigene transcript data was obtained for 16 spots of endosperm. For transcriptome and proteome 

data, one to one ratio or spots represented by multiple TR or vice versa were observed. 17 spots 

were represented by multiple TR (15 spots by 2 TR and 2 spots by 3TR, Figure 1). 

 

For 1PR-1TR, scoring for sequence alignment of identified protein and translated sequence of 

corresponding TR resulted in highly significant scores varying between 80-100 except for one 

pair, (gi|401138 x Ta#S12923095) where a very low score (20) was observed. For all other cases 

(1PR-Many TR) we performed the same sequence alignment after translation of TR. 
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Correlation Analysis of PR x TR data 

To study the correlation between transcriptome and proteome data, a dynamic range of 

expression values for all identified proteins and their corresponding transcripts were investigated. 

The dynamic range of transcript signal intensities in the complete transcriptome was of higher 

magnitude, which would reflect a greater sensitivity of the microarray technology in the low 

expression range. Pearson’s correlation coefficient statistics of proteins and transcript at 

individual stages of seed filling revealed that R² values increased with grain maturity. By 

employing correlation coefficient statistics to all proteins and their corresponding expression 

profiles of transcripts, nearly 32% of pairs showed significant behavior where only 6% of total 

pairs were negatively correlated and 26% with positive significant correlation (Table 1). 

Pearson’s correlation coefficients were also computed for sub-categories of carbohydrate 

metabolism. Significant correlations among these categories were as follow: sucrose & starch: 

43% (Neg=8%, Pos=35%), fructose, mannose & galactose: 30% (Neg=9%, Pos=21%), pentose 

phosphate metabolism: 29% (Neg=5%, Pos=24%), glycolysis: 28% (Neg=6%, Pos=22%) while 

TCA showed only a positive significant relation (13%) (Table 1). Some positive and negative 

significant correlations between PR and TR are shown on Figure 5. For negative correlations, two 

different cases were observed, PR increase and TR decrease or vice versa. These opposite 

behaviors intersect at different time points depending on the profiles which were correlated. 

Positive correlations were obtained for three different profiles, increase of both PR and TR with 

development, slight or significant decrease with end of grain filling.  

In Figure 2 , mapping of CM proteins expressed in endosperm and PL, helped us to distinguish 

the processes specific to grain tissue. Enzymes involved in five main categories of CM were 

presented: glycolysis, citrate cycle/TCA, starch & sucrose metabolism, pentose phosphate 

pathway and fructose & mannose metabolism. Four enzymes were only found in PL, seven were 

observed in both tissues while 23 were found functional in endosperm. Details of enzymes shown 

in figure 2 are given in SuppInfo. Table 1 and 3 (Annex 2). Expression profiles of PR (upper 

row) and TR (lower row) are given only for CM proteins of endosperm. Each bar represents the 

stage of development from 152°Cd to 706°Cd. For a few spots, only expression profiles of PR are 

given, as we did not find the corresponding TR after tblastn. 
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axis). a and b are negatively correlated, c, d and e represent positively correlated pairs.
Expression values are in log2 ratios and are on y-axis, while stages of development are on
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Predicted Sub-cellular localization of CM proteins 

Sub-cellular localization of identified CM proteins, varied during development. In a previous 

study using HCA, nine different protein expression profiles were observed according to their 

abundance at different stages of development from early grain growth period (P1) to grain 

maturity 1006°Cd (P9) (Tasleem-Tahir et al. 2012). In the present study, the grain filling period 

(152-706°Cd) is represented by proteins having expression profiles similar to P2 - P7. P1, P8 and 

P9 do not fall in the grain filling category as they represent protein abundance either at very early 

stages of development 0-93°C (P1) or at later stages of development (P8 and P9).  

During grain filling period (P2-P7), proteins were found in five different locations, 46% of 

proteins were predicted in cytosol (Cyto), 30% in plastid (P), and 21% in mitochondria (M) 

(Figure 6). They were present in very small quantities in endoplasmic reticulum (ER, 2%), and 

extracellular regions (extr, 1%). In addition to grain filling period, proteins of CM were also 

found in P1, P8 and P9. They were scattered in 7 different locations in P1 (nucleus (nucl) 

peroxisome (perox), Cytoskeleton (cysk) in addition to five locations of grain filling period). In 

P8 and P9 they were found in the same localities as of grain filling period, but their abundance in 

ER and P was higher than that of P2 to P7. 

Sub cellular localizations of PL proteins involved in CM, were also predicted using the same 

programs as used for endosperm proteins.  They were found in four different localities, where 

their distribution was as follows: cyto 48%, plasma membrane (PM) 33%, M 11% an P 7%. 

 

DISCUSSION 

The present multidisciplinary study documents the dynamics of the transcriptomics and 

proteomics datasets, by unraveling the relationship among mRNA and protein patterns during 

seed filling period of wheat grain. Our focus was on metabolism of carbohydrate during grain 

development (152°Cd-706°Cd). Studies on Arabidopsis and Medicago showed that the genes 

involved in CM were among the most regulated in both species (Ruuska et al. 2002, Gallardo et 

al. 2007). During grain filling, uniform regulation of 27 proteins (out of 32) in multiple spots lead 

to the possibility that they may be generated from a single precursor protein through different 
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modifications such as alternative splicing of transcripts or posttranslational modifications. 

Numerous isoforms of CM proteins were also found in maize and rice grain development studies, 

which were from two to thirteen spots for the same proteins (Mechin et al. 2007, Xu et al. 2008). 

Moreover, a PRxTR comparative study on yeast suggested that presence of protein isoforms 

could result in disconcordance between TR and PR expression levels (Gómez-Pastor et al. 2010). 

A slight decrease towards grain maturity was observed in overall expression of TR and PR. Wan 

et al reported that endosperm transcripts either have tendencies to increase to a plateau  starting at 

14 daa (~270°Cd) or some of them decrease with grain development (Wan et al 2008). These 

profiles are also evident in Figure 2. For sucrose and starch synthesis we observed a plateau, 

while for TCA and pentose phosphate enzymes, a significant decrease towards maturity was 

noticed.  In addition to these two trends, we also observed that some TR first decrease and then 

increase slightly during development (glycolysis and fructose, mannose and galactose enzymes). 

Tendency to reach a plateau, observed for starch and sucrose enzymes, is considered as the 

characteristic curve for endosperm TR as starch accumulation is the dominant activity during 

grain filling. Noticeably, these TR plateau profiles were found similar to profiles of proteins 

involved in carbohydrate metabolic processes, which also showed a plateau (starch & sucrose 

synthesis) but in contrast with  proteins involved  in glycolysis; fructose, mannose & galactose; 

TCA; and pentose phosphate, for which decreasing profiles were observed. In Figure 2, enzymes 

were found in both grain tissues (endosperm and peripheral layers) among all categories of CM 

except fructose and mannose metabolism, where either enzyme was found only in endosperm or 

only in peripheral layers.  

Remarkably, although mRNA intensities were more important than those of proteins, the 

variation in expression during development was higher in PR as compared to TR. This could 

result from higher sensitivity of proteome to various physiological conditions of the plant. In 

previous studies correlation among PR and TR vary from 20% to 70%, depending upon the 

system and approach used, but in general very low correlation values were found (Greenbaum et 

al. 2003, Watson et al. 2003, Schmidt et al. 2007, Pascal et al. 2008, Hajduch et al. 2010). Poor 

correlation could result from several factors: i) the analytical variability associated with global 

measurement technologies, such as differences in sensitivity, dynamic range, ambiguity in 

identification etc. ii) one gene does not usually code for a single protein as gene and protein 
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expressions are regulated separately by the cells. In a comparative PR x TR studies on human, it 

was found that 29% of genes from Affymetrix and 46% from Nimblegen do not match with 

sequence identifiers of protein data (Waters et al. 2006). This problem may arise due to 

inconsistencies in the gene and protein annotations used among different databases. iii) Although 

protein abundance depends on gene transcription rates, some additional control mechanisms, such 

as post-transcriptional mechanisms affecting mRNA stability, translational regulation and protein 

degradation also have an impact  iv) a variety of post-translational modifications or proteolytic 

cleavage can alter the activity of proteins (Waters et al. 2006, Tan et al. 2009). In addition in 

wheat, the presence of three genomes increases the complexity of integration.  

In our analysis, in addition to one-to-one relation among two datasets, we found one TR which 

corresponds to several spots or vice versa. After tblastn we chose the TR with 100% similarity to 

our peptide, this led to the hypothesis that these TRs could result from the same gene. Sequence 

comparison among translated TR sequences and those of proteins can give an indication of most 

probable TR, but as long as we do not have entire translated sequence information of 

corresponding gene, less reliability may result from the profile comparison. For our analysis 

when we encounter these cases (1TR-several spot or vice versa) all possibilities for correlation 

analysis were considered. Tblastn results of 1TR- several spots were obtained, most probably due 

to sequence similarity of peptides of these spots.  

For the first time in wheat, an open-access data base named dbWFA (Web-Based Database for 

Functional Annotation) was developed (Vincent et al. 2012 data in press). Functional annotation 

of 35.5% of the transcripts for Wheat Gene Expression 12x135k NimbleGen array (Rustenholz et 

al. 2011) was performed. TR obtained through tblastn in our data set was of the same functional 

family in this database as found after annotation of TR on the basis of tblastn with identified 

proteins, in our experiment. In our data, information were not only precise (as annotation was 

made on experimental basis), but some additional TR (not annotated in this database) were also 

annotated. 

This approach documented information concerning PR and TR and correlations between their 

expression profiles. We used proteins involved in carbohydrate metabolism as an example for 

application of this strategy. It was noticed that among five categories of carbohydrate metabolism 

studied, sucrose and starch synthesis showed maximum significant correlations. Moreover, the 





 Chapter 4: Proteome/Transcriptome data Integration 

95 
 

enzymatic profile study during development could be useful; to determine whether the 

corresponding reaction is controlled at PR or TR level. Further, to obtain a comprehensive 

overview of grain development, it would be useful to study other metabolisms and their 

corresponding profiles by integration of proteomic and transcriptomic data. 
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Chapter 5: Comparative proteome study of Peripheral 
layers and Starchy Endosperm during grain development 
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Figure 23: Metabolic proteins identified in grain tissues. a) Proteins identified in
starchy endosperm (ESM) b) proteins identified in peripheral layers (PL).Yellow
tagged functional categories (CK, CD, NM, PT and FM) were only identified in
ESM, while those tagged in green (MT, EM) were identifed only in PL. Protein
identifications as unknown function are not mentioned in these pie charts.

Rank on basis of abundance ESM PL
1 CM SP
2 SD SD
3 AM CM, EM
4 PS AI, PS
5 Trs AM
6 PF Trs, PF
7 PTO BSM, MT, LM
8 AI ST, PTO
9 ST, PT
10 CD, LM, CW, FM, SP
11 CK, NM

Table 11: Functional distribution in starchy endosperm (ESM) and peripheral
layers (PL) in descending order.
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We studied grain development, from fertilization to maturity, with the objective of unraveling the 

mechanisms responsible for this complex and precisely planned process. Analyses were 

performed separately on dissected grain tissues: peripheral layers and endosperm. This  proved to 

be advantageous, as it enabled: i) analysis of tissue-specific protein patterns, ii) reduced 

complexity in comparison to whole seed extracts, making it easier to visualise and identify less 

abundant proteins (Finnie and Svensson 2003). We studied metabolic proteins in both tissues, to 

make possible comparisons of their profiles. For PL, 109-700°Cd grains were dissected, while for 

ESM, we dissected the grains from 152°Cd to 1006°Cd.  

Here, we will discuss similarities and differences among these tissues, based on the proteins 

identified and their expression profiles.  

 

1 Metabolic Proteins identified in Grain Tissues 
 

Total proteins identified in PL and ESM are presented in Figure 23. The dominant functional 

categories of these tissues were different. In Table 11 they are presented in decreasing order of 

abundance. Remarkably, storage proteins (25%) were the dominant category in PL but only 

showed minor presence in ESM (only 1%). Stress/defense (19%), carbohydrate and energy 

metabolism (13% each) followed the largest category, of storage proteins, in peripheral layers.  

In starchy endosperm, the proteins of carbohydrate metabolism were found to be the most 

abundant category, representing nearly 30% of total identified proteins, followed by 

stress/defense (23%) and amino acid metabolism (10%).  

Functional categories tagged in green (EM, MT) were only identified in PL. The presence of 

abundant EM related proteins, only in PL, was mainly due to photosynthetic activities of the 

green pericarp (part of PL), which is absent from endosperm. Four lipoproteins were identified 

and classed in MT category. They were only identified in PL, as these layers are rich in lipids as 

compared to ESM. CK and CD, yellow tagged categories and characteristic of early grain 

development stages, were only identified in ESM.  
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2 Expression Profiles of PL and ESM proteins 
 

In PL we observed nearly 800 spots that varied significantly over fifteen stages of development, 

while, for ESM, 950 spots varied significantly over twenty one stages. Using HCA, five different 

expression profiles (P1-P5) were distinct in PL and nine profiles (P1-P9) in ESM (Chapter 2 and 

Chapter 3). Among these profiles, only profile 5 of PL and profile 9 of ESM showed similar 

variation patterns, i:e increase from stage six towards maturity. In profile 5 of PL, the dominant 

class was storage proteins, while in P9 of ESM, the stress /defense category was dominant. 

