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Wheat endosperm morphogenesis was studied by light microscopy

during the entire growth period of anthesis to maturity. Four

developmental stages have been described in this thesis: (1) double

fertilization, (2) formation of the lower endosperm cells, (3)

termination of nuclear divisions, and (4) initiation of protein

bodies.

The first manuscript reviews double fertilization and provides

photographs of the embryo sac, pollen tube growth, syngamy and triple

fusion. The descriptions made by previous researchers are compared

with the observations of the writer.

Early endosperm growth was characterized by nuclear divisions

without formation of cell walls. During the first 4 days of growth,

dense endosperm cells were formed above the embryo by a unique and

previously undescribed mechanism. Cytoplasmic vesicles were formed

in the upper endosperm, bordering the antipodals. Those vesicles

fell to the gravitational bottom of the embryo sac, coalesced and

were divided into cells by walls growing in from the nucellus.

Later, those cells were entirely consumed by the developing embryo.

Morphogenetically, cytoplasmic vesicles were the mechanism by



which nutrients were transferred from the antipodals to the lower

endosperm and ultimately to the embryo.

The upper embryo sac vacuole was cellularized by cytoplasmic

projections from the endosperm nuclei. The nuclei then divided in

all areas of the embryo sac, as long as space was available. During

the ninth to twelfth days after anthesis, the cuticularized inner

integument and nucellar epidermis stopped growing. That limited the

space available for nuclear divisions in the endosperm. Between the

thirteenth and fifteenth days after anthesis, endosperm nuclei

stopped dividing. It is concluded that endosperm nuclear division

was limited to the space within the inner integument and nucellar

epidermis. Because that space stopped increasing by 14 days after

anthesis, endosperm cell number was spacially limited.

After cell formation had ceased, the endosperm nuclei released

their nucleoli into the cell vacuole. Those nucleoli enlarged and

acquired safranin stain like protein bodies. The nuclei broke down

and released other chromosome-sized particles which also united and

formed protein bodies. It is concluded that wheat endosperm protein

bodies originate from nucleoli.
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ENDOSPERM MORPHOGENESIS IN WHEAT (TRITICUM AESTIVUM L.)

INTRODUCTION

Man eats more wheat endosperm than any other food. Of all the

biological processes which are essential to human survival, growth of

the wheat endosperm is one of the most basic. During the past 100

years, man's knowledge of endosperm development has advanced greatly.

Much of that understanding has been acquired through use of the light

microscope. It was the purpose of this study to use that research

instrument to determine why cell formation stops in the wheat endo-

sperm.

Double fertilization in angiosperms was first reported in 1898

by Sergius Nawaschin (Maheshwari, 1950). Later, it was shown that

the function of the endosperm was to provide nourishment for the

developing embryo (Brink and Cooper, 1947).

Brenchley (1909) described two distinct types of endosperm

growth during the first two weeks after fertilization. Initially,

endosperm nuclei divided freely, but in the second phase, cell walls

were formed and the entire embryo sac was cellularized. Some re-

searchers reported that a free nuclear period was not present in the

developing endosperm (Gordon, 1922; Evers, 1970). By the early

1960s, however, much evidence supported Brenchley's description of an

initial free nuclear period of endosperm growth (Jensen, 1918;

Percival, 1921; Hoshikawa, 1960).

From 1960 until the late 1970s, research with the light micro-

scope gave way to ultrastructural studies using the transmission

electron microscope. That increased greatly our understanding of the
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details of endosperm ultrastructure. During the mid-1970s, cell wall

growth in the endosperm was studied extensively (Mares, Norstog and

Stone, 1975; Mares, Stone, Jeffery and Norstog, 1977; Morrison and

O'Brien, 1976; Morrison, O'Brien and Kuo, 1978). Not until 1979

(Deshpandi and Raju), however, was the light microscope again used to

describe the overall pattern of wheat endosperm morphogenesis.

During the 1970s, wheat breeders and physiologists were learning

that the capacity of the plant for producing photosynthates was

usually greater than the amount of assimilates used by the growing

grain (Jenner and Rathjen, 1975, 1978; Sofield, Evans, Cook and

Wardlaw, 1977). Furthermore, studies measuring the number of cells

in the endosperm showed that cell formation had stopped by two weeks

after fertilization (Wardlaw, 1970; Evers, 1970). At that time, the

kernel had accumulated only about 25% of its final weight (Wardlaw,

1970; Brocklehurst, Moss and Williams, 1978). Several researchers

then concluded that the potential dry weight of the endosperm was

limited by the number of cells which it contained (Brocklehurst,

1977; Brocklehurst et al., 1978; Gleadow, Dalling and Halloran, 1982;

Cochrane and Duffus, 1983). That hypothesis was given strong support

by Singh and Jenner (1982) who found a high correlation between the

number of cells in the endosperm and final kernel weight. They also

concluded that cell number was not limited by the quantity of assimi-

lates available to the endosperm.

