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CHAPTER 3

region than in the rest of the starchy endosperm. During mill-
ing, this layer sorts with the bran if it remains tightly bound to 
the aleurone cells.

These are just a few examples of how the structural features of 
the wheat caryopsis affect how it is utilized. This chapter reviews 
the development of the wheat grain as well as the structure of the 
mature grain. We have regarded the compiling of this chapter 
as a revision of the equivalent chapters in earlier editions of this 
monograph (Hlynka 1964; Pomeranz 1971, 1988). The authors of 
the earlier chapters called upon their own practical experiences 
and their comprehensive and painstaking study of the literature, 
to which they gave generous credit. We have not, in all cases, 
returned to the original sources but have cited the conclusions 
of our predecessors rather than the evidence by which the con-
clusions were deduced. For a more detailed discussion of these 
topics, the first and second editions are recommended (Hlynka 
1964, Pomeranz 1971). Since those earlier editions, important 
contributions have been made from various microscopic tech-
niques, and we have attempted to include relevant contributions 
from these innovative areas. Molecular and genetic aspects have 
been included in this revision to reflect the advances and op-
portunities that have arisen in recent years, while the inclusion 
of mechanical aspects reflects the progress also made in relating 
grain shape and structure to milling properties.

TERMinoloGY And WHolE- GRAin 
ConsidERATions

Terminology

Many different terms are used to describe the wheat grain 
and its components. The use of precise botanical terms allows 
us to identify and compare homologous structures in all fruits 

The description that follows is based largely on studies of 
common or bread wheat (Triticum aestivum L.). This species, on 
which by far the most research has been conducted, shares many 
morphological characteristics with other wheat species that ap-
pear in commerce. This chapter therefore may be considered a 
useful guide but not a definitive description of species other than 
T. aestivum.

The structure of the wheat grain is important for all aspects 
of utilization, as it determines the grain’s behavior during pro-
cessing. During milling, the grain is mechanically separated into 
various components on the basis of how it is composed structur-
ally. The miller must be able to clearly separate the outer layers of 
the grain and the embryo from the starchy endosperm to produce 
a high yield of white flour. Similarly, variation in grain hardness 
(which is a structural as well as a biochemical feature) affects the 
flour yield, amount of starch damage, and energy requirements, 
as well as many other factors. Other structural features, such as 
the extent of endosperm cell degeneration in the depleted layers 
adjacent to the embryo, have a profound effect on how well and 
efficiently the embryo is removed during milling.

Many structural elements that are established or altered dur-
ing grain development and harvesting affect end- use properties. 
For example, a tightly adherent hull (husk) may lead to dam-
age to the embryo and the outer portion of the caryopsis dur-
ing threshing. These changes could lead to reduced germination, 
impaired storability, and increased susceptibility to insects and 
fungi. The production of excess cell wall material in the outer 
portions of the grain would add nonnutritive mass, whereas in-
creases of cell wall material in the starchy endosperm could be a 
means of adding dietary fiber to white flour in vivo. The distribu-
tion of the components in the grain determines whether they are 
present in white flour produced by milling. For example, storage 
protein is typically much more concentrated in the subaleurone 
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spikelet. It is also branched alternately, bearing a pair of empty 
(or nonflowering) glumes at the base and a series of up to six 
florets in the spikelet. Each floret consists of a pair of pales (flow-
ering glumes), the lower or outer lemma and the upper or inner 
palea, enclosing the ovary and later the caryopsis (Fig. 3.1). At 
the base of the floret next to the lemma is a pair of lodicules that 
swell at the time of fertilization, pushing the floret open and al-
lowing the anthers to emerge on elongated filaments. Floret size 
decreases from the base upward, and the largest grains are usu-
ally in the basal or second florets. Spikelet differentiation starts 
in the middle of the spike and proceeds toward the base and the 
tip. Within the floret, differentiation proceeds from the outside 
inward (Bonnett 1966). The connection between the grain and 
rachilla is called the attachment zone.

External Appearance of the Wheat Grain

ColoR

During caryopsis development, pigments accumulate in 
the persisting inner integument, which later becomes part of 
the ripe seed coat. Ripe wheat caryopses therefore vary from 
light buff or yellow to red- brown according to the absence or 
presence of red pigmentation in this layer. In a true- breeding 
cultivar, the color does not vary, and thus wheats can be con-
sistently classified as red or white. The amber color of some T. 
durum wheats is the result, not of seed- coat pigmentation, but 
of pigments in the endosperm showing through clear seed coats 
and fruit coats. In most wheat- growing countries, one or the 
other color greatly predominates. In the Canadian prairies, the 
Soviet Union, Argentina, and the United Kingdom, red wheats 
are grown almost exclusively. Wheats of both colors are grown 
in Western Europe, and in Turkey the two types are equally rep-
resented. The United States produces five general wheat classes 
(hard red winter, hard red spring, white, soft red winter, and 
durum), based on the color of the grain, hardness of the grain, 
time of planting, and species. Australia produces white wheats 
exclusively. In countries where both colors are grown, each is 
generally confined to its own area.

Color is controlled by three separate genetic loci, and thus 
depth of color can vary among red cultivars (Freed et al 1976). 
Occasionally, notably in some Ethiopian emmer wheats, a purple 
pigmentation in the seed coat has been found. In New Zealand, 
the purple color was introduced into a T. aestivum cultivar, 
Komin, which created interest as a source of exotically colored 
whole- wheat products (Anonymous 1986). Wellington (1956) 
suggested that white wheats permit water entry more readily 
than red wheats and in consequence are more susceptible to 
sprouting. However, King (1984), using isogenic lines differing 
in grain color, found no consistent relationship between color 
and water penetration or germination.

Another variable that affects the perception of grain color is 
the texture of the endosperm. Like pigmentation, this is a stable 
varietal characteristic, but it is also subject to a degree of varia-
tion according to growing conditions or weather conditions dur-
ing ripening (Symes 1961, 1965). Soft endosperm has a chalky ap-
pearance resulting from light scattering at the many air- starch 
and air- protein interfaces that exist in the discontinuous ma-

and seeds. In commercial and technological applications, the 
meanings of some of the terms have become broadened so that 
they are applied less precisely. We use terms that convey precise 
botanical meanings, as explained below. Many of the terms are 
also listed at the end in a glossary.

The wheat grain is sometimes mistakenly described as a seed. 
This is not strictly accurate, as it is in fact a fruit; this is because 
the seed is surrounded by an adherent pericarp derived from 
the ovary wall of the maternal parent. In botanical terms, it is 
a caryopsis, i.e., a single- seeded fruit in which the ripened ovary 
wall is fused with or closely connected to the seed. The grain is 
dry at maturity, is formed from a single carpel, and has no spe-
cial method of opening to liberate the seed. A grain is another 
term for a caryopsis, and the application of this name is equally 
acceptable in both systematic and commercial contexts. It is 
not correct to refer to the grain as a berry (a term used by some 
workers), which is a specific type of fleshy fruit. The term kernel 
also has several different botanical meanings (particularly when 
applied to another dry fruit, the nut) and is not correctly applied 
to the wheat grain. It is therefore not used here.

In botanical parlance, the embryo consists of the scutellum 
and the embryonic axis. To a miller, however, the entire struc-
ture is the germ, consisting of scutellum and embryo. Ironically 
the milling fraction separated as “germ” consists principally of 
embryonic axis. To avoid confusion, we use the botanical termi-
nology in this chapter.

structure of the inflorescence
Wheat grains are borne on a spike, or ear. In the case of 

wheat, the major axis, called the rachis, bears two rows of spike-
lets in alternating order (Fig. 3.1). The rachilla is the axis of a 

Fig. 3.1. The relationship among parts of the wheat spike or ear. A, 
spikelets arranged alternately on the main axis or rachis. B, the struc-
ture of the mature spikelet. Its axis, or rachilla, bears (sterile) glumes 
at its base and florets arranged alternately along its length. In each 
floret, a grain is enclosed between two pales or fertile glumes.
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embryo is located on the dorsal side of the grain. A scar remains 
in the attachment region at the basal end of the grain, while at the 
apical end a tuft of hairs constitutes the brush.

The shape of the grain varies with type and cultivar. One sys-
tem of classification of shapes and surface features is shown in 
Figure 3.4. Variation also occurs in the thickness and width of the 
grain. In cross section, the shape can range from triangular to 
quite evenly rounded. Although shape and size can vary within 
a variety and even on the same spike, the variation is less than 
that among different cultivars. Over 4,000 cultivars are in use in 
breeding programs throughout the world. Within Europe, about 
340 are permitted to be grown (http://www.cpvo.eu.int/module_
tech/), although not all are approved in any one country. In the 
United Kingdom, about 40 are included on a “recommended” 
list, but others are allowed to be grown (http://www.hgca.com). 

trix. The absence of air spaces in the endosperm of hard wheats 
gives the continuous tissue a glassy appearance. Soft, chalky 
endosperm increases the paleness of white wheats and dimin-
ishes the color of red wheats; the reverse is true for hard, vitre-
ous wheats. It is not uncommon for endosperm to contain both 
vitreous and mealy regions; such piebald grains occur among 
both red and white varieties. Vitreous grains have a higher true 
specific gravity than mealy grains. Values quoted include 1.422 
and 1.405 for vitreous and mealy, respectively (Bailey 1916) and 
1.473 and 1.471 for hard and soft, respectively (Chang 1986).

GRAin MoRPHoloGY

The general features of the wheat grain are shown in Figures 
3.2 and 3.3. The gross morphological characteristics are the more 
or less oval shape of the grain and the marked longitudinal furrow, 
or crease, on its ventral side. The crease (shown on the left side of 
the longitudinally bisected grain in Figure 3.2) extends almost to 
the center of the grain, but this is rarely evident when one looks at 
the ventral side of the entire grain because the flanks touch. The 

Fig. 3.3. A, photograph of wheat grain bisected transversely in a cen-
tral plane. (×36.4) B and C, photomicrographs of outer layers of the 
wheat grain sectioned transversely (B) and longitudinally (C). Ep = 
epidermis, Hp = hypodermis, CC = cross cell, TC = tube cell, SC = 
seed coat, NE = nucellar epidermis, Al = aleurone layer, E = starchy 
endosperm. (×200) (Reprinted from MacMasters et al 1971)

Fig. 3.2. Photograph of wheat grain bisected longitudinally through 
the crease. Morphological features are indicated. (×22.5) (Reprinted 
from MacMasters et al 1971)
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tributes within a sample. Dimensions cited for well- filled cary-
opses vary, but limits of 4–10 mm long and 2.5–4.5 mm wide are 
unlikely to be exceeded and may only rarely be reached. Bulk 
density, measured by chondrometric methods, is sometimes re-
ferred to as “specific gravity.” It should not be confused with true 
specific gravity, as measured by pycnometry. The size of grains 
on the same spike varies, with those in the center being the larg-
est. On each spikelet, the two grains nearest the base are heavi-
est, the second from the bottom being slightly larger than the 
one below it (Bremner and Rawson 1978). This reflects the fact 
that grain position determines the supply of nutrients to the de-
veloping grain (Calderini and Ortiz- Monasterio 2003). Soil and 
weather conditions also affect size and shape. Shriveling due to 
frost, pathogens, or other causes can severely reduce width, but 
length is seldom affected (Simmons and Meredith 1979). The re-
lationship between the botanical constituents and the products 
that leave the flour mill is shown in Table 3.1. Note that the rela-
tionship is an ideal one, and, in practice, mutual contamination 
among fractions is inevitable.

Whole- Grain development

Cereal grains, being unsymmetrical structures, can-
not be adequately described by sections in a single plane. 
It is possible to construct three- dimensional images of 
grain development by combining data from multiple 
transverse and longitudinal sections or by using confo-
cal microscopy combined with modern visualization 
techniques, but authors have tended to focus on specific 
tissues and developmental stages. For example, Wegel 
et al (2005) used confocal microscopy and image analy-
sis software to develop models for endosperm develop-
ment, but only for up to about four days after anthesis 
(DAA). As a result, our picture of grain development is 
more a “montage” than a coherent concept.

It is important to be able to precisely define and 
compare the developmental stages studied by differ-
ent workers. Rogers and Quatrano (1983) have defined 
growth stages based on differences in grain morphol-
ogy, size, weight, and embryo development that greatly 
facilitate such comparisons. The relationships between 
stages in the early development of the endosperm and 
embryo have also been reported by Simmonds and 
O’Brien (1981), based on the work of Bennett et al (1973) 
in which the stages were defined with reference to the 
embryo. Stages of endosperm development have also 
been defined by Evers (1970) and adopted in the review 
of Simmonds and O’Brien (1981). More recent studies 
have also identified groups of genes that are active in 
specific stages of development (as discussed in the sec-
tion on gene expression analysis), and these may be used 
in the future to define stages more precisely.

The early stages of rye development have been de-
scribed by Nutman (1939), and his findings are appli-
cable to wheat. Following fertilization, the nucellus, 
integuments, and carpel wall all undergo new develop-
ment simultaneously with the embryo sac. The discon-
tinuous growth of the latter is reflected in growth of the 

Equivalent numbers of licensed varieties may be as high as 600, 
with only 50 being licensed in Canada. The commercial pref-
erence for certain cultivars has led to national and regional 
schemes by which they can be distinguished.

Although accurate identification of individual grains, or 
even single cultivars, cannot be assured by color and gross mor-
phology alone, these features provide a useful basis for prelimi-
nary sorting. Automated image analysis, using geometric char-
acteristics of grains, has already been shown to have potential 
in discriminating among a limited number of cultivars (Zayas 
et al 1986, Sapirstein et al 1987, Shoushe et al 2001). Geometric 
characteristics have also been investigated as a possible guide to 
milling yield (Simmons and Meredith 1979, Novaro et al 2001). 
Determining bulk density, otherwise described as “chondrom-
etry,” is an established, if somewhat unreliable, means of fore-
casting milling yield, as it is clearly affected by the shape and 
size of grains. The main influence appears, however, not to be 
the shape and size per se but the degree of variation in these at-

Fig. 3.4. Some variations in wheat grain morphology. (Reprinted, with per-
mission, from Hervey-Murray 1980)



Development, Structure, and Mechanical Properties of the Wheat Grain x 55

tended chalaza. The wheat ovule is of the afunicular type, with a 
solid block of placento- chalazal tissue connecting its ventral side 
to the pericarp between the emerging points of the integuments. 
Since the endosperm is the tissue most studied and of most in-
terest in relation to grain utilization, the stages defined by Evers 
(1970) have been adopted here as a reference for other tissues. A 
detailed description of endosperm development is given later in 
this chapter, but the final events limiting the phases can be de-
fined as the following: Phase I, formation of the first endosperm 
nucleus; Phase II, cellularization of the layer of endosperm cells 
lining the embryo sac; Phase III, completion of meristematic ac-
tivity; Phase IV, attainment of maximum dry weight; Phase V, 
harvest ripeness.

In Phase I, the endosperm is clearly only a very small part of 
the fruit, whereas at maturity it is by far the largest. The man-
ner in which the changes occur in relative proportions of en-
dosperm, pericarp, and nucellus can be seen from the diagrams 
of transverse sections in Figure 3.5.

At the time of fertilization, the pericarp comprises about 25 
layers of parenchymatous cells bounded on the outside by an 

various envelopes. In the early stages of the most rapid extension 
of the embryo sac, the distal parts of the enclosing cell layers 
elongate by cell growth, and the subsequent less- rapid elonga-
tion of the embryo sac is then accompanied by the development 
of all the coverings of the fruit by means of meristematic zones 
in their basal halves. The carpel wall is at all stages composed 
of cells larger than those of the integuments, and its growth 
proceeds more by elongation (cell growth) than by cell division 
(Bhatnagar and Chandra 1975).

The ovule is composed of an embryo sac embedded in nu-
cellus tissue, which is delineated by the nucellar epidermis. The 
nucellus is surrounded by two integumental layers, the inner of 
which forms the micropyle. The ovule is initially directed verti-
cally upward, but preferential growth of the dorsal side causes 
it to bend. This process is complete before fertilization and, as 
a result, the position of the micropyle is moved by almost 180°. 
Botanically, the change is from an orthotropous to an anatro-
pous condition. One of the most fascinating aspects of the devel-
opment of the grain of wheat and its close relatives is the manner 
in which the crease forms. The contact between the tissues of 
the placenta and the chalaza is intimate and results in a fused 
zone that extends along the ventral side of the grain, leading to 
the formation of the crease (Alexandrov and Alexandrova 1953, 
Frazier and Appalanaidu 1965, Aziz 1972).

In addition to the egg nucleus, the embryo sac contains two 
polar nuclei at the micropylar end and a number of antipodal 
nuclei near the other end. When the ovule is in the final anat-
ropous position, the antipodal cells are positioned at the upper 
ventral side of the embryo sac close to the carpel wall and the ex-

TABlE 3.1 
ideal Relationship Between Botanical Constituents  

and Major Mill Fractions

Grain Component Mill Fractions

Grain (caryopsis)
1. Pericarp (fruit coat)

a. Outer pericarp
Outer epidermis (epicarp)
Hypodermis Beeswing
Thin-walled cells—remnants over most  

of grain, but cell walls remain in  
crease and attachment region;  
includes vascular tissue in crease

b. Inner pericarp
Intermediate cells
Cross cells
Tube cells (inner epidermis) Bran

2. Seed
a. Seed coat (testa) and pigment strand
b. Nucellar epidermis (hyaline layer)
c. Endosperm

Aleurone layer
Starchy endosperm White flour

d. Embryo
Embryonic axis Germ
Scutellum






































Fig. 3.5. Transverse section of wheat grains during matu-
ration, showing the changes in relative proportions of the 
component tissues. (×20, approximately)
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the vascular tissue and the nucellar projection accumulates hy-
drophobic compounds of a corky and waxy nature. The insertion 
of the margins of the nucellar and integumental cuticles into 
this pigment strand completes a water- resistant layer around the 
endosperm and embryo.

MiCRosTRUCTURE oF THE MATURE 
And dEvEloPinG WHEAT GRAin

Caryopsis Coats

PERiCARP

The pericarp is the ripened ovary wall that is dead at harvest 
ripeness. Most of the tissues are devoid of cytoplasm and have 
lignified walls. Under short wave excitation they exhibit autoflu-
orescence (Fulcher and Wong 1980). The pericarp is composed 
of an outer epidermis, hypodermis, parenchyma, intermediate 
cells, cross cells, and tube cells.

Outer Epidermis. The outer epidermis of the pericarp is 
15–20 µm thick (calculated from data of Bradbury et al 1956a) 
and is composed of long, narrow cells (80–300 µm long and 
25–48 µm wide, with walls 3–9.5 µm thick [extremes of values 
cited by Bradbury et al 1956a]) that are arranged alternately. 
End walls may be transverse or oblique and are slightly thinner 
than side walls (Fig. 3.7). Variation in wall thickness is due to 
the thickening of lateral walls but not end walls. The thickening 
is interrupted by pits on both walls that allow communication 
between cells by plasmodesmata. The pitted walls have a beaded 
appearance when viewed by light microscope.

Cell dimensions and shape vary according to cultivar. The 
greatest deviation occurs at the apex, where cells are extended 
into trichomes (hairs; Fig. 3.8) that form the brush. The cells 

outer epidermis and hypodermis and on the inside by a layer of 
chloroplast- containing cells and an inner epidermis. The peri-
carp performs several useful functions: 1) the cuticle on the outer 
epidermis limits water transit; 2) the turgid parenchymatous cells 
constitute a fleshy tissue that provides protection and support 
for the growing seed within; and 3) chloroplast- containing cells 
may conduct photosynthesis as well as storing starch. Within 
the pericarp parenchyma are two lateral bundles and one dorsal 
vascular bundle connecting the base of the grain with the bases 
of the styles at the grain apex. A larger, more elaborate bundle 
runs along the ventral side in the chalazal region (Fig. 3.6). The 
outline of the grain is for the most part convex in transverse sec-
tion, but in the chalazal region it is less rounded, giving an indi-
cation of the furrow that runs along the length of the grain. The 
pericarp has fewer layers, and the vascular tissues are quite close 
to the embryo sac in the furrow, or crease. The pericarp and the 
nucellus are in direct contact in the chalazal region. Elsewhere, 
the outer nucellar surface is surrounded by two integument lay-
ers, each consisting of two layers of cells. The inner integument 
subsequently becomes altered and compressed and forms a color 
layer. Together with its cuticular layers, this forms the seed coat 
(Bradbury et al 1956a). All that remains of the nucellus, except in 
the crease region, are the epidermis and its cuticle.

