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CHAPTER I 

INTRODUCTION 

Grain sorghum (Sorghum bicolor ( L) Moench), is an 

important crop in the United States particularly in the 

Southwest, where it thrives in the semi-arid environment. 

The caryopsis, commonly called the grain or "seed," is the 

commercially important part of grain sorghum. In recent 

years, sorghum's industrial and livestock-feeding uses have 

increased in the U.S. and it remains a major human food in 

part of China, India, and Africa. 

The development of structure in the grain sorghum 

kernel is important to millers, processors, and grain 

growers. Improvements in techniques of milling, processing, 

and objectives in grain sorghum breeding are dependent on a 

knowledge of the structure of the kernel. Microscopic 

examination of the mature kernel will not reveal structures 

as easily as following the development of structure within 

the kernel. Once the basic developmental pattern of the 

sorghum seed is established, it will be much easier to eval-

uate the effect of various environmental stresses on sorghum 

yield and grain quality. 

Previous studies have been conducted on the development 

of various parts of the sorghum seed. However, these 

studies are quite old and were conducted using lines or 



varieties rather than commercial hybrids which have a n̂.uch 

higher yield potential. Secondly, no information exists 

concerning the formation and development of starch grains in 

the endosperm nor does any infornation exist concerning the 

deposition of protein in the endosperm. 

The purpose of this study was to trace the development 

of the endosperm, embryo, seed coat, pericarp, and starch 

granules from pollination to maturity of the caryopsis to 

gain a general understanding of the developmental pattern 

of the grain sorghum kernel. 



CHAPTER II 

LITERATURE REVIEW 

General Structure of the Sorghum Kernel 

The sorghum kernel is a flattened sphere approximately 

4.0 mm long by 3.5 mm wide by 2.5 mm thick. The mature seed 

of grain sorghum consist of the embryo or germ, and the endo-

sperm, both surrounded by a seed coat. This seed is enclosed 

in the pericarp. The whole structure is called a caryopsis, 

or kernel. Each of these parts can be further subdivided. 

The pericarp is composed of five distinct layers: the 

epidermis, the hypoderm, the mesocarp, the cross cell layer, 

and the tube cell layer (Winton, 1903; Artschwager and 

McGuire, 1949; Sanders, 1955). The layer beneath the peri-

carp is the seed coat, composed of a cutinuous membrane and 

in some varieties there is a thicker layer of cellular 

remains (Sanders, 1955). 

The mature endosperm consist of a single outside layer 

of cells containing oil and protein called the aleurone 

layer. A region of cells containing a dense protein matrix 

located immediately beneath the aleurone layer and consist-

ing of several concentrical layers has been called the 

peripheral endosperm layer (Watson et al., 1955). The endo-

sperm cells which store starch are further divided into an 



outer horny (or corneous) endosperm and an inner floury 

endosperm (Sanders, 1955; Rooney and Clark, 1968). 

The embryo lies in the basal portion of the caryopsis 

Martin (1946) classified it as the "Basal Lateral" type of 

seed. The mature embryo is well differentiated and consists 

of a primary root, a shoot axis, the terminal plumule and 

scutellum. The plumule is enclosed within the coleoptile, 

and the primary root is sheathed by the coleorhiza (Artsch-

wager and McGuire, 1949; Paulson, 1969). 

A similar description of the caryopsis structure has 

been reported by Karrington and Crocker (1923) for Johnson 

Grass (Sorghum halepense). 

The Pericarp 

The pericarp, developed from the ovary wall, is the 

outermost covering of the kernel. Cells do not divide in 

the ovary wall or pericarp after pollination. At maturity 

it has about the same number of cell rows as at the time 

of fertilization. Growth in this part of the kernel is 

confined to enlargement of cells already present (Artsch-

wager and McGuire, 1949; Sanders, 1955). 

The epidermis which is a single layer of elongated, 

thick-walled cells covered by a heavy cuticle, is the con-

tinuous outermost cell layer of the pericarp except at the 

style and stalk. Sanders (1955) reported that the epidermal 



cells began to lose their cell contents after an initial 

period of wall thickening. 

The hypodermis beneath the epidermis consists of one to 

three layers of cells with walls somewhat thinner than those 

of the epidermis but much larger. Sanders (1955) reported 

that these cells were stretched and compressed as growth 

continued. 

Next comes the broad inner zone, or mesocarp, composed 

of large, thin-walled, elongated parenchyma cells, filled 

with small starch granules (Winton, 1903; Artschwager and 

McGuire, 1949; Sanders, 1955). Starch appears during the 

early stages of growth and is deposited in all cells of 

the mesocarp while the cells continue to grow in size. 

This growth continues until the third week after pollination. 