The objective of this study was to determine why cell formation

was completed so early in the life of the endosperm. If that was

known, efforts could be made to select against those factors which

ultimately limit the growth of endosperm in wheat.
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MANUSCRIPT I

Double Fertilization in Wheat (Triticum aestivum L.): A Review
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ABSTRACT

The morphogenesis of double fertilization in wheat is illus-

trated in this review article. The descriptions of previous re-

searchers are compared and explained by the author's photographs.

Pictured are the embryo sac, pollen grain development, pollen tube

growth, release of sperms into the embryo sac and fertilization of

both the polar nuclei and the egg. The intent of this article is to

provide a concise description which will aid the student of seed

technology in understanding double fertilization.



5

DOUBLE FERTILIZATION IN WHEAT (TRITICUM AESTIVUM L.): A REVIEW

INTRODUCTION

In angiosperms, a phenomenon exists which is unique among

biological systems: two fertilizations are required for reproduc-

tion. Double fertilization is defined as the union of one male

gamete with an egg nucleus to originate the zygote, and the union of

another male gamete with the polar nuclei to initiate the endosperm.

The union of the in egg and In sperm (syngamy) restores the 2n

condition in the resulting zygote. The embryo which then develops is

the new vegetative phase of plant growth. The endosperm tissue

resulting from the fertilization of the polar nuclei, however, has an

entirely different function. It is required as food for the deve-

loping embryo (Brink and Cooper, 1947). In some seeds, more endo-

sperm grows than is consumed by the embryo. Mature seeds charac-

terized by this unused endosperm are the main source of food for the

human population. If double fertilization does not occur, sterility

results and no seed is produced. It is essential that this process

be understood if the causes of infertility are to be overcome.

Because of its importance, many researchers have studied double

fertilization. In plants, the union of sperm and egg was first re-

ported by Strasburger in 1884 (see Bhatnagar and Johri, 1972). In

1898, Nawaschin reported that, instead of just one, two fertiliza-

tions took place within the embryo sac (see Maheshwari, 1950). Since

that time, several descriptions of double fertilization have been

made. The most complete review of embryology in plants was written
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by P. Maheshwari (1950). That information has been updated by

Bhatnagar and Johri (1972).

The anatomy and physiology of double fertilization varies

greatly within families so generalizations are difficult to make.

Within the Poaceae, for example, rate of pollen tube growth, point of

sperm release into the embryo sac, and synchronization of syngamy and

triple fusion have been found to differ widely among Oryza (Wu and

Tsai, 1965), Zea (Diboll, 1968), Hordeum (Cass and Jensen, 1970),

Oryzopsis and Stipa (Maze, Bohm and Mehlenbacher, 1970), and Triticum

(Bhatnagar and Chandra, 1975). Moreover, to detect irregularities,

normal fertilization in the species must be thoroughly understood.

However, the study of fertilization is arduous and time con-

suming; the tissues are delicate and easily damaged during sec-

tioning. Exact timing is difficult to predict because the rate of

development varies with temperature. As a result, those plants which

are easiest to work with have been the most extensively described.

Wheat (Triticum aestivum L.) is not among that group. Our knowledge

of fertilization in wheat has been accumulated by relatively few

researchers (most recently: Hoshikawa, 1959; Bennett, Rao, Smith and

Bayliss, 1973; Bhatnagar et al., 1975; and Deshpande and Raju, 1979).

Consequently, our knowledge of this most important food crop is still

inadequate to eliminate the causes of fertilization failure.

Thus, despite its importance, double fertilization remains

poorly understood, not only by those in the seed industry but by crop

researchers in general. Fertilization is difficult for the student

of seed technology to learn because of the lack of published photo-

graphs. It is the purpose of this review article to provide those
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photographs and to compare the structures observed by the author with

those of previous reports. Phase contrast light microscopy was used

in preparation of the photographs. Methods and materials used

by the author have been published elsewhere (Huber, 1983).

Embryo sac of Triticum aestivum L.

The two fertilizations, syngamy and triple fusion, take place in

a specialized, vacuolate structure known as the embryo sac (figure I.