Remarkably going from mid to later stages of development, in peripheral layers, greatest 

abundance moved from energy metabolism (P4) to storage proteins (P5) while, in endosperm, the 

change was from carbohydrate metabolism (P7)  to stress/ defense proteins (P9). 

 

3 Functional Profiles of PL and ESM 
 

We compared the evolutionary profiles of functional categories that were found common to both 

tissues. Grain development was monitored for each 50°Cd; in PL we analyzed fifteen stages 

while six additional stages were added for analysis of starchy endosperm tissue.  In the 

publication concerning PL, the expression profiles were presented as “quantity of protein µg/PL 

of grain”, while for ESM, they were in normalized volume values. To homogenize the scale, we 

present here normalized volume values for both tissues. The main and sub categories are given 

below. 

 

3.1 METABOLISM 
 

In this category, CM, AM and LM were found in both tissues, while proteins involved in FM and 

NM were identified only in ESM, and those related to biosynthesis of secondary metabolites only 

in PL (Figure 23). 

 



0

1

2

3

4

5

6

0

5

10

15

20

25

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21

a: Carbohydrate Metabolism (CM)

ESM (145) PL (27)

0,2

0,3

0,4

0,5

0,6

0,7

0,2

0,3

0,4

0,5

0,6

0,7

0,8

b: Lipid Metabolism (LM)

0

0,2

0,4

0,6

0,8

1

1,2

1,4

1,6

1,8

2

0

1

2

3

4

5

6

7

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21

c: Amino acid Metabolism (AM)

ESM (46) PL (9)

0

0,1

0,2

0

0,1

0,2

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21

ESM (7) PL (3)

Figure 24: Protein expression profiles of categories, classed under metabolism (a-c).
Stages of development are on x-axis, while normalized volume values are presented on y-
axis, for starchy endoseprm (ESM) on primary while for pripheral layers (PL) on
secondary axis. Number of identified proteins for each category are given in brackets.
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a) Carbohydrate Metabolism (CM) 

We identified 145 proteins in ESM and 27 in PL related to this category. These proteins tended to 

decrease towards grain maturity in both tissues (Figure 24 a). This decrease was linear and slight 

with an up-regulation at stage 13 in both tissues. The proteins of CM category are discussed also 

in Chapter 4.  

b) Lipid Metabolism (LM) 

There were 3 LM proteins identified in PL whereas 7 in ESM. Notably, these proteins were 

abundant at three early stages in ESM in contrast to very weak presence in PL. Their expressions 

intersected at stage 4, followed by a decrease in ESM and an increase until stage 9 in PL. Similar 

to CM proteins expression, change of behaviour at stage 13 was found as compared to adjacent 

stages. Interestingly, like CM, at stage 13 the behaviour of LM proteins in ESM also differed in 

comparison to adjacent stages (Figure 24 b). No proteins were found common between PL 

(aspartic proteinase and oleosin) and ESM (enoyl-ACP reductase, stearoyl-ACP desaturase and 

acyl carrier proteins).  

c) Amino acid Metabolism (AM) 

Nine proteins identified in PL and forty six of ESM showed parallel expression through all 

stages, except at stage 3 in PL, when protein abundance decreased unexpectedly (Figure 24 c). 

All proteins identified in peripheral layers were also found in endosperm, while some additional 

proteins also identified in endosperm. 

 

3.2 GENETIC INFORMATION AND PROCESSING 
 

a) Protein Synthesis (PS) 
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Figure 25: Protein expression profiles of categories classed under genetic information and
processing (a-d). Stages of development are on x-axis, while normalized volume values are
presented on y-axis, for starchy endoseprm (ESM) on primary axis while for pripheral layers
(PL) on secondary axis. Number of identified proteins for each category are in brackets.
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Among 12 PS proteins of PL and 35 of ESM, HSP 70 and secretary proteins were common in 

these tissues, while low molecular weight HSP (16-17 KDa) were found only in ESM. 

Expression profiles moved nearly parallel until stage 7, after this stage the behavior was opposite 

with an intersection at stage 11 (Figure 25 a). In PL, as our analysis was only till stage 15, we 

have no data after this time for these layers. It is possible that like ESM proteins, they continue to 

decrease after physiological maturity. 

b) Protein Turn over (PTO) 

Only one protein of PTO identified in PL peaked at stage 4 and then decreased significantly. On 

the other hand, in ESM, 21 identified proteins of PTO were more or less constant until stage 13 

and then their abundance increased with peak at stage 21 (Figure 25 b). Remarkably, PL proteins 

also showed a tendency of increased abundance after stage 13. In this class, proteasome was 

found to be common but with different isoforms, while ubiquitin was only identified in ESM. 

c) Protein Folding (PF) 

We identified 5 proteins of PF in outer layers but 25 in grain ESM. These proteins showed 

opposite expression behavior in PL and ESM, except at stages 6 and 7, where their profiles were 

parallel to each other (Figure 25 c). PDI and chaperonin were common in both grain parts, but 

with different isoforms, while cyclophilin were only identified in ESM. This protein folding 

function was found significantly active in PL and in ESM at different time points.  

d) Transcription/ Translation (Trs) 

These proteins in PL (7) and ESM (30) were abundant at early stages of development. They 

peaked earlier in PL (at stage 3) and later in ESM (at stage 4 and 5), and then continued to 

decrease with development (Figure 25 d). Translation elongation and initiation factors were the 

proteins identified in common, while ribo-nucleoproteins were only identified in PL. 
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Figure 26: Protein expression profiles of categories classed under
Environmental Information and Processing (a-b). Stages of development are on
x-axis, while normalized volume values are presented on y-axis, for starchy
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Figure 27: Protein expression profiles of storage proteins. Stages of development
are on x-axis, while normalized volume values are presented on y-axis, for starchy
endoseprm (ESM) on primary while for pripheral layers (PL) on secondary axis.
Number of identified proteins for each category are given in brackets.
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3.3 ENVIRONMENTAL INFORMATION AND PROCESSING 
 

a) Signal Transduction (ST) 

The peak of the 2 ST related proteins in PL was one stage earlier than that of ESM (11 proteins), 

the same delayed peak was observed for Trs related proteins (Figure 25 d). After a peaked 

expression in PL (at stage 3) and ESM (at stage 4), these proteins decreased with development, 

showing slightly different behaviors at stage 6 and 13 compared with their adjacent stages 

(Figure 26 a). Different isoforms of 14-3-3- like proteins were found in both tissues, while some 

other proteins such as annexin and GTP binding were identified only in ESM. 

b) ATP-Interconversion (AI) 

In contrast to ST and Trs categories, AI proteins peaked at the same time in PL and ESM (at 

stage 4). These proteins, 7 in PL and 13 in ESM, decreased after stage 4 with the same rate until 

stage 9 and thereafter decrease was more rapid in PL than in ESM (Figure 26 b). Different 

isoforms of ATP synthase and nucleoside disphosphate kinase were identified both in PL and 

ESM, while in ESM some additional AI related proteins were also identified. 

 

3.4 STORAGE PROTEINS (SP) 
 

Notably in the albumin globulin fraction of ESM, we found only 1% of SP (4 proteins), while in 

PL, nearly 26% of proteins (51 proteins) fall into this category.  

In ESM, we identified two different isoforms of globulin1, avenin-like b protein and gamma 

gliadin as SP proteins. Avenin-like b protein was recently studied in durum wheat and was found 

in gluten, leading to the hypothesis that they probably have some role in gluten functional 

properties (De Caro et al. 2010). Although avenin-like b and gamma gliadin are found in the 

gluten fraction, it is quite common to find these proteins in the metabolic fraction of starchy 

endosperm (Vensel et al. 2005). Storage proteins of PL were mainly globulins that, in general, are 
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found abundantly in aleurone layer (Halford and Shewry 2007, Loit et al. 2009). Globulin 2, 3, 3b 

and 3c were identified, but globulin 1 which was found in ESM, was not observed in this tissue.  

These proteins in both tissues were abundant during the grain filling period up to physiological 

maturity, i.e stage 15 (last point of PL analysis). In ESM, the analysis was performed till stage 

21, so additional information was available for this tissue, which showed decreased expression 

after stage 15 (Figure 27). 

 

3.5 STRESS/ DEFENSE (SD) 
 

Proteins related to SD category peaked towards grain maturity in both tissues (Figure 28), as 

observed in other studies on grain development (Vensel et al. 2005, McIntosh et al. 2007, Wan et 

al. 2008).  

Alpha amylase inhibitor was the dominant class in ESM whereas cell wall related defense 

proteins (such as chitinase, xylanase inhibitor) were identified abundantly in PL. Comparison 

among expression profiles of these categories, in PL and ESM, revealed that, although their 

abundance increased towards maturity, they showed different behaviors. This can be seen for 

alpha amylase inhibitor, chitinase and xylanase inhibitors in Figure 28 a, b and c. 

i) For alpha amylase inhibitors, a more or less linear increase with grain development 

was recorded. 

ii)  Chitinase abundance in PL, was maximum at stage 11 and then decreased, whereas for 

ESM they peaked at stage 17 and then decreased. 

iii)  Similar to chitinases, we observed a peak for xylanase inhibitors in PL (at stage 10) 

earlier than in ESM (at stage 19).  

Other SD proteins that were identified in PL peaked at stage 15. For overall SD catgory, it is 

also possible that, in PL, there was again accumulation of these proteins, as they are 

important for grain content protection against different stresses. 
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3.6 REDOX HOMEOSTASIS 
 

The process which maintains the redox environment of a cell or compartment within a cell comes 

under redox homeostasis. In plants, an antioxidative system determines the extent of ROS 

accumulation; in addition this system sets the threshold for general plant defense responses, 

particularly against biotic stresses and wounding. This ROS-antioxidant interaction has an 

important role in plant responses to environment and in the regulation of plant development 

(Foyer and Noctor 2005). This system is very complex and involved many agents of oxidation-

reduction process. Glutathion and ascorbate are considered to play a central role in Redox system 

and their role in this system was recently reviewed in plants (Foyer and Noctor 2011). It was 

shown, using Arabidopsis mutants, that glutathion and ascorbate are multifunctional metabolites 

which played central roles in plant development, defense reactions and redox homeostasis & 

signaling (Dowdle et al. 2007, Parisy et al. 2007, Schlaeppi et al. 2008, Mhamdi et al. 2010). 

Kranner et al., also suggested that glutathione redox potential can act as a key determinant of cell 

death and dormancy (Kranner et al. 2006).  

In our analysis, redox-homeostasis curves decreased towards grain maturity both in PL and ESM 

(Figure 29). From grain filling to grain dessication, struggle for energy and oxygen result in 

either a slowdown of active metabolism or switch to metabolic pathways with less ATP 

requirement (Huang et al. 2008). All these conditions lead to reduce metabolism both in PL and 

ESM (Figure 24) and also, when there is less oxygen, a slowdown of redox curve results 

(Figure29).  

When we dissected the redox curve to investigate its ROS and antioxidant components 

separately, interesting results were observed. While focusing on glutathione and ascorbate 

activities during development, we observed that in PL and ESM, they were not abundant at the 

same time. In previous studies depletion of one metabolite results in activation of the other i:e 

when the glutahion pool is depleted, redox state control shifted to ascorbate dependent processes 

and vice versa (Foyer and Noctor 2011). These observations and our protein profiles (involved in 

redox homeostasis), helped us to develop a hypothesis concerning these metabolite activities 

during development. If we divide grain development from stage 1 to 15 in three phases; early, 

mid and late both in PL and ESM, we observed that:  
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• In early grain development phase, ascorbate dependent processes were active in both 

tissues to act as antioxidants against ROS (Figure 29 a). 

• In the second phase (mid development phase), as the ascorbate pool decreased (both 

ascorbate and dehydroascorbate) redox control shifted to glutathione pool in PL, while in 

ESM, both metabolites worked in this phase interchangeably (glutathione and 

dehydroascorbate) (Figure 29 b & c )  

• During the late development phase, in PL, the control shifted again to the ascorbate pool 

(now dehydroascorbate), also in ESM glutathione control was reduced considerably and 

the ascorbate pool become dominant (dehydroascorbate) (Figure 29 c).  

 

ESM data, after stage 15, revealed additional information that after this stage, the Redox 

environment control again shifted from the ascorbate pool to the glutathione pool (Figure 30).   

Thioredoxin curves showed opposite behavior in the two tissues, they peaked during early stages 

in PL and during late development stages in ESM (Figure 29 d). In PL, the early presence would 

help catabolism of cross and tube cells, while in ESM, due to reorganization of storage proteins, 

they appear at later stages. In addition, this may be part of grain preparation process for 

germination, after which thioredoxin help for catabolism of storage proteins (Li et al. 2009). 

These data of redox homeostasis are based on protein identifications; further enzymatic studies 

would be helpful to improve understanding and to validate our hypotheses. Moreover, 

comparison with a third grain tissue, the embryo, particularly at germination stages and further 

during development would provide convincing data of developmental changes.  A preliminary 

example of such comparison is provided by Wan et al., by using transcriptional profiling of 

whole grain, and then putative tissue assignation using data published on barley by Sreenivasulu 

et al., 2006 and on wheat by Drea et al., 2005. 
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This study explored the changes during development of two important parts of wheat grain: 

nutritionally important peripheral layers and yield determining starchy endosperm. Further, a first 

attempt to link proteome and transcriptome data in wheat has been provided in this study. The 

major results were: 

� For the first time in wheat, we provided proteomic data for grain peripheral layer which 

included 207 proteins identified during development: from fertilization to physiological 

maturity of grain at fifteen stages of development. 

