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The grains and seeds of plants are meant for propagation and dispersion 
but are also harvested and consumed by human beings. The protein content 
of grains and seeds varies from 10% (in cereals) to 40% (in some leguminous 
and oleaginous plants). In quantitative terms, the contribution of grains and 
seeds to human and animal nutrition (200 million tons per year for cereal 
proteins alone) economically constitutes a significant and major protein source 
(Shewry et al., 1995). 

In angiosperms, double fertilisation takes place in the embryo sac inside 
the ovule. One of the male nuclei fuses with the principal female nucleus, 
giving rise to a diploid embryo. The other male nucleus fuses with the two 
polar nuclei to form a triploid nucleus. This triploid nucleus gives rise to the 
endosperm, the main tissue of monocotyledons (especially in cereals) which 
represents the primary nourishing tissue of the grain; reserves are stored in 
it. In dicotyledonous seeds (especially legumes), the cotyledons also represent 
the principal reserve source. These reserves of the grains and seeds mainly 
consist of starch, proteins and lipids and are used for nourishing the seedling 
after germination. 

BIOSYNTHESIS OF PROTEINS 

Seed Nourishment with Nitrogen 
Photosynthesis-protein synthesis relationship 
To synthesise the reserves (polysaccharides, proteins, lipids) the seed requires 
all the basic elements (carbon, nitrogen). Seeds obtain their nutrition from 
the leaves which contain the amino acids produced by photosynthesis. These 
amino acids are carried along by mass flux in phloem vessels of the leaf to 
the embryo and the cotyledons. The principal amino acids transported are 
glutamine, asparagine, serine, alanine, glutamate and aspartate (Moutot 
et al., 1986) with other specific ones for certain species (i.e., homoserine for 
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pea) (Rochat and Boutin, 1991). The manner in which amino acids are 
transported also varies as a function of agroclimatic conditions (nitrogen 
nutrition, temperature etc.) and the nitrogen source (symbiotic fixation in 
legumes or assimilation of nitrate in other plants). 

Transfer mechanisms 
The mechanisms of transfer of the assimilates from the mother plant to the 
seed depend on the intensity of need of the developing seed and phloem 
loading in leaves with eventual unloading to the seeds. The assimilates take 
a symplastic pathway from the phloem to the maternal tissue before liberation 
into the cells of the embryo and the endosperm via the apoplast (extracellular 
environs). While the transit of amino acids in the apoplast occurs by simple 
diffusion (due to the existence of a concentration gradient between the sap 
and the apoplast), unloading from the sieve tubes of the phloem can itself 
cause an active cotransport of amino acids and protons. 

Metabolic transformation of nitrogenous assimilates in maternal tissue 
After phloem unloading, amino acids are subjected to biochemical 
modifications before assembling to form storage proteins of the seed. For 
example, maize is capable of synthesising all the amino acids necessary for 
the formation of its proteins from only a few amino acids transferred from 
the phloem by mechanisms of interconversion of the primary metabolites 
(Pemollet et al., 1986). On the other hand, in wheat, the composition of 
amino acids in the phloem is similar to that of the mature grains, even 
though some modifications occur during transfer to the grain (Fisher and 
Macnicol, 1986), despite the fact that the presence of cysteine in the 
endosperm and its absence in the phloem sap leads one to believe that this 
amino acid is transported in a different form. In pea, the enzymatic 
degradation of asparagine in the tegument liberates nitrogen, which is 
probably reutilised for synthesis of alanine (Rochat and Boutin, 1991). 
Storage proteins 
Grain proteins can be classified into three groups according to their function: 
storage proteins, metabolic proteins and structural proteins. The system of 
protein classification in cereals is mostly based on the historic works of 
Osborne (1907) who observed differences in the solubility of proteins in a 
series of solvents: four fractions were thus defined-the albumins (soluble 
in water), globulins (soluble in dilute saline solutions), prolamins (soluble in 
dilute alcohol) and glutelins (soluble in dilute acids or bases, or solutions of 
urea or detergents). 

The albumins and globulins include many proteins possessing biological 
functions. This is particularly true of enzymes in grains. On the other hand, 
prolamins represent the main storage proteins in cereals such as wheat 
(gliadins), barley (hordeins) rye (secalins) or maize (zeins), even though 
other cereals (oats, rice) preferentially accumulate globulins and glutelins 
respectively (Table 20.1). 
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Table 20.1 Protein composition of grains of some cereals1 and legumes2 

Proteins Albumins• Globulins• Prolamins• Glutelins• 
(% m.s.) 