The pericarp is fully expanded by this time and thereafter 

its cell began to die (Sanders, 1955). Winton (1903) found 

that the presence or absence of the starchy mesocarp in the 

grain at the time of harvest is not a definite varietal 

peculiarity, but is dependent on the ripeness of the fruit 

or other conditions. Some kernels of a variety may possess 

it while others show only empty obliterated cells. This 

layer varies in thickness, being widest in the region 

opposite the embryo (Artschwager and McGuire, 194 9) . Accord-

ing to Winton (1903) it varies in thickness to a marked 

degree among different varieties of sorghum. 
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The inner layer of the pericarp is composed of cross 

cells and tube cells. Cross cells are usually narrow 

elongated elements forming a narrow jacket, one or several 

layers thick, being distinguished from the tube cells only 

by their transverse arrangement. Near the extremities of i 

the seed they are shorter and of more irregular shape. The 

tube cells lie at right angles to the cross cells, extending 

the entire length of the seed (Winton, 1903; Artschwager and 

McGuire, 1949). The cell wall becomes thicker as growth 

subsides. Pressure of the expanding endosperm does not 

cause these cells to collapse as it does the cells in the 

outer mesocarp. Cytoplasm disappears early from these cells 

as it does in the epidermal cells of the pericarp. Thicken-

ing of cell walls prevents these layers from collapsing as 

did many of the cells in the mesocarp. Also, starch 

granules prevent the complete collapse of the mesocarp 

(Sanders, 1955). 

Artschwager and McGuire (1949) described that there is 

an opening corresponding to the hilum which is filled with 

rows of thin walled parenchyma cells in which cell layers 

are darkly pigmented and correspond to the closing tissue 

of the hilar orifice described by Harrington and Crocker 

(1923) for the caryopsis of Johnson grass. 

•î 
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The Seed Coat 

In sorghum there is a thin layer of cutinous membrane 

or a cellular pigmented layer, located between the aleurone 

layer and the tube cells layer. This layer has been 

referred to as the testa, seed coat, subcoat, undercoat, or 

nucellar layer. The multitude of names causes some con-

fusion in an interpretation of research papers, especially 

those dealing with the location of the pigment. Winton 

(1903) presented the earliest description of this layer in 

the mature kernel as remains of the nucellus and appropri-

ately named it the nucellar or hyaline layer. Artschwager 

and McGuire (1949) referred to the seed coat as the fused 

pericarp and testa and described the latter as a layer of 

yellow or brown cells. Sanders (1955), Clark, Collier, 

and Langston (1968) indicated that the seed coat (or testa) 

developed from the inner integument of the ovary and that 

the nucellus appeared to be completely resorbed during 

maturation of the kernel. Harrington and Crocker (1923) 

found the same thing in Johnson grass and Sudan grass. The 

origin of the seed coat in corn was also traced to the 

integument by Johann (1942). In fact, the term seed coat, 

or testa has been defined as the layer covering the seed, 

and derived from the integument(s) in seed structure. 

Sorghum is bitegumentous. Two integuments are present 

at the time of pollination. Sanders (1955) reported that 
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the inner one was two layers thick at the micropyle of the 

ovule, but the outer one was several layers thick. Paulson 

(1969) reported that both the inner and outer integuments 

are two cell layers in thickness. The outer integument 

extends along the distal region of the ovule to the stylar 

canal. Both integuments are discontinuous at the hilum 

where there is direct contact between the nucellus and 

ovary wall. 

Sanders (1955) indicated that three days after pollina-

tion the outer integument had been crushed between the 

inner integument and the pericarp and had disintegrated 

rapidly, so that it was practically absorbed by the sixth 

day. This left the inner integument with its cutinous 

covering in direct contact with the tube cells of the 

pericarp. More cutin was deposited as the nucellus was 

digested. 

The inner integument of some sorghum varieties contains 

an orange pigment which appear to be granular in some cells. 

The varietal difference has been studied in detail by 

Sanders (1955). In the crown region, the inner integument 

consists of large cells which are elongated at right angles 

to the surface of the kernel. At the 9-day stage these 

cells were prominent but they were crushed later like the 

outer integument. Paulson (1969) observed that the outer 

layer of the inner integument was crushed 8 days after 



pollination. At 16 days the integument was crushed in 

random areas over the surface of the endosperm, and by 25 

days all integument cells were crushed. Sanders (1955) re-

ported that little cellular tissue has been found between 

the endosperm and pericarp 21 days after pollination, with 

a few exceptions. However, the cutinous membrane formed 

earlier was continuous with cellular remains in the crown 

region. Therefore, in all varieties, there was a seed 

coat laid down between the endosperm and the pericarp. 

The Endosperm 

The primary endosperm nucleus divides soon after the 

two polar nuclei fuse with a sperm nucleus. Free nuclear 

divisions occur in the endosperm for the first 48 hours, 

at which time cell walls begin to form in the basal portion 

of the embryo sac. The embryo sac has a large central 

vacuole containing endosperm nuclei dispersed about the 

periphery. The endosperm fills this central vacuole by 3 

days (Sanders, 1955; Paulson, 1969). 