� This study revealed five different expression profiles during development. 

� Proteins were classed in 16 different functional categories. If we divide complete 

development into early, mid and late, the following processes were abundant at each of 

these three stages. 

Early      Mid     Late 

Metabolism   Protein synthesis 

Translation   Protein turn over   Storage Proteins 

Transcription   signal transduction   Stress / defense 

ATP interconversion   membrane transport 

    Biosynthesis of secondary metabolites  

 

Similarly for starchy endosperm metabolic proteins, we developed a proteome map at twenty one 

stages of development: from fertilization to complete grain maturity. The important results were: 

� Identification of 487 proteins differentially expressed during development. 

� Nine different expression profiles were evident during development. 

� Prediction of sub-cellular localizations for all identified proteins. 

� Dissection of SD category in its components and their analysis. 

� Proteins were classed in 17 different biochemical functional classes and these 

functions differ among expression profiles. As for  PL data, to obtain an overview of 

functions during development, if we divide grain development into three phases 
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(early, mid and late) these functions were distributed according to their abundance as 

follow: 

Early and Early to Mid  Mid    Late 

Metabolism 

Cell division    Protein folding 

Protein transport   Storage proteins  Stress/ defense 

ATP inter-conversion  Proteins related   Folic acid metabolism 

Protein synthesis   to cytoskeleton  Protein turn over 

Transcription/translation  

Signal transduction  

   

A development study with very short temporal distances, enabled us to determine precisely the 

stage or stages of development in which each category appeared abundantly, as can be seen in 

Figure 4 of Tasleem-Tahir et al., 2011 and Figure 3 of Tasleem-Tahir et al., 2012. 

We discuss the differences and similarities which we observed in the proteomic analyses, of 

peripheral layers and starchy endosperm during development. This comparison is schematized in 

Figure 31, and led to the following conclusions: 

� Changes during grain development of CM, AM, PS, Trs, AI, ST and Redox related 

proteins were similar in both tissues  

� LM, PF and PTO showed different behaviors in PL and ESM  

� For SP and SD, up to 700°Cd, changes were quite similar, but in addition for ESM after 

this stage, we observed an increase of expression. 

� For Redox homeostasis during development of tissues, glutathione and ascorbate pools 

control ROS accumulation alternately in the two tissues i:e during development in one 

tissue when there was depletion of one pool the other one controlled homeostasis. In 

addition it was noticed that their abundance was not same in both tissues at a given stage. 
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Finally we made the first attempt to integrate proteome, transcriptome data for wheat, using the 

145 proteins which were identified for carbohydrate metabolism in starchy endosperm. 

� Nearly 32% of pairs showed significant correlations, of which 6% were correlated 

negatively and 26% had positive significant correlations.  

� We divide this metabolism into five main categories, and their enzymes at proteome and 

transcript level were mapped using Mapman in CM proposed pathway. These categories 

were, sucrose & starch category; fructose, mannose & galactose; pentose phosphate 

metabolism; glycolysis; and citrate cycle or TCA. 

� Among these five categories, we showed the highest significant correlations for starch and 

sucrose category (43%), between proteome and transcriptome data 

This study leads to many avenues for future research, which could contribute to grain quality 

improvement.  

Wheat grain peripheral layers are important in several ways, and each layer has its own 

characteristics and participation in grain development, nutritional quality and health value.  

During grain development, studies of individual layers should be made: such as aleurone layer, 

for health and nutritional benefits. In addition, for study of phytohormone signaling in 

germination-related processes, aleurone layer could be used as model system as was recently 

reviewed in barley (Finnie et al. 2011).  

Cross and tube cells should be studied for their photosynthetic activities and response to 

hormones (such as auxins involved for cell division and elongation) during formation of lignified 

structures which determine the size and dimensions of grain.  

Study of testa during development could be helpful to understand its role as a transfer tissue 

which operates between pericarp and aleurone layer. These outer layers together form a gateway 

for any pathogen or external attack. Each layer has its distinct line of defense for embryo and 

nutrient-rich endosperm protection (Jerkovic et al. 2010). Comparative studies between normal 

and diseased grains using only PL part may provide important clues regarding grain protection 

against these external unwanted factors. For example, Fusarium Head Blight is world wide 

problem of wheat, decreasing yield and quality. Mycotoxins produced by this fungus are harmful 

when wheat products are used for food by humans and animals (Bennett and Klich 2003). Study 
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of peripheral layers during kernel development in plants with and without attack could provide 

important information about mechanisms of disease development. This would be an important 

tool in research for disease remedies. 

Identification of different isoforms of the same protein is an indication of probable post 

translational modification occurrence. A further analysis is needed to verify these PTM either by 

use of MS or other techniques for functional analysis.  

In depth analysis to reveal the proteins that are less abundant is possible using more sensitive spot 

detection methods and MS tools. Similarly, the gel free MALDI imaging methods could also be a 

help to study the proteins in different grain tissues (such as aleurone layer, endosperm, and 

embryo). At present their applications in plants are very limited but in the near future, they could 

be useful in plant research for rapid investigations (Kaspar et al. 2011, Lee et al. 2012). 

Preliminary comparison of proteome and transcriptome requires further data enrichment and 

verification. For example PCR analysis to check expression profiles of genes would be helpful. 

Further, if we broaden our analysis by using other functional categories in addition to CM 

proteins, this could provide additional annotation for transcript data and moreover additional 

information about their sequences. 

To complement the metabolic proteins, we also performed 2D and HPLC analysis of gluten 

proteins during development. This data is in the course of analysis, the comparison of expression 

profiles of metabolic proteins identified in ESM and that of gluten proteins would help not only 

to improve understanding of  the changes in  these grain reserve proteins but also the influence of 

metabolic proteins on their accumulation. 

Similarly, application of proteome/transcriptome comparison could provide additional 

information about this gluten complex during development. Together, all these information 

would be helpful for creation of a Récital databank, which would allow us to understand the 

mechanisms involved in grain formation and could be used as a reference for comparative studies 

of different biotic and abiotic stresses.  
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In near future genetic analyses of wheat nutritional and health value will be based on proteomic 

and transcriptomic data to provide information regarding stage and tissues specific functional 

markers.  

Modeling grain growth and size and its constituents is becoming popular area of research (Martre 

et al. 2011). Combining the data of agro-physiologists and that of proteome and transcriptome 

during development would be helpful for developing models of accumulation of grain 

constituents.  
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ANNEX 1: Supplemental Information data of Article 1, Proteomic analysis of peripheral layers during wheat (Triticum 

aestivum L.) grain development 

SupplInfo Table 1: Proteins of wheat grain PLs development identified by MALDI-TOF or MS/MS and classified by their corresponding metabolic pathway and biochemical functions.  Spots ID with asterix (*) represent 
     proteins of redox homeostasis 

Spot 
ID

NCBI accession 
number

Wh-EST 
database 
accession 
number 

Database Taxonomy Protein Name
Mascot 
Score

Expect 
Value

Coverage 
rate

Number of 
matched 
peptides

Experimental 
pI/MW (Da) 

Theoratical 
pI/MW (Da) 

MS/MS peptides sequence with valid 
score

PROFILE 2
METABOLISM
     Carbohydrate metabolism
1193 gi|1174745 viridiplantae Secale cereale Triosephosphate isomerase 74 0.037 0.42 9 6/31613 5.16/30679
456 NP_001105211 CK207916 wh Zea mays Fructokinase 2 90 5.80e-03 0.52 12 5.34/35482 5.01/43973
140 gi|19106 viridiplantae Hordeum vulgare subsp. vulgare Sucrose synthase 164 3.80e-11 0.31 23 5.94/92153 5.5/72991
934 gi|32478662 viridiplantae Triticum aestivum Cytosolic Glyceraldehyde-3-phosphate dehydrogenase 93 4.40e-04 0.66 10 6.34/18167 7.03/44923
667 gi|1174745 viridiplantae Secale cereale Triosephosphate isomerase 99 1.20e-04 0.48 11 6/31613 5.07/30565
1198 gi|148508784 viridiplantae Triticum aestivum Glyceraldehyde-3-phosphate dehydrogenase 161 7.7e-11 0.58 17 7.08/36626 6.64/41780
     Energy metabolism
334* gi|20302473 viridiplantae Triticum aestivum Ferredoxin-NADP(H) oxidoreductase 123 4.80e-07 0.45 17 6.92/40206 5.13/42335
733 gi|54303886 viridiplantae Molinia caerulea Ribulose-1,5-bisphosphate carboxylase/oxygenase large subunit 77 0.018 0.24 12 6.13/46678 5.1/48017

120 gi|31087891 viridiplantae
Hordeum patagonicum subsp. 
santacrucense

Ribulose-1,5-bisphosphate carboxylase/oxygenase large subunit 91 8.20e-04 0.24 15 5.95/52739 4.96/45597

12 gi|134102 viridiplantae Triticum aestivum RuBisCO 195 3.10e-14 0.55 21 4.83/57485 4.84/62371
     Amino acid metabolism
817 gi|68655495 viridiplantae Hordeum vulgare subsp. vulgare Methionine synthase 1 enzyme 100 1.00e-04 0.29 15 5.74/84511 5.54/68377
     Metabolism of other amino acid 
1410* gi|23504745 viridiplantae Triticum aestivum Glutathione transferase F5 104 3.80e-05 0.44 7 5.78/23422 5.54/27431
465 gi|40317416 viridiplantae Triticum aestivum Glutamine synthetase isoform GSr1 80 9.40e-03 0.23 7 5.35/38705 5.19/49235
     Biosynthesis of secondary metabolites
697 BAC98588 CD931410 wh Oryza sativa Japonica Group Putative 2-oxoGlutarate-dependent dioxygenase 85 0.019 0.4 6 5.36/33983 4.97/40585
GENETIC INFORMATION AND PROCESSING
     Protein synthesis
1136 AAL79732 gi|22652 viridiplantae Oryza sativa Heat shock protein 90 144 3.80e-09 0.28 21 4.89/93045 4.87/77315
165 gi|2827002 viridiplantae Triticum aestivum HSP70 117 1.90e-06 0.26 12 5.14/70986 4.67/68769
150 gi|476003 viridiplantae Hordeum vulgare subsp. vulgare HSP70 107 1.90e-05 0.24 11 5.76/66975 4.54/67088
444 XP_002526446 gi|148907083 viridiplantae Triticum aestivum Heat shock protein, putative 76 0.027 0.14 8 5.35/75363 4.73/71207
391 gi|556673 viridiplantae Secale cereale Heat-shock protein 73 0.044 0.11 6 4.9/88063 4.73/74703
     Protein Folding

288 gi|12056115 viridiplantae Triticum turgidum subsp. durum Protein disulfide isomerase 82 5.70e-03 0.18 8 4.99/56544 4.94/61503

521 BAD35228 CJ594539 wh Oryza sativa Japonica Group Putative chaperonin 21 precursor 82 0.036 0.41 6 7.72/26319 5.12/29477
     Protein Turn over
1167 gi|195641684 viridiplantae Zea mays Proteasome subunit alpha type 6 94 4.30e-04 0.32 8 6.11/27470 6.1/30616
     Translation
1363 NP_001147501 CJ730434 wh Zea mays Eukaryotic translation initiation factor 3 96 1.70e-03 0.41 9 6/36260 6.44/42836
1042 ACA50518 CJ798708 wh Oryza sativa Japonica Group Elongation factor 1-gamma 117 1.20e-05 0.51 10 6.31/46914 6.38/49763

613 ACA50518 CJ630041 wh Oryza sativa Japonica Group Elongation factor 1-gamma 257 1.80e-07 0.18 3 6.31/46914 5.96/52071
YQEENTVSYVTLNK+2, 
LGYMPYNAQSEEFGIAGlK +2 Oxidation (M)

679 AAF15312 CJ721551 wh Oryza sativa Chloroplast translational elongation factor Tu 82 0.037 0.43 7 6.05/50355 5.18/52920
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ID

NCBI accession 
number

Wh-EST 
database 
accession 
number 

Database Taxonomy Protein Name
Mascot 
Score

Expect 
Value

Coverage 
rate

Number of 
matched 
peptides

Experimental 
pI/MW (Da) 

Theoratical 
pI/MW (Da) 