Cereals 
Common wheat 10-15 5-10 5-10 40-50 30-40 
Barley 10-16 3-4 10-20 35-45 
Oats 8-20 5-10 50-60 10-15 5-10 
Maize 7-13 2-10 10-20 50-55 30-45 
Sorghum 9-13 tr. tr. 60-70 30-40 
Rice 8-10 2-5 2-8 1-5 85-90 

Legumes 
Soybean 38-40 10 90 
Pea 23-27 15 70 15 
Bean 22-23 4 67 29 

•in % of total proteins; 1 from Pomeranz (1987); 2from Mosse and Baudet (1983) 

Prolamins are not found in leguminous plants; the major storage proteins 
here are the globulins (Table 20.1). They have been classified into two groups 
according to their coefficient of sedimentation: the globulins 75 (or vicilins) 
and the globulins 115 (or legumins), which have been particularly studied 
in detail in pea, soybean, broad bean and faba bean. These two groups 
show significant variations in structure depending on the species, but they 
are always (especially 75) deficient in cysteine and methionine. 

Grains and seeds may include other categories of proteins which do not 
come under the traditional classification of Osborne, but accumulate 
according to the same kinetics as the storage proteins and are biologically 
active. This is true of the following types of proteins-/j-amylase, thionins 
(purothionine of wheat, hordeothioninj of barley), very rich in sulphur and 
basic amino acids, possessing antifungal or antibacterial properties, the 
proteins of lipid transfer, the inhibitors of a-amylase, proteases and .the 
lectins (Shewry and Miflin, 1985). 

Biosynthesis and Accumulation of Storage Proteins in Grains 
Localisation of biosynthesis 
Storage proteins are synthesised in ribosomes located on the rough 
endoplasmic reticular membrane (RER}. Transit of ~e RER into the h.~men 
occurs concomitantly with elongation of the polypeptide ~y a cotr~lational 
mechanism. Storage proteins, like the secretory proteins of ~als, ~re 
synthesised in the form of preproteins (direct precursors of protems) which 
differentiate into a final hydrophobic product by an additional sequenc~ of 
about twenty odd amino acids (called signal se~uence) on ~e ~-terminal 
side (Fig. 20.1). This sequence associates itself with the proteins integrated 
with the reticular membrane to form a tunnel traversing the lipid bilayer of 
the membrane. After passage into the lumen of the reticulum, the signal 
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f signal sequence 

Fig. 20.1 Diagram of biosynthesis of storage proteins at the ribosomal level, localised in 
contact with the endoplasmic reticulum membrane: transit in the lumen, elongation 
of polypeptide, cleavage of the signal sequence. 

sequence is excised, during which the protein sequence elongates and 
penetrates. The tunnel is stabilised by the large ribosomal subunit which 
remains fixed to the membrane proteins during penetration of the chain. 

The lumen of the endoplasmic reticulum is also considered to be the 
folding site of the storage protein chains. Formation of disulphide bonds 
stabilises their tertiary structure. Specific proteins in the lumen of the RER, 
i.e., chaperonins, cyclophilins and POI (protein disulphide isomerase) 
contribute to these stabilisation mechanisms (Shewry, 1995). 

Co and post-translational modifications 
In cereals, the storage proteins are mostly synthesised in the final form, at 
least as far as their primary structure is concerned. The genes governing 
these storage proteins generally do not contain introns except for a 
cotranslational modification which occurs to eliminate the N-terminal region 
of the molecule. Except for the formation of disulphide bonds and possibly 
for some glycosylation, these proteins do not seem to undergo significant 
post-translational modifications during transport and storage in ~the grain. 