2). That female gametophyte develops in a reproductive apex known as

the ovule. The ovule consists of the embryo sac surrounded by the

nucellus tissue and two integuments (figure 1.3). In wheat, one such

apex is found in each floret. Surrounding the ovule are the ovary,

lodicules, anthers, palea and lemma. Morphogenetically, each of

these are modified leaves (Thorne, 1975). An entire wheat spikelet,

sectioned longitudinally, is shown in figure I.1. Wheat spikelets

commonly contain three to five florets, each potentially capable of

producing one seed. An ovary and its embryo sac are shown in figure

I. 2. Note that the ovule is anatropous (tipped over and nearly

pointing toward the base of the plant).

The embryo sac is shown in figure 1.3. The nuclei within the

embryo sac are the result of meiosis. The original In nucleus has

been replicated during a series of mitotic divisions known as megaga-

metogenesis. The actual sizes and positions of these in cells in

wheat are identified with a drawing commonly used to teach megaga-

metogenesis (figure 1.3) (Johri, 1963). The In components of the

embryo sac are the two polar nuclei, one egg, two synergids and

several antipodals. In wheat, the original three antipodals continue



8

to reproduce until 15 to 20 are commonly present at the time of

fertilization (Hoshikawa, 1960b; Bhatnagar et al., 1975). The number

and size of antipodals are believed to be important in the early

growth of the endosperm (Bennett, Smith and Barclay, 1975; Johri and

Ambegaokar, 1975). Antipodals are also pictured in the embryo sacs

of figures 1.4 and 1.5. The antipodals are connected to the polar

nuclei and egg apparatus by a system of membranous protoplasmic

strands (Hu, 1964; Cass et al., 1970) (figure 1.6). The two polar

nuclei are situated immediately above the egg cell (figure 1.5); the

synergids are positioned at the sides of the egg (figure 1.6).

The sporophytic (2n) tissues surrounding the embryo sac are the

nucellus, the inner integument, and the outer integument (figure

1.7). The epidermis of the nucellus and the inner integument are

very important in determining the limit of endosperm growth (see

Huber, 1983). The nucellus parenchyma is used as food by the deve-

loping endosperm; it also initiates the freely-growing walls which

divide the early endosperm into cells (Mares, Stone, Jeffery and

Norstog, 1977; Morrison, O'Brien and Kuo, 1978). A membrane is

present between the embryo sac cavity and the nucellus parenchyma

cells (figure 1.7). The outer integument facilitates transfer of the

pollen tube to the micropyle (Chandra and Bhatnagar, 1974).

As the components of the embryo sac are maturing and are being

positioned for fertilization, pollen grains are forming in the

anthers (figure 1.8). During development of the anther, the outer-

most layer of cells, the tapetum, breaks down and releases food

reserves. The vacuolate, ln, pollen grains then become engorged with



9

this material [figure 1.9(a-c)] (Jensen, 1918; Christensen, Horner

and Lersten, 1972).

The mature pollen grain contains two sperm nuclei and one tube

nucleus (figure 1.10). Following dehiscence of the anther, before or

during flower opening, the pollen grains fall to the stigma and ger-

minate almost immediately (figure I.11) (Chandra et al, 1974; Hoshi-

kawa, 1960a). The contents of the pollen grain are emptied (figure

I. 12) as the pollen tube grows down through the style (figure 1.13).

The pollen tube grows between the outer integument and inner wall of

the ovary (Chandra et al., 1974), as shown in figure I.14(a-b). As

the pollen tube passes between these two tissues, the outer integu-

ment presses against the ovary to form a contact surface on each side

of the advancing front. The pollen tube enters the embryo sac

through the opening of the inner integument known as the micropyle

(figure I. 15). Both Bennett et al. (1973) and Hoshikawa (1960a)

showed that rate of pollen tube growth depends upon temperature;

also, that at 20 C, the tube can reach the micropyle in 30 minutes.

The pollen tubes not involved in fertilization stop growing and unite

in various locations along the path to the micropyle. Figure I.16(a)

shows an accumulation of such pollen tubes in the style. Often,

several pollen tubes will also collect in front of the micropyle.

Syngamy and triple fusion

The pollen tube stops growing when it enters the embryo sac

(figure 1.15). In Triticum aestivum the movement of the sperm nuclei

to the egg and polar nuclei has not yet been clearly described.

Nonetheless, in Hordeum, Cass et al. (1970) have provided a detailed
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account of the transfer of the sperms and the role of the synergid.