At the margin, a single layer of cells of uniform size 

is distinguishable. The cells in this outer layer have 

dense cytoplasm and large nuclei but are much smaller than 

other endosperm cells. This outer layer becomes more promi-

nent and distinguishable at 6 to 9 days as more cell divi-

sion occurs (Artschwager and McGuire, 1949; Sanders, 1955). 
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The cells divide in two planes, adding considerably to the 

circumference of the endosperm and to the interior of the 

endosperm (Sanders, 1955; Paulson, 1969). As these cells 

mature, their walls become thicker. Staining with Sudan IV 

indicated that oil already had been stored at this early 

stage (Sanders, 1955). The cells covering most of the endo-

sperm and embryo form an epidermal layer which later, after 

physiological changes, becomes the aleurone. However, the 

outermost cells at the base of the endosperm follow a dif-

ferent pattern of development. Instead of dividing, these 

basal cells elongate and the cytoplasm within becomes dis-

organized. This type of cell is only one layer thick but 

remains in continuity with the cells in the outer layer of 

the endosperm. The cells in the basal endosperm elongate 

rapidly with their long axis at right angles to the surface 

of the endosperm. The growth of these cells is similar to 

the growth of the basal endosperm in corn (Kiesselbach and 

Walker, 1952). Since cell division ceases in the basal 

endosperm, a space is left as the pericarp and seed coat 

are pushed out by the growth of the rest of the kernel. 

This space increases as the kernel matures. The basal endo-

sperm cells are not crushed as they are in the corn kernel 

(Sanders, 1955). 

At first, the subepidermal cells are irregular in 

shape and their cytoplasm content is low. As more cells 



11 

are laid down by the epidermis, the subepidermal region 

fills with smaller cells of regular shape arranged in íile-

like order. The layer of cells nearest to the aleurone 

appear to be flattened tangentially while those in the sec-

ond or third row are often isodiametric. Cell contents are 

composed of granular protein in which small starch granules 

are embedded. Different samples of the same variety of 

grain sorghum show considerable variation in both thickness 

of the peripheral layer and density of protein in individual 

cells. The thickness of the peripheral endosperm is influ-

enced by environment and variety (Watson et al., 1955). 

During the early period of endosperm growth the orig-

inal nutritive tissue of the ovule, the nucellus, has been 

digested and rapidly replaced by the endosperm. Paulson 

(1969) reported that digestion was complete within 8 days 

after pollination. Initial growth of the endosperm is due 

to enlargement of the oldest endosperm cells in the central 

portion, as well as periclinal and anticlinal division of 

the surface cells in contact with the nucellar tissue. 

Sanders (1955) reported that cell division continues in the 

subepidermal layer or peripheral endosperm after cell divi-

sion has stopped elsewhere. Cell division ceases in the 

peripheral layer after starch is deposited and the protein 

network formed. By this time the kernel has reached its 

maximum size and the arrangement of the surrounding mature 
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cells leaves little room for growth of immature peripheral 

cells. 

Artschwager and McGuire (1949) reported that deposition 

of starch begins on the sixth day in the cells at the end of 

the caryopsis farthest from the embryo and proceeds downward 

and outward until cells are filled except those of the sur-

face layers. Sanders (1955) stated that starch deposition, 

which began in the crown region continued fairly rapidly so 

that two-thirds of all the endosperm cells contained starch 

9 days after fertilization. Starch was deposited in most of 

the endosperm cells, except the subepidermal layer, by the 

time cell division stopped in the epidermis. The nuclei of 

the endosperm cells, once prominent, are difficult to find 

in mature cells. Starch granules take the place of the 

cytoplasm, which is forced into a thin film around the 

granules and along the cell walls, giving the appearance of 

a protein matrix. The endosperm cells in the central basal 

region are the last to be filled with starch, although they 

are large and morphologically mature. Starch deposition 

continued until the absorbing layer below was no longer 

functional. 

The Embryo 

Artschwager and McGuire (1949) have given an excellent 

description on the development of the embryo up to 12 days 
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after pollination, at which time they considered it mature. 

Paulson (1969) studied Sorghum bicolor (L) Moench, and 

added to the understanding of the ontogeny of the sorghum 

embryo. He indicated that the zygote undergoes a rest 

period and the proembryo was present 24 hours after pollina-

tion. Further divisions of the apical cell produces a 

proembryo consisting of a large vacuolated basal cell with 

a distal cap of several small densely staining cells. The 

suspensor initial divides transversely several times. The 

newly formed cells enlarge and push the embryo away from 

the micropyle. The suspensor is visible as a distinct organ 

up to seventh day, but finally it is crushed and absorbed by 

the cells of the endosperm (Artschwager and McGuire, 1949). 

The proembryo retains a symmetrically clavate shape 

until 6 to 7 days after pollination. By the fifth day, 

however, internal differentiation can be observed in the 

form of increased cell activity in the anterior distal por-

tion of the proembryo. This activity foreshadows the ini-

tiation of embryonic organs. The first discernible organ 

arises on the anterior surface of the embryo between the 

sixth and seventh day. This small exogenous proturbance 

is the coleoptile primordium, which is at first a crescent 

and then becomes a ring by the progressive activation of 

cells below its lateral margins. The apical meristem is 

clearly defined at 8 days. The first embryonic leaf is 
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initiated at 9 days, and successive leaves are initiated at 

10, 15, and 20 days after pollination, and at 25 days, an 

indication of a fifth leaf can be detected. Leaf initiation 

ceases 25 days after pollination. No further meristematic 

activity was observed (Paulson, 1969). The number of embry-

onic leaves in mature embryos of sorghum was determined for 

11 cultivars of Sorghum bicolor (L) Moench by Clark (1970) 

in which he reported that all cultivars had only four embry-

onic leaves. The radicle arises between the 6th and 7th day 

after pollination, as an endogenous dome within the central 

region of the embryo. The radicle becomes elongated, and 

the root cap becomes well defined by the twelfth day. 