While the storage proteins of leguminous plants are subject to loss of 
their signal peptide, nevertheless they are characterised by many biochemical 
modifications. The globulins of the vicilin (7S) type, which are glycoproteins, 
undergo glycosylation which occurs in a co- and post-transcriptional manner: 
the llS legumins are characterised by the formation of a disulphide bond 
between the two acid and basic subunits (Christpeels, 1984); the 7S and llS 
polypeptides assemble, a little after their synthesis, to form trimers inside 
the RER; the 1 lS polypeptide are subject to proteolysis resulting in cleavage 
of the initial polypeptide chain into ~o subunits that remain joined by a 
disulphide bond, this proteolysis being followed by the assembly of trimers 
and hexamers (Shotwell and Larkins, 1989). 
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Site of storage protein accumulation . , . . , 
The newly synthesised polypeptides are then transported m rrotem bodies 
which are the intracellular sites for temporary accumulation of storage 
proteins in the grain. These protein bodies are spherical organelles cc:>ver~d 
by a membrane, varying in diameter from 0.2 to 20 µrn, and are localised m 
the parenchymal cells of the cotyledons of le?':1mes or t.'le e~dosp~rm of 
cereal grains. In legumes and cereals (outside Tnticeae) the protein bodies are 
visiBie in the mature endosperm. On the other han~, in ~heat, ba~ley an~ rye, 
the protein body disappears from the onset of gram drying, leaving behind a 
protein matrix located between the starch granul~s (Pernoll7t, 1985). 

Depending on the botanical species of the tissue cons1.dered, the~e are 
two possibilities regarding accumulation of storage protems: the reticular 
endoplasmic pathway (RER) and the vacuolar pathway (Fig. 20.2). The 

Fig. 20.2 
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Diagram of the two pathways for accumulation of storage protein_s in cereal grains. 
Pathway no. 1 involves the reserve globulins and some prolamms of barley a~d 
wheat. Pathway no. 2 involves the prolamins of maize and rice and some prolanuns 
of barley and wheat (after Shewry, 1995). 
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globulins of the legumes accumulate via the Golgi apparatus in the central 
vac1:1ole of the cell. This vacuole later breaks up to give rise to protein 
bodies (Spencer, 1984). The glutelins of rice accumulate in a similar manner. 
In maize and sorghum, formation of protein bodies results from direct protein 
accumulation in the lumen of the reticulum. In Triticeae the situation is 
more complex because the two pathways of accumulation are probably 
used for accumulation of different proteins in the same tissue, and probably 
for the same protein at different stages of maturation. For example, the 
vacuolar origin in barley was strongly upheld by the Carlsberg team, 
~ameron-Mills and Von Wettstein (1980), who observed the proteins passing 
m the form of globules from the lumen of the endoplasmic reticulum to the 
vesicular expansion of the dictyosomes of the Golgi apparatus and then into 
the vacuoles, where they finally aggregated and accumulated. In wheat, the 
endoplasmic reticulum and the vesicles of the Golgi apparatus seem to be 
sim~ltaneously involv~d in the formation of protein bodies. Since 1989, 
Kreis and Shewry have proposed the hypothesis of protein transport via the 
RER and the dictyosomes to the protein body of vacuolar origin in the 
primary stages of grain development. But the protein bodies are formed 
directly in the lumen of the RER only in the later stages of development. 
More recently, Galili et al. (1994) showed that synthesis of gliadins can occur 
b:y one or the other pathway, whereas synthesis of the glutenin subunits of 
high molecu.lar weight <!fMW> specifically employs the reticular pathway. 
The mecha~isn:i of protein sorting according to destination within the Golgi 
apparatus~ still not ~~erst~od in detail but is thought to usually require 
the recogmtion of specific ammo acid sequences to direct the protein to the 
vacuole (Shewry, 1999). 

BIOCHEMICAL AND PHYSIOLOGICAL 
CHARACTERISTICS OF STORAGE PROTEINS 

Th~ only !°1own biologi~al function of storage proteins in grains is to supply 
ammo_ ~c1ds to the s~edlings. In grains, synthesis and accumulation of large 
quantities of proteins take place during maturation (at maturity this 
represents nearly 80% of the total proteins of the grains), followed by selective 
degradation during the initial stages of germination. 

The general characteristics of these proteins reflect their storage function. 
They must accommodate a maximum nitrogen reserve (hence most of the 
residues are Gln and Pro) under low volume in the protein body (hence 
they h~ve a low content of charged amino acids-thus limiting the forces of 
repul~1on-and ten~ to fo?TI aggregates). Progressive grain drying brings 
them into contact with envrrorunents decreasingly less aqueous (hence their 
low solubility in water and relative hydrophobicity: solubility in alcohol). 