They found that, after pollination, one synergid undergoes changes

which prepare it for reception of the pollen tube. Those changes

have been termed "degeneration" because they result in shrinkage of

the synergid. The pollen tube enters this degenerate synergid and

the three nuclei are released into it. The two sperm nuclei are then

transported to the opposite end of the synergid, and delivered into

the embryo sac vacuole. It has not been determined how the sperm

nuclei are conveyed within the synergid or moved after discharge from

the synergid.

Some evidence supports the conclusion that the process discerned

in Hordeum is also the sequence of events which occurs in wheat.

Hoshikawa (1959) reported that the pollen tube entered one synergid,

which acted as an intermediary between the pollen tube and the egg

apparatus. However, Bhatnagar (1975) stated that the pollen tube did

not enter a synergid, but rather passed between a synergid and the

egg. So it is uncertain, in wheat, if the pollen tube enters a

synergid. It is known, however, that after the pollen tube is

present, one synergid stains much more intensely than it did prior to

pollination. Figure 1.6 shows that before pollination, both

synergids stain similarly; but, after fertilization (figure 1.17),

one of the synergids is more intensely stained than the other.

After release of the two sperms from the vicinity of the de-

generate synergid, one sperm becomes associated with a polar nucleus

and the other with the egg nucleus. This double fertilization is

shown in figure I.18(a-c). The sperm nucleus which fertilizes the

polar nuclei becomes associated with only one of the two nuclei
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(Hoshikawa, 1959) (figure 1.19). As fertilization begins, the two

polar nuclei move away from the egg, toward the antipodals (Hoshi-

kawa, 1959) (figure 1.20). After the male nucleus is enclosed within

the nuclear membrane, its nucleolus begins to increase in size

(figure 1.21). Eventually, two large nucleoli are enclosed within

the one polar nucleus (figure 1.22). Hoshikawa (1959) termed the

union of the sperm with one of the polar nuclei, the "first fusion".

The resulting 2n nucleus then combines with the second polar nucleus.

This merger is known as triple fusion and produces the primary endo-

sperm cell [figure 1.23(a-b)].

Six hours after pollination, Bennett et al. (1973) observed the

primary endosperm nucleus in metaphase [figure 1.24(a-b)]. Mitosis

in the primary endosperm cell, is completed with anaphase (figure

1.25); this is followed by the formation of two new nuclei (figure

1.26). These have been described as "free nuclei" because no cell

wall is formed between them. Thus, the events known as fertilization

of the polar nuclei are culminated by initiation of endosperm nuclei.

Bennett et al. (1973) found that fusion of sperm and egg (figure

I. 27) took place between 11 and 19 hours after pollination. The

sperm's nucleolus enlarges as the nuclear material begins to become

incorporated into the egg nucleus (figure 1.28). The nuclear ma-

terial of the sperm disperses throughout the egg nucleus (Morrison,

et al. 1978) (figure 1.29) and another small nucleolus appears

(figure 1.30) before prophase is initiated. The chromatin of the

zygote becomes visible as the 2n nucleus enters prophase (figure

1.31) and the nuclear membrane breaks down as the chromosomes become

distinct (figure 1.32). After the chromosomes are separated in



12

anaphase (figure 1.33), two individual cells are formed (figure

1.34). The second of two fertilizations, as has been described,

produces the 2n embryo; this will eventually become the new vegeta-

tive plant.
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CONCLUSION

Double fertilization in wheat is only the beginning of the

kernel's growth. After its occurrence, many environmental and

genetic factors must still interact before the seed is mature and

capable of germination. However, if either of the fertilizations are

not completed, sterility will result in that floret. Fertilization

is not a static process, so the morphogenetic and biochemical changes

are time consuming and difficult to study. Nonetheless, abnormal-

ities in the process can only be understood if normal fertilization

is understood. It is hoped that the pictures in this article will

aid and encourage future researchers to study the infertility prob-

lems resulting from the failure of double fertilization.



Figure 1.1

Figure 1.2
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Longitudinal section of a wheat spikelet at anthesis.

The glumes, lemmas, paleae and anthers have been

removed to expose the ovaries. Embryo sac (ES),

ovary(0), rachilla (R), x60.

Ovary (0), containing the ovule (Ou) and its embryo

sac (ES) before fertilization. Also shown is the

location of the vascular supply (VS) and one of the

two lodicules (L), x420.
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Figure 1.3 The embryo sac of wheat and its In components.

Antipodals (A), polar nuclei (PN), egg cell (E),

synergids (S), x540.
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Figure I.4(a) Ovary (0) and ovule of wheat. Style (St), embryo sac

(ES), x420.