Approximately 25 days after pollination, the radicle has 

reached its maximum size and has the typical root structure 

of radically elongated epidermal cells, broad cortex, and 

central cylinder or stele. The radicle is the only root 

formed in the embryo of sorghum (Paulson, 1969) . 

The scutellum begins to develop between 6 and 7 days 

after pollination. The distal and posterior regions of 

the embryo enlarge first, and the proximal region begins 

to enlarge at about 9 days. It reaches the micropylar end 

of the sac before the twelfth day. The scutellum is at 

first a flat, shield-shaped structure, which enlarges by 

marginal growth until it almost completely encloses the 

embryo axis at 16 days. The scutellum consists of large 
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vacuolated parenchyma cells. A surface layer of epithelial 

cells is differentiated by 12 days on the posterior surface 

of the scutellum. By 30 days infoldings of the epithelial 

surface are present. 

The first evidence of vascularization is the differen-

tiation of the median procambium strand in the distal lobe 

of the scutellum. Artschwager and McGuire (194 9) reported 

that strands of procambium are definitely evident in the 

scutellum as early as the eighth day and the large metaxylem 

initials of the axis appear by the eleventh day. Paulson 

(1969) described two procambium strands, which pass into 

the coleoptile, and the median procambium strand of the 

first leaf are distinguishable at 10 days. A procambium 

strand is formed in the proximal lobe of the scutellum by 

16 days. Mature protoxylem elements are present in the 

median bundle of the first leaf at 30 days. 

Starch and Protein Granules in the Kernel 

Starch and protein are the two major organic compounds 

in sorghum seed. Together they account for 80 to 90% of 

the total weight. 

Starch, the major component of sorghum, makes up approx-

imately 70 to 75% of the weight of the whole kernel and is 

largely stored in the endosperm. Approximately 2% of the 

germ and 4% of the bran are starch (Hubbard, Hall and Earle, 
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1950). Starch development in the kernel has been studied 

quantitatively in a few laboratories, however, there are 

no reports on the growth and development of the starch 

granules morphologically. 

Starch granules of sorghum resemble those of corn in 

general size, range, and shape (McMasters, Wolf and 

Seckinger, 1957). On the average sorghum starch granules are 

slightly larger than corn 15 y compared to 10 y. In corn, 

starch granules have been examined extensively with the light 

microscope, and their origin and development have been de-

scribed. Most investigators believe that starch granules 

originate in the amyloplasts (Whistler and Thornbury, 1957). 

The proteins of grain sorghum are distributed in the 

germ, endosperm, and hull of the grain in differing quan-

tities and types (Wall and Blessin, 1970). The concentra-

tion of protein within the endosperm of grain sorghum varies 

with texture. Vitreous cells of the subaleurone layer con-

tain mostly protein with little or no starch. Floury 

endosperm cells contain mostly loose starch with a small 

percentage of protein. Normal vitreous areas have cells 

tightly packed with starch granules that are held together 

with a protein network. This network consists of micro-

scopic protein granules embedded in a protein matrix. The 

subaleurone layer is a varietal characteristic and is re-

lated to the total endosperm protein content. The remaining 
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endosperm cells gradually decrease in protein content toward 

the center of the kernel. Seckinger and Wolf (197 3) pro-

vided good evidence of protein granule existence using the 

scanning electron microscope. 

Maturity of the Kernel 

Kersting, Stickler and Pauli (1961) used three measures 

of maturity, (1) maximum dry weight, (2) maximum germination, 

(3) maximum seedling vigor. These measures should be con-

sidered physiological measures of maturity. Eastin, 

Hultquist and Sullivan (1973) indicated that dark layer 

determination permits identification of physiological 

maturity or date of maximum dry weight accumulation. 

No previous definitions of morphological maturity of 

the sorghum caryopsis were found in the literature. Artsch-

water and McGuire (194 9) reported that the sorghum embryo 

"is completely formed by the twelfth day," but they also 

reported continued growth in the embryo after this time. In 

Sanders' (1955) study he indicated that meristematic activity 

ceased 25 days after pollination; therefore, the sorghum 

embryo may be assumed to reach morphological maturity at 

that age. Morphological, as well as physiological maturity, 

may be expected to vary with seasons and probably also with 

genotypes. 

In conclusion, the structure of mature sorghum kernel 

has been well described. The development of the embryo. 
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endosperm, seed coat, and pericarp of sorghum kernel from 

the time of pollination to maturity have been described by 

a few researchers. The primary objective of this study was 

to reexamine sorghum caryopsis development with special 

emphasis being placed on determining the pattern of starch 

and protein deposition. 



CHAPTER III 

METHODS AND MATERIALS 

Grain Samples 

Three sorghum hybrids varying in seed tannin concentra-

tion [Georgia 615 (4.7% tannin), RS671 (1.5%) and YE1099 

(0.1%)], were used (Bennett, 1975). Samples were collected 

from plants which were not subjected to any form of stress. 