As maturation proceeds, the endosperm and embryo increase 
in mass and volume. The parenchymatous pericarp tissue adja-
cent to the chlorophyll- containing cells degenerates, proceed-
ing progressively outward and eventually involving the lateral 
and dorsal vascular strands. Pericarp degeneration proceeds at 
a faster rate than endosperm enlargement during Phases II and 
III and results in a space between the remaining inner and outer 
layers of the pericarp. Phase IV is typified by rapid accumulation 
of storage reserves and the expanding endosperm stretching and 
crushing the closely surrounding tissues. The crease region is 
exceptional in that tissues do not become crushed and nucellar 
cells remain as a pillar of tissue running along the inner mar-
gin of the crease. Vascular tissues and associated parenchyma in 
the crease region do not degenerate as in other regions. During 
Phases III and IV, a cylindrical shaft of these cells lying between 

Fig. 3.6. Relationships among ovule, rachilla, and vascular traces be-
fore anthesis. (Adapted from Aziz 1972)

Fig. 3.7. Light micrograph of the outer epidermis of the pericarp. 
(×200) (Reprinted from MacMasters et al 1971)

Fig. 3.8. Scanning electron micrograph of brush hairs. Note the spi-
ral sculpturing. Bar represents 40 µm.
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parenchyma, which it surrounds, than with the epidermis. 
Percival (1921) did not recognize a hypodermis but referred to 
“one or two layers of thick- walled parenchyma.”

Thin- walled parenchyma cells lie below the hypodermis. The 
crease region has several layers of parenchyma that contain the 
conducting tissues through which nutrients reach the caryopsis. 
The parenchyma persists to maturity in the crease and at the 
base of the grain almost to the attachment point, where the cells 
are isodiametric. Bradbury et al (1956a) described many- sided 
cells that were joined to each other by short tubular projections. 
Molds were frequently found in this area. A specialized region 
of thick- walled cells exists between the xylem of the rachilla and 
the vascular tissues of the pericarp. It is divided along its length 
when the grain becomes detached and extends for about 0.5 mm 
into the grain. It consists of thick- walled cells surrounded by sieve 
elements and transfer cells (Zee and O’Brien 1970a). Elsewhere, 
few fragments of cell wall remain, and the thin- walled cells cer-
tainly do not constitute a complete layer. As a result of the de-
generation of parenchyma cells, a discontinuity exists between 
the hypodermis and the cell layer inside the parenchyma, the 
cross cells. The epidermis and hypodermis are thus attached to 
underlying tissues only at the crease; elsewhere they form a loose 
wrapper that some authors call the outer pericarp (Bradbury et 
al 1956a). Fungal mycelia are often found between the outer and 
inner pericarp, but in the ripe fruit they are presumed to be dead 
(Bradbury et al 1956a). The outer pericarp is easily detached and, 
because of its pale membranous appearance, is known to millers 
as “beeswing.”

The thin- walled parenchyma is an important tissue during 
grain development. It is 15–20 cells deep at anthesis, serving as a 
protective and supportive structure for the growing endosperm 
and embryo. Abundant starch granules of fairly consistent shape 
and size are present. They are responsible for the opalescent ap-
pearance of the young caryopsis. The cells that ultimately be-
come the hypodermis are indistinguishable from those within, 
while the epidermis is clearly different, having no starch and 
comprising smaller cells. Progressive thickening of the cell walls 
increasingly distinguishes the hypodermal layer from the re-
mainder of the parenchyma.

The stages of degeneration of the parenchyma of the pericarp 
have been illustrated by Simmonds and O’Brien (1981; Fig. 3.10). 
Degeneration begins early, during the coenocytic phase of en-
dosperm development, in the layers close to the inner  epidermis 

from which trichomes protrude are more nearly square than 
other cells of the layer. The hairs of most wheats are 0.5 mm or 
more long, each tapering from a bulbous base to a pointed end, 
and are hollow in the mature grain. Trichomes have spiral sculp-
tured surfaces, characteristic of each cereal species (Bennett and 
Parry 1981). The lumen varies from 1.5 to 6.0 µm in diameter. 
The remains of the styles may be found among the trichomes 
(Percival 1921).

The epidermis is a complete layer without intercellular spaces 
that covers the entire grain surface except for the point of at-
tachment to the rachilla. Although cuticularized, the epidermis 
offers little resistance to penetration by water in mature wheat; 
after immersion for only a few minutes, the grain mass increases 
by 4–5% as a result of water entering the capillary- like tissues 
of the pericarp (Hinton 1955). The cuticle is particularly thin in 
the region of the embryo (Bradbury et al 1956a). Water enters 
into the seed itself at this point (Hinton 1955) or at the inter-
face between embryo and bran on the dorsal side (Stenvert and 
Kingswood 1976). Stomata were found by Bradbury et al (1956a) 
and Cochrane and Duffus (1979). About 20 stomata were found 
in each grain examined by Lee and Atkey (1984); these were lo-
cated close to the brush on the crease side. Stomata were all open 
during the cell division phase of endosperm development, and 
even at maturity 25% of them remained open. Cracks in the cu-
ticle at maturity accounted for the lack of resistance to water at 
this stage (Lee and Atkey 1984).

Evolutionary changes in the nature of epidermal cells were 
studied in progenitors of hexaploid wheats. Cell size increased 
as the ploidy level increased (Banerjee and Chauhan 1981). 
Evolutionary changes in brush hairs, on the other hand, have 
included a reduction in length (Bennett and Parry 1981). The 
length of brush hairs remains a consistent varietal character 
and may function in cultivar recognition schemes along with 
the shape of the area bearing them (e.g., Hervey- Murray 1980). 
Initially, the entire ovary surface is covered by hairs, but as the 
grain enlarges, it does so by cell division and extension at the 
embryo end, leaving the original trichome- covered surface at 
the apex (Bhatnagar and Chandra 1975). Various functions have 
been suggested for the hairs, including brushing pollen from the 
anthers, reducing water loss, protection against herbivores or 
insect pests, or maintenance of a cool surface (by analogy with 
a supposed function of hairs on leaves). Electron microprobe 
studies (Bennett and Parry 1981) showed silicon to be present in 
trichome walls, the greatest concentration being in the tips.

Few studies have concentrated on the development of the 
pericarp epidermis. The development of the cuticle has not 
been described, and the time of its origin can only be specu-
lated upon. The cuticle of the inner epidermis is present at an-
thesis (Morrison 1975), and this probably applies to the outer 
cuticle also. Thickening of cell walls is well advanced by halfway 
through grain development (i.e., toward the end of the cell divi-
sion phase of endosperm development) (Percival 1921).

Hypodermis and Thin- Walled Parenchyma. The mature 
hypodermis lies below the epidermis and, together with the epi-
dermis and remnants of the thin- walled parenchyma, forms the 
outer pericarp. The hypodermis is similar in structure and ap-
pearance to the mature epidermis (Fig. 3.9), but during develop-
ment the hypodermis has more in common with the thin- walled 

Fig. 3.9. Scanning electron micrograph of the underside of the hypo-
dermis. Bar represents 100 µm.
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(Frazier and Appalanaidu 1965). A third trace on the dorsal side 
of the grain ends just before the top of the carpel. The vascular 
traces persist through parenchyma degeneration in spite of the 
fact that the cells immediately surrounding them have decayed. 
The development of the dorsal and lateral bundles was described 
by Aziz (1981). The first protophloem element is initiated in the 
base of the carpel and differentiates acropetally into the carpel 
and basipetally to join the more mature phloem elements in the 
axis. The major conducting tissue arises in the attachment re-
gion of the carpel (along the top of the crease). The protophloem 
and protoxylem elements appear much later in this strand than 
in the other three. The development of this bundle has been de-
scribed in rye by Nutman (1939) but not, to our knowledge, in 
wheat. Before fertilization, it terminates just above the point of 
attachment of the ovary to the rachis. Meristematic activity, fol-

lowed by differentiation and growth in the carpel wall 
in this area, leads to extension of the vascular tissue al-
most to the distal tip of the grain in the chalazal region. 
The growth of the vascular tissue is accompanied by 
that of other tissues in the chalazal region, including 
the surrounding parenchyma and the nucellus.

The vascular strand in wheat is complete early in 
the cell division phase of endosperm development. It 
consists of a ring of three or four groups of vascular 
elements, with the median axial one being the most 
prominent. The other elements bear more resemblance 
to the dorsal and lateral strands than to the median 
axial one, of which they may be branches (Aziz 1972). 
Much detail, some of which may be relevant to wheat, 
is provided for rice by Hoshikawa (1993).

Attachment Region. The modified vascular region 
at the point of attachment creates a physiological discon-
tinuity in the xylem and may be a means by which con-
trol is exerted over water and solutes entering the grain. 
Zee and O’Brien (1970a) obtained evidence for this con-
trol from experiments in which dyes were used in solu-
tions transmitted from the rachilla. Other floral parts, 
not separated from the rachilla by xylem discontinui-
ties, were dyed, but no dye migrated to the endosperm. 
Cellular details of the region at unspecified stages of 
development were described from light and electron 
micrographs by Zee and O’Brien (1970a). Abundant ri-
bosomes were present, as were microtubules. Plasmo-
desmata were found in pits on the thickened walls. The 
composition of the wall thickening was not identified, 
but distinct lamellation was characteristic. The cells 
were regarded as tracheary elements, in some of which 
differentiation had been incomplete. The authors specu-
lated that the elements may provide a means of trans-
ferring solute from xylem to sieve tubes. Transfer cells 
were present in both the attachment region and the nu-
cellar projection. Transfer cells also occur elsewhere in 
the plant at the nodes of ears (Zee and O’Brien 1971), the 
coleoptile node (O’Brien et al 1970), and the nodes of 
the stem (O’Brien and Zee 1971).

Wang et al (1994) and Wang and Fisher (1994a,b) 
used fluorescent dyes to study the post- phloem trans-
port pathway in developing grain. They showed high 

but does not include the innermost layer, the cross- cell layer, 
which persists to maturity. The first indication of impending 
degeneration is a breakdown in the regular array of cells due to 
dissolution of their middle lamellae (as in rye [Simmonds and 
Campbell 1976]). Disruption proceeds outward during the cell di-
vision phase of endosperm development, releasing cell contents, 
including starch granules, into empty space. By the time the en-
dosperm reaches maximum dry weight, few intact, unthickened 
pericarp cells remain. The α- amylase and proteinase present 
presumably catalyze the hydrolysis of the cell components in the 
pericarp (Banks et al 1972, Evers and Redman 1973). The fates of 
the products have not been identified; they may contribute to cell 
walls of the nucellus, testa, and endosperm (Watson 1985).

Vascular Tissues. Two lateral vascular traces run axially 
through the parenchyma and supply nutrients to the stigmas 

Fig. 3.10. Light micrographs of transverse sections of pericarp showing its 
degeneration during grain development. Letters in lower-right-hand corners 
indicate time sequence. Other letters: A = aleurone, CC = cross cells, E = outer 
epidermis, IE = inner epidermis, II = inner integument, N = nucellus, NE = nu-
cellar epidermis, OI = outer integument, P = parenchyma, S = starch. Bars for 
parts A–C = 100 µm; bars for parts D–G = 50 µm. (Reprinted from Simmonds 
and O’Brien 1981)
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give the green color to the immature grain. The transparent outer 
layers and the starch- filled parenchyma allow light to penetrate. 
Evidence that photosynthesis in the pericarp takes place by a 
different chemical pathway from that in the leaves came from 
the presence of enzymes characteristic of the C4 pathway in the 
pericarp of wheat and barley (Duffus 1979). More recent work 
has suggested that, although present, these enzymes have a non-
photosynthetic function (Watson 1985). Radley (1976) suggested 
that a factor that limits photosynthetic rate is gaseous exchange; 
removal of the outer pericarp resulted in a 10- fold increase in 
14CO2 uptake from the atmosphere. The limitation may apply to 
the entry of CO2 or removal of O2 (Cochrane and Duffus 1979).

Morrison (1976) reported the cytological changes occur-
ring in cross cells during development. Chloroplasts were pres-
ent in cross cells (and tube cells) at ear emergence and, by the 
time that anthesis occurred, thylokoids were well developed. In 
the early stages (when the endosperm was in the free- nuclear 
division phase), no starch accumulated in cross cells, although 
it was present in the adjacent parenchyma. Later, about halfway 
through the cell- division phase of endosperm development, 
starch appeared in the cross cells and persisted to the end of this 
phase (Fig. 3.14). Its appearance here coincided approximately 
with its disappearance in the adjacent parenchyma. Healthy 
chloroplasts also persisted until the same time. A little later, 
the color changed from green to yellow, and senescence was de-
tected with electron microscopy. Plastoglobuli increased; walls 
thickened as a result of lignin deposition; and starch granules 
disappeared. The maintenance of plasmodesmata between cells 

resistance to solute movement in the apoplast as early as the 
middle of the linear phase of grain filling (25 DAA) and con-
cluded that photosynthate transfer occurs via the symplast to 
the nucellar projection, where membrane exchange to the en-
dosperm cavity takes place.

Intermediate Cells. Intermediate cells lie just below the thin-
 walled parenchyma cells at the brush and embryo ends, but they 
do not form a complete layer. The shape of their outline is vari-
able, with some cells having a scalloped edge. They have not been 
studied in depth, and their origin is not clear, although they may 
represent a second cross- cell layer (Winton and Winton 1932). 
Although variable in size, some are equivalent to two or three 
cross cells. Some walls between adjoining cells are pitted, but 
the thickness of the walls has not been given. Intermediate cells 
occur principally at both ends of the grain, where they form an 
open tissue since they possess numerous projections that con-
nect other intermediate cells with the cross cells (Bradbury et 
al 1956a).

Cross Cells. Cross cells and tube cells are found only in 
grasses (Rost and Lersten 1973). Cross cells are located interior to 
the intermediate cells, with their long axes lying at right angles to 
the long axis of the grain. The cells measure 100–150 µm long by 
15–20 µm wide and 10–15 µm thick (extremes of values cited by 
Bradbury et al 1956a) with a rectangular cross section. The cross 
cell layer is the only layer of pericarp with this orientation, al-
though some testa and nucellar cells are similarly oriented (Evers 
and Reed 1988). Unlike the outer epidermis, in which cells alter-
nate, the cross cells are arranged in short rows, giving rise to a 
banded appearance easily recognized under the light microscope 
(Fig. 3.11). The layer does not extend across the top of the crease 
but stops short on both sides of the vascular tissue. Intercellular 
spaces do not exist except at the brush end (Fig. 3.12) and over the 
tip of the embryo, where cells are irregular in shape and may have 
knoblike projections on the outer walls (Bradbury et al 1956a). 
End walls are thinner than lateral walls, and both types are pit-
ted. Thickening around pits produces deep sculpturing (Fig. 3.13), 
with riblike projections shown clearly by scanning electron mi-
croscopy (SEM) and light microscopy. The thickness of the layer 
varies according to the amount of pressure exerted during devel-
opment and hence may vary over the grain surface and among 
caryopses of different sizes (Bradbury et al 1956a).

Cross cells have received detailed attention by both light and 
electron microscopy, particularly because they, and to a lesser 
extent the tube cells, are the photosynthetic cells (chlorenchyma) 
of the developing caryopsis. The chloroplasts that they contain 

Fig. 3.11. Light micrograph of cross cells. (×100) (Reprinted from 
MacMasters et al 1971)

Fig. 3.12. Scanning electron micrograph of modified cross cells at the 
brush end of a wheat grain. Bar represents 400 µm.

Fig. 3.13. Scanning electron micrograph of the inside surfaces of the 
inner walls of cross cells. Note the pitting. Bar represents 20 µm.
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intercellular spaces are large, even where the cells are concen-
trated. At both ends of the grain, the cells are shorter, rectangu-
lar in section, and without intercellular spaces.

The incompleteness of the coverage of tube cells at maturity 
is usually explained as a result of growth of the endosperm with-
out an accompanying expansion of the tube cells. Percival (1921) 
describes the cells as being “torn asunder,” but Morrison (1976) 
reported “ordered changes” by which the large, uncovered areas 
arise.

Morrison’s study showed that chloroplasts are present in 
tube cells as well as in cross cells early in development. His study 
followed development from before anthesis, when a short- lived, 
thin, cuticle- like membrane covered the wall adjacent to the cross 
cells of the inner epidermis. Chloroplasts were detected a little 
later than in the cross cells, although starch granules appeared 

earlier. Separation of the tube cells from one an-
other and from cross cells began as early as a few 
days after anthesis. Before the end of the cell di-
vision phase of endosperm development, the epi-
dermis had been reduced to a narrow band on the 
dorsal side. At the same time, tube cells appeared 
to become cemented to the outer cuticle of the 
underlying seed coat (Fig. 3.17). Although early 
signs of cytological degeneration were observed 
at the end of the cell- division phase, plasmodes-
mata remained at points of contact between tube 
cells themselves and between tube cells and cross 
cells. Degeneration in tube cells was more rapid 
than in cross cells. Blue- green staining with tolu-
idine blue indicated the presence of lignin in the 
walls of the degenerated cells.

sEEd CoAT And PiGMEnT sTRAnd

The seed coat and the pigment strand are not 
the same tissue, but together they provide a com-
plete covering around the seed. They function 
cooperatively in the later stages of development 
and at maturity to control the water relations 
between the enclosed seed and its surroundings. 
Red- brown pigmentation is present in both the 
seed coat and pigment strands in red wheats, 
whereas in white wheats it is absent from both. 
The seed coat (sometimes called testa) of wheat 
is derived from the integuments. The pigment 
strand lies between the nucellar projection and 
the vascular tissues of the crease.

Seed Coat. The seed coat of wheat is the out-
ermost layer of the true seed. Its cells are 100–191 
µm long by 9–20 µm wide and 5–8 µm thick (ex-
tremes of values cited by Bradbury et al 1956a). 
Although an important botanical distinction 
exists between seed coat and fruit coat, they are 
physically united, with the innermost tissues of 
the pericarp adhering firmly to the cuticle on 
the outer surface of the seed coat. The cuticle ad-
heres to the cross cells where gaps between the 
tube cells occur. The seed coat does not cover the 

of this layer possibly provides a route for transport of mobilized 
reserves to the chalazal region for further transfer to the devel-
oping endosperm. There is no experimental evidence of this oc-
curring, however.

Tube Cells. Tube cells, which form an incomplete layer, con-
stitute the inner epidermis of the pericarp. Apart from randomly 
sited individual cells, tube cells are confined to a narrow band on 
the dorsal side, spreading to provide complete coverage over the 
embryo and brush ends. The long axes of cells run parallel to the 
grain’s own axis. Typically, tube cells are elongate and knobbly 
in outline, with a length of 120–130 µm, a width of 12–15 µm, 
and a thickness of 5–10 µm (Figs. 3.15 and 3.16) (Bradbury et al 
1956a). They have also been described as vermiform and hypha-
 like (Percival 1921) and are flattened as a result of pressure from 
the expanding endosperm. Except over the tips of the caryopsis, 

Fig. 3.14. Transmission electron micrograph of cross cells 10 days after anthesis. C = 
chloroplasts with starch, V = vacuole. Arrows indicate plasmodesmata. Bar represents 
3 µm.

Fig. 3.15. Light micrograph of tube cells on dorsal side of grain: cross cell layer be-
hind. (×200) (Reprinted from MacMasters et al 1971)

Fig. 3.16. Scanning electron micrograph of the inner surface of tube cell layer overlay-
ing the embryo. Bar represents 40 µm.

Fig. 3.17. Transmission electron micrograph of section of a tube cell (TC) 10 days 
after anthesis. Arrows indicate amorphous material that “cements” tube cells to the 
underlying cuticle of the seed coat. Bar represents 3 µm.



Development, Structure, and Mechanical Properties of the Wheat Grain x 61

under the style, and in the region extending from the micro-
pyle to the base of the crease (Bradbury et al 1956a). The thinnest 
portion overlies the embryo (Pugh et al 1932), a feature that is 
possibly related to the need for this area to be ruptured when 
germination occurs (Symons et al 1984).

Mechanical separation of the seed coat into its component 
parts is extremely difficult; hence, the details of the cell structure 
and its variation over the surface are not well documented using 
light microscopy. The cells of the two layers have been described 
as crossing each other at an acute angle (Bradbury et al 1956a). 
SEM observations on the U.K. red wheat cultivar Avalon have 
shown that cells in one layer can lie at angles of up to 90° from 
each other (Fig. 3.19). In the crease region, the inner seed coat 
layer inserts into the pigment strand at right angles to the direc-
tion of the crease (Fig. 3.20) but changes to an oblique direction 
a short distance away from the pigment strand. Similarly, cells of 
the outer color layer appear to lie predominantly parallel to the 
crease but become increasingly oblique as their distance from 
the pigment strand increases. In the crease region, the cells of the 
inner seed coat layer have a wrinkled profile. Seed coat cells are 
less compressed in the crease region at the grain ends than else-
where over the surface (Fig. 3.21). They are flattened over most 
of the surface, but close to the micropyle, lumina may remain. 

entire surface of the seed because it stops short on either side of 
the crease. However, the space in the crease is occupied by the 
pigment strand, which runs along the chalazal region just inside 
the conducting tissue. There are several layers in the seed coat. 
Beneath the cuticle lie two layers of cells (Fig. 3.18) that are so 
thin and so compressed that they appear as one and in fact are 
collectively referred to as the color layer. This is where the pig-
ment resides in the case of red wheats, but it is also called the 
color layer in white wheats, which is confusing.