~o~eov~r, all the families of storage proteins show considerable genotypic 
variation m number, proportion and properties of their constituent 
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polypeptides. This kind of polymorphism, so well demonstrated in wheat, 
barley, maize, pea and sunflower, shows that constraints encountered during 
evolution of storage proteins are relatively low, thereby enabling a large 
number of non-lethal mutations to occur. So the presence of very specifically 
determined structures to serve the biological function of storage proteins is 
probably not essential, contrary to the differences observed in other proteins 
(enzymes, for example) which have functions quite relevant to the extremely 
precise structural patterns. In the case of cereal prolamins, polymorphism of 
composition seems to originate only from the presence of multigenic families, 
even though the exact number of copies of genes has been difficult to 
determine due to the existence of some genomic sequences corresponding 
to the unexpressed pseudogenes (Shewry, 1995). The globulins of leguminous 
species are also coded by multigenic families. Casey et al. (1993) identified 
10 genes for legumin and 24 genes for vicilin in pea. Furthermore, post
translational proteolysis and glycosylation (in the 7S family) contributed to 
polymorphism of these globulins in leguminous plants. 

Amino acid composition 
The amino acid composition of storage proteins can differ considerably 
between various cereals and legumes (Table 20.2). There seems to be no 
functional explanation; it simply results from divergent lines of evolution 
from different ancestral proteins. 

Table 20.2 Amino acid composition of some families of storage proteins of cereals and 
legumes 

Amino Wheat1 Barley1 Maize1 Pea2 

acid ')Q-gliadin HMW-1Dx2 C-hordein Zein Legumin Vicilin 

Asp 1.8 0.6 1.0 3.9 11.7 13.4 
Thr 2.0 2.9 0.9 3.2 3.7 3.0 
Ser 4.9 5.7 3.0 5.9 6.3 7.8 
Glu 39.1 36.3 38.9 20.7 17.6 18.2 
Pro 18.7 15.8 32.5 13.0 5.1 4.4 
Gly 2.7 20.0 0.7 3.8 7.8 5.2 
Ala 3.0 2.9 0.7 11.3 5.9 4.5 
Cys 1.9 0.6 0.0 1.9 0.7 0.05 
Val 3.4 0.6 1.3 4.5 5.8 5.7 
Met 1.7 0.0 0.2 1.9 0.8 0.13 
Ile 3.7 0.6 3.2 2.9 4.5 5.5 
Leu 7.2 4.5 4.0 15.3 8.3 11.3 
Tyr 0.5 5.7 2.0 3.9 2.2 2.3 
Phe 5.2 0.5 8.6 3.8 3.8 5.0 
His 1.4 0.5 0.8 2.1 2.1 1.6 
Lys 0.7 0.9 0.1 0.2 5.5 7.2 
Arg 1.5 1.0 0.8 1.7 7.7 5.7 
Trp 0.6 0.6 1.3 0.0 0.7 0.05 
1 From Shewry and Millin, 1985 
2From Pernollet and Mosse, 1983 
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The main families of storage proteins of cereals are often characterised by 
the predominance of d omains consisting of repetitive patterns in their 
polypeptide chain and a high conserva tion of Pro a nd G in residues, 
exceptionally rich in proline and glutamine (hence the name prolamin), but 
proportionately poor in basic amino acids and deficient in lysine. 

In the last ten years, the s torage proteins of Triticeae have also been 
classified into three groups based on rela tive sulphur content: su lphur-poor 
prolamins (represented in wheat by the w-gliadins and by C-hordeins in 
barley), sulphur-rich prolamins (gliadins and LMW-glutenins in wheat, 
B-hordeins in barley) and the prolamins of high molecular weight (HMW
glutenins of wheat and D-hordein of barley) (5hewry et al., 1984). 

In general, different species of cereals and legumes almos t uniformly 
show the presence of two types of storage proteins containing very different 
quantities of su lphur amino acids (methionine and cysteine), the only 
biological trait of significance. In legumes and cereals, both sulphur-rich 
and sulphur-poor prolamins exist. In cereals, the sulphur-rich prolami..ns are 
y-gliadins and B-hordeins, while sulphur-poor ones are w-gliadins and C
hordeins. On the contra ry, in legumes 115 globulins are relatively rich in 
sulphur while 75 g lobulins are poor in this element. This type of composition 
is biologically important in plants for m aintaining a high level of synthesis 
of s torage proteins and overcoming major .variations in sulphur availabi lity 
in the environment. 