Individual heads were tagged at half bloom. Samples of 

developing sorghum kernels were collected daily for the 

first week after anthesis, further collection were made at 

10, 14, 17, 21, 28 and 35 days after anthesis. The Newashin 

type (Craf III) fixative (Sass, 1958) was used for all the 

collections. Three different sizes of seeds ( > 3.36 mm, 

> 2.83 mm, > 2.36 mm) from final harvest were also collected, 

soaked in distilled water for 2 hours, and then fixed in 

Craf III solution. 

Preparation of Permanent Slides 

The materials were embedded in paraffin by using an 

ethyl alcohol-xylene series. The procedure is as follows: 

1. After grain samples are fixed, dissect with a 

razor blade to desired size, wash in glass vial 

with running tap water over night. 

2. Vacuum infiltrate with tap water two or more times 

until the specimens sink. 
19 
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3. Dehydrate for 30 minutes in each of the following 

ethyl alcohol series: 10, 30, 50, 70, 80, 90%. 

4.' Place in 100% ethyl alcohol for 15 minutes and 

then in 100% ethyl alcohol and eosin Y for 4 5 

minutes. 

5. Place in 100% ethyl alcohol for 30 minutes. 

6. Take specimen through the ethyl alcohol-xylene 

series as follows: 3:1, 1:1, 1:3. (for 30 minutes 

in each) 

7. Place in two changes of xylene (vacuum) for 30 

minutes each. 

8. One more change xylene, but just enough to cover 

the specimens. 

9. Add wax chips and place in a 65C oven overnight. 

10. Replace with fresh molten paraffin and vacuum. 

Repeat this once in the interval of 2 hours. 

11. Embedding. 

Specimens from 10 to 35 days were soaked prior to sec-

tioning in water at 35C for 24 hours with a drop of safranin 

Samples of final harvest were submerged in 20% glacial 

acetic acid in 60% ethanol at room temperature, and then 

soaked in water as per the above procedure. 

A rotary microtome was used to cut longitudional sec-

tions 10-14 M thick perpendicular to the face of the kernel. 

Each section was stained with safranin-fast green (Jensen, 
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1962) for microscopic examination. Some specimens were 

stained with a dilute iodine-potassium iodide solution for 

the starch development. Protein was stained with naphthol 

yellow S (NYS) (Deitch, 1955) for visual observation and 

for microphotography. 



CHAPTER IV 

RESULT AND DISCUSSION 

Development of Pericarp 

The ovary wall, which differentiates into the pericarp 

as kernel development proceeds, consists at first of thin 

walled parenchymatous tissue, except for the epidermis and 

the vascular strands at the base of the kernel (Fig. 1). 

No cell division was observed in the pericarp after polli-

nation. It has about the same number of cell rows from 

one day after pollination until 7 days when disintegration 

occurred (Figs. 2, 3). It is much thicker in the central 

region over the abgerminal side. About 16 to 19 cell 

layers are found over the germinal face and about 22 to 25 

over the back of the kernel. The variation in thickness 

on the same side is due primarily to differences in com-

pression over different parts of the kernel rather than to 

differences in the number of cell layers. About 7 days 

after pollination the thickness of the pericarp developed 

to its maximum size. However, elongation of these cells 

continued from the base of the kernel to the crown region 

until the kernel was morphologically mature and the embryo 

and endosperm ceased to expand. 

Differentiation of the pericarp structure was initiated 

about 3 to 4 days after pollination (Fig. 2). The epidermis 
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which is only one cell layer thick is the outermost layer 

of the pericarp. The long axis of the epidermal cells is 

parallel to the long axis of the kernel. The cells in the 

crown and basal regions of the kernel are relatively short 

while those in the intervening areas are long. The cells 

of the epidermis stain intensely with safranin suggesting 

lignification in the 'epidermis when the kernel approaches 

maturity. 

The next 3 to 5 cell layers in from the epidermis are 

referred to as the hypoderm (Fig. 2). The walls are some-

what thinner than those of the epidermis but contain more 

cytoplasm. Next comes the broad mesocarp, which consti-

tutes most of the pericarp and is about 15 cell layers 

thick. The cells of this portion grow rapidly after polli-

nation. At first, the cells grow evenly both in width and 

in length. The shape of the cells are somewhat isodiametric 

and then after the pericarp reaches its maximum thickness, 

the cells are elongated in shape. Starch accumulation in 

the mesocarp is found in the early stages of development 

(Fig. 2). 

The cross cells form a layer 3 to 6 cells thick just 

beneath the mesocarp. The cross cell layer is always 

thicker on the germinal side of the kernel. In the longi-

tudional section of caryopsis the cells are round in shape. 

Most of the cells of this layer contain cytoplasm. A 
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single layer of tube cells forms the innermost layer of the 

pericarp and constitutes its inner epidermis. The tube 

cells are in contact with the seed coat membrane. 

In the basal region of the kernel there is a special-

ized tissue, with rows of pericarp cells with somewhat 

thickened walls forming a single tissue. This is fused 

with the inner integument at the hilar margin (Fig. 4). 