The color layer of both red and white wheats contains de-
posits of oily or corky material (Bradbury et al 1956a). The pig-
ment in the color layer of red wheats has not been identified, but 
Miyamoto and Everson (1958) extracted the polyphenolic com-
pounds catechin and catechin tannin from seed coats of imma-
ture grains that had not yet developed their red color. Catechin 
tannin has been proposed as a precursor of the reddish brown 
phlobophene, which may represent the pigment in mature seed 
coat. A fourth, extremely thin pseudolayer, which gave a posi-
tive test for both pectic material and cellulose in the red vari-
ety Pawnee, was found between the cuticle and the color layer 
(Bradbury et al 1956a). This was not a true layer but represented 
the outer wall of the outer cell layer, which had separated as a 
result of sulfuric acid treatment. The cuticle bears impressions 
of the cell walls of the adjacent cell layer on its inner face. On its 
outer face, impressions of the tube cells and cross cells are also 
prominent. The structure of the seed coat was investigated in 
the white cultivar Gabo by Morrison (1975), using transmission 
electron microscopy. The cuticle was composed of three distinct 
regions: an outer cutin layer, a reticulate region immediately 
within it, and a nondescript innermost region (Fig. 3.17). There 
is also a cuticle on the inner surface of the color layer that was 
widely thought to arise from the seed coat. The two layers di-
verge in the crease region, however, and Nutman’s interpretation 
(1939) that the inner cuticle belongs to the underlying nucellar 
layer was confirmed (Morrison 1975).

Both cuticles are clearly revealed by staining with Nile blue 
A and examining with appropriate fluorescence optics (Fulcher 
and Wood 1983). Both the seed coat itself and its cuticle vary in 
thickness. The thickest portions are in the crease, at the apex 

Fig. 3.18. Scanning electron micrograph of the seed coat. Cuticle (C) 
has been separated from the cellular layers and folded back. Part of 
the outer cellular layer (O) has remained with the cuticle, thus reveal-
ing the inner cellular layer (I), whose cells lie at right angles to those 
of the outer layer. Bar represents 40 µm. (Reprinted from Evers and 
Reed 1988)

Fig. 3.19. Scanning electron micrograph of the inner surface of the cu-
ticle of the seed coat. The cellular pattern of the outer cell layer is “trans-
ferred” onto the cuticle, and variable orientation of cells is apparent. Bar 
represents 40 µm. (Reprinted from Evers and Reed 1988)

Fig. 3.20. Scanning electron micrograph of the inner surface of the 
seed coat where it inserts into the pigment strand (*). The long axis 
of the inner cell layer of the seed coat is almost at right angles to the 
axis of the pigment strand (arrow). Bar represents 100 µm. (Reprinted 
from Evers and Reed 1988)
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the embryo surface. A small disk- shaped area corresponding in 
position to the micropyle, through which pollen gains access to 
the ovum, can be seen under the microscope (Fig. 3.23). This is 
unpigmented but is surrounded by a particularly deep brown 
annulus, a condition that has led to the interpretation that the 
color layer is turned back around the clear area (Pugh et al 1932). 
A thin cuticle overlies the micropyle. A close relationship ex-
ists between the micropyle and the plug of tissue at the end of 
the coleorhiza known as the embryonic appendage (Briggs 1978) 
or the coleorhizal papilla (Symons et al 1984; see embryo sec-
tion) (Fig. 3.24). Norstog (1972) reported that (in barley) the en-
tire embryo became surrounded by modified aleurone cells, but 
subsequent studies suggest this is not the case over the papilla in 
wheat (Evers and Reed 1988). The long axes of the outer cell layer 
of seed coat converge around the micropyle, while those cells in 
the inner layer lie at right angles, leading to a concentric appear-
ance (Fig. 3.25).

By definition, the seed coat develops from the integuments 
that surround the nucellus at the time of fertilization. Two in-
teguments develop as leaflike outgrowths from the chalaza. 
The chalaza in wheat extends along that line of contact between 
ovule and carpel wall to become the crease. It is in the chala-
zal region that the pigment strand develops, and thus the two 
structures are closely related in origin. The water resistance of 
the testa is thought to be due more to the properties of the cuticle 
than to the accumulated contents of the color layer cells, and, 
possibly for this reason, a study by Morrison (1975) concentrated 
on the cuticular structure. In the pigment strand, no cuticle is 
present, and permeability thus depends on the contents of the 
cells. Zee and O’Brien’s study (1970b) covered all aspects of pig-
ment strand development.

Morrison (1975) confirmed earlier conclusions that the ma-
ture seed coat comes from only the inner integument and that the 
outer integument degenerates early in development. It is difficult, 
however, to envisage how the double leaflike structure of the testa 
might develop from a single leaflike integument. Perhaps this is 
an area where more research will improve our understanding.

Globular encrustations on cell walls are particularly prominent 
at this point (Fig. 3.22; Evers and Reed 1988).

The structure of the seed coat where it overlies the embryo is 
brittle; it is particularly susceptible to breakage, partly because 
of the lack of support resulting from the space between it and 

Fig. 3.21. Scanning electron micrograph of seed coat cells with a 
rounded profile near the insertion to the pigment strand (arrow) at 
the brush end of the grain. Bar represents 40 µm. (Reprinted from 
Evers and Reed 1988)

Fig. 3.22. Scanning electron micrograph of globular deposits inside 
cells of the seed coat. Bar represents 4 µm. (Reprinted from Evers and 
Reed 1988)

Fig. 3.23 (left). Light micrograph of the micropylar area of acid-treated seed 
coat. (×250) Arrow indicates margin of the cuticle. (Reprinted from MacMasters 
et al 1971)

Fig. 3.24 (right). Light micrograph of a longitudinal section through embry-
onic appendage (coleorhizal papilla). (×200) RC = root cap, TCr = tip of co-
leorhiza, SC = seed coat in micropylar region. (Reprinted from MacMasters et 
al 1971)

Fig. 3.25. Scanning electron micrograph of the 
inner surface of the loose tissues overlying the em-
bryo. Cell axes of the inner testa layer run at right 
angles to those of the outer layer, which radiate from 
the micropylar area (arrow). Tube cells retaining 
a square section (i.e., relatively uncrushed) are ex-
posed at the top left of the picture. Bar represents 40 
µm. (Reprinted from Evers and Reed 1988)
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indistinguishable from other parenchymatous cells of the peri-
carp in the region during the free- nuclear phase of endosperm 
development. Zee and O’Brien (1970b) stressed that the changes 
in pigment strand cells were not synchronous. The cell walls, in 
addition to becoming lignified, acquired deposits of an adcrust-
ing material (Zee and O’Brien 1970b) of complex but unknown 
composition and origin. Pigment strand cells accumulated su-
danophilic material in vacuoles and in the protoplast, and stain-
ing with dyes of the Sudan series suggested that the material 
contained lipids (Fig. 3.28). Electron- dense, probably suberized, 

Morrison (1975) observed that osmiophilic, cuticle- like mem-
branes overlaid both sides of both integuments as well as being 
present on the adjacent faces of the inner epidermis of the peri-
carp and the nucellar epidermis. Double cuticles thus occurred 
at all interfaces involved. By the end of the free- nuclear phase of 
endosperm development, the outer integument and its cuticular 
membranes had degenerated. A few days later, the cuticle on both 
the inner epidermis of the pericarp and the outer integument had 
completely disappeared, leaving the outer surface of the inner 
integument at the interface of the pericarp; therefore, the outer 
cuticle originated from the inner integument. The cuticle on the 
inner cell layer of the inner integument also degenerated, leaving 
the cuticle on the nucellar epidermis to become the inner cuticle. 
The thickening of the cuticles and crushing of the seed coat and 
nucellus coincided approximately with the end of the cell divi-
sion phase of endosperm development. Percival (1921) referred 
to the accumulation of the oily or resinous substances that color 
the seed coat during the ripening stage. It is manifested as the 
color changes in grain during ripening. The pressure exerted by 
the endosperm during the phase of cell expansion results in all 
layers of the seed coat becoming compressed.

Pigment Strand. The pigment strand consists of a ragged 
cylinder of cells with lignified walls and oily or suberized con-
tents (Fig. 3.26). The strand lies between the vascular conducting 
tissue and remnants of the nucellus in the crease (Fig. 3.27). The 
structure of the strand in white wheats is similar, but it is not 
distinguishable by color. Cells are elongated in the direction of 
the crease, and a transverse section of a caryopsis shows 100–200 
cells to be present. The cell walls have distorted shapes, resem-
bling a jigsaw puzzle (Bradbury et al 1956a). The dense contents 
of the cells are perforated by tiny holes less than a micrometer in 
diameter (Zee 1975). The pigments present in the pigment strand 
have not been identified.

Krauss (1933) showed that differentiation of the strand fol-
lowed a period of mitotic activity, which is consistent with the 
early development in the pericarp. Pigment strand cells were 

Fig. 3.26. Light micrograph of the pigment strand in transverse sec-
tion of a grain 42 days after anthesis. Arrows indicate adcrusting 
substance. DC = degenerating cytoplasm, C = cuticles of testa and 
nucellus. Insert: transverse section of mature pigment strand. Bar 
represents 20 µm; inset bar represents 70 µm. (Reprinted, with per-
mission, from Zee and O’Brien 1970b)

Fig. 3.27. Relationships of tissues in the crease. The rectangle marked 
in A is shown in detail in B. AL = aleurone layer, NP = nucellar pro-
jection, P = pericarp, PS = pigment strand, VB = vascular bundle. 
(Reprinted, with permission, from Zee and O’Brien 1970b)

Fig. 3.28. Transmission electron micrograph of pigment strand 36 
days after anthesis. AD = adcrusting substances, PS = plastid, VS = 
vacuolar bodies in which lacunae are marked *, W = wall. Bar rep-
resents 1 µm. (Reprinted, with permission, from Zee and O’Brien 
1970b)
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endosperm and the seed coat in the mature caryopsis (Fig. 3.29). 
A shaft of tissue, designated the nucellar projection, runs along 
the top of the crease on the inner side of the pigment strand (Fig. 
3.27). The nucellar tissues together completely surround the en-
dosperm and embryo, although only vestiges of these cells may 
be present at the embryo tip. Most of the nucellus degenerates 
during development, leaving only the epidermis, which becomes 
compressed. The only evidence of cell cavities in the nucellus at 
maturity is a faint line between tangential walls (Fig. 3.30). The 
tangential walls have a pattern of convolutions at right angles to 
the long axis of the cell. The nucellar cells vary widely in size: 
30–200 µm long, 15–40 µm wide, and 12–20 µm thick (estimates 
from published micrographs). On the outer surface of the epi-
dermis is a cuticle about 1 µm thick. Between the nucellar layer 
and the aleurone layer of the endosperm lies an amorphous layer 
that probably corresponds to the remnants of the nucellar cells 
once present between epidermis and embryo sac. Norstog (1974) 
referred to a nucellar lysate in developing barley. Although de-
tectable by light microscopy, this layer in the mature grain was 
more clearly revealed by SEM (Evers and Reed 1988). Water 
penetrates very slowly on the flanks of the crease (Stenvert and 
Kingswood 1976), and the possibility that the lysate acts as a water 

barrier has not been studied. The associa-
tion between nucellar epidermis, lysate, and 
aleurone layer is an intimate one, and deep 
impressions of aleurone cells remain in the 
nucellar tissues after separation (Fig. 3.30). 
The epidermis is a difficult tissue to separate 
by dissection. Winton and Winton (1932) re-
sorted to boiling the grain or transferring it 
from 1% NaOH to acetic acid before staining 
with Saffranin or chlor- zinc iodide to reveal 
that cells were isodiametric or longitudi-
nally elongated. Examination by SEM has 
shown that cell orientation varies over the 
grain surface. The long axes of the cells are 
parallel to the grain axis on the dorsal side, 
but on either side of the crease the long axes 
lie nearly at right angles to the grain axis.

The nucellar epidermis inserts into the 
nucellar projection as a fringe of narrow cells 
with transverse ridges inside the walls (Fig. 
3.31). Smart and O’Brien (1983) detected fine 
wall ingrowths in nucellar epidermal cells 
abutting the crease aleurone, and Cochrane 
(1983) referred to transfer cells in the nucel-
lar projection.

At the time of fertilization, the nucellus 
consists of a bulky tissue ventral to the em-
bryo sac and a rather thin layer elsewhere. 
It grows by cell extension in the early stages 
in a way similar to that of the integuments 
and pericarp. An intercalary meristem at 
the base of the vascular strand provides for 
further nucellar growth and gives rise to the 
nucellar projection along the length of the 
crease. Nutman (1939) considered that the 
degeneration of the antipodals was respon-

substances also accumulated on the cell walls outside the pit 
fields. The changes throughout maturation can be reconciled 
with the changes in physiological requirements of the growing 
and ripening seed. Zee and O’Brien (1970b) suggested that, be-
fore cutinization of the seed coat, solutes pass symplastically and 
apoplastically across the seed coat and chalaza. Later, cutiniza-
tion of the seed coat and adcrustation of the chalazal cell walls 
restrict the apoplastic route but nevertheless allow rapid influx 
via the symplast. Further adcrustation progressively eclipses 
plasmodesmata, leaving only the tortuous and restricted route 
via channels in the lignified walls. This view has the support of 
Sofield et al (1977) and of Barlow et al (1980), who found that, in 
water- stressed plants, lipid deposition in cell walls and within 
cells of the pigment strand occurred earlier and to a greater ex-
tent than in unstressed plants. The authors were unsure as to 
whether this was a response to stress that accelerates ripening or 
a secondary effect of premature ripening.

nUCEllAR lAYER And nUCEllAR PRoJECTion

The nucellus, represented in the mature grain by a single 
crushed layer of empty epidermal cells, is located between the 

Fig. 3.29 (upper left). Scanning electron micrograph of the inner surface of the nucel-
lar epidermis. Note the convoluted surfaces of the cells (arrow). Bar represents 40 µm. 
(Reprinted from Evers and Reed 1988)

Fig. 3.30 (upper right). Scanning electron micrograph of the inner surface of the nucellar 
epidermis. The convolutions (large arrow) are seen on the inner walls of cells where they 
are not overlaid by nucellar lysate (L). Removal of part of the nucellar tissues has revealed a 
cut edge, expanded where a cross wall occurs (small arrow), and the inner cell layer of the 
testa (T). Bar represents 20 µm. (Reprinted from Evers and Reed 1988)

Fig. 3.31 (lower left). Scanning electron micrograph of a fringe of nucellar epidermal 
cells where the layer meets the nucellar projection in the crease. Convolutions are evident 
(arrow). Bar represents 40 µm. (Reprinted from Evers and Reed 1988)

Fig. 3.32 (lower right). Fluorescence detected in a nucellar projection (NP) and epider-
mis (NE) wheat grain section 10 days after anthesis, following reaction with fluorescein 
isothiocyanate-lectin from Glycine max. The lectin binds to D-galactose. Bar represents 100 
µm. (Reprinted, with permission, from Baldo et al 1982a)
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the syncytium. The microtubules served to define domains of 
cytoplasm around each nucleus. Microtubules of opposing radial 
systems overlapped each other, and the cytoplasm remained undi-
vided until about five to six days after pollination, when numerous 
microtubules clearly defined nuclear cytoplasmic domains, and 
wall material was deposited between opposing arrays.

Fineran et al (1982) described the process of wall formation 
in wheat endosperm in some detail (Fig. 3.34). Anticlinal walls 
first appeared in the crease region and progressed all round. The 
process was typical of normal cytokinesis, with the short- lived 
appearance of a phragmoplast, with vesicles fusing to form a cell 
plate that expanded to the full dimensions of the cell face. Such 
development of anticlinal walls without formation of periclinal 
walls gave rise to “open cylinders” or alveoli. The cylinders re-
mained open on the inner face, although normal cytokinesis gave 
rise to walls on the outer face. Periclinal walls on the innermost 
cells also appeared first in the crease region, with walls of several 
adjacent cells appearing simultaneously. The “closing phase” pro-
ceeding into the cheeks consisted of the movement of nuclei from 
the leading edge into the center of the alveoli and formation of 
partition periclinal walls from adposed anticlinal wall margins.

The initial outcome of cellularization is a layer compris-
ing outer cells and inner alveoli surrounding a central void. 
However, this situation is short- lived, as the outer layer of cells 
undergoes rapid periclinal mitotic divisions, with each cell giv-
ing rise to a series of daughter cells on its inner face (Gordon 
1922, Evers 1970, Morrison 1976). Anticlinal divisions also occur 
to accommodate the expansion of the entire tissue. As a result of 
further cell generation at the periphery, alveoli at the inner mar-
gins of the cellular tissue are brought into contact with equiva-
lent alveoli advancing from elsewhere on the periphery. Brown 
et al (1994) noted that microtubules emanating from nuclei in 
opposing alveoli interacted, giving rise adventitiously to phrag-
moplasts in the cytoplasm.

Hoshikawa (1993) observed that, in rice, mitotic divisions occur 
at night. Although most mitotic divisions occur in the peripheral 
layer, a small number (~14%) take place elsewhere in the tissue.

sible for the initiation of divisions in both the endosperm and 
the nucellus in rye.

The majority of the nucellar cells on the lateral and dorsal 
sides of the embryo sac degenerate rapidly and disappear shortly 
after endosperm cellularization (Baldo et al 1982b). The first 
signs of degeneration appear not in the cells close to the enlarg-
ing endosperm, but in those at a distance from it. Two distinct 
types of degeneration were observed by transmission electron 
microscopy (TEM), but the distribution of the two types was not 
reported (You 1985). It is widely assumed that degeneration of 
nucellar cells provides nutrients as well as space for the develop-
ing endosperm and embryo. Nucellar breakdown products may 
also influence further changes in other grain tissues (Nutman 
1939). The coincidence of the onset of the decline of the nucellar 
projections with differentiation of the aleurone layer (marking 
the end of the cell- division phase in the endosperm) was viewed 
as a further example of the interdependence of changes in dif-
ferent tissues.

Smart and O’Brien (1983) detected plasmodesmata in nucel-
lar cells, but none was found to be connected with the integu-
ment. Nucellus and integument degeneration occurred simul-
taneously (Morrison 1975). Cell walls of the nucellar epidermal 
and the nucellar projection persisted, suggesting a possible dif-
ference in composition from other nucellar cells. Differences 
were found in that D- galactose- binding lectins reacted only 
with epidermal and projection cell walls during early develop-
ment (Fig. 3.32; Baldo et al 1982a). Wheat germ lectin bound only 
to the epidermal walls, indicating the presence of a chitinlike 
compound that increased in concentration or availability dur-
ing the cell- division phase of endosperm development and then 
declined. This substance is assumed to afford protection to the 
walls against the enzyme, which digests other nucellar cell walls 
(Baldo et al 1982b). The nucellar epidermal cuticle was 30–40 µm 
thick and very osmiophilic at anthesis (Morrison 1975). It became 
increasingly granular in appearance in the TEM and thickened 
to a maximum of about 1 µm at the time the epidermis degener-
ated. Further change involved its compression, which was simi-
lar to that in other tissues surrounding the endosperm.

Endosperm

GEnERAl

The endosperm comprises the aleurone layer and the mass of 
cellular tissue within it. Together they contribute more than 80% 
of the grain mass. The endosperm forms as a result of the triple 
fusion of a sperm nucleus from the pollen and two polar nuclei 
from the female gametophyte (the other sperm nucleus fuses with 
the egg to form the embryo). Initially, the primary endosperm 
nucleus divides to form a pool of coenocytic cytoplasm at the 
base of the young caryopsis, but by about 1 DAA the coenocytic 
endosperm has formed a thin layer lining the embryo sac (Fig. 
3.33). Coenocytic cytoplasm is unique in that the nuclei divide 
synchronously (Bechtel et al 1982a). Using confocal laser scanning 
microscopy, Brown et al (1994) studied precellularization events 
in barley. They recorded that nuclei became evenly spaced in the 
cytoplasm, in association with the development of radial micro-
tubule systems that emanated equally from interphase nuclei in 

Fig. 3.33. Light microscope transverse section of half a wheat cary-
opsis one day after flowering showing vacuole (CV), thin layer of co-
enocytic endosperm (arrows), nucellus (N), seed coat (SC), and part 
of the pericarp (P). Bar represents 100 µm.
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the outer layer stains more intensely than the inner layer with 
periodic acid Schiff’s reaction or toluidine blue. The walls are 
uniformly autofluorescent as a result of ferulic acid bound to the 
cell wall arabinoxylans (Fulcher et al 1972).