Structural homolog1) 
The significant polymorphism of s torage proteins m entioned above 
notwith standi..ng, there are many structural homologies between prolamins 
of the same or different species due to conservation of some amino acid 
sequences. Thus, comparison of sequences have enabled demonstrating 
homology between the sulphur-rich prolamins of wheat, rye and barley, all of 
which are characterised by N-terminal domains comprising repetitive patterns 
(Fig. 20.3). In the y-type, repetition of the sequence Pro-Gln-Gl.n-Pro-Phe-Pro
Gln is observed and i..n the a-type, repetition of the Pro-Gln-Gln-Pro-Tyr 
sequence, theoretically capable of forming tridimensional structures in f3 turns. 
On the other hand, the C-terminal region shows a conservation of the cysteine 
residues (8 per molecule) which supposedly form the disulphide intramolecular 
bonds in the a- and y-gliadins, or intermolecular bonds between the glutenin 
subunits of low molecular weight (LMW-glutenins). 

In sulpur-poor prolamins, the molecule is essentially cons tituted of 
repetitive octapeptides (Pro-Gln-Gln-Pro-Phe-Pro-Gln-Gln) which are also 
found in w-gliadins, w-secalins and C-hordeins. The HMW-prolamins depict 
(notably due to possible crossed hybridisation between cDNA of various 
species) high sequence homology between wheat (HMW-glutenins), rye 
(HMW-secali..ns) and barley (D-hordei..ns) with the repeated presence of 
hexapeptides Pro-Gly-Gln-Gly-Gln-Gln, which supposedly constitute the 
,6-spiral superstructures analogous to those of elasti..n (Kasarda et al., 1994). 
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Diagram of different domains o f s tructure of su lphur-rich prolam.i.ns o f whea t, 
indicating d is tribution of cyste ine residues and proposed pos ition o f disulphide 
bonds (after Shew ry et al., 1994). 

In legumi..nous species, the molecular structures of the 115 and 75 globulins 
are very similar among various species whose genes generally cons_titute 
coding (exons) and non-coding (introns) regions (Fig. 20.4). Interestmgly, 
the positions of the intrans in the genes of 115 legumin of pea are identical 
to those of glutelin of rice, probably because these genes use ancestral DNA 
segments (Oki ta et al., 1989) . 
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Diagram of genes coding storage globulins of bean : (A) 115 fraction , (B) 75 fraction. 
Regions corresponding to acidic and basic polypeptides of the 115 fraction are 
indicated (A) (after Shotwell and Larkins, 1989). 

Kinetics of protein accumulation . . 
The first experiments on barley showed that the salme-soluble proten:s 
present from the very initial days after anthesis (d.a .a.) occurred m?stl~ m 
young grain but ceased to accumulate when the endosperm reached its fm~l 
weight to form only 15% of the total nitrogen at maturity. The glut~lm 
fraction also synthesised very early, but continued to accumulate durmg 
seed development and accounted for more than 30% of the total nitrogen. 
The hordein fraction likewise actively synthesised between 14 and 18 d.a.a. 
and thereafter rapidly accumulated Ii.nearly until maturity to account for 



352 Distribution of Nitrogen During Pln11/ Growth n11d Develop111e11/ 

nearly 40% of the total proteins (Landry, 1979). Electrophoresis analysis 
consistently showed that the various types of hordeins do not accumulate at 
the same rate throughout seed development. Accumulation of C-hordeins 
in the grain was greater in the early stages of maturation, followed by 
accumulation of B-hordeins (Fig. 20.5). 

D 

c 

B 

17 22 25 28 32 36 41 45 42 Mr 

Fig. 20.5 Electrophoregram (SOS-PAGE) of the total reduced proteins of barley grain (Traill 
variety) during maturation. Mr: markers of molecular weight (after Benetrix, 1993). 

A similar phenomenon was observed in legumes. Jn pea, the vicilin 
subunits are synthesised much faster than those of legumin but accumulation 
of the ~atter continues much longer-up to 14 and 20 days respectively after 
anthesis. Complete grain maturity is achieved 24 d.a.a. (Boulter, 1983). 

On the contrary, in wheat all the gliadins appear at the same time from 
the very early stages. The gliadin content increases very rapidly up to the 
3Sth d .a.a. and then decreases, while the glutenin content follows an inverse 
rate of accumulation (Fig. 20.6). 