Figure I.4(b) Ovary (0) and ovule of wheat. Style (St), outer

integument (00, nucellus (Ns), embryo sac vacuole

(ESV), antipodals (A), protoplasmic strands (PS), egg

(E), micropyle (M), x1080.



Figure 1.4(a) Figure 1.4(b)
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Figure 1.5 Egg cell and two polar nuclei (PN). Micropyle (M),

egg cytoplasm (EgC), egg nucleus (EgN), nucleolus of

the egg nucleus (NeE), nuclear membrane (NM) of a

polar nucleus, nucleolus of a polar nucleus (NePN),

x2400.

Figure 1.6 The two synergids (S) prior to entry of the pollen

tube into the micropyle (M), x3600.



Figure 1.5 Figure 1.6
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Figure 1.7 Sporophytic (2n) tissues surrounding the embryo sac.

Micropyle (M), embryo sac membrane (ESM), nucellar

epidermis (NE), embryo sac vacuole (ESV), inner

integument (II), outer integument (00, nucellar

parenchyma (NP), x1200.

Figure 1.8 Longitudinal section of an anther before dehiscence.

Tapetal cells (T), pollen grains (PG), x600.



Figure 1.7 Figure 1.8
1"3
Co



24

Figure I.9(a) Pollen grains becoming engorged with food reserves

before release from the anther. Tapetal cells (T),

vacuolate pollen grain (VPG), x3000.

Figure I.9(b) Pollen grains becoming engorged with food reserves

before release from the anther. Tapetal cells (T),

immature pollen grain (IPG), x3000.
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Figure 1.9(a)

Figure 1.9(b)
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Figure 1.9(c) Pollen grains becoming engorged with food reserves

before release from the anther. Tapetal cells (1),

mature pollen grain (MPG), x3000.

Figure 1.10 Mature pollen grain. Sperm nuclei (SN), pollen tube

nucleus (TN), x2400.
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Figure 1.9(c)

Figure 1.10
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Figure 1.11 Pollen grain (PG) germinating on the stigma (S).

Pollen tube (PT), x3000.

Figure 1.12 Emptying of the contents of the pollen grain (PG)

during growth of the pollen tube (PT), x3000.



Figure 1.11 Figure 1.12
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Figure 1.13 Pollen tube (PT) growth through the style (St),

x900.

Figure 1.14(a) The pollen tube (PT), between the outer integument

and inner wall of the ovary, on its path to the

micropyle (M). Synergids (S), embryo sac vacuole

(ESV), x720.



Figure 1.13 Figure 1.14(a)
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Figure I.14(b) The pollen tube (PT), between the outer integument

(On and inner wall of the ovary (OW), on its path to

the micropyle. Nucellar parenchyma (NP), nucellar

epidermis (NE), inner integument (II), sperm nuclei

(SN), x3000.

Figure 1.15 Pollen tube (PT) passing through the micropyle (M)

and meeting the synergid (S), x2400.
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Figure 1.14(b)

Figure 1.15
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Figure 1.16 An accumulation of pollen tubes (APT) in the style

(St), following fertilization. Ovary (0), ovule (Ou),

x1200.

Figure 1.17 The two synergids after fertilization. Degenerate

synergid (DS), persistent synergid (PS), x3600.



Figure 1.16 Figure 1.17
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Figure I.18(a) Double fertilization in wheat. Antipodals (A),

embryo sac vacuole (ESV), micropyle (M), pollen tube

(PT), x1080.

Figure I.18(b) Double fertilization in wheat. Antipodals (A),

protoplasmic strands (PS), polar nucleus (PN), sperm

nucleus (SN), egg cell (E), degenerate synergid (DS),

x1800.



Figure 1.18(a) Figure 1.18(b)
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Figure I.18(c) Double fertilization in wheat. Polar nucleus (PN),

nucleolus of a polar nucleus (NePN), sperm nucleus

(SN), egg nucleus (EgN), egg cytoplasm (EgC), degener-

ate synergid (DS), x3600.

Figure 1.19 Initial association of a sperm nucleus (SN) with

one of the two polar nuclei (PN). Nucleolus of a

polar nucleus (NePN), nuclear membrane (NM), x4200.



Figure 1.18(c) Figure 1.19
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Figure 1.20 Movement of the polar nuclei away from the egg, to-

ward the antipodals (A). Ovary (0), embryo sac

vacuole (ESV), polar nucleus (PN), sperm nucleus (SN),

persistent synergid (PS), degenerate synergid (DS),

x1080.