The layer corresponds to the closing tissue of the hilar 

orifice described by Harrington and Crocker (1923) for the 

caryopsis of Johnson grass. As the kernel matures this 

layer becomes darkly pigmented. A branch of the tracheary 

elements from the vascular region of the pedicel extend 

over the hilum immediately below the closing layer and all 

the other tissue of the pericarp is entirely nonvascular. 

About 7 days post anthesis when the pericarp reaches 

maximum thickness the cells of the inner mesocarp in the 

subcrown region surrounding the base of the style began go 

disintegrate where the starch was deposited first. Later 

a collapse and compression of the tissue in this region, 

leaves only a layer of noncellular material separating the 

outer and inner region of the pericarp. This partial dis-

integration and collapse of cells in the middle region of 

the pericarp gradually extends toward the base of the kernel 

and thus delimits the inner and outer pericarp over the 

entire surface of the kernel, except in the basal region 
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of the kernel. Naphthol Yellow S (NYS) staining (Deitch, 

1955) indicated that the hypoderm and cross cell layer are 

prevented from collapse due to the proteinaceous contents 

in these cells (Fig. 5). The final stages of pericarp 

development are characterized by the lignification of the 

outer and inner epidermis and by a gradual compression 

laterally of the entire pericarp. 

Varietal differences were insignificant. The hybrid 

YE1099 had a slightly less developed mesocarp with few 

starch granules but the hypoderm and cross cell layer were 

strongly developed. As a result of disintegration, the 

mesocarp was completely absorbed. In Georgia 615 and 

RS671, the thickness of the starchy mesocarp remained 

fairly constant through maturity of the kernel (Figs. 5, 6). 

Seed Coat Development 

Two integuments were present one day after pollination 

(Fig. 7). The inner integument completely surrounded the 

ovule except at the hilum and the micropylar orifice (Fig. 

8). The outer integument did not completely surround the 

ovule, being absent from the micropyle along the germinal 

face of the ovule to the stylar canal. Paulson (1969) has 

reported similar findings. The inner integument is typi-

cally two cell layers thick except in the region of the 

micropyle and stylar regions where there are 3 to 5 layers. 
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The outer integument is typically 2 or 3 cell layers thick, 

but at the stylar canal region and micropyle there are from 

3 to 5 or more layers of cells. 

Three days after pollination the outer integument had 

been crushed and absorbed. At this stage, in the crown 

region, the inner integument consisted of large cells which 

were elongated at right angles to the surface of the kernel 

(Fig. 9). The outer layer of the inner integument has par-

tially disappeared 6 days after pollination. At 10 days 

the nucleus of the nucellar epidermal cells disappeared and 

the inner layer of the inner integument was compressed by 

the pressure of the expanding endosperm. Fourteen days 

after pollination little cellular tissue existed between 

the endosperm and pericarp, with the exception of Georgia 

615. Among the cultivars studied, Georgia 615 was the 

only one with pigment in the seed coat (Fig. 9). Its cells 

contained an orange pigment which is the tannin complex. 

The hybrids RS671 and YE1099 had a nonpigmented layer with 

only a cutinous membrane present. A thin layer of membrane 

formed on the surface of both the inner integument and 

epidermis of the nucellus. The two membranes became physi-

cally united early in the development of the caryopsis and 

thereafter appear to be a single membrane common to both 

surfaces. From the material examined in this study it can 

be concluded that the origin of the seed coat may be traced 

to both the inner integument and the nucellar epidermis. 
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The opening of the micropyle in Sorghum bicolor is not 

closed by the inner integument as described by Harrington 

and Croker (1923) for Johnson grass. 

Endosperm Development 

Material collected one day after fertilization had 

several free endosperm nuclei located in the spherical 

region of the embryo sac with a central cavity (Fig. 8). 

The civity is soon eliminated by further nuclear division 

and wall formation within 3 days as described by Sanders 

(1955) and Paulson (1969). Most of the endosperm cells in 

the basal region were formed at that time (Fig. 10). The 

endosperm in its early development stage is essentially 

undifferentiated and consists of thin-walled parenchyma 

cells of varying size and shape. There is at first no 

specialized epidermal layer and cell division activity is 

throughout the entire tissue, including both the marginal 

and the central cells. Three days after pollination there 

is a tendency for cell division to be localized chiefly in 

the peripheral zone (except in basal cells). The growth 

of the inner region is primarily by increase in size 

rather than in number of cells. After this time, cell 

division was concentrated in the peripheral zone (Fig. 11) . 

The enlargement of the endosperm involves both periclinal 

and anticlinal divisions of the surface cells in contact 
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with nucellar tissue as well as cell enlargement in the 

central portion (Fig. 10). 

Four days after anthesis the endosperm is 16 cells wide; 

it is 20 rows wide at 6 days and 28 or more rows of cells 

exist 10 days after pollination. At this time, the nucellar 

tissue is completely digested and replaced by the expanding 

endosperm. The meristematic epidermal layer which later 

becomes the aleurone is distinct and cell division has 

ceased in this portion (Fig. 12). Continued growth of the 

endosperm is due mainly to the enlargement of the cells 

already present (Figs. 13 to 15). The endosperm begins to 

elongate very rapidly right after pollination (Fig. 16). 