In all the foregoing, th.e. kinetics of accumulation remained highly 
dependent on cultural conditions, notably nitrogenous fertilisers . 

Formation of aggregates 
!he technological importance of protein aggregates in mature grains has led 
m general to studies on the formation of aggregates during maturation of 
wheat and barley grain~. Folding of prolamins and formation of disulphide 
bonds seem to happen m the lumen of the RER before accumulation in the 
protein ~odies, which in. a sense is in line with the hypothesis of prior 
aggregation of these prate~. The rep~ating sequence domain of the primary 
structure of s torage protems and their potential to form either branched or 
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Fig. 20.6 Development of different protein fra ctions of the hard grain o f wheat during 
maturation . d .a .a .: days after anthesis; NaCl: fraction soluble in saline solutions 
(albumins and g lobulins); EtOH: fraction soluble in ethanol (mainly gliadins); Ac
OH, !sop+ ME and residue: glutenin fractions (afte r Galterio et nt ., 1987). 

linear polymers through disulphide bonds seem to be important in 
determining folding and technological end-use (Kreis and Shewry, 1989; 
Kasarda, 1999). It is always possible that a second level of aggregation 
occurs at the end of grain maturation (desiccation phase) and brings into 
play either intermolecular SS bonds (as in B-hordeins) or hydrophobic 
interactions (as in glutenins). A chromatographic method (SE-HPLC) which 
makes it possible to follow the differences in molecular sizes was recently 
used to link the level of aggregation of wheat glutenins to the expression of 
technological quality in durum wheats (Fig. 20.7). 

Lastly, lectins of some leguminous species can often be found in high 
proportions in the protein bodies of the grain. These lectins can participate 
in the incorporation of glycoproteins in protein bodies because of their ability 
to form bonds with seed glycoproteins. 

Localisation of proteins in grain: differential distribution and ultrastructure 
The starch/protein ratio increases in a significant manner from peripheral 
regions to central regions of the grain, underscoring the existence of a 
distribution gradient of proteins (Gallant et al., 1991). Through gradual 
abrasion of the grain, Millet et al. (1991) demonstrated the multilayered 
concentric arrangement of storage proteins in barley grain with maximum 
concentration in the subaleuronic zone. From the periphery to the centre of 
the grain, for a given variety, the following zones of accumulation occur: 
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Evolutio nary pro file of p ro te ins of durum wheat (va rie ty Capdur) by diffusio n
exclus ion ch romatograph y d uring maturation, showing the progressive forma tion 
of aggregates of higher mo lecular weights. (1) 200 degrees-days (d.d.); (2) 400 d.d.; 
(3) 610 d.d.; (4) maturity (after Benetrix el al., 1994a). 

the B-hordeins, concentrated in the external subaleuronic layer, the C
hordeins in the internal subaleuronic layer and the D-hordein in the central 
endosperm. Baxter (1980) used electron microscopy to s tud y grain sections 
tha t were washed in a series of solvents to d emonstrate that B-hordeins are 
involved in the disulphide bonds to form a matrix which essentially adheres 
to the small s tarch granules in the subale uronic region of the endosperm. 
Marte l (1988) contra rily held the opinion that C-horde ins are highly 
hydrophobic and preferentially associated with s tarch granules. 

Studies on the ultrastructure of proteins in situ have mainly been carried 
out on the protein bodies in order to understand the methods of accumulation 
of proteins in the grain during development. An examination of protein 
bodies of the barley grain by transmission electron microscopy during 
maturation revealed the existence of integrated homogeneous d eposits in a 
fibrillar or granular matrix, frequently associated with spherical entitities 
which were electron d ense. In a barley mutant, Ris0 56, partly d eficien t in 
B-hordein, the amount of fibrillar matrix is considerably increased compared 
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to h om ogeneous deposits, indica ting that the ultrastructural morphology of 
a protein body seems to be a reflection of its polypeptide composition 
(Cameron-Mills and Von Wettstein, 1980). A recent immunocy tochemical 
study (one of the most powerful m eth ods p resently availab le for 
ultrastructura l analysis) enabled unders tanding the u ltrastructure and 
i,...,..,. J;c:::-iti\:m of the storage protein of the mature grain of barley (Fig. 20.8). 