MS/MS peptides sequence with valid score

     Transcription
96 ACG34122 CJ731020 wh Zea mays Ribonucleoprotein 101 5.00e-04 0.53 8 4.44/31790 4.44/31509
176 ACG34122 CJ731020 wh Zea mays Ribonucleoprotein 98 0.001 0.43 7 4.44/31790 4.48/32275
ENVIRONMENTAL INFORMATION AND PROCESSING
     Signal transduction
887 gi|195622544 viridiplantae Zea mays 14-3-3-like protein                                                                                                                               78 0.016 0.35 9 4.75/29480 4.77/34969
    ATP INTERCONVERSION
924 AAF91407 CJ787049 wh Lolium perenne Nucleoside diphosphate kinase 113 3.10e-05 0.47 10 6.3/16501 6.02/16636
1320 gi|194033257 viridiplantae Oryza sativa Japonica Group ATP synthase F0 subunit 1 73 0.053 0.25 11 5.85/55339 5.36/60037
STRESS DEFENSE
437* gi|15808779 viridiplantae Hordeum vulgare subsp. vulgare Ascorbate peroxidase 81 8.20e-03 0.37 7 5.1/27622 4.97/31377
UNKNOWN / HYPOTHETICAL PROTEIN
86 EAZ05175 EG376537 poa Oryza sativa Indica Group Hypothetical protein 147 4.20e-08 0.67 16 7.29/39170 6.46/39772
910 gi|219363507 viridiplantae Zea mays Hypothetical protein 75 0.032 0.17 6 6.58/46069 5.85/50320
414 CAA61258 CV774605 wh Zea mays Orf 89 7.70e-03 0.41 10 5.29/45746 4.84/52839
1211 EAZ41123 CD909834 wh Oryza sativa Japonica Group Hypothetical protein 90 5.60e-03 0.74 10 7.29/39200 6.6/41605
PROFILE 3 
METABOLISM
     Carbohydrate metabolism
725 BAA22419 gi|218196777 viridiplantae Oryza sativa Japonica Group Orthophosphate dikinase 80 0.012 0.17 18 5.98/102802 5.13/77096
1315 CAZ76054 gi|120680 viridiplantae Triticum aestivum Glyceraldehyde-3-phosphate dehydrogenase, cytosolic 116 2.80e-06 0.42 15 6.67/36528 6.37/45644
1504 CAC85913 gi|18076790 viridiplantae Triticum aestivum PhosphoGlucomutase 164 4.50e-11 0.41 19 5.66/62750 5.58/64999
1401 ABB46862 gi|222624569 viridiplantae Oryza sativa Japonica Group Enolase, putative, expressed 74 0.044 0.29 11 5.72/51583 5.19/58233
1464 CAA74160 CJ787667 wh Hordeum vulgare Alpha-galactosidase 92 3.70e-03 0.44 11 6.44/22053 6.18/45695
     Storage protein

1187 ABF95817 BJ288636 wh Oryza sativa Japonica Group Cupin family protein, expressed 87 0.011 0.6 11 7.18/61439 8.82/36232

976 ACJ65514 gi|215398471 viridiplantae Triticum aestivum Globulin 3 120 3.0e-04 0.05 4 7.78/66310 4.84/19253
GSSNLQVVCFEINAER +2Carbamidomethyl 
(C),  GSSNLQVVCFEINAER +2 
Carbamidomethyl (C)

     Energy metabolism
796 gi|57283816 viridiplantae Dactylis Glomerata Ribulose bisphosphate carboxylase large chain 121 8.90e-07 0.28 17 6.04/51203 6.17/35304
1172* gi|21263612 viridiplantae Hordeum vulgare NAD-dependent formate dehydrogenase 140 1.10e-08 0.42 17 6.90/41519 6.13/49524
     Lipid metabolism
1446 BAE20413 CJ683541 wh Triticum aestivum Aspartic proteinase 81 0.047 0.49 11 5.14/54315 4.78/31503

1477 gi|73912434 viridiplantae Triticum aestivum Aspartic proteinase 167 5.90e-07 0.06 2 5.14/54280 4.74/17489
KFALKPEEYILK +2,                                               
VGEGAAAQCISGFTAMDIPPPR +2 
Carbamidomethyl (C),Oxidation (M)

     Amino acid metabolism

822 P52894 CJ780425 wh
Hordeum vulgare

Alanine aminotransferase 2 86 0.016 0.45 8 5.93/52877 5.98/55395

GENETIC INFORMATION AND PROCESSING
     Protein synthesis
1441 gi|2827002 viridiplantae Triticum aestivum HSP70 86 2.60e-03 0.29 15 5.14/70986 5.96/50029
1502 gi|2827002 viridiplantae Triticum aestivum HSP70 123 5.60e-07 0.3 20 5.14/70986 5.02/68232
899 ABA95501 CJ778807 wh Oryza sativa (indica group) Heat shock cognate 70 kDa protein, putative 81 0.047 0.37 7 4.97/67320 4.95/68554

 





 

128 
 

Spot 
ID

NCBI accession 
number

Wh-EST 
database 
accession 
number 

Database Taxonomy Protein Name
Mascot 
Score

Expect 
Value

Coverage 
rate

Number of 
matched 
peptides

Experimental 
pI/MW (Da) 

Theoratical 
pI/MW (Da) 

MS/MS peptides sequence with valid score

ENVIRONMENTAL INFORMATION AND PROCESSING
     Membrane transport
1364 ACG48482 BJ291619 wh Zea mays Lipoprotein 80 0.063 0.42 7 5.87/26214 4.78/48230
STRESS DEFENSE
1321* BAB71741 CJ671521 wh Oryza sativa Japonica Group Glyoxalase I 114 2.50e-05 0.5 16 5.15/32539 5.32/39607
1500* BAB71741 CN013057 wh Oryza sativa Japonica Group Glyoxalase I 82 0.043 0.48 11 5.15/32539 5.21/40223
UNKNOWN / HYPOTHETICAL PROTEIN

1519 EEE55430 BJ232559 wh Oryza sativa Japonica Group Hypothetical protein OsJ_03566 113 0.016 0.13 2 5.2/49726 5.25/56507
SLDFAAPHYLSGPLR +2, 
EHGGGFLTDHFPSAR +2

PROFILE 4 
METABOLISM
     Carbohydrate metabolism
689 CAZ76054 viridiplantae Triticum aestivum Glyceraldehyde- 3-Phosphate Dehydrogenase 72 0.061 0.18 8 6.67/36528 5.37/50336
460 gi|8918504 viridiplantae Triticum aestivum Glucose-6-phosphate dehydrogenase 110 9.70e-06 0.19 11 5.92/58286 5.86/60828
513 gi|8272480 viridiplantae Avena sativa Fructose 1,6-bisphosphate aldolase precursor 76 0.023 0.17 6 9.01/41895 5.13/43831
992 gi|37928995 viridiplantae Triticum aestivum Cytosolic malate dehydrogenase 143 4.80e-09 0.73 15 6.6/24332 5.54/44332
147 gi|2507469 viridiplantae Hordeum vulgare Triosephosphate isomerase 82 6.20e-03 0.33 7 5.39/26720 4.81/62676
186 gi|8272480 viridiplantae Avena sativa Fructose 1,6-bisphosphate aldolase precursor 85 3.10e-03 0.22 6 9.01/41895 5.07/42863
328 ACM78035 DV478664 poa Triticum aestivum Chloroplast fructose-bisphosphate aldolase 88 0.035 0.37 8 5.94/42015 5.2/43215
     Energy metabolism
184 AAO33154 BJ267613 wh Oryza sativa Japonica Group Putative transketolase 81 0.046 0.44 5 6.12/80029 5.24/69208
333 AAO33154 BJ267613 wh Oryza sativa  Japonica Group Putative transketolase 97 0.0013 0.58 9 6.12/80029 5.29/69057
384 AAO33154 CJ719370 wh Oryza sativa  Japonica Group Putative transketolase 80 0.063 0.38 7 6.12/80029 4.94/53858

540 gi|4038721 viridiplantae Triticum aestivum Ribulose-1,5-bisphosphate carboxylase/oxygenase small subunit 99 1.20e-04 0.57 10 8.83/18533 5.25/17511

581 gi|544700 viridiplantae Hordeum vulgare Light-harvesting complex I 204 1.30e-04 0.1 3 8.13/24211 4.93/26537
YPGGAFDPLGFSK +2, FKESEIYHCR +2 
Carbamidomethyl (C), KYPGGAFDPLGFSK +2

612 ACG28457 BE591357 wh Zea mays Chlorophyll a-b binding protein 8 80 0.06 0.46 6 8.94/28984 5.07/29271
448 Q7X9A6 CJ897844 wh Triticum aestivum Cytochrome b6-f complex iron-sulfur subunit. 91 0.0045 0.53 10 8.47/23726 5.62/22122
455 gi|61378618 viridiplantae Triticum monococcum Ribulose-1,5-bisphosphate carboxylase/oxygenase large subunit 152 6.10e-10 0.36 20 6.04/52716 4.52/55834
23 gi|134290407 viridiplantae Triticum aestivum Putative oxygen-evolving complex precursor 78 0.014 0.41 9 9.72/21126 8.58/18223
26 gi|14017580 viridiplantae Triticum aestivum Ribulose-1,5-bisphosphate carboxylase/oxygenase large subunit 204 3.80e-15 0.44 25 6.22/52817 4.63/55952
35 gi|11990897 viridiplantae Triticum aestivum Ribulose-1,5-bisphosphate carboxylase/oxygenase small subunit 145 3.10e-09 0.66 15 8.8/19448 5.59/17121
41 gi|18958 viridiplantae Hordeum vulgare subsp. vulgare Chlorophyll a/b binding (CAB) protein of photosystem II (PSII) 82 0.007 0.3 7 5.33/30725 4.92/31217
50 gi|169666638 viridiplantae Triticum aestivum Ribulose-1,5-bisphosphate carboxylase/oxygenase large subunit 176 2.40e-12 0.39 22 6.22/52817 4.73/56202
1529 AAB82711 CJ906759 wh x Tritordeum sp. Glycine decarboxylase P subunit 88 0.0093 0.33 7 6.32/111020 5.50/71030
16 gi|13310805 viridiplantae Eriachne triodioides Ribulose-1,5-bisphosphate carboxylase/oxygenase large subunit 81 0.0075 0.28 14 6.22/46259 4.55/46086
18 gi|14017580 viridiplantae Triticum aestivum Ribulose-1,5-bisphosphate carboxylase/oxygenase large subunit 255 3.10e-20 0.47 27 6.22/52817 4.66/55869
19 gi|147945622 viridiplantae Leymus chinensis Chloroplast oxygen-evolving enhancer protein 1 112 6.10e-06 0.44 13 6.08/34490 5/35480
21 gi|119710748 viridiplantae Thysananthus anguiformis Ribulose 1,5-bisphosphate carboxylase/oxygenase 75 0.031 0.3 7 8.86/34295 4.96/46926
103 NP_001148439 CJ930673 wh Zea mays Chlorophyll a-b binding protein 2 102  3.90e-04 0.33 7 5.46/27945 4.88/30413
141 gi|14017580 viridiplantae Triticum aestivum Ribulose-1,5-bisphosphate carboxylase/oxygenase large subunit 106 2.40e-05 0.31 17 6.22/52817 4.69/46378
153 gi|11990897 viridiplantae Triticum aestivum Ribulose-1,5-bisphosphate carboxylase/oxygenase small subunit 113 4.80e-06 0.66 14 8.8/19448 5.73/16156
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     Metabolism of other amino acid 
1041* CAD29478 BJ315788 wh Triticum aestivum Glutathione transferase F5 84 0.027 0.47 6 5.78/23437 5.92/26716
344 gi|68655495 viridiplantae Hordeum vulgare subsp. vulgare Methionine synthase 1 enzyme 101 7.70e-05 0.2 9 5.74/84511 5.44/70938
783* gi|22022400 viridiplantae Triticum aestivum Glutathione-S-transferase 83 5.10e-03 0.18 5 5.99/24901 6.05/32019
GENETIC INFORMATION AND PROCESSING
     Protein folding
701 BAD35232 CJ694211 wh Oryza sativa Japonica Group Putative chaperonin 21 precursor 90 5.60e-03 0.7 9 4.58/21046 6.17/44909
     Translation
197 NP_001149356 BF482295 wh Zea mays Plastid-specific 30S ribosomal protein 2 83 0.033 0.47 8 5.54/16481 4.97/28784
ENVIRONMENTAL INFORMATION AND PROCESSING
     Signal transduction
1228 gi|439586 viridiplantae Hordeum vulgare subsp. vulgare Calreticulin 80 0.011 0.28 11 4.45/47009 4.61/58010
     ATP Interconversion
580 gi|14017579 viridiplantae Triticum aestivum ATP synthase 150 9.70e-10 0.45 20 5.06/53824 4.97/62937
629 gi|60391822 viridiplantae Hordeum vulgare ATP synthase 76 0.022 0.65 6 5.2/15208 5.19/17809
982 gi|14017569 viridiplantae Triticum aestivum ATP synthase 206 2.40e-15 0.44 22 6.11/55261 6.05/59011
408 gi|14017579 viridiplantae Triticum aestivum ATP synthase 178 1.50e-12 0.49 22 5.06/53824 4.92/58927
83 gi|14017569 viridiplantae Triticum aestivum ATP synthase 187 1.90e-13 0.43 22 6.11/55261 5.8/58066
STRESS DEFENSE
7 gi|63021412 viridiplantae Triticum aestivum Salt tolerant protein 89 1.10e-03 0.54 11 4.71/17055 4.59/20788
20 gi|63021412 viridiplantae Triticum aestivum Salt tolerant protein 88 1.50e-03 0.49 11 4.71/17055 4.63/19476
974* gi|3328221 viridiplantae Secale cereale Thioredoxin peroxidase 108 1.50e-05 0.41 7 6.34/28115 4.86/27843
723* gi|1805351 viridiplantae Triticum aestivum Thiol-specific antioxidant protein 85 2.80e-03 0.54 9 5.71/23312 4.8/27425
277* gi|861010 viridiplantae Hordeum vulgare subsp. vulgare 2-Cys peroxiredoxin 106 2.40e-05 0.43 6 5.48/23284 4.73/27686
PROFILE 5 
METABOLISM
     Carbohydrate metabolism
463 gi|7431022 viridiplantae Triticum aestivum Glucose and ribitol dehydrogenase 76 0.029 0.33 9 6.54/31627 6/37609
466 gi|7431022 viridiplantae Hordeum vulgare Glucose and ribitol dehydrogenase 80 0.01 0.34 9 6.54/31627 8.84/54450
516 gi|113595 viridiplantae Hordeum vulgare Aldose reductase 73 0.06 0.36 11 6.51/35784 6.59/38913
585 T06212 BQ805036 wh Hordeum vulgare Glucose and ribitol dehydrogenase homolog 120 6.30e-06 0.6 12 6.54/31647 6.61/40119
1195 CAA74160 CJ787667 wh Hordeum vulgare Alpha-galactosidase. 93 0.0029 0.44 12 6.4/22053 6.07/45623
1252 NP_001105292 BJ294714 wh Hordeum vulgare NADP-dependent malic enzyme 85 0.018 0.43 7 7.64/71637 5.9/62947