Lipid droplets are a prominent storage reserve in the aleurone 
cells. They do not appear to be surrounded by a typical bilayer 
membrane in wheat (Fig. 3.36) or in other cereals (Bechtel and 
Pomeranz 1977) and are presumably surrounded by oleosin pro-
teins and phospholipids as in other lipid- storing seed tissues (see 
reviews by Huang 1992 and Napier et al 2001). The distribution of 
oil bodies in barley is also reflected in the abundance of oleosin 
transcripts in barley grain. These are abundant in the embryo 
and aleurone, which contain numerous oil bodies, but low in the 
starchy endosperm, which contains few oil bodies (Aalen 1995). 
A similar distribution of oil bodies occurs in wheat. Tzen et al 
(1990) showed that oleosins were present in wheat bran, but the 
details of their distribution have not been determined.

The aleurone layer is modified (Winton and Winton 1932) 
where it borders the endosperm cavity in the region of the 
crease. These cells reportedly lack aleurone grains (Bradbury et 
al 1956b) and have been referred to as “thick- walled” cells (Evers 
1970) and “groove aleurone” cells (Fulcher et al 1972). Cells of the 
similarly modified aleurone layer that cover the embryo do not 
have any starchy endosperm associated with them.

Development of aleurone cells was first studied at the ul-
trastructural level by Buttrose (1963b). He found that aleurone 
grains of wheat developed in existing vacuoles and that these 
vacuoles accumulated deposits until maturity. Cells destined to 
become aleurone cells are first distinguishable about 6–8 DAA 
(Fig. 3.37). They are characterized by a large number of small 
(1–5 µm) vacuoles (Fig. 3.37). The aleurone layer arises from the 
peripheral cells located interior to the nucellus as a result of peri-
clinal cell division (Gordon 1922, Sandstedt 1946, Hinton 1959, 
Evers 1970, Bechtel and Wilson 2003). The first layer or two of 
endosperm cells interior to the nucellus become meristematic 
during the first two weeks of development (Fig. 3.38), and cell di-
vision in those two layers continues up to about 14 DAA (Bechtel 
and Wilson 2003). Aleurone and subaleurone cells at this stage 
may be indistinguishable. Some subaleurone cells even differen-
tiate into aleurone- like cells complete with precursory aleurone 
grains and lipid droplets. The partially differentiated subaleu-
rone cells are completely converted to typical subaleurone cells 
by 14 DAA, however (Bechtel and Wilson 2003).

Modified cells in the crease region could be distinguished as 
early as 4 DAA (Evers 1971). They were not considered to have 
functioned in a meristematic role, as did typical aleurone cells, 
because the modified layer formed early in development (Evers 
1970, Morrison et al 1978). The cytoplasm of regular aleurone 
cells (10 DAA) contained large numbers of ribosomes but little 
endoplasmic reticulum (Morrison et al 1975). During the grain-
 filling stage, various organelles undergo changes. The amylo-
plasts, present early in development, dedifferentiate to proplas-
tids. The rounded vacuoles become filled with reserves to form 
the aleurone grains (a form of protein body) (Morrison et al 
1975). Tanaka et al (1974) demonstrated the presence of phytic 
acid in aleurone grains by autoradiography. These protein bod-
ies contain, at maturity, two inclusions embedded in a protein 
matrix. Type I inclusions are the globoids and contain phytin, 

AlEURonE CElls

The aleurone layer in wheat is typically only one cell layer 
thick at maturity. It forms the outermost layer of endosperm 
tissue, enclosing the starchy endosperm and part of the em-
bryo. Aleurone cells are morphologically distinct from starchy 
endosperm cells, and they represent the only live endosperm 
tissue at maturity. They have large prominent nuclei that do 
not become crushed, as do those in starchy endosperm cells. 
The aleurone layer is treated by the miller as part of the bran. 
Aleurone cells surrounding the starchy endosperm are typically 
block- shaped (37–65 µm by 25–75 µm) when viewed in cross 
or longitudinal section and have thickened cell walls (6–8 µm 
thick) (Fig. 3.35). In paradermal section, the cells are polygonal 
with rounded corners and without intercellular spaces (Percival 
1921). The walls are distinctly bilayered (Fulcher et al 1972), and 

Fig. 3.34. Three-dimensional representation (perspec tive exagger-
ated) of the events during the initial formation of walls in endosperm 
of wheat. Only individual compartments and completed cells are de-
picted, with closely related stages of wall formation combined into 
the same diagram. The wall of the central cell is shown at the rear. 
A, phragmoplasts and their first-formed cell plates, grouped around 
a nucleus, perpendicular to the wall of the central cell. B, later stages 
in which cell plates are meeting and have fused with the wall of the 
central cell. C, further stage in which fusion to the central cell is com-
plete and the anticlinal walls continue to grow freely by their inner 
margin toward the central vacuole. D, stage in which a compartment 
is fully grown and now in the process of periclinal division (top and 
near-side walls not shaded). This division results in the formation of 
a complete endosperm cell centrifugally and another compartment 
centripetally. (Reprinted, with permission, from Fineran et al 1982)
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Lipid droplets form free in the cytoplasm without any vis-
ible association with other organelles until late in development, 
when they form a ring of droplets surrounding aleurone grains 
as well as a single layer of droplets lining the plasmalemma (Fig. 
3.40; Morrison et al 1975). The remaining few lipid droplets are 
scattered in the cytoplasm.

sTARCHY EndosPERM

The cells present in the starchy endosperm have been clas-
sified according to their shapes, sizes, and sites of occurrence 
(Greer et al 1951). Peripheral, or subaleurone, cells are those ad-
jacent to the aleurone cells, which they resemble in size, about 
60 µm in diameter. Prismatic cells radiate in columns from their 

whereas type II inclusions are high in niacin (Fulcher et al 1972). 
In contrast to the starchy endosperm cells (see below), the stor-
age protein present in cereal aleurone and embryo cells is a glob-
ulin related to the 7S vicilin- like globulins of legumes (Yupsanis 
et al 1990, Kriz 1999) (see also Chapter 8).

Heard et al (2002) applied secondary ion mass spectrom-
etry to determine the elemental composition of aleurone cells 
(Fig. 3.39). This showed that the aleurone grains contained so-
dium in addition to the potassium, magnesium, and calcium 
that are established components of cereal phytates (Lott 1980). 
A combination of immunochemistry and spectroscopic im-
aging has also been used to study cell wall composition; this 
is considered below with related studies of the starchy endo-
sperm cell walls.

Fig. 3.35. Light micrographs of the outer part of the grain of wheat cv. Crousty, showing the aleurone and subaleurone regions. A, stained 
with acid fuchsin and Calcofluor to show proteins and cell walls, respectively. Sections were examined using an Olympus BX-50 microscope 
(epifluorescence, excitation 400–410 nm, emission >500 nm). Acid fuchsin stains protein red, while β-glucans present in cell walls show blue 
fluorescence with Calcofluor. Unstained starch appears black. B, stained for protein and starch with light green and iodine (observed using 
bright-field microscopy). Light green stains protein green, while iodine stains the amylose component of starch blue and amylopectin brown. 
(Courtesy VTT Technical Research Centre of Finland)

Fig. 3.36 (left). Transmission electron micrograph of a developing wheat aleurone cell, showing 
portion of partially filled aleurone grain (AG) containing a globoid (G) and storage protein (SP). 
Lipid droplets (L) lack typical membrane. Bar represents 0.5 µm.

Fig. 3.37 (right). Transmission electron micrograph of a developing wheat endosperm eight days 
after flowering, showing small vacuoles (arrows) in the aleurone cells (A) and large vacuoles (V) in 
the subaleurone region (SB). S = starch grains in amyloplasts. Bar represents 10 µm.

Fig. 3.38. Transmission electron mi-
crograph of a wheat endosperm cell un-
dergoing cell division eight days after 
flowering. Note telephase nuclei (Nu) 
and the phragmoplast (arrows). Bar 
represents 4 µm.
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from Bradbury et al 1956b). Although they vary considerably in 
size, they are similar in shape, being rounded or polygonal.

Cell Walls. Cell walls are thin in relation to cell contents. 
Those around the peripheral cells are thickest, being up to 7 µm 
thick in the crease region and up to 4 µm elsewhere. The central 
cell walls are 2.6 µm thick, with a negative relationship between 
cell wall thickness and milling score (Larkin et al 1952). The cell 
walls of wheat starchy endosperm comprise about 15% protein 

and 75% polysaccharide (Mares and Stone 1973), 
the latter comprising about 70% arabinoxylans, 
20% (1→3,1→4)- β- D- glucan, 7% β- glucomannan, 
and 2% cellulose (Bacic and Stone 1980) (see also 
Chapter 9). Wood et al (1983) confirmed the pres-
ence of ferulic acid in subaleurone cell walls by 
its autofluorescence, and the mixed- linkage β- D-
 glucan was also detected by staining with fluo-
rochromes Congo red and Calcofluor. Some cel-
lulose was also detected.

The application of immunocytochemical and 
spectroscopic techniques has also allowed the 
distribution and properties of the major cell wall 
polymers to be studied in the developing and 
mature grain.

Guillon et al (2004) used antibodies against 
arabinoxylan (AX) and (1→3,1→4)- β- D- glucan 
to study mature wheat grain (Fig. 3.41). Two anti-
bodies that recognize specific structural features 
of AX showed differences in their binding to the 
cell walls of aleurone, subaleurone, and central 
starchy endosperm cells, showing fine differ-
ences in cell wall structure, while the antibody 
to (1→3,1→4)- β- D- glucans bound most strongly 
to aleurone and subaleurone cell walls. Further 
studies of developing grain (Philippe et al 2006b) 
showed a clear time sequence in the deposition 

junction with subaleurone cells toward the center of the cheeks 
or, in the middle of the dorsal side, toward the top of the crease. 
Prismatic cells are 128–200 µm long by 40–60 µm wide (ex-
tremes from Bradbury et al 1956b). Typical subaleurone cells are 
not present next to the modified aleurone cells at the innermost 
extremity of the crease; neither do prismatic cells radiate from 
this region. Central cells occur in the center of the cheeks and 
have a length of 72–144 µm and a width of 69–l20 µm (extremes 

Fig. 3.39. Secondary ion mass spectroscopy of the aleurone and subaleurone cells of 
wheat, showing the distribution of ions as bright areas. C2

– and CN– show the distri-
butions of carbohydrates and proteins, respectively. O–, PO2

–, Na+, K+, Ca+, and Mg+ 
are all clearly concentrated in aleurone grains. (Reprinted from Heard et al 2002, with 
permission from Blackwell Publishing)

Fig. 3.40. Transmission electron micrograph of ma-
ture aleurone cells, showing lipid droplets (arrows) 
surrounding aleurone grains (AG) and lining thick 
cell walls (CW). Most globoids (G) that have been re-
moved during tissue preparation are surrounded by 
storage protein (SP). Bar represents 3 µm.
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spectral properties of cell walls from both hard and soft wheat 
cultivars also indicated that changes in composition occurred 
with increasing maturation.

Cell Contents. The starchy endosperm of mature wheat is 
dead at maturity but still possesses many of the structural fea-
tures of live tissue. The principal features of endosperm cells are 
the two main storage reserves, starch and protein. The starch 
granules are surrounded by the matrix protein, with the cyto-
plasmic remnants being pressed into irregularly shaped regions. 
Within the cytoplasmic remnants are ribosomes and rough en-
doplasmic reticulum (RER) that contain medium- dense mate-
rial (Simmonds 1972, Gaines et al 1985). The protein in mature 
cells appears as a continuous matrix rather than as the series of 
individual bodies in which it develops. The proportional con-
tributions of starch and matrix proteins also vary according to 
cell position. The peripheral cells have the lowest starch content 
(Fig. 3.35B) and, since all cells contain approximately the same 
mass of protein (Evers 1970), the protein percentage is highest in 
these cells. Values as high as 54% protein have been found (Kent 
1966) in subaleurone cells in a flour of 12.5% protein. Large cores 
of protein can be seen in peripheral cells under the microscope 
and, even to the naked eye, a greater degree of vitreousness can 
often be detected in the outer layers. The increasing starch con-
tent found toward the center of the cheeks causes progressive 
dilution of other components as well as protein.

Grain Texture. Grain of all classes of wheats can differ in ap-
pearance, having a floury (mealy) or vitreous (steely) appearance. 
This difference in texture probably reflects the number of micro-
scopic air cavities within the protein matrix of the endosperm 
cell contents, with floury endosperm being characterized by such 
discontinuities. The latter create a chalky appearance by scatter-
ing light, and they contribute to mechanical weakness as foci 
for crack propagation. Conversely, vitreous bread wheats (and 

of cell wall polymers. Thus, in the early cellularization stage, the 
endosperm cell walls contained only (1→3)- β- D- glucans, with 
(1→3,1→4)- β- D- glucans appearing at the differentiation stage. 
Labeling with antibody to AX was also observed at the differ-
entiation stage, with the intensity increasing through matura-
tion. Labeling of Golgi stacks and of vesicles merging with the 
plasma membrane was also observed with the AX antibodies, 
demonstrating that synthesis occurred in the Golgi. Similar 
studies using Fourier transform infrared (FT- IR) microscopy 
showed the presence of (1→3,1→4)- β- D- glucans and AX at the 
end of the cellularization stage, with AX appearing and becom-
ing dominant during cell differentiation (Philippe et al 2006a). 
Differences in AX structure were also reported within the grain, 
with the AX in the central cells being less substituted and the 
degree of AX substitution decreasing during development.

FT- IR microscopy was also used by Toole et al (2007) to com-
pare the cell walls of developing endosperms of two U.K. wheat 
cultivars grown under cool/wet (23°C day temperature, watered 
to field capacity) and hot/dry (28°C, watered to 10% field capac-
ity) conditions (Fig. 3.42). Their results also indicated that the 
structure of the AX in the starchy endosperm cell walls changed 
from a highly branched form to a less highly branched form dur-
ing development and that the rate at which this transition oc-
curred differed between the two genotypes and was greater in 
the material grown under hot/dry conditions.

Barron et al (2005) also used FT- IR microscopy to show dif-
ferences in cell walls of four cultivars, two each with hard and soft 
endosperms. The cell walls of the soft cultivars showed greater 
heterogeneity, with walls of peripheral cells showing spectral 
similarities to smaller, more water- soluble AX. Differences in 

Fig. 3.41. Double labeling of arabinoxylan (AX) and β-glucans in 
aleurone cell walls from wheat grain. A polyclonal anti-xylan an-
tibody and a monoclonal anti-β-glucan antibody were used with a 
second-stage goat anti-rabbit (orange-red fluorescence) and a second-
stage goat anti-mouse (green fluorescence) antibody, respectively. 
Yellow fluorescence indicates the presence of both β-glucans and AX. 
(Reprinted, with permission, from Saulnier et al 2007)

Fig. 3.42. Spectroscopic Fourier transform near-infrared image over-
laid onto a light microscope image of a transverse section of a grain of 
wheat cv. Spark at 30 days after flowering. The grain section has been 
treated to remove the cell contents, allowing the spectra of the cell 
walls to be determined. The distributions of highly branched and less-
branched forms of arabinoxylans are shown in blue and green, respec-
tively, with residual starch shown in white and holes in black. (Cour-
tesy Geraldine Toole, Institute of Food Research, Norwich, UK)
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et al 2000) revealed that they are closely related in sequence, 
highly surface- active, and have a strong affinity for phospholi-
pids and other polar lipids. They are cysteine- rich proteins of 
the “prolamin superfamily,” and they contain a loop region that 
is rich in the aromatic amino acid tryptophan and has an in-
dole side chain (see Chapter 8). To reflect this fact, these proteins 
from wheat (Greek puros) were named puroindoline- a (PIN- a) 
and puroindoline- b (PIN- b), and the term friabilin is now used 
only for the puroindolines that are bound to the starch granule 
surfaces. The structural genes for puroindolines a and b have 
since been located at the Ha locus, as discussed in Chapter 8. 
Polar glycolipids and phospholipids show patterns of distribu-
tion on starch granules similar to those of friabilin (Greenblatt 
et al 1995), which is consistent with the puroindolines binding 
lipids at the starch granule surface.

Subsequent detailed studies (reviewed by Morris 2002 and 
discussed in more detail in Chapter 8) have essentially con-
firmed the “friabilin hypothesis,” that puroindolines are prod-
ucts of the Ha locus and that specific allelic forms are able to 
bind to the surface of starch granules to cause softness by reduc-
ing the strength of adhesion between the starch granules and the 
protein matrix.

This “nonstick” property of puroindoline- lipid complexes 
may have two effects: first, they allow some of the shrinking pro-
tein matrix to pull away from the granules to form cavities dur-
ing final maturation and desiccation of the grain, and second, 
they form a plane of weakness at the remaining matrix- granule 
interfaces. The extent of these effects presumably depends on the 
ability of the puroindolines to saturate the available binding sites 
on the granule surfaces within the endosperm, as dictated by 
their amount and their affinity for the binding sites. As yet, the 
detailed molecular mechanisms that determine these physical 
differences are not known.

Differences in endosperm texture (hard or soft) are appar-
ently present throughout endosperm development in air- dried 
wheat. Thus, hard wheats were hard and soft wheats were soft as 
early as they could be analyzed (15 DAA) with the single- kernel 
characterization system, even though storage proteins were not 
present in sufficient amounts to surround the starch granules 

ultrahard durum wheats) usually have no cavities and therefore 
have a vitreous appearance. In bread wheat, vitreousness can be 
influenced by environmental factors, with vitreous grain being 
favored by high temperature and high nitrogen availability (i.e., 
high protein). However, there is strong genetic control of hard-
ness; a major locus (Hardness, Ha) located on chromosome 5D 
is the major determinant of whether grains are hard (ha) or soft 
(Ha) (Law et al 1978). This locus is not present in durum wheat, 
being absent from the A and B genomes of this species. However, 
minor loci contributing to texture have also been mapped 
(Turner et al 2004, Wilkinson et al 2008). Primarily, hardness 
results from strong starch- protein interactions (Barlow et al 
1973). This is illustrated by freeze- fracture studies in which the 
protein matrix separates cleanly from the starch granule surface 
in soft cultivars such as the U.K. variety Riband (Fig. 3.43A) but 
not in hard cultivars such as the U.K. variety Mercia (Fig. 3.43B). 
Fragments of protein are clearly present on the starch granule 
surface in the latter, and the higher energy input required for 
milling leads to the damage of some granules. Softness is related 
to the presence of protein(s) (seen as a band of apparent mo-
lecular mass about 15 kDa by SDS- PAGE) in fractions extracted 
from the surface of water- washed starch granules. This band was 
present in large, small, and zero amounts on starch granules 
from soft, hard, and durum wheats, respectively (Greenwell and 
Schofield 1986, Schofield and Greenwell 1987). It was therefore 
termed “friabilin” because of its close correlation with soft (i.e., 
crumbly or “friable”) endosperm, and friabilin band intensity 
was shown to be linked to the Ha locus (Greenwell and Schofield 
1989). On this basis, the “friabilin hypothesis” was postulated, 
that this protein material is both the product of the Ha locus and 
also the cause of softness because it reduces the strength of adhe-
sion at the granule- protein interface.

Friabilin from soft wheat starch was further characterized as 
containing two major components, both of which are very basic, 
but it soon became apparent that these were identical to two pro-
teins that had been independently isolated in 1991 on the basis 
of their hydrophobic, lipid- binding character. A comprehensive 
study of the molecular genetics, protein structure, and lipid-
 binding properties of the two proteins (reviewed by Douliez 

Fig. 3.43. Differences in endosperm texture revealed by freeze-fracture of mature grains of the soft wheat cultivar Riband (A) and the hard 
wheat cultivar Mercia (B). In both cases, the fracture occurs within the cells of the starchy endosperm. In the soft wheat, the matrix proteins 
separate cleanly from the surface of the starch granule. In contrast, in the hard wheat, some protein remains attached to the starch granule sur-
face, and damage to the granules may also occur. Bar represents 10 µm. (Courtesy Paola Tasi, Rothamsted Research, U.K.)
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al (1962) showed that the earliest- deposited endosperm storage 
protein was a single body enclosed by a membrane. Later in de-
velopment, four or more bodies were present within the vacuole. 
The proteins were deposited into vacuoles from the RER via an 
unspecified mechanism called “internal secretion.” These re-
sults were confirmed by Buttrose (1963a), who suggested that 
the Golgi apparatus was associated with protein deposition and 
had a “condensing” function. Jennings et al (1963) described the 
effect of various fixatives on protein body appearance in wheat 
endosperm. They concluded that protein bodies occurred sin-
gly and had a tightly appressed membrane, rather than several 
protein bodies being present in vacuoles surrounded by a single 
membrane. The occurrence of single and multiple protein gran-
ules within vacuoles of the early- developing wheat endosperm 
was observed by Barlow et al (1974) and Harvey et al (1974). 
During late stages of development, however, protein bodies ap-
peared to be formed via a different mechanism (Barlow et al 
1974). Subsequently, Simmonds (1978) hypothesized that the 
protein was synthesized in the cytoplasm and transported to 
vacuoles either through the lumen of the RER or by a process 
similar to pinocytosis. Briarty et al (1979) conducted an ex-
tensive stereological analysis on developing wheat endosperm. 
They concluded that the route followed by storage proteins to 
the vacuoles was unclear but that the Golgi apparatus was not 
involved because it was not detected at 12 DAA (Briarty 1978, 
Briarty et al 1979).