Fig. 20.8 Immunocytochemistry of the endos perm of barley us ing transmission electro n 
microscopy (uranyl acetate contrast). Protein labelling is localised in the smooth 
and slightly contras ting zones (P) situated between the starch granules (G). Scale: 
1 µm (after Benetrix, 1993). 

REGULATION OF EXPRESSION OF GENES OF PROTEIN 
BIOSYNTHESIS 

The proportion of polypeptides which forms the storage proteins and the 
proportion of each class of protein s are genetically dete~·mined. T~•~se 
proportions can always vary . Variations in the stor~ge protem composition 
may arise from genetic modifications due to a mutation, a natural or mduced 
selection, or a regulation during the course of development. 

Control of Biosynthetic Mechanisms 
Even though there are many systems of regulation to trigger off _and contr~l 
the synthesis of various storage proteins, the regulation of pro~em_ synthesis 
is essentially transcriptional. The endosperm of the cereal gra~s is the sole 
s ite for synthes is and accumulation o f. storage prote ir: s . mRNAs 
corresponding to variou s types of prolamms occur exclusive ly in the 
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endosperm, indicating that genes for prolamins are specific to both the 
tissue and the stage of development (Kreis et al., 1987). The translation is in 
principle uniquely controlled by the availability of ribosomes which are 
generally saturated with m.RNA. In barley, the two principal subfamilies of 
genes for B-hordeins (Bl and B3) are present in the same multigenic locus, 
but differently expressed during endosperm development. The number of 
mRNA for Bl-hordeins increases 10-15 times whereas those of B3 as well as 
those of C-hordeins increase only by a factor of 4 (Rahman et al., 1984). In 
general, the differences in accumulation of the various groups of storage 
proteins are related to the abundance of the corresponding mRNA. Aside 
from this 'all or none' type of control, gene expression is modulated by 
environmental factors, in particular nitrogen or sulphur nutrition, and by 
genes with 'trans' action. Thus in barley or wheat, a deficiency in sulphur 
results in low accumulation of sulphur-rich prolamins anq an abundance of 
mRNA corresponding to prolamins poor in sulphur (C-hordeins and 
w-gliadins) (Shewry and Millin, 1985). 

In order to better understand the cellular mechanisms which explain this 
regulation, the genomic sequences of prolamins were isolated and their 
expression studied in homologous and heterologous systems. Attention was 
mainly paid to the role of certain 5' regions (situated at about 300 pb of the 
initial codon A TG) which seem to be preserved between the genes for 
prolamin in wheat, maize and barley (Kreis et al., 1987). 

Mutations 
The relatively low nutrient value of storage proteins in cereals is due to the 
high amount of prolamins (exceptionally rich in glutamine and proline and 
very low in lysine and tryptophan). 

Intensive screening of many genetic sources has helped in locating some 
natural mutants in which the e~pression of genes for storage proteins is 
modified. These mutants are characterised by three times higher content of 
essential amino acids than the parent lines. This is true of the opaque-2 or 
floury-2 mutants of maize, 1511758 of sorghum and Hiproly, Ris0 56 or 
Ris01508 of barley. Studies on these mutants have helped in understanding, 
at least in part, some of the mechanisms of regulation of protein biosynthesis. 
These mutants are characterised by reduced synthesis of prolamins which is 
counterbalanced by a significant quantity of lysine-rich proteins (globulins 
and glutelins). The expression of B-hordeins is also effected by the lys 3a 
gene with 'trans' action of the mutant Ris0 1508. 

Transgenic Plants 
One of the research breakthroughs in plant biology in the last few years has 
been the possibility of transforming plants of economic value by genetic 
engineering with the aim of making them more resistant to parasites, 

... __ .::_ -
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modifying the composition of amino acids in the grains so as to improve the 
nutrient quality and even synthesising grains capable of producing prote~s 
of technological or pharmaceutical value. Development of such transgeruc 
plants was long beset with technical (methodology of transformation, 
regeneration of plants from embryos or calluses) and scientific obstacles 
(existence of low number of specific promoters in the grain, difficulty in 
achieving post-translational modifications necessary for biological activity, 
and poor understanding of the desired genes of value). 