459 gi|7431022 viridiplantae Hordeum vulgare Glucose and ribitol dehydrogenase homolog 362 2.30e-07 0.25 5 6.54/31627 6.26/39430

ALSMQLAEK +2 Oxidation (M), 
QFGSEVPMKR +2 Oxidation (M), 
GHEDKDAEETLQALR +2, 
HMGPGSSIINTTSVNAYK +2 Oxidation (M),        
VNGVAPGPIWTPLIPASFPEEK +2

1291 gi|19851522 viridiplantae Zea mays Pyruvate decarboxylase 147 2.10e-06 0.06 2 5.72/65021 5.58/62554
ILHHTIGlPDFSQELR +2, 
MLTGDSAVIAETGDSWFNCQK +2 
Carbamidomethyl (C)

626 gi|108708038 viridiplantae Oryza sativa Japonica Group Fumarate hydratase 1, mitochondrial precursor, putative, expressed 101 8.90e-05 0.26 14 6.93/53682 6.47/52719

     Storage proteins
111 gi|215398470 viridiplantae Triticum aestivum Globulin 3 202 7.10e-15 0.41 23 7.78/66310 8.33/55908
1164 gi|215398470 viridiplantae Triticum aestivum Globulin 3 80 0.011 0.15 9 7.78/66310 5.06/20145
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1352 ACJ65514 CD910651 wh Triticum aestivum Globulin 3 145 2.00e-08 0.63 13 7.78/66350 5.59/42646
137 1802402A BQ842018 wh Zea mays Globulin 2 152 3.90e-09 0.65 15 6.16/49923 6.72/57462
1387 gi|215398470 viridiplantae Triticum aestivum Globulin 3 75 0.038 0.24 12 7.78/66310 5.72/36679

145 gi|215398470 viridiplantae Triticum aestivum Globulin 3 375 9.90e-07 0.15 5 7.78/66310 5.1/20435

RGSGSESEEEQDQQR +2,    
GSSNLQVVCFEINAER +2 Carbamidomethyl 
(C), GSAFVVPPGHPVVEIASSR +2, 
DQQDEGFVAGPEQQQEHER +2, 
AKDQQDEGFVAGPEQQQEHER +2 

1512 ACJ65515 CD908963 wh Triticum aestivum Globulin 3B 123 3.10e-06 0.55 12 7.36/56931 5.92/41810
218 ACJ65513 BQ579030 wh Triticum aestivum Globulin 3c 107 1.20e-04 0.45 12 9.15/38429 6.24/18074
229 ACJ65514 BQ579386 wh Triticum aestivum Globulin 3. 109 7.90e-05 0.59 11 7.78/66350 8.4/45766
241 ACJ65514 CD917192 wh Triticum aestivum Globulin 3 107 1.20e-04 0.56 11 7.78/66350 5.84/18491
248 1802402A BQ842018 wh Zea mays Globulin 2 151 5.00e-09 0.65 14 6.16/49923 6.56/58518
255 1802402A AL818836 wh Zea mays Globulin 2 94 2.20e-03 0.42 6 6.16/49923 6.28/58096
270 ACJ65513 BQ579030 wh Triticum aestivum Globulin 3C 111 5.00e-05 0.45 12 9.15/38429 6.66/57857
278 AAM33459 BQ246191 wh Oryza sativa Japonica Group Globulin like protein 115 2.00e-05 0.51 13 6.79/52066 6.24/18484
320 AAM33459 BQ842018 wh Oryza sativa Japonica Group Globulin like protein 138 9.90e-08 0.63 14 6.79/52066 6.68/58843
321 AAM33459 BQ246191 wh Oryza sativa Japonica Group Globulin like protein 146 1.60e-08 0.59 15 6.79/52066 6.39/57494
33 gi|215398470 viridiplantae Triticum aestivum Globulin 3 91 8.70e-04 0.25 15 7.78/66310 7.23/57561
36 gi|215398472 viridiplantae Triticum aestivum Globulin 3B 105 3.50e-05 0.24 16 7.36/56897 6.93/57166
374 ACJ65514 CD910493 wh Triticum aestivum Globulin 3 127 1.20e-06 0.51 13 7.78/66350 5.48/42195
385 ACJ65514 CD906135 wh Triticum aestivum Globulin 3 101 5.00e-04 0.62 10 7.78/66350 4.86/19889
409 ACJ65514 CD907226 wh Triticum aestivum Globulin 3 94 2.30e-03 0.5 8 7.78/66350 4.97/21526
411 ACJ65514 BI479035 wh Triticum aestivum Globulin 3 101 5.00e-04 0.71 9 7.78/66350 4.81/19889
44 ACJ65514 CD910470 wh Triticum aestivum Globulin 3 119 7.90e-06 0.6 12 7.78/66350 5.74/43714
469 ACJ65514 BQ806157 wh Triticum aestivum Globulin 3 117 1.20e-05 0.54 11 7.78/66350 5.85/42105
49 AAM33459 CD918433 wh Oryza sativa Japonica Group Globulin like protein 110 6.30e-05 0.49 12 6.79/52066 6.52/57494
1536 gi|215398470 viridiplantae Triticum aestivum Globulin 3 130 1.10e-07 0.3 17 7.78/66310 6.06/41492
22 ACJ65514 CD910695 wh Triticum aestivum Globulin 3 97 1.30e-03 0.38 12 7.78/66350 6.1/20794
233 gi|215398470 viridiplantae Triticum aestivum Globulin 3 78 0.017 0.22 14 7.78/66310 6.69/66285
24 gi|215398472 viridiplantae Triticum aestivum Globulin 3B 77 0.025 0.15 8 7.36/56897 7.18/57462
596 ACJ65514 CD916929 wh Zea mays Globulin 102 3.90e-04 0.36 9 7.78/66350 6.3/53094
607 gi|215398470 viridiplantae Triticum aestivum Globulin 3 75 0.034 0.19 15 7.78/66310 6.27/67429
68 gi|215398470 viridiplantae Triticum aestivum Globulin 3 289 1.40e-23 0.53 30 7.78/66310 7.24/67330
746 gi|215398470 viridiplantae Triticum aestivum Globulin 3 94 5.00e-04 0.2 12 7.78/66310 5.6/44735
79 gi|215398468 viridiplantae Triticum aestivum Globulin 3C 124 4.50e-07 0.41 15 9.15/38406 6.93/68535
885 ACJ65514 CD909132 wh Triticum aestivum Globulin 3 128 9.90e-07 0.67 12 7.78/66350 5.59/37345
908 ACJ65514 CJ651760 wh Triticum aestivum Globulin 3 92 3.70e-03 0.65 9 7.78/66350 5.75/38433
979 ACJ65513 BQ579030 wh Triticum aestivum Globulin 3c 95 1.80e-03 0.45 11 9.15/38429 6.42/18274
98 ACJ65514 CA711407 wh Triticum aestivum Globulin 3 81 0.049 0.4 10 7.78/66350 6.64/17638
98b ACJ65514 CA711407 wh Triticum aestivum Globulin 3 90 6.30e-03 0.42 10 7.78/66350 6.64/17638
99 gi|215398472 viridiplantae Triticum aestivum Globulin 3B 77 0.022 0.16 9 7.36/56897 6.84/57019
10 gi|215398470 Triticum aestivum Globulin 3 88 1.90e-03 0.27 14 7.78/66310 7.76/57004
782 ACJ65514 CA740959 wh Triticum aestivum Globulin 3 87 0.012 0.57 10 7.78/66350 7.08/41427
787 ACJ65514 CD906551 wh Triticum aestivum Globulin 3 104 2.50e-04 0.38 8 7.78/66350 5.58/38089
221 ABF95817 BJ289323 wh Triticum aestivum Cupin family protein, expressed 87 0.012 0.43 6 7.18/61439 5.48/33989

771 gi|215398470 viridiplantae Oryza sativa Japonica Group Globulin 3 130 1.80e-03 0.06 2 7.78/66310 5.48/37502
GSSNLQVVCFEINAER +2 Carbamidomethyl 
(C), GSAFVVPPGHPVVEIASSR +2
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932 gi|215398472 viridiplantae Triticum aestivum Globulin3B 174 5.80e-06 0.07 2 7.36/56897 6.03/79778
DQQDEGFVAGPEQQEQER +2, 
AKDQQDEGFVAGPEQQEQER +2

478 AAM33459 CD910595 wh Triticum aestivum Globulin-like protein 132 3.90e-07 0.54 13 6.79/52066 6.85/49377

118 gi|215398470 viridiplantae Triticum aestivum Globulin 3 127 1.30e-03 0.05 2 7.78/66310 4.9/21318
GSSNLQVVCFEINAER +2 Carbamidomethyl 
(C), GSAFVVPPGHPVVEIASSR +2

46  AAM33459 BQ806323 wh Triticum aestivum Globulin-like protein 117 1.20e-05 0.64 12 6.79/52066 7.44/60265
     Lipid metabolism

296 CAA57994 BQ805416 wh Hordeum vulgare subsp. Vulgare High molecular weight oleosin 85 0.019 0.29 5 9.69/18494 7.24/50560

     Metabolism of other amino acid 

1174* gi|20067415 viridiplantae Triticum aestivum Glutathione transferase 299 9.80e-04 0.28 5 6.35/24984 5.84/27630

AEMLDILK +2 Oxidation (M), IPVLLHDGR +2, 
TLDGALGDKPFFGGDK +2, 
GlPYEYAEEDLMAGK +2 Oxidation (M),  
SLYSPDKVYDFIGlLK +2

867* AAD56395 BJ267219 wh Triticum aestivum Glutathione S-transferase 118 9.90e-06 0.46 9 5.79/23339 5.76/28254
     Biosynthesis of secondary metabolites
205 CAA88322 BJ293013 wh Hordeum vulgare Aldose reductase 85 0.018 0.41 7 6.68/35906 6.54/30454
595 P23901 BJ291837 wh Hordeum vulgare Aldose reductase 82 0.039 0.54 9 6.51/35807 6.4/38459
993 gi|46946550 viridiplantae Triticum aestivum Polyphenol oxidase 83 0.006 0.3 11 5.23/46550 5.1/61240
GENETIC INFORMATION AND PROCESSING
       Protein synthesis
352 NP_001151139 CD917915 wh Zea mays Heat shock protein 104 2.50e-04 0.53 13 6/22886 5.31/28582
1065 gi|213959111 viridiplantae Oryza sativa, Japonica Group HSP70 129 1.40e-07 0.37 21 5.30/71648 5.08/66802
339 AAD46133 CD920118 wh Triticum aestivum Secretory protein 119 7.90e-06 0.52 12 9.32/24210 9.12/26528
597 gi|157093720 viridiplantae Triticum aestivum Secretory protein cursor 74 0.041 0.34 6 9.32/24210 8.76/27157
       Protein Folding

1482 gi|12056115 viridiplantae Triticum turgidum subsp. durum Protein disulfide isomerase 275 3.50e-22 0.55 26 4.99/56544 4.88/63895

1403 gi|222446340 viridiplantae Triticum aestivum Protein disulfide isomerase 230 1.10e-17 0.45 23 4.96/56636 4.85/64504
ENVIRONMENTAL INFORMATION AND PROCESSING
     Membrane transport
1110 ACG48482  BJ291619 wh Zea mays Lipoprotein 80 0.063 0.42 7 5.87/26214 5.17/32645
1334 ACG48482 CD910501 wh Zea mays Lipoprotein 94 2.80e-03 0.36 7 5.87/26214 5.17/33075
951 ACG48482 CK206290 wh Zea mays Lipoprotein 99 7.70e-04 0.26 9 5.87/26214 5.28/32645
STRESS DEFENSE
     Miscellanous stress proteins

129 AAX99161 CD919878 wh Hordeum vulgare subsp. Vulgare 2-alkenal reductase 124 2.50e-06 0.59 14 5.88/38257 5.26/43655

1490 gi|119388733 viridiplantae
Triticum turgidum subsp. 
dicoccoides

Alcohol dehydrogenase 128 1.80e-07 0.51 18 6.28/41010 6.03/49737

1538*  gi|1621627 viridiplantae Triticum aestivum Manganese superoxide dismutase 319 4.30e-04 0.36 5 7.9/25259 6/27062

GDASAVVHLQSAIK +2, 
NLKPISEGGGEAPHGK +3, 
FNGGGHVNHSIFWK +2, 
LSVETTPNQDPLVTK +2, 
ALEQLDAAVSKGDASAVVHLQSAIK +3
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127  gi|20257409  Triticum aestivum Thaumatin-like protein 227 2.60e-07 0.23 3 7.85/23582 7.29/29036
GQFEHNCPPTNYSK +2 Carbamidomethyl (C), 
LDPGQSWALNMPAGTAGAR +2 Oxidation 
(M), VSGQQPTTLAEYTLGQGGNK +2, 