Miflin and co- workers suggested that prolamin- containing 
bodies are not vacuolar in origin (Miflin et al 1980, 1981, 1983; 
Miflin and Burgess 1982) but that prolamins were synthesized 
on the RER and passed into the lumen, where they aggre-
gated. Eventually the aggregates disrupted the RER membrane. 
Campbell et al (1981), in contrast, found that all protein bodies 
were surrounded by a single membrane but suggested that the 
origin may vary, some arising from RER distensions and others 
from vacuoles or the Golgi apparatus.

Convincing microscopic evidence for the vacuolar location 
of protein bodies as well as the involvement of the Golgi ap-
paratus was reported by Parker (Parker 1980, 1981, 1982; Parker 
and Hawes 1982), who showed that the Golgi apparatus was 
probably involved in the transport of the storage proteins from 
the cisternal RER to the vacuoles, at least during early stages 
of development (Parker 1982, Parker and Hawes 1982). Later in 
development, proteins accumulated in dilated regions of the 
RER and then apparently passed to the vacuoles (Parker and 
Hawes 1982).

The early stages of protein deposition were described in a 
TEM/cytochemical study by Bechtel et al (1989), which provided 
explanations for several apparently conflicting observations. 
Vacuoles in wheat starchy endosperm cells were shown to origi-
nate via a process called “autophagy,” in which endoplasmic re-
ticulum (ER) surrounded portions of the starchy endosperm cell 
cytoplasm that were devoid of organelles. The ER membranes 
then fused with one another, isolating the cytoplasm within 
the ER membranes (Bechtel et al 1989). The enclosed cytoplasm 
was then digested. The autophagic process was confirmed using 
cytochemical localization of acid phosphatase in both the RER 
and the autophagic vacuoles (Bechtel et al 1989). The process 
of autophagy helped explain why several investigators had 

(Bechtel et al 1996, Turnbull et al 2003). Further studies using 
TEM related the structure of freeze- dried or air- dried wheat en-
dosperm harvested at various stages of maturity to the develop-
ment of endosperm texture (Bechtel and Wilson 1997). The most 
pronounced change upon air- drying of these samples was the 
disappearance of individual protein bodies and a corresponding 
conversion of the protein bodies and cytoplasm into a matrix-
like material similar in appearance to that of the storage protein 
matrix found in mature wheat endosperm. This suggests that the 
surface of the starch granule can bind to a number of endosperm 
components formed during senescence of preripe wheat to de-
velop specific textural characteristics. Therefore, the surface 
properties of the starch granule may be important in determin-
ing hardness, as well as the presence of specific components that 
bind to the starch granule surface (Bechtel and Wilson 1997).

Interactions of the starch granule surface and surrounding 
cellular components also apparently alter the starch granule size 
and shape. Starch granules isolated from hard and soft red win-
ter wheats were separated into separate classes in the two types, 
and the basic morphometric features were determined by digi-
tal image analysis, even though some of the wheats had similar 
hardness values by near- infrared (NIR) spectroscopy (Bechtel et 
al 1993, Zayas et al 1994).

Effects of Environmental Factors. The effects of environ-
mental and genetic factors on wheat flour quality have been 
studied extensively (Lukow and McVetty 1991, Huebner et al 
1997, Bergman et al 1998, Ames et al 1999). While the genetic 
background of commercial wheats has been improved through 
breeding programs, environmental influences still continue to 
adversely affect wheat quality. Several studies on the effects of 
high temperature during grain filling and drying showed that 
flour from wheat harvested before maturity had quality traits su-
perior to those of flour from wheat allowed to mature in the field 
(Finney 1954, Finney and Fryer 1957, Finney et al 1962). Finney 
(1954) found that wheat that was harvested 10–14 days before 
maturity exhibited optimum loaf potential as well as excellent 
crumb structure. The dough mixing requirement and mixing 
tolerance of flour from preripe wheat were also generally superior 
to, but never worse than, those of dough from wheat harvested at 
field maturity. The maximum loaf volume potential was appar-
ently related developmentally to the time that the storage protein 
bodies fused to form the protein matrix present in mature wheat 
endosperm (Bechtel et al 1982b). The structural changes that oc-
curred in the endosperm during the artificial drying of matur-
ing wheat caryopses were investigated using TEM (Bechtel and 
Wilson 2005). Laboratory- induced senescence caused the en-
dosperm tissue to undergo several changes that resulted in the 
appearance of the tissue being similar to that of wheat that was 
not prematurely harvested. That suggests that the wheat plant 
has great capacity to develop normally even when subjected to 
environmental stresses. The molecular and biochemical changes 
accompanying the structural changes during senescence have 
not yet been investigated.

Storage Protein Deposition. The starchy endosperm con-
tains the major gluten storage proteins (gliadins and glutenins) 
and smaller amounts of globulin (triticin) storage proteins, as 
discussed in Chapter 8. The deposition of these storage proteins 
in the endosperm cells has been intensively studied. Graham et 
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(Bechtel and Barnett 1986a,b). Protein bodies were observed in 
the starchy endosperm as discrete membrane- bounded struc-
tures (Figs. 3.44 and 3.45) that fused with vacuoles and deposited 
the storage protein inside. The ER was present as large sheets 
during early development but was later converted into small cis-
ternal elements interconnected by tubular ER. Freeze- fracture 
revealed that vesicles were produced by the ER throughout de-
velopment, something not previously shown by thin- sectioned 
material. Freeze- fracture also revealed direct connections be-
tween the ER and the Golgi apparatus (Fig. 3.46), disproving 
the previous suggestion that a soluble mode of protein secretion 
contributed to protein body formation (Bechtel et al 1982a). The 
pinocytotic vesicles observed in thin sections were found in 
freeze- fractured material also, but they were not thought to be 
directly involved in protein body formation. Instead, Bechtel and 
Barnett (1986b) hypothesized that the pinocytotic vesicles were 
probably involved in recycling or sequestering of membrane.

The initial formation of protein bodies is followed by a 
second stage in which the protein bodies fuse and form a 
matrix, with the protein body membranes being disrupted. 
These processes have been followed by isolating protein bod-
ies using isopycic sucrose gradient centrifugation (Pernollet 
and Camilleri 1983) and by TEM and enzymatic digestion of 
thin sections (Bechtel et al 1982b). The latter study showed that 
protein bodies formed in the cytoplasm were transported to 
the central vacuole(s), where the protein body membrane and 
tonoplast fused and deposited the granules of protein into the 
vacuole (Fig. 3.40). The granules of protein fused with one an-
other rapidly during grain filling and resulted in the conver-
sion of the spherical protein granules into irregularly shaped 
protein masses that eventually became the matrix protein. 
Enzymatic digestion of thin sections with protease VI and 
pepsin also confirmed that the vacuolar protein granules 
were mostly proteinaceous. The only undigested regions were 
peripheral electron- dense inclusions, which were proposed to 

correspond to the last- added protein.
It is clear from the studies discussed 

above that prolamin- containing protein 
granules occur both within the lumen of 
the ER and the vacuole, with the latter aris-
ing from transport via the Golgi apparatus. 
Based on such observations, Galili and co-
 workers (Levanony et al 1992, Galili et al 
1993, Galili 1997) have proposed that two 
routes of protein body formation occur, 
with the populations of ER- derived and 
vacuole- derived bodies subsequently fus-
ing (summarized in Fig. 3.47). The mecha-
nism of this fusion is not fully understood, 
but Galili (1997) has proposed that the ER-
 derived protein bodies become engulfed by 
vesicles and “internalized” into vacuoles.

It is not clear whether both routes op-
erate throughout grain development or 
whether individual gluten proteins take sim-
ilar or different routes. However, Tosi and 
co- workers (P. Tosi, M. Parker, C. Gritsch, 
R. D’Ovidio, and P. R. Shewry, unpublished 

 observed the presence of cytoplasm and cytoplasmic remnants 
in vacuoles.

Despite the observations of Briarty (Briarty 1978, Briarty 
et al 1979), it is clear that the Golgi apparatus is present during 
protein body formation in a variety of cereals, including wheat. 
Furthermore, the presence of proteins in dense- cored Golgi 
vesicles was demonstrated by digestion with protease enzymes 
(Bechtel and Gaines 1982). In addition, Bechtel et al (1982b) iden-
tified protein bodies that were enzymatically digested by pro-
teases. Those protein bodies were initiated at about 6–7 DAA of 
a 35- DAA growing season and were observed near the Golgi ap-
paratus (Bechtel et al 1982a). Direct connections between RER 
and protein bodies were not observed, suggesting a role for the 
Golgi apparatus in the initiation of protein bodies.

A freeze- fracture study on developing wheat endosperm that 
had not been chemically fixed yielded results that were in gen-
eral agreement with those obtained from thin- sectioned tissues 

Fig. 3.45 (left). Freeze-fracture electron micrograph of portion of vacuole in starchy en-
dosperm cell. Vacuole V1 is fusing with vacuole V2 (arrow). The membranes of both vacuoles 
probably already have fused (arrow). Note how storage protein granules (SP) have fused. Bar 
represents 0.5 µm.

Fig. 3.46 (right). Freeze-fracture micrograph, showing sheetlike rough endoplasmic reticu-
lum (ER) interconnected with a Golgi body (G). Bar represents 0.5 µm.

Fig. 3.44. Transmission electron micrograph of endosperm cell with 
storage protein granules (SP) in vacuoles (V). Note how some granules 
are fusing (arrows). Nu = nucleus, S = starch granules in amyloplasts. Bar 
represents 5 µm.
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tein bodies. Antisera raised against α- gliadin, γ- gliadin, a high 
molecular weight (HMW) glutenin subunit, barley C hordein 
(the homologue of wheat ω- gliadins), and the 12S “legumin- like” 
globulin of oats all labeled the matrix of the wheat endosperm 
protein bodies, but they failed to label the electron- dense inclu-
sions present within these bodies (Bechtel 1990, Bechtel et al 
1991). Similarly, Stenram et al (1991) also failed to show any dif-
ferentiation between the contents of protein bodies using a range 
of monoclonal and polyclonal antibodies to gluten proteins. 
However, a minor class of storage proteins with legumin- like 
properties has been identified in wheat endosperm (Singh and 
Shepherd 1985, 1987) (see also Chapter 8). The proteins, origi-
nally called “triplet proteins” but now referred to as “triticin,” are 
synthesized between 8 and 21 DAA (Singh and Shepherd 1987) 
and are concentrated in isolated wheat protein bodies (Payne et 
al 1986, Singh and Shepherd 1987). Immunocytochemical TEM 
localization using antibodies against triticin labeled both the 
matrix protein and the dense inclusions of protein bodies, with 
the latter being more heavily labeled. It was therefore concluded 
that the triticins are located in the inclusions, with the labeling 
of the matrix resulting from cross- reaction of the antibody. It is 
also probable that the labeling of the matrix with the anti- oat 
12S globulin antiserum (Bechtel 1990, Bechtel et al 1991) resulted 
from cross- reaction with prolamins. It is not known whether 
the triticin inclusions result from fusion of separate triticin-
 containing bodies with protein bodies containing prolamins or 
from phase separation of the two types of the protein after depo-
sition in the same bodies. The pathway of deposition of triticins 
is not known but may be via the Golgi as it is for related 11S/12S 
globulins in legume and other dicotyledonous seeds and for the 
related glutelin storage proteins of rice (Kermode and Bewley 
1999, Takaiwa et al 1999).

The formation of large numbers of protein bodies, coupled 
with starch granule enlargement, caused the cytoplasm to be 
isolated into small regions of the cell. As deposition of reserves 
continued, the protein and cytoplasm became irregular. The ir-
regularly shaped deposits became condensed to form the matrix 
protein during late stages of development, which was associated 
with the loss of water and the breakdown of integrity to form a 

results) have recently expressed an epitope- tagged low molecular 
weight (LMW) subunit in transgenic wheat and used a specific 
antibody to show that the same protein can be observed in Golgi-
 associated vesicles, vacuolar protein deposits (as shown in Fig. 
3.48), and accumulating within the lumen of the ER. Hence, it is 
clear that any segregation of individual proteins into ER or vacu-
olar deposits is certainly not complete. Similarly, both Parker and 
Hawes (1982) and Levanony et al (1992) have suggested that the ER 
route becomes dominant during the later stages of protein deposi-
tion, although this may also reflect the relative ease with which 
the subcellular compartments can be identified at different stages 
of development.

The location and distribution of gliadins and prolamins in 
the protein bodies and storage protein matrix has been investi-
gated using immunocytochemical methods coupled with TEM. 
Prolamins in wheat and the related wild grass species Haynaldia 
villosa (Dasypyrum villosum) were localized in endosperm pro-
tein bodies (Kim et al 1988, Krishnan et al 1988). Bechtel et al 
(1991) used a variety of antisera raised against cereal storage pro-
teins in an immunocytochemical study of wheat endosperm pro-

Fig. 3.47. Schematic summary of the two routes of gluten protein 
trafficking and deposition within the starchy endosperm cells of 
wheat grain. ER = endoplasmic reticulum.

Fig. 3.48. Localization of an epitope-tagged, low molecular weight subunit within the Golgi apparatus (A) and vacuole (B) of a starchy en-
dosperm cell of transgenic wheat cv. Cadenza at about 8–10 days after anthesis. The c-myc tag at the C-terminal end of the protein is detected by 
a specific monoclonal antibody with a second antibody linked to gold particles. (Courtesy P. Tosi, Rothamsted Research, U.K.)
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All plant starch granules are synthesized in a double-
 membrane- bound organelle called the plastid. Starch generally 
occurs in two types of plastids: the chloroplast, where photo-
synthesis occurs and in which starch granules are variable in 
number and transient in occurrence, and the amyloplast, where 
starch is synthesized and stored for periods of time (Kirk and 
Tilney- Bassett 1978). The development of starch granules in the 
starchy endosperm of wheat has been studied using light micros-
copy (Sandstedt 1946), TEM (Buttrose 1963a), and SEM (Evers 
1971). The general scheme for the development of starch gran-
ules was formulated by Evers (1971). The large A- type granules 
are formed first from a nucleus that is progressively surrounded 
by further starch deposits (Fig. 3.49). The deposits are preferen-
tially added in the equatorial plane, and growth is from one side, 
which results in early granules having an irregular appearance. 
Continued growth around this plane results in a lens- shaped 
granule with an equatorial groove. The final number of A- type 
granules is determined by the number of plastids present when 

cell division ceases (Briarty et al 1979). The final size 
of these A- type granules varies from about 30 to 50 
µm (Sandstedt 1946, Evers and Lindley 1977, Dengate 
and Meredith 1984) and may be influenced by culti-
var (Dengate and Meredith 1984) and environment 
(Baruch et al 1979).

The number of size classes has been debated. May 
and Buttrose (1959) described two size classes of barley 
starch, the large A- type and the smaller B- type, a ter-
minology for starch size classes that is now universally 
applied to wheat and other members of the Poaceae 
family that possess multiple starch size classes. The 
A- type granules are formed first and are observed in 
the cytoplasm after cellularization of the endosperm 
(Buttrose 1960, 1963a). The possibility of more than two 
starch size populations was first reported for starch iso-
lated from New Zealand wheats (Meredith 1981, Baruch 
et al 1983) and later confirmed in U.S. hard red winter 

wheat (Bechtel et al 1990). Using starch isolated from developing 
wheat, Bechtel et al (1990) showed that there were three bursts 
of starch granule synthesis. The A- type granules formed during 
the first week after anthesis, followed by smaller B- type granules 
during the second week, while the C- type granules developed 
during the third week after anthesis. Although data have shown 
that there are three distinct size classes of starch granules, most 
investigators have not investigated the C- type granule class.

The A-  and B- type classes of starch granules are generally 
considered to be synthesized within distinct compartments of the 
same amyloplasts (May and Buttrose 1959, Parker 1985). Parker 
(1985) studied the development of starch granules in wheats by 
TEM and found that the B- type granules were not initiated until 
after cell division stopped. These granules were found often in 
association with the equatorial (peripheral) groove and tubuli 
of A- type granules or in extensions of the A- type plastids (Fig. 
3.50). It was suggested that only one type of plastid, the com-
plex A- type, was present in wheat starchy endosperm. More re-
cently, confocal laser scanning microscopy was used to examine 
wheat endosperm tissue that had been transformed to express 
a fluorescent protein within the amyloplast, revealing extensive 
interconnections between amyloplasts via tubular protrusions 

continuous proteinaceous matrix (Bechtel et al 1982b). Similar 
changes were also observed when developing wheat caryopses 
were artificially dried (Bechtel and Wilson 2005).

Starch. Starch is the principal carbohydrate stored in the 
wheat caryopsis. Mature starchy endosperm of wheat contains ap-
proximately 63–72% starch by mass (Pomeranz and MacMasters 
1968), making it the most prominent storage component. The 
starch granules in wheat, as in barley, rye, and triticale, make up 
more than one size class (Bechtel et al 1990, Langeveld et al 2000, 
Shewry and Bechtel 2001). Wheat starch possesses unique prop-
erties that do not allow it to be replaced by starches from corn, 
rice, or oats or by noncereal starches to yield a satisfactory baked 
product (Hoseney et al 1971). The size of wheat starch granules 
influences rheological properties (Kulp 1973, Rasper and Deman 
1980, Casey et al 1997), baking characteristics (D’Appolonia and 
Gilles 1971), compositional differences (Meredith 1981), and pro-
cessing properties (Stoddard 1999), as well as the exploitation of 
starch in nonfood uses (Langeveld et al 2000).

Fig. 3.49. Developmental sequence of type A starch granules of wheat en-
dosperm. The nucleus (1) is progressively surrounded by starch deposits, which 
build up preferentially in the equatorial plane. Growth is asymmetrical, so early 
forms (2–4) are only partially surrounded by liplike structures. The groove 
between the lips is present all around the circumference. Further deposits of 
starch are added so that the groove decreases as thickness and diameter of the 
granule increase (5,6). (Reprinted, with permission, from Evers 1971)

Fig. 3.50. Formation of B-type starch granules in developing starchy 
endosperm cells of wheat. Two sites of granule initiation in a protru-
sion from an A-type amyloplast (A), resulting in a series of B-type 
granules (B). The scale bar is 1 µm in both figures. (Reprinted from 
Parker 1985, with permission from Elsevier)
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view. Light scattering instrumentation offers speed and repro-
ducibility but yields erroneous data for nonspherical particles. 
Wilson et al (2006) developed a reference digital image analysis 
method and compared it to light scattering instruments for ana-
lyzing isolated wheat starch granules. This study verified errors 
associated with digital image analysis with respect to the perim-
eter of granules touching the edge of the field of view but found 
that the errors could be corrected. Starch granules from four 
wheat cultivars representing hard red winter, hard red spring, 
durum, and spelt wheat classes were analyzed by image analysis 
and light scattering. Correction of the perimeter error was done 
manually. The corrected image analysis data for starch distri-
bution were then compared to light scattering data for identical 
starch samples (Wilson et al 2006). Light scattering underesti-
mated peak diameters by 40–50% when compared with image 
analysis. An adjustment factor was developed from the image 
analysis data and applied to light scattering, which shifted the 
major peaks of the A and B granule populations to more accu-
rately represent granule diameter. The adjusted data were then 
validated within each of the four wheat classes. A single method 
for routinely measuring wheat starch size distributions is not yet 
available without comparison to a reference method.

Lipids. Lipid storage bodies do not commonly occur in the 
starchy endosperm. In fact, Seckinger and Wolf (1967) were un-
able to locate specific oil bodies and concluded that free (i.e., non-
 membrane- associated) lipids were evenly distributed. However, 
oil bodies have now been described in the developing starchy en-
dosperm (Bechtel et al 1982a) and in mature tissue (Hargin et al 
1980). These bodies were observed in mature endosperm by fluo-
rescence microscopy and were distributed throughout the tissue. 
The subaleurone region had the highest concentration of oil bod-
ies, and the central region had the lowest (Hargin et al 1980).