Ten days post anthesis the rate of growth has slowed. Maxi-

mum size was attained at 21 to 28 days after anthesis. 

The first visible cellular differentiation occurs 

approximately 3 days after pollination when cells in the 

basal region stop dividing and begin to enlarge and elon-

gate (Figs. 4, 10). The cells are elongated and densely 

cytoplasmic as described by Johann (1939) for corn and 

Sanders (1955) for grain sorghum. The basal endosperm 

functions as transfer cells for the nutrition of the endo-

sperm and embryo. The endosperm surrounds the growing 

embryo and is digested to a certain extent. In many kernels 

a narrow band of damaged cells, cell walls, and break down 

products may be seen in the interior of the endospem 
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where it parallels the back surface of the scutellum (Figs. 

17 to 20). 

Minute starch granules may be found in the interior of 

the endosperm about the fourth or fifth day after pollina-

tion. Starch accumulation starts from the crown region 

where the endosperm cells are more mature and advances down-

ward and also outward to the newly formed endosperm cells 

in the peripherial region. Starch accumulation was pro-

nounced after cell division of the endosperm ceased. Gerik 

(1974) reported that starch concentration (percent of dry 

weight) increased dramatically from milk (15 days after 

anthesis) to soft dough (20-25 days after anthesis) and 

then remained rather constant through physiological maturity 

for three cultivars. This general pattern of development 

was identical in the three cultivars studied, except that 

Georgia 615 developed and matured in less time. 

Embryo Development 

An excellent description of sorghum embryogenesis has 

been provided by Artschwager and McGuire (1949) and by 

Paulson (1969). Most of the observations in this study 

are similar. 

The growth rate of the embryo during the 1 to 35-day 

period post anthesis is shown in Fig. 21. Using Measure-

ments of both the length and width of the embryo. The rate 
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of growth of the embryo during the first week is relatively 

slow in comparison with the much more rapid growth of the 

endosperm. The zygote after fertilization does not divide 

immediately as does the endosperm. Division of the zygote 

can be observed in samples collected one day after fertili-

zation. The growth of the embryo is most rapid from 7 to 

14 days after pollination and then it slows down. 

During the period from 1 to 6 days after pollination 

the growth of the proembryo is limited chiefly to the apical 

region (Fig. 10). As a result of the relatively greater 

rate of cell division activity in the upper portion, the 

proembryo develops into a club-shaped structure. Approxi-

mately 6 days after pollination, differentiation progresses 

rapidly in the embryo. It appears that cell division ceased 

approximately 17 to 21 days after pollination and embryo 

formation was completed. After this time the cells increased 

in size rather than in number. 

The first embryonic leaf is initiated at 10 days (Fig. 

17). Since only longitudinal sections of sorghum embryos 

have been examined in this study, it is difficult to count 

the total number of embryonic leaves. Clark (1970) has 

identified four differentiated leaves in the embryo of sor-

ghum. The radicle arises between the seventh and tenth 

days after pollination (Fig. 17), and the root cap becomes 

well defined by the fourteenth day (Fig. 18). The scutellum 
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was completely formed 14 days after pollination and cell 

division seemed to stop at that time in this portion. The 

cells are filled with dense protoplasm with large nuclei. 

They also contain some starch granules. The epidermal 

cells of the scutellum which are in contact with the endo-

sperm elongate at right angles to the surface and are 

believed to be an absorbing layer by Kiesselbach and 

Walker (1952) in corn. Strands of procambium are in the 

scutellum at 10 days after anthesis, and the metaxylem 

initials of the axis appear at 10 to 14 days (Fig. 17). 

The Development of Starch and Protein Granules 

Minute spherical starch granules, varying in diameter 

from about 3 u to 4 y occur in the ovary wall one day after 

fertilization. A cross section (Fig. 10) of a sorghum 

kernel 4 days after pollination shows that pericarp starch 

was present. The greater portion of the kernel consisted 

of pericarp which was largely composed of starch containing 

cells. The endosperm was small and contained no distinguish-

able starch at this time. The starch granules in the peri-

carp are all of the spherical type and attained a maximum 

diameter of 6 y four to six days after anthesis. The starch 

granules in the pericarp initially appeared compound but are 

single at maturity. I believe that the starch granules are 

compacted at early stage by the dense cytoplasm and the 

small starchy pericarp cells. 



46 

Minute starch granules may be found in the interior of 

the endosperm about 4 days after pollination. The starch 

granules as they were just beginning to from were difficult 

to distinguish from other organelles of the cell until 

stained with iodine. Starch granules originate from the 

amyloplast as described in corn by Whistler and Thornbury 

(1957). Starch accumulated first in the more advanced 

cells in the cap and the region extended progressively out-

ward and downward as the maturity of cells proceeded. The 

young starch granules were grouped about the nucleus and 

embedded in the cytoplasmic network which finally filled 

the cell (Figs. 22, 23). 

The size of the granules during development ranged 

from less than 6 v at 4 days after pollination to approxi-

mately 20 p at 35 days of age. The shape and size of the 

starch granules vary with their location in the endosperm. 