However in the last five years, transformation of many species of cereals 
has been re~dily realised in many laboratories by 'bombardment' of tissue 
culture derived from immature scutellum with microparticles of DNA, 
thereby modifying the protein composition of grains (Lazzeri and Shewry, 
1993; Shewry et al., 1995). The method most often used for improving the 
technological quality of wheat has been to ~crease the. numbe~ of genes 
expressing HMW-glutenin subunits, while pres.ervmg their ~atu:al 
promoters. This approach has resulted in the generation of transgemcs with 
a higher percentage of glutenin polymers of high molecular weight (Anderson 
et al., 1994; Blechl et al., 1998). . . 

In another series of experiments, the gen~s for ~-glute~, slightly 
modified in number and distribution of cysteme residues, were introduced, 
which helped in controlling the size and type of reticulatio~. of glute~ 
polymers. Similarly, introducing genes whose length of repetitive domains 
has been altered, has made it possible to evalua!e the exact role of the 
hydrogen bonds and to improve o~r unde~st~dmg of the fundamen~al 
mechanisms of the elasticity of glutemns. Preliminary results of such studies 
show that manipulation of functional properties of s~orage proteins of ~ereals 
by genetic means is henceforth possible. This genetic meth~dology wil~ lead 
in the next decade to a better understanding of the rheological properties of 
gluten and dough; this will have a significant impact on the meehanism 
controlling the technological qualities of cereals (Shewry et al., 1995). 

INFLUENCE OF AGROCLIMATIC CONDITIONS ON 
SYNTHESIS AND ACCUMULATION OF PROTEINS 

Like the genetic factors described above~ envir~nmental f~ctors also affect 
the accumulation of storage proteins during gram maturation. 

Influence of Mineral Nutrition and Water Status of the Plant 
Nitrogen is supplied for legumes from the atmosphere fixed nodule bacteria 
(symbiotic fixation) and also from soil by w~y ~f nitrate ta~en up by roots. 
The specific consequences of nitrate absorption m ~e t~rmma~ phas~ of ~e 
cycle of nitrogen nutrition in grains h~ve been studied m pe.a, m ~h1ch 70 Yo 
nitrate nitrogen taken up after flowenng gets concentrated m grams. 



358 Distribution of Nitrogen During Pinnt Growth and Development 

The effect of nitrogen nutrition on accumulation of storage proteins in 
grains has been widely studied in cereals. Relative quantitative variations 
were noticed among the classes of proteins in one investigation, which also 
revealed certain variations in technological characteristics, such as those 
related to malting for example (Benetrix et al., 1994b). 

High nitrogen content of the grain can be due either to better 
remobilisation of nitrogen from the vegetative parts (amino acids arising 
from protein hydrolysis) and/or better and direct nitrogen assimilation. The 
movement of nitrogen from leaves to the ear continues even at later stages 
and differences in protein content of the grain are related to enzymatic 
activities involved in protein degradation. 

Influence of Temperature during Grain-filling: Heat-shock 
Proteins 
Subjecting rains during development to highly elevated temperatures seems 
to influence the composition and quality of he proteins. In both greenhouse 
and field conditions, temperatures above 35°C stimulated synthesis of 
gliadins at the expense of glutenin polymers, thereby affecting the ratio 
between protein monomers and aggregates, which resulted in a bakery dough 
that is more plastic but less cohesive. This response seems to result from the 
presence of heat-shock elements (peptides) synthesised by the altered genes 
responsible for certain gliadins; these heat-shock proteins are analogous to 
those common to many organisms (Blumenthal et al., 1998). 

ROLE AND VALUE OF GRAIN PROTEINS 

Seed is the carrier of genetic information and complex technological factors. 
Since germination is largely conditioned by these factors, one speaks of seed 
'memory'. 

The protein content of the grain exerts significant influence on the rate of 
germination and seedling vigour; high protein concentration in the seed 
increases the activity of the seedling, which is all the more true if the 
environment in which the seedling grows has a low nitrogen supply. 
However, contrary to certain ideas accepted to date, the energy and vigour 
of seedlings in the field do not seem to be affected by the protein quantity in 
the grain when soil nitrogen is abundantly available. The overall degradation 
rate of storage proteins is different for each group of proteins (albumin, 
globulin, prolamin, glutelin) and this degradation occurs in successive steps 
during germination. 

The quantity or composition of grain proteins exerts a significant influence 
on the nutritional and technological qualities of grains. Therefore a better 
understanding of the biosynthesis, accumulation and structure of grain proteins 
cannot but help (aside from safeguarding the germinative value) in better 
management of their utilisation in industry (for food and other requirements). 
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