Embryo

The embryo (called “germ” by millers) lies on the lower dorsal 
side of the caryopsis. It comprises two major components, the em-
bryonic axis and the scutellum. Both Percival (1921) and Bradbury 
et al (1956c) have studied the structure of the embryo with light 
microscopy. These in- depth accounts have given us a clear picture 
of how the embryo is, in reality, a miniature living plant.

EMBRYoniC AXis

The mature embryonic axis can be divided into three regions: 
the shoot or epicotyl, the mesocotyl, and the radicle. A true hy-
pocotyl region does not exist in the wheat embryo. The meso-
cotyl region is the axis between the scutellum, coleoptile, and 
radicle (Fig. 3.51). Within the epicotyl are the apical meristem 
(meristematic cells of the shoot tip) and the plumule (primary 
leaves). Surrounding the shoot is the coleoptile, a foliarlike struc-
ture that probably functions in a protective role for the shoot 
during germination as well as being a storage organ for reserves 
used during germination and a photosynthetic structure upon 
emergence. Provascular bundles are prominent in cross sections 
through the plumule and coleoptile. The number of bundles in 
the shoot and coleoptile is variable, depending upon the species 
(Percival 1921). The first foliar leaf of bread wheat typically has 

(Langeveld et al 2000). TEM of serial thin sections of endosperm 
tissue showed small B- type starch granules within the protru-
sions emanating from the A- type amyloplasts (Langeveld et al 
2000).

A TEM study of starch formation in developing wheat from 
the day of flowering through grain maturation showed that plas-
tids in the coenocytic endosperm of young wheat caryopses were 
mostly in the form of proplastids, with a few containing small 
starch granules (Bechtel and Wilson 2003). During the first week 
of endosperm development, newly divided cells had plastids that 
were pleomorphic in shape, while subaleurone cells interior to 
the meristematic region contained amyloplasts that contained a 
single size class of starch granules (incipient A- type). The pleo-
morphic plastids exhibited tubular protrusions that extended 
a considerable distance through the cytoplasm. Both subaleu-
rone and central endosperm cells had amyloplasts that exhib-
ited protrusions at 10–12 DAA, and some of the protrusions 
contained small starch granules (incipient B- type). Protrusions 
were not observed in endosperm amyloplasts at 14 DAA, but in-
cipient large A-  and smaller B- type starch granules were pres-
ent. Amyloplast protrusions were numerous again at 17 DAA in 
both subaleurone and central endosperm cells, and by 21 DAA, 
a third size class of small C- type starch granules was observed 
in the cytoplasm. Amyloplasts in the endosperm of wheat ap-
parently divided and increased in number via protrusions, since 
the binary fission typical of plastid division was never observed 
(Bechtel and Wilson 2003). Those results suggest that wheat has 
three size classes of starch granules produced at specific times 
during wheat endosperm development.

Isolated starch from mature endosperm has been investigated 
to determine the ratio of A- type to B- type granules. Stamberg 
(1939) used the data of Grewe and Bailey (1927) to calculate the 
distribution of granule sizes. He found that the small granules 
(<7.4 µm) were 81.6% of the total number of starch granules 
but only 4.1% by weight and 17.7% by surface area. In contrast, 
the large starch granules (>14.8 µm) were only 12.5% by num-
ber but 93.0% by weight and 76.4% by surface area. The medium 
granules (7.4–14.8 µm) were a minor component in all three 
measurements. A number of methods have been used to mea-
sure size distributions of wheat starch, including microsieving, 
electrical- sensing zone techniques, light scattering, and quan-
titative image analyses (Brocklehurst and Evers 1977; Evers and 
Lindley 1977; Baruch et al 1979, 1983; Karlsson et al 1983; Soulaka 
and Morrison 1985; Morrison and Scott 1986; Bechtel et al 1990; 
Raeker et al 1998; Peng et al 1999; Stoddard 1999). Evers and 
Lindley (1977) used microsieving, Coulter counter, and quanti-
tative image analyses to study the distribution of starch granules 
in 12 wheats. All three techniques revealed that starch granules 
below 10 µm in diameter accounted for approximately one third 
to one half of the total weight of endosperm starch. Each analy-
sis method has advantages and disadvantages (Langton and 
Hermansson 1993).

While digital image analysis coupled with light microscopy 
offers the ability to record the physical parameters of each indi-
vidual particle and to distinguish between individual granules, 
agglomerated granules, and nonstarch particles, it is extremely 
slow for routine analysis of many samples and has problems 
associated with particles touching the perimeter of the field of 
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 differentiated system consisting of two pairs of lateral roots as 
well as a vascular cylinder (Fig. 3.52). The radicle terminates 
at the apical meristem and the root cap. Bradbury et al (1956c) 
found that the epidermis, cortex, and central vascular cylinder 
could be distinguished in both longitudinal and transverse sec-
tions even though the tissues had not completely differentiated. 
The cortex consisted of four to six layers of parenchyma cells that 
contained small intercellular spaces. Both the endodermis and 
the pericycle were identified interior to the cortex.

The embryo develops from the fusion of the egg nucleus and 
the second sperm nucleus. This fertilized egg divides after a few 
hours by forming a transverse cell wall. The basal cell develops 
little, but the apical cell continues to divide and ultimately forms 
the embryo (Percival 1921). Little differentiation occurs during the 
first week following anthesis; therefore, the embryo at this stage 
of development is club- shaped. The first sign of differentiation is 

a small cleft that arises from the dorsal 
side of the bulbous portion of the embryo 
(Fig. 3.53). Percival (1921) conducted an 
investigation into embryo development 
and made drawings of the various stages 
of development. The cleft that develops 
shortly after the first week of develop-
ment is actually the start of the formation 
of the shoot. The cleft separates the incip-
ient coleoptile from the apical meristem. 
As the coleoptile enlarges, the first leaf 
primordium forms between the shoot 
apex and the coleoptile. Simultaneously, 
the primary root, the radicle, is initiated 
in the mass of tissue destined to differ-
entiate into the coleorhiza. The radicle 
manifests itself as a line between the in-
cipient coleorhiza and the mesocotyl, but 
it rapidly differentiates a root cap and 
root apex, as well as a protoderm, pro-
cambium, and cortex. The coleorhiza de-
velops from tissues of the lower portion 
of the embryonic axis and is connected to 
the suspensor during the early stages. The 
embryo is essentially complete structur-
ally by the start of the grain- filling stage 
but before most of the storage reserves 
have been deposited. In Percival’s study 
(1921), lipid droplets were common in the 
embryonic tissues, as were irregularly 
shaped plastids containing one to several 
rounded starch granules. The cytoplasm 
of most cells was also in an undifferenti-
ated state but one that was indicative of 
much metabolic activity. Large amounts 
of RER, Golgi bodies, mitochondria, and 
polysomes characterized the cytoplasm 
of the embryonic cells.

Storage reserves in the embryo begin 
to be deposited toward the end of the en-
dosperm cell division phase. The primary 
reserves are lipid droplets and protein bod-

11 bundles, while the second leaf has seven (Percival 1921). The 
midvein of the first leaf is derived from a vascular trace of the 
scutellar bundle that passes down the scutellum into the meso-
cotyl and back upward into the vascular tissues of the epicotyl 
(Bradbury et al 1956c). Bradbury et al (1956c) found that at least 
two of the lateral bundles of the first leaf also had their origins 
from traces in the scutellum. The coleoptile possesses two vascu-
lar bundles located laterally on opposite sides (Percival 1921).

The coleorhiza surrounds the radicle in much the same fash-
ion as the coleoptile covers the shoot (Fig. 3.51). This structure 
is continuous with the suspensor in young developing embryos 
(Esau 1965). The suspensor persists as the coleorhizal papilla 
(Symons et al 1984) or embryonic appendage. The coleorhiza 
lacks a vascular system. Projecting upward from the outer dor-
sal surface is a small flap of tissue called the epiblast. The radicle 
or primary root forms just below the mesocotyl and is a well-

Fig. 3.52 (top). Light micrograph of a 
cross section through the coleorhiza (CR) 
and radicle (R) at the region where the lat-
eral roots (LR) are located. Bar represents 
200 µm.

Fig. 3.53 (bottom). Light micrograph of 
longitudinal section through the embryo, 
showing cleft region (arrow) that will de-
velop into the epicotyl. Note that the scutel-
lum (SC), radicle (R), coleorhiza (CR), and 
mesocotyl (M) have also been initiated al-
ready. Bar represents 100 µm.

Fig. 3.51. Light micrograph of mature wheat 
embryo, showing major parts of the wheat 
embryo. SC = scutellum, R = radicle, M = 
mesocotyl, RC = root cap, E = epiblast, C = 
coleoptile, CR = coleorhiza, VT = vascular 
tissue, CP = coleorhiza papilla, SE = scutel-
lar epithelium, EN = endosperm, F = fibrous 
region, CC = caryopsis coats, PL = primary 
leaves, SA = region where shoot apex is lo-
cated, arrow = modified aleurone. Bar repre-
sents 100 µm.
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opment, the cell walls become crushed and are compressed to 
form this specialized layer.

MolECUlAR And BioCHEMiCAl sTUdiEs 
oF GRAin dEvEloPMEnT

A range of new molecular, biochemical, microscopy, and 
imaging methods have revolutionized developmental biology 
over the past two decades. Although applied initially to animal 
and model plant systems, these methods are increasingly being 
used to study wheat development. These developments may not 
be familiar to cereal scientists; hence, the principles are briefly 
described as well as the applications.

Gene Expression Analysis

The patterns of gene expression can be studied using sev-
eral approaches, the most widely used being transcriptome 
analysis. In this approach, a total mRNA fraction is prepared 
from the tissue of interest and analyzed to determine the 
identities and abundances of the individual transcripts. Most 
studies of this type have used array systems in which tran-
scripts are identified and quantified by hybridization to nucle-
otide sequences displayed on microarrays. Two types of array 
are in use. cDNA arrays use cloned sequences, which are usu-
ally derived from the species of interest. For example, a U.K. 
wheat transcriptomic resource comprises about 9,000 unique 
cDNA sequences derived from 35 cDNA libraries, including 
libraries from various tissues and stages of developing grain 
(Wilson et al 2004). Similarly, Leader (2005) used an array of 
approximately 10,000 unique cDNAs prepared for the biotech 
company Syngenta.

cDNA- based arrays have several limitations that make 
comparisons between and within samples difficult, as the se-
quences often differ in length, with cross- hybridization oc-
curring between related sequences (discussed by Leader 2005). 
These shortcomings are largely eliminated by using oligonucle-
otide probes, which also allow entire genome sequences to be 
exploited. Commercial systems have been developed that use 
a number of short oligonucelotides specific for each gene with 
some 55,000 genes being included on a widely used wheat array. 

This may represent up to half of the total expressed 
genes in wheat.

Several studies have used array technology to deter-
mine transcriptome profiles of developing wheat grain. 
Leader (2005) and Laudencia- Chingcuano (2006, 
2007) used cDNA arrays comprising up to 10,000 ele-
ments to profile caryopsis development, while Wilson 
et al (2005) used a cDNA array of about 9,000 elements 
(Wilson et al 2004) to study embryo development and 
germination. More recently, Wan et al (2008) have re-
ported an analysis of caryopsis development using a 
commercial array system. These studies showed that 
changes in patterns of gene expression were associated 
with the phases of grain development identified by clas-
sical studies, with distinct profiles associated with the 
pericarp, embryo, and starchy endosperm. It was also 
possible to identify transcription factors that showed 

ies. Plastids are present as proplastids; starch is only occasionally 
found in the mature embryo. Lipid droplets (oil bodies) are found 
in the embryo tissues early in development, but at low frequency. 
These become much more numerous during grain filling and con-
tinue to increase in number during embryo maturation. Protein 
bodies form in small vacuoles after the major structures of the em-
bryo have formed. The storage proteins appear to be related to the 
7S globulins of legumes, as discussed above for aleurone cells.

sCUTEllUM

The scutellum is a storage organ that is considered to be a 
single cotyledon. It is bordered on the dorsal side by the embry-
onic axis and on the ventral side by the starchy endosperm (Fig. 
3.51). The mature scutellum is a major store for protein, phytin, 
and lipid droplets (Swift and O’Brien 1972), with the lipid bodies 
encircling the protein bodies. Also present in the cytoplasm of 
the scutellar cells are mitochondria, plastids, RER, and free ribo-
somes (Swift and O’Brien 1972). Golgi bodies are not observed in 
mature dry tissue. Swift and Buttrose (1972) used freeze- fracture 
techniques to study the dry state of the wheat scutellum. They 
found that water penetrates the scutellum within seconds of 
contact and causes modifications of cell organelles. The vascular 
tissues of the scutellum before germination are entirely provas-
cular, even though sieve and tracheary elements appear mature 
(Swift and O’Brien 1971).

Scutellar tissues develop from the ventral and apical portions 
of the young embryo (Fig. 3.53). The scutellum grows downward 
as endosperm cell division ceases, forming a projection extend-
ing into the endosperm at the level of the coleorhiza. The scutel-
lum possesses an epithelium at the starchy endosperm bound-
ary. This single- cell layer of tissue is composed of columnar cells 
that are thought to function in a secretory and absorptive role 
during germination. A layer of crushed cells (fibrous region) 
separates the scutellar epithelium from the starchy endosperm 
(Fig. 3.51). These crushed cells are extremely important, for it is 
at this junction that the embryo is separated from the rest of 
the grain during milling. Crushed cells are formed from starchy 
endosperm cells that fail to develop normally. Instead, the cy-
toplasm of these cells degenerates, leaving the cell walls intact 
(Fig. 3.54). As the embryo and endosperm enlarge during devel-

Fig. 3.54. Light micrograph of a sagittal section through young wheat embryo 
(EB), showing endosperm cells that will form the fibrous region (F) between 
embryo and starchy endosperm (EN). Bar represents 100 µm.
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Fig. 3.55. Gene expression patterns in the central endosperm and coordinated expression patterns in maternal and endosperm tissues. A, 
α-thionin (ID 701996413) transcript is present throughout the central endosperm at 9 and 13 days after anthesis (DAA); B, gliadin (ID 701994563) 
transcript is present in the central endosperm but is reduced in the peripheral endosperm and aleurone layers; C, pyruvate orthophosphate diki-
nase (ID 701993242) is expressed in outer layers of the endosperm at 6 and 9 DAA and then is restricted to the aleurone layers at 13 DAA; D, 
β-expansin (ID 702008339) transcript is present in the modified aleurone layer, reaching a peak at 6 DAA; E, a pectinesterase (ID 702008330) 
transcript is present throughout the nucellus at 3 DAA and is maintained in the abaxial nucellar projection from 6 to 9 DAA; F, a serine carboxy-
peptidase (ID 702014362) transcript accumulates in both the modified aleurone and the nucellar projection from 6 DAA. The main tissue types 
are annotated as follows: crease region (cr), nucellar projection (np), integuments (in), central endosperm (cen), peripheral endosperm (pen), 
pericarp (p), modified aleurone (ma), and endosperm (e). Bar = 0.3 µm. (Reprinted, with permission, from Drea et al 2005)
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(Sabelli and Shewry 1991, Cassidy et al 1998) suggested that 
these sequences corresponded to about 60% and half of the ge-
nomic sequences encoding α/β- gliadins and LMW subunits, 
respectively, in hexaploid bread wheat. The chromosomal loca-
tions of the genes were determined by allele- specific polymerase 
chain reaction, and their expression patterns were compared by 
counting the numbers of the corresponding ESTs in 32 cDNA 
libraries prepared from grain and other tissues (Ogihara et al 
2003; Mochida et al 2006). This showed interesting and previ-
ously unrevealed differences in expression. The genes encoding 
LMW subunits showed similar patterns of expression, peaking 
at about 10 DAA and then declining. The ESTs for these genes 
corresponded to about 2.9, 0.8, and 0.4% of all ESTs at 10, 20, and 
30 DAA, respectively. In contrast, the α/β- gliadin genes from 
the B and D genomes were most highly expressed at 10 DAA and 
those from the A genome at 20 DAA. Thus, 4.2, 4.2, and 0.6% 
of all ESTs at 10, 20, and 30 DAA, respectively, corresponded to 
α/β- gliadin genes. This striking difference in expression had not 
been revealed by previous studies, in which protein accumula-
tion or hybridization of mRNA was used (e.g., Mecham et al 1981, 
Johansen et al 1994, Grimwade et al 1996, Altenbach et al 2002), 
emphasizing the power of modern EST and array technologies.

HoW MAnY GEnEs ARE EXPREssEd 
in THE dEvEloPinG WHEAT GRAin?

Clarke et al (2000) suggested that between 4,500 and 8,000 
genes are expressed in the developing wheat endosperm, based 
on sequencing 4,319 transcripts expressed between 8 and 12 
DAA and mathematical modeling of the proportions of “single-
tons” (i.e., unique sequences) and gene families. Array technol-
ogy cannot at present be used to provide data on all of the ex-
pressed genes in wheat, as the currently available systems do not 
provide whole- genome coverage. However, analysis of rice using 
serial analysis of gene expression showed 3,080 unique tags in 
immature seed (7–14 DAA) (Gibbings et al 2003), while more-
 detailed studies of barley showed 14,548 unique tags in a whole-
 caryopsis library and 14,092 in an embryo library (Ibrahim et 
al 2005). Although a widely used commercial array for wheat 
includes 55,000 transcripts, it does not give full genome cover-
age. Nevertheless, preliminary studies have shown that at least 
12,000 genes are expressed in developing caryopses of wheat 
cv. Hereward between 10 and 42 DAA (Wan et al 2007). Since 
some homoeologous transcripts would bind to the same array 
elements, this value is almost certainly an underestimate for 
hexaploid bread wheat.

Proteomic studies

Clarke et al (2000) also attempted to estimate the number of 
genes expressed in the developing wheat grain by separating and 
counting the gene products (i.e., individual proteins). They iden-
tified a total of almost 1,700 proteins by two- dimensional elec-
trophoretic analysis of a total protein fraction from endosperms 
at 10 DAA. This corresponds to 40% or less of the number of 
expressed genes calculated from analysis of the mRNA fractions 
from grain at 8–12 DAA (calculated as between about 4,500 and 
8,000, see above).

expression profiles similar to those of specific gene families (e.g., 
gluten protein genes), implying that they play a role in the devel-
opmental programming of gene expression.

A disadvantage of array technology is that it provides little 
or no information on spatial differences in gene expression pat-
terns within cells and organs, as it is difficult to prepare sufficient 
quantities of homogeneous tissues or cell types for extraction of 
ribonucleic acid. To provide such information, Drea et al (2005) 
established a high- throughput in situ hybridization system and 
used this to characterize the expression patterns of 888 genes 
during the first 13 days of grain development. They were able to 
identify classes of gene that were specific to individual tissues 
(maternal and seed) and stages of development (see examples in 
Fig. 3.55).

Furthermore, their data indicated the importance of the 
crease region in establishing the developmental patterning, as the 
transition from cell proliferation to differentiation was initiated 
in this region and then spread to the rest of the endosperm.

Array technology has also been used for wider comparisons 
between lines and treatments. Thus, Lu et al (2005) used the 9,155 
cDNA array of Wilson et al (2004) to determine the expression 
profiles of developing endosperms at 14 DAA, comparing plants 
grown in the field with various fertilizer treatments, including 
farmyard manure (FYM). The transcriptome data formed three 
clusters corresponding to plants grown with low N, high N, and 
FYM (± additional N); the material grown with FYM differed 
most from the other samples. Several of the transcripts that were 
differentially regulated in these plants corresponded to enzymes 
or transporters involved in N metabolism, but a small number 
of unidentified genes were also shown to be up- regulated in the 
FYM plots and in other plants grown organically in the United 
Kingdom and China. They were therefore considered to be diag-
nostic for organically grown grain.

Arrays have also been used to compare the transcriptomes of 
near- isogenic and transgenic lines. Thus, Gregerson et al (2005) 
and Baudo et al (2006) have described the use of the cDNA ar-
rays described by Wilson et al (2004) to compare the substan-
tial equivalence of transgenic wheat expressing a fungal phytase 
gene or additional HMW subunit genes, respectively. Neither of 
these studies showed substantial effects of the transgenes on the 
expression of unrelated genes, and it was concluded that the ge-
netically modified (GM) and non- GM lines were substantially 
equivalent. Similarly, Clarke and Rahman (2005) used cDNA 
microarrays comprising approximately 6,000 and 22,000 (16,000 
unique) sequences to compare the expression profiles of near-
 isogenic lines differing in grain texture.