105 AAM15877 CN011817 wh Triticum aestivum Thaumatin-like protein 76 0.17 0.58 10 7.85/23598 7.58/28723
169 gi|123975 viridiplantae Triticum aestivum Alpha-amylase/subtilisin inhibitor 180 1.10e-12 0.83 16 6.77/19621 6.67/21070
983* NP_001148437 BQ804151 wh Zea mays Peroxiredoxin-6 86 0.016 0.52 7 7.74/23819 4.84/22051
1466* gi|1654387 viridiplantae Triticum aestivum Manganese superoxide dismutase 108 1.80e-05 0.59 11 7.89/25283 5.89/27019
236 gi|123975 viridiplantae Triticum aestivum Alpha-amylase/subtilisin inhibitor; 150 1.10e-09 0.8 13 6.77/19621 7.14/23092
762 gi|123975 viridiplantae Triticum aestivum Endogenous alpha-amylase/subtilisin inhibitor 106 2.80e-05 0.73 11 6.77/19621 6.47/22465
133* ABF95269 BJ289536 wh Oryza sativa, Japonica Group Glyoxalase family protein, expressed 90 5.60e-03 0.46 10 9.44/23357 5.94/16231
816* gi|28192421 viridiplantae Triticum aestivum Dehydroascorbate reductase 110 1.10e-05 0.63 11 5.88/23343 5.55/28114

201* gi|34539782 viridiplantae Triticum aestivum 1-Cys-peroxiredoxine 365 3.80e-05 0.42 5 6.08/23950 6.05/29440

AVDSLLTAAK +2, LLGISCDDVQSHK +2 
Carbamidomethyl (C),                    
MFPQGFETADLPSK +2 Oxidation (M), 
PGlTIGDTVPNLELDSTHGK +2,           
IHDYVGNGYVILFSHPGDFTPVCTTELAAMA
NYAK +3 Carbamidomethyl (C), Oxidation (M)

     Cell wall synthesis/related defence
5 gi|62465514 viridiplantae Triticum aestivum Class II chitinase 84 4.30e-03 0.55 10 8.66/28200 8/30295
8 gi|62465514 viridiplantae Triticum aestivum Class II chitinase 82 7.90e-03 0.37 8 8.66/28200 8.22/30460
11 gi|62465514 viridiplantae Triticum aestivum Class II chitinase 132 7.10e-08 0.67 13 8.66/28200 7.71/29977
25 gi|75262903 viridiplantae Secale cereale Basic endochitinase 77 0.024 0.31 7 8.82/28284 8.78/30797
227 gi|51247633 viridiplantae Triticum aestivum Xylanase In Complex With Inhibitor (Xip-I) 157 2.20e-10 0.54 17 8.27/30266 7.55/33912
14 gi|75262903 viridiplantae Secale cereale Endochitinase 78 0.017 0.35 10 8.82/28284 8.59/30891
9 AAX83262 CD909727 wh Triticum aestivum Class II chitinase 80 0.069 0.49 6 8.66/28218 8.45/30938
1348 gi|6175480 viridiplantae Hordeum vulgare Xylose isomerase 139 1.40e-08 0.43 16 5.31/53580 5.2/61938
4 gi|51247633 viridiplantae Triticum aestivum Xylanase In Complex With Inhibitor (Xip-I) 172 7.10e-12 0.62 17 8.27/30266 7.99/32357
27 gi|51247633 viridiplantae Triticum aestivum Xylanase In Complex With Inhibitor (Xip-I) 146 2.80e-09 0.59 17 8.27/30266 7.99/35038
90 gi|51247633 viridiplantae Triticum aestivum Xylanase In Complex With Inhibitor (Xip-I) 159 1.40e-10 0.51 18 8.27/30266 7.98/36235

1114 ACQ41883 CK206848 wh Oryza sativa, Japonica Group Germin-like protein 3 198 1.60e-03 0.13 3 6.5/23370 4.65/79388
ATEIGlVVK +2, VDFAPGGTNPPHIHPR +2, 
LDVTEFPGENTQGISMNR +2 Oxidation (M)

297 AJ422119 wh Triticum aestivum mRNA for xylanase inhibitor protein I 83 0.034 0.27 7 8.66/33192 7.05/25628
67 gi|51247633 viridiplantae Triticum aestivum Xylanase In Complex With Inhibitor (Xip-I) 140 1.10e-08 0.47 16 8.27/30266 7.91/32605
3 gi|31615809 viridiplantae Triticum aestivum Xylanase Inhibitor Protein (Xip-I) From Wheat 117 2.20e-06 0.5 15 8.27/30266 7.99/34007
UNKNOWN / HYPOTHETICAL PROTEIN
1478 EAZ13538 BQ842063 wh Oryza sativa, Japonica Group Hypothetical protein OsJ_03454 93 0.003 0.47 10 9.77/37776 6.65/37273
253 EAZ13538 CD910590 wh Oryza sativa Japonica Group Hypothetical protein OsJ_03454 106 1.60e-04 0.52 11 9.77/37776 7.01/35798
487 EEC76319 AL818892 wh Oryza sativa Indica Group Hypothetical protein 109 7.90e-05 0.7 7 6.99/52060 6.59/57040
560 EEC76319 BQ246191 wh Oryza sativa Indica Group Hypothetical protein 108 9.90e-05 0.48 12 6.99/52060 6.65/56575

481 EAY88907 CD925599 wh Oryza sativa Indica Group Hypothetical protein OsI_10386 193 3.30e-03 0.28 3 5.74/68245 4.91/50570
EGDVFVVPR +1, EIVALALGQK +1, 
VKEGDVFVVPR +2

620 XP_002465800  CD925401 wh Sorghum bicolor Hypothetical protein SORBIDRAFT_01g046000 139 1.80e-03 0.17 2 6.67/36503 8.68/55275
ETVQHTASETGR +2, 
TTPGGAEVAPGKEEESWTGWAK +2

369 XP_002468335 CD925597 wh Sorghum bicolor Hypothetical protein SORBIDRAFT_01g043980 197 0.002 0.28 3 5.74/68245 4.94/49809
EGDVFVVPR +2, EIVALALGQK +2, 
VKEGDVFVVPR +2
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SuppInfo 5: Chloroplastic proteins identified by MALDI-TOF or MS/MS in PL’s during grain development. 
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accession 
number 

Database Taxonomy Protein Name
 Mascot 
Score

Expect 
Value

Couverage 
rate

Number of 
matched 
peptides

Experimental 
pI/MW (Da) 

MS/MS peptides sequence with valid score

540 gi|4038721 viridiplantae Triticum aestivum Ribulose-1,5-bisphosphate carboxylase/oxygenase small subunit 99 1.20e-040.57 10 8.83/18533

581 gi|544700 viridiplantae Hordeum vulgare Light-harvesting complex I 204 1.30e-04 0.1 3 8.13/24211

YPGGAFDPLGFSK +2, FKESEIYHCR +2 
Carbamidomethyl (C), KYPGGAFDPLGFSK 
+2

612 ACG28457 BE591357 wh zea mays Chlorophyll a-b binding protein 8 80 0.06 0.46 6 8.94/28984
448 Q7X9A6 CJ897844 wh Triticum aestivum Cytochrome b6-f complex iron-sulfur subunit. 91 0.0045 0.53 10 8.47/23726
455 gi|61378618 viridiplantae Triticum monococcum Ribulose-1,5-bisphosphate carboxylase/oxygenase large subunit 152 6.10e-100.36 20 6.04/52716
23 gi|134290407 viridiplantae Triticum aestivum Putative oxygen-evolving complex precursor 78 0.014 0.41 9 9.72/21126
26 gi|14017580 viridiplantae Triticum aestivum Ribulose-1,5-bisphosphate carboxylase/oxygenase large subunit 204 3.80e-150.44 25 6.22/52817
35 gi|11990897 viridiplantae Triticum aestivum Ribulose-1,5-bisphosphate carboxylase/oxygenase small subunit 145 3.10e-090.66 15 8.8/19448

41 gi|18958 viridiplantae Hordeum vulgare subsp. vulgare Chlorophyll a/b binding (CAB) protein of photosystem II (PSII) 82 0.0070.3 7 5.33/30725
50 gi|169666638 viridiplantae Triticum aestivum Ribulose-1,5-bisphosphate carboxylase/oxygenase large subunit 176 2.40e-120.39 22 6.22/52817
1529 AAB82711 CJ906759 wh x Tritordeum sp. Glycine decarboxylase P subunit 88 0.0093 0.33 7 6.32/111020
16 gi|13310805 viridiplantae Eriachne triodioides Ribulose-1,5-bisphosphate carboxylase/oxygenase large subunit 81 0.00750.28 14 6.22/46259
18 gi|14017580 viridiplantae Triticum aestivum Ribulose-1,5-bisphosphate carboxylase/oxygenase large subunit 255 3.10e-200.47 27 6.22/52817
19 gi|147945622 viridiplantae Leymus chinensis Chloroplast oxygen-evolving enhancer protein 1 112 6.10e-06 0.44 13 6.08/34490
21 gi|119710748 viridiplantae Thysananthus anguiformis Ribulose 1,5-bisphosphate carboxylase/oxygenase 75 0.031 0.3 7 8.86/34295

103
NP_00114843
9 CJ930673 wh Zea mays Chlorophyll a-b binding protein 2 102 3.90e-04 0.33 7 5.46/27945

141 gi|14017580 viridiplantae Triticum aestivum Ribulose-1,5-bisphosphate carboxylase/oxygenase large subunit 106 2.40e-050.31 17 6.22/52817
153 gi|11990897 viridiplantae Triticum aestivum Ribulose-1,5-bisphosphate carboxylase/oxygenase small subunit 113 4.80e-060.66 14 8.8/19448
796 gi|57283816 viridiplantae Dactylis Glomerata Ribulose bisphosphate carboxylase large chain 121 8.90e-07 0.28 17 6.04/51203
733 gi|54303886 viridiplantae Molinia caerulea Ribulose-1,5-bisphosphate carboxylase/oxygenase large subunit 77 0.0180.24 12 6.13/46678

120 gi|31087891 viridiplantae
Hordeum patagonicum subsp. 
santacrucense Ribulose-1,5-bisphosphate carboxylase/oxygenase large subunit 91 8.20e-040.24 15 5.95/52739

12 gi|134102 viridiplantae Triticum aestivum RuBisCO 195 3.10e-14 0.55 21 4.83/57485

277 gi|861010 viridiplantae Hordeum vulgare subsp. vulgare 2-Cys peroxiredoxin 106 2.40e-05 0.43 6 5.48/23284
1193 gi|1174745 viridiplantae Secale cereale Triosephosphate isomerase 74 0.037 0.42 9 6/31613
667 gi|1174745 viridiplantae Secale cereale Triosephosphate isomerase 99 1.20e-04 0.48 11 6/31613
679 AAF15312 CJ721551 wh Oryza sativa Chloroplast translational elongation factor Tu 82 0.037 0.43 7 6.05/50355
328 ACM78035 DV478664 poa Triticum aestivum Chloroplast fructose-bisphosphate aldolase 88 0.035 0.37 8 5.94/42015  
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ANNEXE 2: Supplemental Information data of Article 3 (Chapter 4); An attempt to integrate proteome and transcriptome 
data: application to carbohydrate metabolism of wheat grain development. 