Starting at the fifth cell in from the aleurone, sorghum 

starch granules decrease in size, going from this point 

either to the center or to the periphery (Figs. 24 to 29). 

Large granules are formed in the inner, loosely organized 

cells of the floury endosperm. These granules have rela-

tively smooth surfaces indicating an absence of high pres-

sure in this region. The granules are smaller and tightly 

packed in the corneous endosperm cells and in cells toward 

the outside of the kernel. As a result of the pressure 
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within the corneous endosperm, the granules there are 

faceted (Fig. 15). The smallest endosperm starch granules 

are formed in the small, compressed cells just inside the 

aleurone layer in the vertical zone of crushed cells near 

the back of the scutellum (Figs. 24, 26). In the starchy 

endosperm, the individual starch granules are embedded in 

a proteinaceous matrix (Figs. 30, 31). The density of the 

matrix varies with the location of the cell in the kernel. 

The matrix is loose and fragmentary in the inner floury 

endosperm, but dense and well developed in the outer, 

horny endosperm and peripheral endosperm (Figs. 30, 31). 

Starch is deposited in the peripheral endosperm at a later 

stage of development. Most of these cells are filled with 

small starch granules but some are empty (Fig. 15). 

Starch accumulation was also observed in the embryo 

and began about 10 days after pollination. The parenchyma 

cells of the scutellum were the primary sites of accumula-

tion, however, starch was also observed in the coleoptile 

and the coleorhiza 17 days after pollination. 

Protein accumulation began about 10 days after anthesis 

Evidence of protein granules was first noted in the mature 

endosperm, the largest protein granules are found in cells 

just under the aleurone, with size and number of protein 

granules decreasing in successive cells going toward the 

center of the endosperm (Figs. 30, 31). 
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Maturity of Sorghum Kernel 

Physiological maturity is determined by the indication 

of a dark layer in the hilum. In this study the dark 

layer formed 33 to 35 days after pollination for Georgia 

615, 47 days for RS671 and 50 days for YE1099 (Bennett, 

1975). Morphological maturity is defined as the time when 

meristematic activity and differentiation cease in the 

seed. The sorghum kernel may be assumed to reach morpho-

logical maturity about two weeks before it reaches physio-

logical maturity. 

Mature seed of different sizes show a tremendous 

difference in cell size rather than cell number (Figs. 

32 to 34). 
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SUMMARY V 

SUMMARY AND CONCLUSIONS 

Three commercial sorghum hybrids of Georgia 615, RS671 

and YE1099 were studied in relation to morphological and 

anatomical development of the seed. 

Growth of the pericarp was confined to enlargement of 

cells already present. The thickness of the pericarp was 

maximal about 7 days after pollination and thereafter dis-

integration occurred. As a result of disintegration, the 

mesocarp was completely crushed in YE1099, but in Georgia 

615 and RS671 the thickness of starchy mesocarp remained 

fairly constant through maturity of the kernel. 

The sorghum kernel is bitegumentous. Among the culti-

vars studied, Georgia 615 was the only one with pigment in 

the seed coat. The origin of the seed coat can be traced 

to both the inner integument and nucellar epidermis. 

The endosperm developed rapidly after anthesis. At 

first, cell division activity occurred throughout the 

entire tissue, including both the marginal and the central 

cells. Three days after pollination there was a tendency 

for cell division to be localized chiefly in the periph-

eral zone (except in the basal cells). Ten days after 

anthesis cell division ceased in the epidermal layer. Con-

tinued growth of the endosperm was due to the enlargement 
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of the cells already present. Minute starch granules were 

found in the interior of the endosperm about four or five 

days after pollination. Starch accumulation started from 

the crown region where the endosperm cells were more mature 

and advanced downward and also outward to the newly formed 

endosperm cells in the peripheral region. 

The rate of growth of the embryo during the first week 

was relatively slow in comparison with the much more rapid 

growth of the endosperm. The growth of the embryo was most 

rapid from 7 to 14 days after pollination and then it de-

creased. Cell division apparently ceased 17 to 21 days 

after pollination and embryo formation was completed. After 

this time the cells increased in size rather than in number. 

The first embryonic leaf was initiated 10 days after 

anthesis. The radicle arose between the seventh and tenth 

day after pollination. Strands of procambium were observed 

in the scutellum at 10 days age. 

Starch granules in pericarp were small, about 6 p in 

diameter. Minute endosperm starch granules were found in 

the interior of the endosperm about 4 days after pollina-

tion. The size of the granules, during development ranged 

from less than 6 y at 4 days after pollination to approxi-

mately 20 M at 35 days of age. The shape and size of the 

starch granules vary with their location in the endosperm. 

Starting at the fifth cell in from the aleurone, sorghum 
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starch granules decreased in size going from this part 

either to the center or to the periphery. 

Starch accumulation was observed in embryo and began 

about 10 days after anthesis. Starch accumulation was also 

observed in coleoptile and coleorhiza at 17 days after 

pollination. 

Protein accumulation occurred 10 days after anthesis. 

The largest protein granules are found in cells just under 

the aleurone, with size and numbers of protein granules 

decreasing in successive cells going toward the center of 

the endosperm. 
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