Recently Kawaura et al (2005) have used expression profil-
ing to compare the expression of genes encoding α/β- gliadins 
and LMW subunits in developing grain. They initially analyzed 
more than 360,000 sequences from expressed sequence tag (EST)1 
databases and assembled 35 contigs (continuous sequences) ho-
mologous to α/β- gliadins and 15 homologous to LMW subunits. 
Comparison with previously determined gene copy numbers 

1  ESTs are expressed sequence tags that correspond to mRNAs. EST libraries 
are generated by making cDNA copies of mRNA fractions from specific tis-
sues, followed by partial sequencing. Thus, the abundance of ESTs in librar-
ies should reflect the abundance of the corresponding mRNAs.
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proteins in order to exclude the major storage proteins. More 
than 250 components were identified by mass spectrometry and 
classified based on their putative biological roles (Fig. 3.56). The 
authors noted that the numbers and proportions of proteins 
involved in some processes, such as cell division, cytoskeleton, 
lipid metabolism, and signal transduction, were higher at 10 
DAA (before grain filling) than at 36 DAA. In contrast, proteins 
involved in carbohydrate metabolism and protein synthesis were 
abundant at both stages, while storage proteins and proteins in-
volved in stress and defense were dominant at 36 DAA.

Skylas et al (2002) and Majoul et al (2004) focused on the 
effects of heat stress on the wheat proteome. Skylas et al (2002) 
compared heat- tolerant (cv. Fang) and heat- susceptible (cv. 
Wyuna) cultivars, analyzing developing (17 DAA) endosperms 
grown at day temperatures of 24 and 40°C. The heat- tolerant 
cultivar, Fang, exhibited a stronger response to heat, and a total 
of 48 differentially expressed spots were characterized by mass 
spectrometry. Similarly, Majoul et al (2004) identified 43 pro-
teins that were differentially expressed in mature grain when cv. 
Thésée was grown at 18 and 34°C during the day. In both cases, 
some of the up- regulated proteins corresponded to previously 
characterized, small heat- shock proteins, which are thought to 
prevent cellular damage. These small heat- shock proteins ac-
counted for most of the up- regulated proteins in the study of 
Skylas et al (2002), but several of them were also differentially 
regulated between the cultivars. In addition, the heat- stressed 
endosperms of cv. Fang expressed seven novel proteins of un-
known function that were not detected in cv. Wyuna and could 
possibly be used as markers for thermal tolerance. In contrast, 
only five of the 24 up- regulated proteins identified by Majoul et 
al (2004) corresponded to small heat- shock proteins; the others 
included enzymes of starch synthesis, carbohydrate metabolism, 
and protein synthesis (initiation and elongation factors). These 
differences between the results of the two studies could relate 
to the fact that immature and mature grain were studied as well 
as differences in the temperatures used and in the tolerance and 
response of the individual genotypes.

sTRUCTURE And GRAin MECHAniCAl PRoPERTiEs
The aim of milling is to isolate the starchy endosperm with-

out contamination by the peripheral layers of the grain. This 
process depends on differences in mechanical properties among 
the various grain components. In fact, the rheological properties 
of the peripheral layers determine the degree of their incorpora-
tion into bran, while the mechanical properties of the starchy 
endosperm determine its fracture mechanics and the energy re-
quired to reduce it to flour. The differences in the mechanical 
properties of the endosperm and peripheral layers of the grain 
must be optimized by tempering to allow better separation of 
the tissues.

WHolE- GRAin MECHAniCAl PRoPERTiEs

The mechanical properties of wheat grains are usually as-
sessed on the basis of the grain hardness tests described by 
Pomeranz and Williams (1990). These assessments are gener-
ally performed on test samples containing a few grams of wheat 

Several detailed proteomic studies of wheat grain develop-
ment have been reported, comparing the patterns at different 
developmental stages and the impact of environmental factors 
on them.

Skylas et al (2000) resolved about 1,300 individual compo-
nents in total protein fractions from endosperm tissue of cv. 
Wyuna at about 17 DAA. A total of 321 proteins were transferred 
to membrane for determination of N- terminal sequences by 
classical Edman degradation. A total of 177 proteins were identi-
fied by database matching, with the most abundant being seed 
storage proteins and inhibitors of proteinases or amylases.

A further abundant protein was protein disulfide isomerase 
(PDI), with two forms being present. This is consistent with the 
role of PDI in catalyzing the formation of inter-  and intrachain 
disulfide bonds in the newly synthesized protein (Boston et al 
1996). About 17% of the proteins could not be identified based on 
sequences in databases, while 28% of the proteins analyzed did not 
give any N- terminal sequence data. Comparison of the fractions 
from 17 DAA and mature (45 DAA) endosperms showed slightly 
fewer proteins in the latter, 1,125 compared with 1,300, with some 
proteins being especially down- regulated. For example, PDI and 
the 60S acidic ribosomal proteins involved in protein synthesis 
were all down- regulated at 45 DAA compared with 17 DAA.

Vensel et al (2005) also compared the wheat endosperm pro-
teome at two stages, 10 and 36 DAA, focusing on the salt- soluble 

Fig. 3.56. Proteomic analysis of the timing of biochemical processes 
of wheat endosperm during grain development. A, profiles based on 
protein number. B, profiles based on normalized spot volume. Open 
columns are 10 days past anthesis (DPA); solid columns are 36 DPA. 
(Reprinted, with permission, from Vensel et al 2005)
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The main difficulty in determining the mechanical proper-
ties of the outer layers is in obtaining test samples from the pe-
ripheral layers of the grain. This was pioneered by Glenn and 
Johnston (1992a) and developed further by Peyron et al (2000) 
and Mabille et al (2001). In general, the embryo and brush are 
removed from the wheat grains by cutting transversely with a 
razor blade. The grains are then soaked overnight in distilled 
water. A crease incision is then made, and the endosperm is 
scraped from the outer layers, using a scalpel to obtain strips (10 
× 2 mm) for rheological tests. Wheat bran is a composite mate-
rial formed from different histological layers, and three different 
strips can be obtained from the soaked outer layers (Antoine et 
al 2003). The outer strip corresponds to outer pericarp (epider-
mis and hypodermis); the inner one corresponds to the aleurone 
layer; and the intermediate one remains a composite of several 
tissues (inner pericarp, testa, and nucellar tissue). All the strips 
can be obtained in a radial or a longitudinal orientation accord-
ing to the long axis of the grain. Then strips are equilibrated at 
17% moisture content in a saturated NaCl solution at 25°C before 
rheological measurements are made.

Mechanical tests are generally performed under controlled 
temperature (30°C) and controlled relative humidity (75%) so as 
to maintain a moisture content of 17% during the experiment. 
After equilibration, the strips are subjected to a uniaxial tension 
test at a very low speed rate (<0.05/sec) until disruption of the 
sample.

Several studies of the mechanical properties of the periph-
eral layers of wheat grain have established that their behavior 
is elastoplastic or ductile, with stress- strain curves exhibiting 
biphasic behavior as described by Köhler (2000). A material is 
considered to be ductile if it absorbs a part of the applied energy 
in the form of plastic deformation. In this case, the material un-
dergoes two phases of deformation. When a slight strain (<2%) is 
applied, the material undergoes an elastic deformation without 
irreversible damage of the tissue structure. However, beyond an 
elastic threshold and until the strip ruptures, the deformation 
is plastic and causes irreversible damage to the material, which 
leads to its rupture. In contrast, a material is defined as frag-
ile when the stress- strain curve presents only an elastic (linear) 
strain until rupture. Such a material breaks without warning in a 
violent way, with all the elastic energy being released at the same 
time. Accordingly, the result of such a tensile test appears as a 
stress- strain curve (Fig. 3.57) from which different mechanical 
parameters can be extracted.

1. Tensile stress to rupture (σmax, in N·mm–2 or MPa) is the 
maximum strength (Fmax) per surface unit that the sample resists 
before breaking. This value corresponds to the maximum Y- axis 
reached by the curve.

2. Tensile strain to rupture (εmax) (see also the section on vari-
etal effects) is the maximum extensibility that a sample can sus-
tain before rupture. It is expressed as a percentage of the length 
of the test sample (∆L/L).

3. Rupture energy (Wmax) corresponds to the surface area under 
the stress- strain curve. It is expressed by volume unit (J·mm–3).

4. Tensile modulus of elasticity or stiffness (E, in MPa) cor-
responds to the initial maximum tangent proportionality stress-
 strain coefficient, as, in the first part of the curve (ε < 2%), strips 
behave in a quasilinear way, purely elastic.

grains. They involve direct or indirect measurements of the par-
ticle size of the powder obtained after grinding under standard 
conditions using the particle size index or analysis of infrared 
spectra (by NIR spectroscopy). Energy consumption during 
milling reflects the mechanical resistance of the grains being 
processed. Milling energy is also often assessed indirectly by 
energy consumption measurements. Kilborn et al (1982) found 
that total milling energy ranged from 46 kJ/kg of grain for a soft 
wheat type to 124 kJ/kg for a durum wheat. Pujol et al (2000) 
described a micromill that directly measures the resistive me-
chanical torque on rolls of wheat during milling. They proposed 
a milling index based on energy consumption and on particle 
size reduction. This index varies between 100 kJ/kg of flour pro-
duced for soft wheat and 600 kJ/kg for durum wheat. A commer-
cial “single kernel characterization system” (SKCS) apparatus 
has been described by Martin et al (1993). This instrument de-
termines the force required to crush a grain between a rotating 
cylindrical roll and a smooth, fixed crescent- shaped plate, the 
crushing force being measured with a strain gauge. The SKCS 
system is very convenient for rapid measurement of the mechan-
ical properties of a single grain. However, the resulting data are 
processed to obtain values correlated with NIR hardness and do 
not provide a measure of the actual mechanical properties of the 
grains tested (Gaines et al 1996). Indeed, the complex geometric 
shape of the grain and the presence of a deep crease have com-
plicated the study of their mechanical properties. Schoplanskaya 
(1952) used Hertz’s theory to describe the mechanical proper-
ties of wheat grain without taking into account the shape. This 
model was refined by Arnold and Roberts (1965) and by Shelef 
and Moshenin (1967), who determined a more rigorous value for 
the modulus of elasticity, which was in the range of 1.1–5.7 GPa 
for wheat grain of 10% moisture content.

Although not devoid of interest, none of these global meth-
ods can discriminate between the physical properties and 
the effects of the morphology of the grain. Indeed, the crease 
depth constitutes a weakness point in the mode of rupture of 
the grains, and this characteristic is highly variable. Moreover, 
depending on the grain morphology (local curvature), the local 
stress and the contact surface at the interface between the kernel 
and the clamps may also vary widely. All this variability limits 
the establishment of a general relationship between the structure 
of the grain and its mechanical properties.

Because the propensity of wheat to fracture results espe-
cially from the differences between the rheological properties 
of component tissues of the grain, research is now focusing on 
the measurement of the individual properties of each grain layer 
combined with the use of new tools for numerical simulation in 
order to reconstruct the properties of the whole caryopses.

Properties of the outer layers

The separation between the flour and bran during milling 
is facilitated by the fact that the peripheral tissues form frag-
ments that are larger than the particles originating from the 
endosperm. Determination of the mechanical properties of the 
outer layers of wheat is crucial in order to evaluate the ability 
of the raw material to be processed as well as to understand the 
underlying physicochemical basis for this ability.



82 x Wheat: Chemistry and Technology, 4th ed.

to coarser particles. This increase in bran extensibility probably 
results from a plasticizing effect of water, which reflects a phase 
transition within the cell walls and more particularly within the 
most hydrophobic regions, which are rich in cutin (Evers and 
Reed 1988).

vARiETAl EFFECTs

In spite of the variability observed among the mechanical 
properties of strips (coefficient of variation 15%), analysis of vari-
ance allows us to distinguish between cultivars for each of the 
parameters measured. However, comparison of the mechanical 
data and the distribution of the bran size after milling empha-
sizes the importance of two parameters: maximum tensile strain 
or extensibility (εmax) and stiffness (E). A strong positive corre-
lation was observed between the extensibility of the outer lay-
ers of the wheat grain and the size of the coarse bran obtained 
after milling of bread wheat (Greffeuille et al 2006), whereas a 
negative correlation with stiffness was measured by Peyron et 
al (2002) on durum wheat. This suggests that the behavior of 
the outer layers during milling results from intrinsic mechani-
cal properties rather than from differences in endosperm frac-
ture between grains differing in hardness, as suggested earlier 
(Moss et al 1980). Glenn and Johnston (1992a) observed differ-
ences between 10 U.S. varieties in tensile strength, tensile strain, 
and rupture energy. They could not attribute these differences 
to the hardness class or to differences in outer layer thickness 
as reported by Shellenberger and Morgenson (1950). Greffeuille 
et al (2006) showed that a collection of six wheat cultivars could 
be divided into three types based on plots of their mechanical 
properties using stiffness and tensile strain to rupture as axes. 
The first group comprised soft cultivars and exhibited the high-
est values for tensile strain and lowest values for stiffness. The 
second group displayed low extensibility (<15%) and could be 

divided into two subgroups based on their 
stiffness values. The subgroup with the 
highest stiffness modulus comprised some 
soft cultivars and some hard cultivars. The 
other subgroup comprised only hard culti-
vars displaying low extensibility and a low 
tensile modulus. According to this classifi-
cation, all of the durum wheats examined 
by Peyron et al (2002) belong to the third 
group.

MECHAniCAl PRoPERTiEs oF  
BRAn lAYERs 

Antoine et al (2003) studied the con-
tributions of the constitutive tissues to 
the overall mechanical properties of bran. 
Manual dissection allowed three layers to 
be separated from wheat bran: the outer 
pericarp; an intermediate strip3 compris-
ing inner pericarp, testa, and nucellar tis-

Because strip width varies from one test sample to another, 
it is useful to express these mechanical parameters in terms 
of unit width. In these conditions, results are expressed as li-
neic2 strength to rupture ( fmax, in N·mm–1 = Fmax/strip width), 
lineic rupture energy (J·mm–2), and lineic modulus of elasticity 
(N·mm–1). The measurement repeatability is satisfactory as the 
variation coefficient for each measured parameter is around 15%, 
in line with rheological tests performed on biological materials.

EFFECT oF MoisTURE ConTEnT on MECHAniCAl PRoPERTiEs 
oF WHEAT oUTER lAYERs

Moisture tempering is a long- established practice performed 
by millers to improve the milling process. This pretreatment, 
also called “conditioning,” consists of two steps: damping fol-
lowed by a resting period. It is often regarded by millers as in-
ducing “bran toughening,” which results during milling in bet-
ter separation from the endosperm, with the recovery of the 
bran in coarser pieces and with less small bran specks in the 
flour. Indeed, the rheological properties vary greatly according 
to the moisture content of the outer layers. Glenn and Johnston 
(1992a) found that the maximum tensile strain to rupture (εmax) 
was more than three times greater for bran strips equilibrated 
at 100% rh than at 45%, whereas the rupture energy (Wmax) re-
mained constant. This suggests that the bran becomes more 
compliant and resilient with increasing moisture content; i.e., it 
loses strength and stiffness but increases in plasticity. Mabille et 
al (2001) confirmed these results by testing strips with different 
moisture contents. They found a greater difference in rheological 
properties between 14 and 18% moisture content than between 6 
and 14%, which is consistent with millers’ experience as the grain 
moisture is increased up to 17% during tempering. In fact, mois-
ture increases in outer layers do not result in toughness itself 
but in greater extensibility of bran tissues, leading after milling 

2  Lineic is an attribute of physical quantity obtained by division by length.
3  This intermediate strip does not correspond anatomically to the intermedi-
ate cell layer discussed in the section on the microstructure of the pericarp.

Fig. 3.57. Typical stress-strain curves of wheat grain tissues. Wmax corresponds to the total 
area under the curve for plastic and elastic deformation.



Development, Structure, and Mechanical Properties of the Wheat Grain x 83

For adhering tissues, it can be hypothesized that the exten-
sibility of the total outer layers depends on the maximum linear 
stress of the individual tissues. When the individual layers dis-
play equivalent stresses, all of the outer layers would break when 
the least extensible layer broke. When one of the layers displays 
significantly greater stress to rupture than others, this layer 
would govern the extensibility of the remaining tissues. Tissues 
displaying significantly lower strength compared to the other 
layers would not affect the extensibility of the total outer layers 
at rupture. Due to its anisotropy, the pericarp may govern bran 
elasticity in the longitudinal orientation, whereas, in the radial 
orientation, the bran elastic properties are influenced most by 
other tissues.

The physicochemical basis for the differences in the me-
chanical properties of bran tissues remains unknown. It can be 
assumed that mechanical characteristics may be determined 
at different organization levels, i.e., tissue overall structure, 
cell shape and density (Lucas et al 1995), intercellular adhesion 
(Waldron et al 1997, Jarvis et al 2003), and cell wall architecture, 
which depends on nature, proportions, and interactions between 
components (Whitney et al 1999). Indeed, several studies stress 
the importance of cell wall biochemical composition and struc-
ture in determining the mechanical properties of plant tissues 
(Shopfer et al 2001, Mac Adam and Grabber 2002). The outer 
layers of wheat are composed of several tissues having distinct 
structures and biochemical compositions and consisting mainly 
of cell walls (except the aleurone layer). Cereal cell walls are 
mainly composed of arabinoxylans and β- glucans, with smaller 
amounts of cellulose and lignin (Fincher and Stone 1986, Schwarz 
et al 1988, Mandalari et al 2005) (see Chapter 9). Arabinoxylans 
were known to be esterified by ferulic acid, which contributes 
to polymer cross- linking (Hartley et al 1990, Ralph et al 1994). 
The modulation of tissue mechanical properties by these poly-
mer cross- links has been suggested in a number of studies, for 
example in Oryza (Tan et al 1992) and shoots of wheat seedlings 
(Wakabayashi et al 2005). Also, Peyron et al (2002) showed that 
aleurone extensibility in durum wheat is  affected by the degree 

sue; and the aleurone layer. Tensile tests allowed the mechanical 
behavior of the isolated tissues to be discriminated (Fig. 3.58).

The outer pericarp exhibited linear elastic rheological behav-
ior, being less extensible than the other tissues (4 ≤ εmax ≤ 9%). In 
addition, it exhibits anisotropic characteristics as the rheological 
properties depend on the angle between the force direction and 
the axis of the elongated pericarp cell (Ng et al 2000), resulting 
in significantly higher tensile stress and stiffness according to 
the longitudinal test.

The aleurone layer and intermediate layer have similar me-
chanical properties, with elastoplastic behavior of 0.6 ≤ fmax ≤ 1.2 
N·mm–1 and 15 ≤ εmax ≤ 27%. These two layers exhibit isotropic 
behavior. The polygonal constitutive cells of the aleurone layer 
form a regular network. Because of this, it is easy to understand 
why the layer exhibits isotropic behavior. The intermediate strip 
can be considered a composite material with specific cell struc-
tures being present in each tissue, the whole forming a complex 
network resulting in isotropic mechanical behavior.

The overall mechanical properties of the outer layers depend 
on both the individual tissue characteristics and their adhesive 
forces. The complex structure of wheat bran makes it difficult to 
establish the respective contributions of each layer to bran prop-
erties. However, because the outer pericarp is the single aniso-
tropic tissue, it can be assumed that it is responsible for the bran 
anisotropy. Similarly, the fragile nature of the pericarp indicates 
that the plastic properties derive exclusively from the aleurone 
and intermediate layers. For the elastic properties, E and fmax of 
the total outer layers could be approximated by summing the 
mechanical characteristics of the individual tissues. The ∑max of 
the adhering tissues was significantly greater than that of the 
isolated aleurone and intermediate layers. It is therefore prob-
able that in the plastic stage, synergy occurred between the lay-
ers, resulting in greater deformation capacity and fmax. It is prob-
able that isolation of the individual layers leads to the partial loss 
of important interactions and can thus modify the mechanical 
properties. However, the molecules and/or structures responsi-
ble for this adhesion have not yet been identified.

Fig. 3.58. Stress-strain curves of different outer layers of the wheat grain.
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(Fig. 3.59A,B). This method requires considerable skill and is 
not easy to use, especially with very soft grains. Haddad et al 
(1998) proposed a rapid method to prepare parallelepipedal4 test 
samples of wheat endosperm with no trace of crease (Fig. 3.59C). 
Furthermore, this method can also be applied to other cereals 
(corn or rice). Another approach was developed by Malouf and 
Hoseney (1992), who studied the fracture of tablets made from 
reconstituted flour components. However, it was not possible to 
demonstrate that the mechanical properties of these tablets were 
equal to those measured on intact endosperms. The samples are 
equilibrated on saturated saline solutions for one week before 
testing to give the desired moisture content (generally between 
15 and 17%).