SuppInfo Table 1: Endosperm proteins and their corresponding Transcripts obtained after tblastn for CM proteins. Spot ID, 
Accession, protein identifier in NCBI; Ta#S id, transcript identifier in NCBI unigene; Ta. Id, transcript id in NCBI unigen; Accession 
after BlastP, protein id after BlastP; EC number, enzyme number; BINCODE, Mapman id; protein name and predicted sub-cellular 
localization of protein 

Spot ID Accession Ta#S id
Accession 
after BlastP EC number BINCODE Protein name

Predicted 
sub-cellular 
localization

344 gi183211902 Ta#S43837843 2.4.1.1 2.2.2.2 Plastid alpha-1,4-glucan phosphorylase P
348 gi183211902 Ta#S43837843 2.4.1.1 2.2.2.2 Plastid alpha-1,4-glucan phosphorylase P
400 gi75225211 Ta#S13111784 4.2.1.3 8.1.3 Putative aconitate hydratase cyto
401 gi75225211 Ta#S13111784 4.2.1.3 8.1.3 Putative aconitate hydratase cyto
408 gi75225211 Ta#S13111784 4.2.1.3 8.1.3 Putative aconitate hydratase cyto
547 gi3393044 Ta#S12922949 2.4.1.13 2.2.1.5 Sucrose synthase type 2 cyto
554 gi3393044 Ta#S12922949 2.4.1.13 2.2.1.5 Sucrose synthase type 2 cyto
555 gi3393044 Ta#S12922949 2.4.1.13 2.2.1.5 Sucrose synthase type 2 cyto
561 gi3393044 Ta#S12922949 2.4.1.13 2.2.1.5 Sucrose synthase type 2 cyto
570 gi3393044 Ta#S12922949 2.4.1.13 2.2.1.5 Sucrose synthase type 2 cyto
571 gi3393044 Ta#S12922949 2.4.1.13 2.2.1.5 Sucrose synthase type 2 cyto
573 gi3393044 Ta#S12922949 2.4.1.13 2.2.1.5 Sucrose synthase type 2 cyto
576 gi3393044 Ta#S12922949 2.4.1.13 2.2.1.5 Sucrose synthase type 2 cyto
604 gi227483057 Ta#S17888448 gi28190676 2.2.1.1 7.2.1 Putative transketolase P
615 gi227483057 Ta#S17888448 gi28190676 2.2.1.1 7.2.1 Putative transketolase P
774 gi115476012 Ta#S37770968 Q84QT9 2.7.1.90 4.1.6 Putative pyrophosphate-dependent phosphofructokinase alpha subunit cyto
779 gi162957175 Ta#S50084340 1.1.1.40 8.2.10 NADP-dependent malic enzyme 1 P
803 gi259708196 Ta#S24623093 F2CX32 2.7.1.40 4.1.15 Pyruvate kinase cyto

810 gi115448277 Ta#S26026583 Q6ZFT9 2.7.1.90 4.1.6 Putative diphosphate-fructose-6-phosphate 1-phosphotransferase alpha chain cyto
876 gi298545815 Ta#S15116139 gi4588609 2.4.1.242 2.1.2.2 Granule bound starch synthase precursor P
877 gi18449343 Ta#S12923502 1.5.1.12 13.2.2.2 Putative aldehyde dehydrogenase WIS1 M
882 gi38349539 Ta#S17989497 3.2.1.2 2.2.2.1 Beta-amylase 1 Extr
883 gi38349539 Ta#S17989497 3.2.1.2 2.2.2.1 Beta-amylase 1 Extr
889 gi38349539 Ta#S17989497 3.2.1.2 2.2.2.1 Beta-amylase 1 Extr
890 gi91694277 Ta#S32418945 5.3.1.9 4.1.4 Glucose-6-phosphate isomerase cyto
918 gi91694277 Ta#S32418945 5.3.1.9 4.1.4 Glucose-6-phosphate isomerase cyto
920 gi91694277 Ta#S32418945 5.3.1.9 4.1.4 Glucose-6-phosphate isomerase cyto
1020* gi242089615 Ta#S16058021 C5Z0L0 1.8.1.4 8.1.1.3 Dihydrolipoyl dehydrogenase P
1113* gi218401053 Ta#S17890115 gi108708038 4.2.1.2 8.1.8 Fumarate hydratase 1 M
1116 gi218401053 Ta#S17890115 gi108708038 4.2.1.2 8.1.8 Fumarate hydratase 1 M
1124 gi226506764 Ta#S13112438 B4FRC9 2.2.1.2 7.2.2 Transaldolase 2 P
1183 gi242064362 Ta#S17986739 2.3.3.1 8.1.2 Hypothetical protein SORBIDRAFT_04g006440 M
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1200 gi288814543 Ta#S17988960 3.2.1.1 2.1.2.4 Alpha amylase Extr
1235 gi298549023 Ta#S13098196 gi226499486 1.1.1.42 8.2.4 Isocitrate dehydrogenase2 cyto
1259* gi242095836 Ta#S12922033 gi195640660 1.2.1.2 25 Formate dehydrogenase 1 M
1294 gi115447367 Ta#S17988642 Q6K9N6 Succinyl-CoA synthetase beta chain M
1356 gi226316439 Ta#S24623187 4.1.2.13 4.1.11 Fructose-bisphosphate aldolase cyto
1370 gi125560179 Ta#S32570711 A2YRB6 Transaldolase family protein P
1404* gi125561648 Ta#S37941675 A2YVI5 1.1.1.37 8.1.9 Malate dehydrogenase P
1413 gi32400859 Ta#S13208529 4.1.2.13 4.1.11 Aldolase P
1415* gi125561648 Ta#S37941675 A2YVI5 1.1.1.37 8.1.9  Malate dehydrogenase P
1418 gi223018643 Ta#S17888674 4.1.2.13 4.1.11 Fructose-bisphosphate aldolase P
1419 gi223018643 Ta#S17888674 4.1.2.13 4.1.11 Fructose-bisphosphate aldolase P
1427 gi32400859 Ta#S13208529 4.1.2.13 4.1.11 Aldolase P
1458 gi34485587 Ta#S43837843 2.4.1.1 2.2.2.2 Plastidic alpha 1,4-glucan phosphorylase 3 cyto
2126 gi259703023 Ta#S17879701 gi11124572 5.3.1.1 4.1.8 Triosephosphat-isomerase cyto
2549 gi210063883 Ta#S12922947 2.7.7.27 2.1.2.1 Putative glucose-1-phosphate adenylyltransferase large subunit 1 P
1255b gi298549023 Ta#S13098196 gi226499486 1.1.1.42 8.2.4 Isocitrate dehydrogenase2 cyto
883a gi38349539 Ta#S17989497 3.2.1.2 2.2.2.1 Beta-amylase 1 Extr
384 gi257665965 Ta#S17897781 gi3341490 4.1.1.31 4.1.16 Phospoenolpyruvate carboxylase cyto
539 gi11037530 Ta#S12923266 2.4.1.18 2.1.2.3 Starch branching enyzyme 1 P
540 gi11037530 Ta#S12923266 2.4.1.18 2.1.2.3 Starch branching enyzyme 1 P
546 gi11037530 Ta#S12923266 2.4.1.18 2.1.2.3 Starch branching enzyme 1 P
552 gi401138 Ta#S12923095 2.4.1.13 2.2.1.5 Sucrose synthase 1 M
560 gi401138 Ta#S12923095 2.4.1.13 2.2.1.5 Sucrose synthase 1 M
568 gi401138 Ta#S12923095 2.4.1.13 2.2.1.5 Sucrose synthase 1 M
569 gi401138 Ta#S12923095 2.4.1.13 2.2.1.5 Sucrose synthase 1 M
735 gi18076790 Ta#S16058207 5.4.2.2 4.1.3 Phosphoglucomutase cyto
759 gi18076790 Ta#S16058207 5.4.2.2 4.1.3 Phosphoglucomutase cyto
769 gi32400802 Ta#S13132127 5.4.2.1 4.1.13 Phosphoglycerate mutase cyto
775 gi32400802 Ta#S13132127 5.4.2.1 4.1.13 Phosphoglycerate mutase cyto
775 gi32400802 Ta#S32623200 5.4.2.1 4.1.13 Phosphoglycerate mutase cyto
778 gi32400802 Ta#S13132127 5.4.2.1 4.1.13 Phosphoglycerate mutase cyto
798* gi158701881 Ta#S41658089 1.1.1.40 8.2.10 NADP-dependent malic enzyme cyto
892 gi296523708 Ta#S13129182 gi162457852 4.1.1.1 5,2 Pyruvate decarboxylase isozyme 3 cyto
892 gi296523708 Ta#S17985756 gi162457852 4.1.1.1 5,2 Pyruvate decarboxylase isozyme 3 cyto
910 gi195619804 Ta#S17897418 4.2.1.11 4.1.14 Enolase cyto
910 gi195619804 Ta#S32671937 4.2.1.11 4.1.14 Enolase cyto
936 gi195619804 Ta#S17897418 4.2.1.11 4.1.14 Enolase cyto
936 gi195619804 Ta#S32671937 4.2.1.11 4.1.14 Enolase cyto
943 gi115455455 Ta#S16057998 gi195623986 1.1.1.22 10.1.4 UDP-glucose 6-dehydrogenase ER
956 gi1707923 Ta#S12922947 2.7.7.27 2.1.2.1 Glucose-1-phosphate adenylyltransferase large subunit 1 P
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959 gi195619804 Ta#S32671937 4.2.1.11 4.1.14 Enolase cyto
965 gi193073259 Ta#S32529534 3.2.1.21 10.6.1 Beta-glucosidase ER
966 gi1707923 Ta#S12922947 2.7.7.27 2.1.2.1 Glucose-1-phosphate adenylyltransferase large subunit 1 P
967 gi1707930 Ta#S12922947 2.7.7.27 2.1.2.1 Glucose-1-phosphate adenylyltransferase large subunit P
968 gi193073259 Ta#S32529534 3.2.1.21 10.6.1 Beta-glucosidase ER
974 gi193073259 Ta#S32529534 3.2.1.21 10.6.1 Beta-glucosidase ER
974 gi193073259 Ta#S32617924 3.2.1.21 10.6.1 Beta-glucosidase ER
975 gi193073259 Ta#S32529534 3.2.1.21 10.6.1 Beta-glucosidase ER
994* gi291047856 Ta#S17985962 gi20530127 1.2.1.3 5.10. Mitochondrial aldehyde dehydrogenase M
998 gi20127139 Ta#S12922948 2.7.7.27 2.1.2.1 Small subunit ADP glucose pyrophosphorylase P
1004 gi20127139 Ta#S12922948 2.7.7.27 2.1.2.1 Small subunit ADP glucose pyrophosphorylase P
1012 gi6136111 Ta#S13044452 2.7.7.9 4.1.2 UTP--glucose-1-phosphate uridylyltransferase cyto
1012 gi6136111 Ta#S16058223 2.7.7.9 4.1.2 UTP--glucose-1-phosphate uridylyltransferase cyto
1033 gi6136111 Ta#S13044452 2.7.7.9 4.1.2 UTP--glucose-1-phosphate uridylyltransferase cyto
1044 gi1707930 Ta#S12922947 2.7.7.27 2.1.2.1 Glucose-1-phosphate adenylyltransferase large subunit P
1067 gi1707930 Ta#S12922947 2.7.7.27 2.1.2.1 Glucose-1-phosphate adenylyltransferase large subunit P
1077 gi148508784 Ta#S12942128 1.2.1.12 4.1.9 Glyceraldehyde-3-phosphate dehydrogenase M 
1077 gi148508784 Ta#S17887997 1.2.1.12 4.1.9 Glyceraldehyde-3-phosphate dehydrogenase M 
1077 gi148508784 Ta#S18009604 1.2.1.12 4.1.9 Glyceraldehyde-3-phosphate dehydrogenase M 
1106 gi224021585 Ta#S12922948 2.7.7.27 2.1.2.1 Plastid ADP-glucose pyrophosphorylase small subunit P
1154 gi298541521 Ta#S12923000 gi129916 2.7.2.3 4.1.12 Phosphoglycerate kinase, cytosolic cyto
1191* gi242095836 Ta#S12922033 gi195640660 1.2.1.2 25 Formate dehydrogenase 1 M
1191* gi242095836 Ta#S17888699 gi195640660 1.2.1.2 25 Formate dehydrogenase 1 M
1202* gi242095836 Ta#S12922033 gi195640660 1.2.1.2 25 Formate dehydrogenase 1 M
1202* gi242095836 Ta#S17888699 gi195640660 1.2.1.2 25 Formate dehydrogenase 1 M
1256* gi242095836 Ta#S12922033 gi195640660 1.2.1.2 25 Formate dehydrogenase 1 M
1256* gi242095836 Ta#S17888699 gi195640660 1.2.1.2 25 Formate dehydrogenase 1 M
1286 gi115447367 Ta#S17984871 Q6K9N6 6.2.1.5 8.1.6  Succinyl-CoA synthetase beta chain M
1295 gi253783729 Ta#S13110859 1.2.1.12 4.1.9 Glyceraldehyde-3-phosphate dehydrogenase cyto
1305 gi28172909 Ta#S12923000 2.7.2.3 4.1.12 Cytosolic 3-phosphoglycerate kinase cyto
1318 gi253783729 Ta#S12942128 1.2.1.12 4.1.9 Glyceraldehyde-3-phosphate dehydrogenase cyto
1318 gi253783729 Ta#S16245770 1.2.1.12 4.1.9 Glyceraldehyde-3-phosphate dehydrogenase cyto
1324 gi298541521 Ta#S12923000 gi129916 2.7.2.3 4.1.12 Phosphoglycerate kinase, cytosolic cyto
1332 gi226316439 Ta#S24623187 4.1.2.13 4.1.11 Fructose-bisphosphate aldolase cyto
1333 gi3646373 Ta#S12922855 2.4.1.- 10.5.5 RGP1 protein cyto
1347 gi4158232 Ta#S12922855 2.4.1.- 10.5.5 Reversibly glycosylated polypeptide cyto
1352* gi229358240 Ta#S37366469 1.1.1.37 8.1.9 Cytosolic malate dehydrogenase cyto
1355 gi226316439 Ta#S24623187 4.1.2.13 4.1.11 Fructose-bisphosphate aldolase cyto
1366 gi226316439 Ta#S24623187 4.1.2.13 4.1.11 Fructose-bisphosphate aldolase cyto
1372 gi148508784 Ta#S37810935 1.2.1.12 4.1.9 Glyceraldehyde-3-phosphate dehydrogenase M 
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1374* gi229358240 Ta#S37366469 1.1.1.37 8.1.9 Cytosolic malate dehydrogenase cyto

1376* gi229358240 Ta#S37366469 1.1.1.37 8.1.9 Cytosolic malate dehydrogenase cyto

1380 gi148508784 Ta#S37810935 1.2.1.12 4.1.9 Glyceraldehyde-3-phosphate dehydrogenase M 

1386 gi148508784 Ta#S37810935 1.2.1.12 4.1.9 Glyceraldehyde-3-phosphate dehydrogenase M 

1393* gi229358240 Ta#S37366469 1.1.1.37 8.1.9 Cytosolic malate dehydrogenase cyto

1399* gi229358240 Ta#S37366469 1.1.1.37 8.1.9 Cytosolic malate dehydrogenase cyto