Whereas the rheological properties of the outer layers are 
generally determined by tensile tests, the mechanical proper-
ties of the starchy endosperm are analyzed by compression tests, 
which are generally performed at a strain rate of 0.1 mm/s on at 
least five samples. The reproducibility of such tests is acceptable, 
with a coefficient of variation of about 15%. Typical stress- strain 
curves plotted during the compression of endosperm samples 
display an elastic part related to the elastic behavior followed by 
fracture with or without a plastic stage. From these curves, the 
following parameters can be extracted:

1. Failure stress (σmax, expressed in MPa), measured as the 
peak force of the stress- strain curve; 

2. Failure strain (εmax, expressed in percent of initial length), 
which represents the maximum strain to induce failure; 

3. Failure energy per unit volume (expressed in MJ/m3), 
which is proportional to the area of the curve up to the 
peak force; and

4. Young’s modulus (E expressed in 103 N·mm–1) as the ratio 
of stress to corresponding strain below the proportional 
limit of elasticity.

vARiABiliTY in WHEAT GRAins

Table 3.2 gives data reported by several authors on grain 
of different origins. In spite of some variation related to the 
method, there is good overall agreement among the data, with 
the mechanical properties of the wheat endosperm varying ac-

of arabinoxylan cross- linking by ferulic acid dehydrodimers. 
Furthermore, the pericarp contains the highest level of dehy-
drodimers and is the least extensible caryopsis tissue (Antoine 
et al 2003).

The complex structure and composition of wheat bran 
means that more work is required to elucidate the physicochemi-
cal basis of bran extensibility, with a particular priority being 
to identify the components responsible for tissue plasticity and 
adhesiveness.

Endosperm Mechanical Properties

Endosperm texture is a key determinant of processing qual-
ity as it affects milling behavior (tempering conditions, mill op-
eration, energy consumption per kilogram of flour produced) as 
well as the end- use quality of flour (flour particle size and starch 
damage). As discussed above, the complex grain morphology 
has limited the success of attempts to determine the mechani-
cal properties of the endosperm. Several workers have tried 
indentation tests, by driving a needle into a flat surface of the 
endosperm and registering the force required to penetrate to a 
fixed depth (<0.5 mm). Barlow et al (1973) used this on isolated 
starch and protein fractions from hard and soft wheats but found 
no significant difference in either, suggesting that the mechani-
cal properties depend on the degree of adhesion between starch 
granule and protein. These results were confirmed by Glenn 
and Johnston (1992b). Nevertheless, Gasiorowski and Poliszko 
(1977) found a good correlation with endosperm hardness 
using a Vickers diamond indenter. Another study used a micro-
tome to cut successive sections across individual wheat grains. 
Dobraszczyk (1994) showed that a decrease in cutting force oc-
curred from the outside of the grain toward the center, and then 
an increase near the crease. Although these techniques were not 
able to give information on the mechanical properties, they may 
measure physical parameters that can be used to develop models 
of grain properties.

More recent studies have used blocks of endosperm of pre-
cise size and dimensions. Glenn et al (1991) developed a method 
for preparing geometrically precise cylinders (diameter 1 mm, 
length 3 mm) from a half endosperm by turning them on a lathe 

4  A three- dimensional figure like a cube except that its faces are not squares but rectangular.

Fig. 3.59. Wheat endosperm test samples prepared for mechanical testing. Cylindrical samples before compression (A) and tension (B) tests. 
C, preparation of parallelepipedal test samples. Bar = 1 mm. (A, B, reprinted from Glenn et al 1991, with permission from Elsevier; C, reprinted 
from Haddad et al 1998)
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HARdnEss And viTREoUsnEss

Hardness and vitreousness both affect the mechanical prop-
erties of the endosperm. Hardness is a physical parameter de-
fined as the degree of resistance to deformation and is control-
led by genetic factors, mainly by the Ha locus on the short arm 
of chromosome 5D (Turnbull and Rahman 2002) (see Chapter 
8 and the section on the endosperm above). Vitreousness is 
an optical parameter that is mainly influenced by the grow-
ing conditions, notably temperature and nitrogen availability. 
Vitreous endosperms have a glassy appearance, whereas mealy 
endosperms are opaque.

Several hypotheses have been proposed to explain the pheno-
typic expression of hardness (Simmonds et al 1973, Stenvert and 
Kingswood 1977), most of them highlighting the degree of pro-
tein matrix–starch granule adhesion. Glenn et al (1991) showed 
that hardness as determined by NIR is positively correlated with 
mechanical parameters with R2 values of 0.96, 0.65, and 0.50 for 
E, Wmax, and εmax, respectively. However, these relationships are 
nonlinear, and the authors concluded that hardness may relate to 
more than one mechanical property. Indeed, the results suggest 
that both strength and ductility contribute to grain mechanical 
properties. Notably, εmax, a measure of ductility, varies from very 
low values for soft cultivars to very high for durum wheat. This 
is contrary to the assumption that hard wheats are more brit-
tle than soft ones (MacRitchie 1980). The failure energy (Wmax) 
also reflects the more ductile behavior of durum wheat. This is 
largely responsible for the greater energy requirement for grind-
ing durum endosperm, as shown by Pujol et al (2000), and may 
explain why durum wheat requires much more energy for grind-
ing than some hard wheats with high σmax values.

Vitreousness is generally attributed to the degree of com-
pactness of the endosperm. Within a cultivar, vitreousness has 
been related to protein content (Pomeranz and Williams 1990) 

cording to the origin. All the available data, as illustrated in the 
table and in Fig. 3.60, indicate that soft wheats show only elas-
tic deformation, with no plastic stage, and can be considered 
to be fragile with regard to failure, while durum wheats always 
show plastic deformation following elastic strain and experience 
ductile failure. Hard wheats also generally show plastic defor-
mation, particularly if the grain is vitreous. Finally, the failure 
strain and failure energy depend on the grain hardness as well 
as on the vitreousness, whereas Young’s modulus depends more 
on the former.

EFFECT oF MoisTURE ConTEnT

Variation in moisture content affects the mechanical proper-
ties of the endosperm (Delwiche 2000). Dobraszczyk (1994) used 
a microtome to determine the effect of grain moisture on cutting 
properties. As the moisture decreased, the fracture toughness in-
creased at the same rate for both mealy and vitreous endosperms 
down to 11% moisture content, below which it increased more 
rapidly for vitreous than for mealy endosperms. According to 
Haddad et al (2001), the typical stress- strain curve for vitreous 
endosperms with a 12% moisture content exhibits elastic behav-
ior to a limit of about 35 MPa and then a plastic strain state until 
rupture. The behavior is similar at 15 and 17% moisture, with 
an increase in plastic strain. However, the compression curve 
is completely different at 22% moisture, showing considerable 
creep and a substantial fall in the values for rupture stress and 
for Young’s modulus, with water acting as a plasticizer. Among 
all of the parameters, the stress to rupture appears to be the most 
dependent on moisture content. According to Glenn et al (1991), 
hard wheats are much more sensitive to variation in moisture 
content, so varietal differences in rupture stress were not signifi-
cant when the specimen reached 22% moisture content.

TABlE 3.2. 
Mechanical Properties of Wheat Endosperm

Property soft Wheat durum Wheat References

σmax (MPa) 12–39 56–68 Glenn et al (1991)**
19–19 … Greffeuille et al (2007)***
13 23–73 Haddad et al (1998)*
11–23 26–49 Haddad et al (2001)***

εmax (%)  2.7–4.9  9.4–17.7 Glenn et al (1991)**
 5.4–6.1 … Greffeuille et al (2006b)***
 5.5  9.5–24.3 Haddad et al (1998)*
 6.7–5.0  4.0–8.0 Haddad et al (2001)***

Wmax (J·mm–3)  0.20–0.69  4.6–8.1 Glenn et al (1991)**
 0.63–0.71 … Greffeuille et al (2006b)***

… … Haddad et al (1998)*
 0.54–0.71  0.8–2.9 Haddad et al (2001)***

E (GPa)  0.62–1.30  1.40–2.20 Glenn et al (1991)**
 0.44–0.50 … Greffeuille et al (2006b)***
 0.25  0.38–0.93 Haddad et al (1998)*
 0.20–0.40  0.90–2.2 Haddad et al (2001)***

a  Test samples equilibrated at 12*, 15%**, or 17%*** moisture content before 
testing.

Fig. 3.60. Typical stress-strain curves for soft (S), hard (H), and 
durum (D) wheat endosperms. σmax = tensile stress to rupture, Wmax 
= rupture energy, εmax = tensile strain to rupture. (Reprinted, with 
permission, from Glenn et al 1991)
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of vitreousness. Depending on the failure mode, the spread of 
cracks in the endosperm takes place at substantially different 
rates that result in the formation of particles of different sizes 
and shapes. Haddad et al (1999) concluded that variations in be-
havior at a mill (break flour yield and the farina stock and energy 
required for flour production) are mainly related to the variation 
in vitreousness of the hard wheat in the grist. Greffeuille et al 
(2007) followed a step- by- step reduction of coarse particles dur-
ing milling of hard and soft wheats. They observed large differ-
ences in the energy required to dissociate endosperm particles 
as well as in the particle size distribution. Particle size analysis 
revealed a multimodal distribution of flour particles. The pro-
duction of the finest particles (<50 µm), which correspond to 
individual starch granules together with fragments of protein 
matrix, was shown to be related to wheat hardness and thus to 
reflect the ability of starch granules to be separated from the pro-
tein matrix (Ziegler and Greer 1971). On the other hand, the size 
of the coarse particles produced during farina reduction, and so 
the rate of endosperm reduction in flour, appeared to be mainly 
affected by the vitreousness, which itself could be related to the 
failure strain of the endosperm and its porosity.

Both vitreousness and hardness impact the mechanical 
properties of the grain endosperm, with Young’s modulus being 
principally determined by hardness, while failure energy varies 
widely with vitreousness. These observations led Haddad et al 
(2001) to propose a classification of wheats on the basis of these 
rheological characteristics (Fig. 3.62). This shows that a Young’s 
modulus of less than 0.5 GPa corresponds to a soft wheat, whereas 
a value above 1.0 GPa corresponds to durum wheat. Further-
more, vitreous and mealy endosperms can be discriminated by a 
threshold value of 1.5 MJ/m3.

Although a range of tests can be used to characterize the 
mechanical properties of the endosperm, all have the draw-
back of performing the measurements at low speeds. It would 
therefore be of interest to develop tests that operate at higher 
speeds in order to determine the elastic and plastic properties 
of the endosperm at strain rates similar to those that occur in 
a roller mill.

integration of data

Milling technology still relies more 
on technical know- how than on well-
 established scientific facts. Wheat grains 
are very complex structures, heterogene-
ous in composition, morphology, and me-
chanical properties. To predict the milling 
behavior of wheat grain, numerous fac-
tors must be taken into account: biological 
(grain development, etc.), physicochemical 
(types of cross- links between components, 
variability in structure and composition), 
and mechanical (rheological properties, 
mode of application, and stress intensity). 
Consequently, it is important to integrate 
information on all of these factors to de-
velop models to simulate grain fractiona-
tion. In particular, a three- dimensional 

and to protein composition (gliadin/glutenin ratio) in durum 
wheat (Dexter et al 1989, Samson et al 2005). Furthermore, the 
agronomic conditions (water and nitrogen availability) and en-
vironmental conditions (temperature and light intensity) during 
grain filling and the rate of drying at maturity also affect grain 
vitreousness (Parish and Halse 1968).

Lack of vitreousness (i.e., the mealy state) can be considered 
as a microstructural weakness related to endosperm porosity. 
Scanning electron microscopy of mealy endosperms clearly re-
vealed a discontinuous protein matrix with numerous air spaces 
(Dexter et al 1989, Sadowska et al 1999). Dobraszczyk et al (2002) 
showed a nonlinear relationship between the mechanical prop-
erties and endosperm density (Fig. 3.61). The failure stress and 
fracture toughness increase rapidly as the density approaches 
a limiting value corresponding to the density expected for an 
endosperm without pores. This observation is consistent with 
models based on fracture mechanics theory, in which pores con-
centrate applied stress and can act as sites of crack initiation.

Soft wheats generally exhibit a mealy endosperm with little 
variation in vitreousness. Consequently, soft wheats are char-
acterized by a fragile mode of failure. In contrast, hard wheats 
display either fragile or ductile failure according to their degree 

Fig. 3.62. Classification of wheats on the basis of mechanical characteristics. Wmax = rupture or 
failure energy, E = Young’s modulus. (Reprinted from Haddad et al 2001, with permission 
from Elsevier)

Fig. 3.61. Effect of endosperm density on failure stress for a hard 
wheat type. (Reprinted from Dobraszczyk et al 2002, with permis-
sion from Elsevier)
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Amyloplast— A form of plastid whose function is to produce and 
store starch grain.

Apoplant— The complex of adjoining cell walls continuous through a 
plant or part of a plant.

Awn— A projection from the tip of the lemma.
Brush— A collection of hairs or trichomes on the apex of the wheat 

grain.
Carpel— The structure enclosing ovules.
Caryopsis— A fruit, usually of grasses, in which the ripened ovary 

wall, the pericarp, is fused to the seed coat at maturity.
Chalaza— The basal region of the ovule where the stalk is attached.
Chlorenchyma— Parenchymal cells that contain chloroplasts.
Chloroplast— A plastid that has the main function of carrying out 

photosynthesis.
Cisternae— Elongated membrane- bound cavities.
Coenocytic— Describing a cellular state in which many nuclei occur 

in cytoplasm without being separated from each other by a plasma-
lemma and/or cell wall. Adjective for a multinucleate condition.

Coleoptile— A foliar- like sheath that surrounds the shoot apex in 
grass embryos.

Coleorhiza— A structure of the grass embryo that surrounds the 
radicle.

Cortex— In the mature wheat embryo, the cylinder of parenchyma 
that surrounds the central vascular core of the radicle.

Crease— A marked longitudinal furrow on the ventral side of the 
wheat caryopsis.

Cross cells— Cells found only in grasses; formed from cells of the 
pericarp chlorenchyma that elongate transversely, lose their chlo-
rophyll during development, and become lignified. They come 
to lie between tube cells (if present) and the parenchyma of the 
pericarp.

Cuticle— An extracellular material secreted by certain plant cells that 
restricts water movement. It is typically composed of a fatty sub-
stance called cutin.

Cytokinesis— Division of the extranuclear part of the protoplast. A 
separate process from nuclear division.

Cytoplasm— The living contents of a cell.
Embryo— The rudimentary plant present in a seed, called “germ” by 

millers; composed of the embryonic axis and the scutellum.
Embryonic axis— A major part of the embryo (consisting of the shoot 

or epicotyl, mesocotyl, and radicle), which forms the new plant 
upon germination.

Endodermis— The innermost cell layer of the root cortex. It usually 
possesses a specialized wall thickening called the casparian strip.

Endoplasmic reticulum— A system of elongated membrane- bound 
cavities called cisternae. If the membrane is studded on the pro-
toplasmic side with ribosomes, it is called “rough endoplasmic re-
ticulum.” If it lacks ribosomes, it is called “smooth endoplasmic 
reticulum.”

Epiblast— An appendage attached to the coleorhiza that projects up-
ward and partially covers the shoot.

Epicotyl— The entire shoot primordium of an embryo.
Epidermis— The outermost protective cell layer of a tissue, usually 

covered by a cuticle.
Funiculus— The stalk that attaches the ovule to the placenta.
Germ— Term used by millers to denote the embryo of cereals.
Glumes— Chafflike bracts at the base of the rachilla.
Golgi apparatus— An organelle composed of stacked cisternae that 

bud off vesicles. Involved in the synthesis, processing, trafficking, 
and secretion of polysaccharides and proteins.

Grain— Another term for the wheat fruit, a caryopsis.
Hull— A structure formed by the pales (the palea and the lemma).
Husk— Another name for hull.
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GlossARY
Aleurone grain— A specific type of storage protein body found in the 

outermost layer of endosperm tissue (aleurone layer).
Aleurone layer— The outermost cell layer of the endosperm, usually 

only one cell thick in wheat and the only endosperm tissue alive at 
maturity. The cells that make up this layer are responsible for most 
of the de novo synthesis of enzymes associated with germinating 
grains.
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Plumule— The first bud or, in the wheat embryo, the apical meristem 
and primary leaves.

Proplastid— An undifferentiated plastid with little internal structure.
Protein body— Membrane- bounded body containing storage proteins.
Protophloem— Phloem tissue that appears at the beginning of vascu-

lar differentiation.
Protoplast— That part of a cell within the walls.
Rachilla— The short axis of the wheat spikelet that bears the glumes 

and floret.
Rachis— The main axis of wheat.
Radicle— The primary embryonic root of the wheat embryo.
Ribosome— A submicroscopic particulate structure responsible for 

translating mRNA into protein.
Scutellar epithelium— Continuous layer of cells covering the en-

dosperm side of the scutellum, thought to act as a secretory and 
absorptive organ.

Scutellum— A shieldlike structure of the cereal embryo that is thought 
to be a cotyledon.

Seed coat— See Integuments.
Sieve element— An enucleate conducting cell of the phloem.
Sieve tubes— A longitudinal series of sieve elements with sieve plates 

at their junctions.
Stomata— Openings in the epidermis through which gaseous ex-

change occurs; formed by a pair of guard cells.
Subaleurone— A region of starchy endosperm below the aleurone 

layer that contains a large amount of storage protein and con-
sists of cells that are smaller than cells in the rest of the starchy 
endosperm.

Symplast— The system of interconnected protoplasts in a plant or part 
of a plant.

Testa— See Integuments.
Tonoplast— The membrane of a vacuole.
Tracheary elements— Two fundamental types of primary xylem 

elements.
Transfer cells— Specialized cells with intricate cell walls thought to 

function in the transport of materials.
Trichomes— Epidermal appendages or hairs that make up the brush 

in wheat.
Tube cells— Cells formed from the inner epidermis of the pericarp in 

which the cells elongate parallel to the grain’s long axis and walls 
become lignified.

Vacuole— Liquid- filled compartment in the plant cell surrounded by 
a membrane, the tonoplast. Usually comprises over 30% of the cell 
volume.

Vascular tissue (bundle or traces)— A tissue system in which liquids 
are conducted; composed of xylem, phloem, and associated cells 
combined into a discrete and highly organized group.

Xylem— The primary water- conducting tissue of the vascular system 
in plants.

Hypodermis— The cell layer beneath the epidermis of the pericarp in 
wheat grain.

Integuments— Two distinct tissue layers that surround the nucellus of 
the ovule. At maturity, they give rise to the testa or seed coat.

Kernel— A type of seed, sometimes used to describe the wheat grain 
or caryopsis, although this description is not botanically correct.

Lemma— The lower pale or fertile glume that partially surrounds the 
palea; may have a narrow projection known as an awn.

Lignin— A phenolic polymer that makes up much of the secondary 
thickening in plant cell walls.

Lipid droplets— Subcellular structures that store lipids.
Lodicules— Two small bulbous scales at the base of the ovary of wheat 

and other cereals that presumably aid in opening the pales (hull) 
at anthesis.

Meristem— The region of active cell division in plants, from which 
permanent tissue is derived.

Mesocotyl— The region of joining of vascular tissues of the radicle, 
epicotyl, and scutellum in the wheat embryo.

Micropyle— The small opening or canal at the apex of the integuments.
Microtubules— Extremely small tubules in the cytoplasm of cells; 

composed of a protein (tubulin).
Middle lamella— The intercellular substance between two adjacent 

cell walls.
Nucellar epidermis— The outer cellular layer of the nucellus. This and 

the nucellar projection are all that remain at maturity.
Nucellus— The central portion of the ovule, containing the embryo 

sac and surrounded by integuments. The nucellus degenerates rap-
idly such that, at anthesis, it is only a few cells thick.

Ovule (egg)— The structure that, after fertilization, develops into 
the seed. It is composed of the nucellus, the integuments, and the 
funiculus.

Palea— The inner pale or fertile glume.
Pales— The palea and lemma, sometimes referred to as fertile glumes.
Parenchyma— A primary tissue with polyhedral cells and thin cell 

walls.
Pericarp— The ovary wall of a fruit.
Pericycle— The outermost cells of the cylinder of conducting tissue in 

a primary root.
Phloem— One of two complex conduction tissues that is responsible 

for the translocation of nutrients in plants.
Phragmoplast— The region between daughter nuclei of a dividing 

plant cell. It contains the cell plate where the cell wall forms.
Pigment strand— A cylinder of cells that lies between the vascular tis-

sues and the nucellar projection in the crease region.
Plasmalemma— The membrane that surrounds a protoplast in plant 

cells.
Plasmodesmata— Direct cytoplasmic connections between cells.
Plastid— An organelle bounded by a double membrane and associ-

ated with various assimilatory functions.