1436* gi115465579 Ta#S13111477 Q6F361 1.1.1.37 8.1.9 Malate dehydrogenase M

1436* gi115465579 Ta#S16058229 Q6F361 1.1.1.37 8.1.9 Malate dehydrogenase M

1444* gi115465579 Ta#S13111477 Q6F361 1.1.1.37 8.1.9 Malate dehydrogenase M

1444* gi115465579 Ta#S16058229 Q6F361 1.1.1.37 8.1.9 Malate dehydrogenase M

1455* gi195628708 Ta#S13111477 1.1.1.37 8.1.9 Malate dehydrogenase M

1483 gi226316439 Ta#S24623187 4.1.2.13 4.1.11 Fructose-bisphosphate aldolase cyto

1489* gi32400786 Ta#S17988504 1.1.1.224 3.5 NADPH-dependent mannose 6-phosphate reductase perox

1543 gi7579064 Ta#S12942128 1.2.1.12 4.1.9 Cytosolic glyceraldehyde-3-phosphate dehydrogenase cyto

1543 gi7579064 Ta#S18009604 1.2.1.12 4.1.9 Cytosolic glyceraldehyde-3-phosphate dehydrogenase cyto

1543 gi7579064 Ta#S37810935 1.2.1.12 4.1.9 Cytosolic glyceraldehyde-3-phosphate dehydrogenase cyto

1784 gi257355184 Ta#S18005976 O48556 3.6.1.1 23.4.99 Soluble inorganic pyrophosphatase cyto

1798 gi259662377 Ta#S37826290 gi226529672 5.3.1.1 4.1.8 Triosephosphate isomerase, cytosolic cyto

1855 gi259703023 Ta#S18010579 gi11124572 5.3.1.1 4.1.8 Triosephosphat-isomerase cyto

1863 gi290875537 Ta#S12906559 4.2.1.1 8.3 Putative carbonic anhydrase P

1908 gi122171022 Ta#S18005976 3.6.1.1 23.4.99 Soluble inorganic pyrophosphatase cysk

2635 gi18181983 Ta#S17989286 5.5.1.4 3.4.3 Myo-inositol-1-phosphate synthase cyto

2650 gi148508784 Ta#S37810935 1.2.1.12 4.1.9 Glyceraldehyde-3-phosphate dehydrogenase M 

2651 gi148508784 Ta#S37810935 1.2.1.12 4.1.9 Glyceraldehyde-3-phosphate dehydrogenase M 

2654* gi229358240 Ta#S13046790 1.1.1.37 8.1.9 Cytosolic malate dehydrogenase cyto

2657* gi229358240 Ta#S13046790 1.1.1.37 8.1.9 Cytosolic malate dehydrogenase cyto

2660* gi229358240 Ta#S13046790 1.1.1.37 8.1.9 Cytosolic malate dehydrogenase cyto

2660* gi229358240 Ta#S37366469 1.1.1.37 8.1.9 Cytosolic malate dehydrogenase cyto

2664* gi229358240 Ta#S37366469 1.1.1.37 8.1.9 Cytosolic malate dehydrogenase cyto

1330b gi298541521 Ta#S12923000 gi129916 2.7.2.3 4.1.12 Phosphoglycerate kinase, cytosolic cyto

1365a gi226316439 Ta#S24623187 4.1.2.13 4.1.11 Fructose-bisphosphate aldolase cyto

1365b gi226316439 Ta#S24623187 4.1.2.13 4.1.11 Fructose-bisphosphate aldolase cyto

1366a gi226316439 Ta#S24623187 4.1.2.13 4.1.11 Fructose-bisphosphate aldolase cyto

718a gi20259685 Ta#S12989027 3.2.1.21 10.6.1 Beta-D-glucan exohydrolase ER

718a gi20259685 Ta#S22389515 3.2.1.21 10.6.1 Beta-D-glucan exohydrolase ER

885b* gi218196143 Ta#S15902783 B8AYE1 1.8.1.4 8.1.1.3 Dihydrolipoamide dehydrogenase M

885b* gi218196143 Ta#S17984338 B8AYE1 1.8.1.4 8.1.1.3 Dihydrolipoamide dehydrogenase M

326 gi222628767 no hit 1.2.4.2 8.1.5 Hypothetical protein OsJ_14584 M

370 gi222628767 no hit 1.2.4.2 8.1.5 Hypothetical protein OsJ_14584 M

411 gi92429669 no hit 4.2.1.3 8.1.3 Putative aconitate hydratase 1 P

823 gi115467370 no hit gi15221156 2.7.1.90 4.1.6 Pyrophosphate--fructose-6-phosphate 1-phosphotransferase P

824 gi115467370 no hit gi15221156 2.7.1.90 4.1.6 Pyrophosphate--fructose-6-phosphate 1-phosphotransferase P

828 gi115467370 no hit gi15221156 2.7.1.90 4.1.6 Pyrophosphate--fructose-6-phosphate 1-phosphotransferase P

836 gi32400764 no hit 3.2.1.2 2.2.2.1 Beta-amylase Extr

837 gi32400764 no hit 3.2.1.2 2.2.2.1 Beta-amylase Extr

848 gi115467370 no hit gi15221156 2.7.1.90 4.1.6 Pyrophosphate--fructose-6-phosphate 1-phosphotransferase P

898 gi32400764 no hit 3.2.1.2 2.2.2.1 Beta amylase Extr

909 gi38349539 no hit 3.2.1.2 2.2.2.1 Beta-amylase 1 Extr

1072 gi226532024 no hit 2.3.1.61 35.1*
Dihydrolipoyllysine-residue succinyltransferase component of 2-oxoglutarate 

dehydrogenase complex M

1310 gi2204226 no hit 3.2.1.22 3.8.2 Alpha-galactosidase nucl

1472 gi32400764 no hit 3.2.1.2 2.2.2.1 Beta amylase Extr

1578 gi46805452 no hit 3.6.1.1 23.4.99 Putative inorganic pyrophosphatase P
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SuppInfo Table 2: Sequence alignment results when 1 protein matched to more than 1 transcript, 
using ClustalW2. Transcripts are first translated in their corresponding proteins and then the 
obtained translated sequence was used to align against corresponding protein sequence. 

 

Match Accession Corresponding Translated TR Score

1 gi|115465579|ref|NP_001056389. gnl|UG|Ta#S13111477_+2_pep1 94.937
1 gi|115465579|ref|NP_001056389. gnl|UG|Ta#S16058229_+3_pep1 91.636
2 gi|193073259|gb|ACF07998.1| gnl|UG|Ta#S32617924_-1_pep1 93.694
2 gi|193073259|gb|ACF07998.1| gnl|UG|Ta#S32529534_+1_pep1 40.483
3 gi|195619804|gb|ACG31732.1| gnl|UG|Ta#S17897418_-3_pep1 93.077

3 gi|195619804|gb|ACG31732.1| gnl|UG|Ta#S32671937_+1_pep1 47.558
4 gi|20259685|gb|AAM13694.1| gnl|UG|Ta#S12989027_+1_pep1 100.000
4 gi|20259685|gb|AAM13694.1| gnl|UG|Ta#S22389515_+1_pep1 94.387
5 gi|218196143|gb|EEC78570.1| gnl|UG|Ta#S15902783_-2_pep1 100.000
5 gi|218196143|gb|EEC78570.1| gnl|UG|Ta#S17984338_-3_pep1 64.458
5 gi|218196143|gb|EEC78570.1| gnl|UG|Ta#S17984338_-3_pep2 50.820
6 gi|229358240|gb|ACQ57333.1| gnl|UG|Ta#S37366469_+3_pep1 99.700
6 gi|229358240|gb|ACQ57333.1| gnl|UG|Ta#S13046790_+1_pep1 90.598
7 gnl|UG|Ta#S12922033_+1_pep1 gi|242095836|ref|XP_002438408. 86.469
7 gnl|UG|Ta#S17888699_+1_pep1 gi|242095836|ref|XP_002438408. 83.636
8 gi|259703023|emb|CBG16603.1| gnl|UG|Ta#S18010579_-1_pep2 79.470
8 gi|259703023|emb|CBG16603.1| gnl|UG|Ta#S17879701_-1_pep1 64.706
8 gi|259703023|emb|CBG16603.1| gnl|UG|Ta#S17879701_-1_pep2 47.723
8 gi|259703023|emb|CBG16603.1| gnl|UG|Ta#S18010579_-1_pep1 36.055
9 gi|296523708|emb|CBM36708.1| gnl|UG|Ta#S13129182_+1_pep1 100.000
9 gi|296523708|emb|CBM36708.1| gnl|UG|Ta#S17985756_-3_pep1 93.426

10 gi|32400802|gb|AAP80633.1|AF47 gnl|UG|Ta#S13132127_+1_pep1 96.970
10 gi|32400802|gb|AAP80633.1|AF47 gnl|UG|Ta#S32623200_+1_pep1 89.578
11 gi|6136111|sp|Q43772.1|UGPA_HO gnl|UG|Ta#S16058223_+3_pep1 98.943
11 gi|6136111|sp|Q43772.1|UGPA_HO gnl|UG|Ta#S13044452_+1_pep1 80.271
12 gi|253783729|emb|CAZ76054.1| gnl|UG|Ta#S12942128_-2_pep1 76.875
12 gi|253783729|emb|CAZ76054.1| gnl|UG|Ta#S13110859_+1_pep1 30.524
12 gi|253783729|emb|CAZ76054.1| gnl|UG|Ta#S16245770_+3_pep1 32.319
13 gi|7579064|gb|AAF64241.1| gnl|UG|Ta#S12942128_-2_pep1 61.466
13 gi|7579064|gb|AAF64241.1| gnl|UG|Ta#S18009604_-3_pep2 54.717
13 gi|7579064|gb|AAF64241.1| gnl|UG|Ta#S37810935_+3_pep1 8.125
13 gi|7579064|gb|AAF64241.1| gnl|UG|Ta#S18009604_-3_pep1 8.462
14 gi|148508784|gb|ABQ81648.1| gnl|UG|Ta#S37810935_+3_pep1 90.972
14 gi|148508784|gb|ABQ81648.1| gnl|UG|Ta#S17887997_-3_pep1 37.204
14 gi|148508784|gb|ABQ81648.1| gnl|UG|Ta#S18009604_-3_pep2 34.713
14 gi|148508784|gb|ABQ81648.1| gnl|UG|Ta#S12942128_-2_pep1 36.635
14 gi|148508784|gb|ABQ81648.1| gnl|UG|Ta#S18009604_-3_pep1 32.985
14 gi|148508784|gb|ABQ81648.1| gnl|UG|Ta#S17887997_-3_pep2 28.687
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SuppInfo Table 3: Peripheral layers, carbohydrate metabolism proteins obtained after 2DE-
MALDI-TOF. Spot ID, Accession, protein identifier in NCBI; EC number, emzyme number; 
Accession before BlastP, protein id obtained after Mascot search before BlastP. 

 

 

Spot ID Accession EC number Accession before BlastP Protein name
1193 gi|1174745 5.3.1.1 Triosephosphate isomerase

456 NP_001105211 2.7.1.4 CK207916 Fructokinase 2 

140 gi|19106 2.4.1.13 Sucrose synthase 

667 gi|1174745 5.3.1.1 Triosephosphate isomerase

1198 gi|148508784 1.2.1.12 Glyceraldehyde-3-phosphate dehydrogenase 

910 gi|219363507 1.1.1.42 Hypothetical protein 

725 BAA22419 2.7.9.1 gi|218196777 Orthophosphate dikinase

1315 CAZ76054
1.2.1.12

gi|120680
Glyceraldehyde-3-phosphate dehydrogenase, 
cytosolic

1504 CAC85913 5.4.2.2 gi|18076790 PhosphoGlucomutase 

1401 ABB46862 4.2.1.11 gi|222624569 Enolase, putative, expressed

1464 CAA74160 3.2.1.22 CJ787667 Alpha-galactosidase 

689 CAZ76054 1.2.1.12 Glyceraldehyde- 3-Phosphate Dehydrogenase

460 gi|8918504 1.1.1.49 Glucose-6-phosphate dehydrogenase

513 gi|8272480 4.1.2.13 Fructose 1,6-bisphosphate aldolase precursor 

992 gi|37928995 1.1.1.37 Cytosolic malate dehydrogenase

147 gi|2507469 5.3.1.1 Triosephosphate isomerase

186 gi|8272480 4.1.2.13 Fructose 1,6-bisphosphate aldolase precursor 

328 ACM78035 4.1.2.13 DV478664 Chloroplast fructose-bisphosphate aldolase

463 gi|7431022 1.1.1.- Glucose and ribitol dehydrogenase 

466 gi|7431022 1.1.1.- Glucose and ribitol dehydrogenase 

516 gi|113595 1.1.1.21 Aldose reductase 

585 T06212 1.1.1.- BQ805036 Glucose and ribitol dehydrogenase homolog

1195 CAA74160 3.2.1.22 CJ787667 Alpha-galactosidase.

1252 NP_001105292 1.1.1.40 BJ294714 NADP-dependent malic enzyme

459 gi|7431022 1.1.1.- Glucose and ribitol dehydrogenase homolog

1291 gi|19851522 4.1.1.1 Pyruvate decarboxylase 

626 gi|108708038
4.2.1.2

Fumarate hydratase 1, mitochondrial precursor, 
putative, expressed 

 