Figure 1.21(a) Incorporation of the sperm nucleus (SN) and enlarge-

ment of its nucleolus. Nuclear membrane (NM), nucle-

olus of a polar nucleus (NePN), polar nucleus (PN),

x1800.



Figure 1.20 Figure 1.21(a)
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Figure I.21(b) Incorporation of the sperm nucleus (SN) and enlarge-

ment of its nucleolus. Nuclear membrane (NM), nucle-

olus of a polar nucleus (NePN), x1800.

Figure 1.22 Enlargement of the sperm nucleolus (NeS) before union

of the polar nuclei, x3000.



Figure 1.21(b) Figure 1.22
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Figure I.23(a) Triple fusion; union of the three In nuclei to form

the primary endosperm cell (PEC). Antipodals (A),

zygote (Z), x1080.

Figure I.23(b) Triple fusion; union of the three in nuclei to form

the primary endosperm cell (PEC), x4200.



Figure 1.23(a) Figure 1.23(b)
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Figure I.24(a) Metaphase of the primary endosperm cell (PEC).

Antipodals (A), ovary (0), x1800.

Figure I.24(b) Metaphase of the primary endosperm cell (PEC).

Chromosomes (Cr), spindle fibers (SF), x4200.



Figure 1.24(a) Figure 1.24(b)
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Figure 1.25 Anaphase of the primary endosperm cell. Antipodals

(A), chromosomes (Cr), cytoplasm (Cy), x4200.

Figure 1.26 First two free nuclei (EN) of the endosperm. Anti-

podals (A), cytoplasm (Cy), x2400.



Figure 1.25 Figure 1.26
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Figure 1.27 Position of the sperm nucleus (5N) in contact with

the egg's nuclear membrane (NM) at the time of triple

fusion. Egg nucleus (EgN), egg nucleolus (Ne), egg

cytoplasm (EgC), inner integument (II), x3000.

Figure 1.28 Enlargement of the sperm's nucleolus (NeS), x3600.



Figure 1.27

T4Y

NeS

Figure 1.28
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Figure 1.29 Dispersion of the sperm nucleus (SN) within the egg

nucleus, x3600.

Figure 1.30 Two sperm nucleoli (SNe) become present within the

egg nucleus, x3600.



Figure 1.29 Figure 1.30
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Figure 1.31 Appearance of the chromatin (Cr) during the initial

prophase of the zygote, x3600.

Figure 1.32 Loss of nuclear membrane and appearance of chromo-

somes (Cr) in the first mitosis of the zygote, x3600.



Figure 1.31 Figure 1.32
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Figure 1.33 First anaphase of the zygote. Chromosomes (Cr),

cytoplasm (Cy), x3600.

Figure 1.34 Two celled embryo. Embryo nucleus (EmN), endosperm

chromosomes in prophase (ECr), endosperm cytoplasm

(ECy), x3000.



(pre 1.33 Figure 1.34
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MANUSCRIPT II

Endosperm Morphogenesis in Wheat (Triticum aestivum L.)

1. Transfer of Nutrients From the Antipodals to the Lower Endosperm
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ABSTRACT

The morphogenesis of early cell formation in the endosperm of

Triticum aestivum was studied by light microscopy. During the first

4 days of development, dense endosperm cells were formed in the lower

one-fourth of the embryo sac, immediately above the embryo. The

cytoplasm which made up those cells came from endosperm vesicles

formed higher in the embryo sac. Those vesicles were formed in the

free nuclear endosperm bordering the antipodals. As the vesicles

enlarged, they became spherical, were freed and fell to the gravita-

tional bottom of the embryo sac. There they coalesced, in appropri-

ate position to be used as nourishment for the embryo. During the

period of endosperm vesicle formation, there was concurrent degener-

ation of the antipodals. By the end of the fourth day, the anti-

podals had been largely consumed and vesicle formation had stopped.

Also, walls growing in from the nucellus had partitioned the mass of

nucleate cytoplasm, above the embryo, into endosperm cells. By 15

days after fertilization, those cells had been entirely consumed by

the developing embryo. Morphogenetically, cytoplasmic vesicles were

the mechanism by which nutrients were transferred from the antipodals

to the lower endosperm and ultimately to the embryo.
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ENDOSPERM MORPHOGENESIS IN WHEAT (TRITICUM AESTIVUM L.)

1. TRANSFER OF NUTRIENTS FROM THE ANTIPODALS TO THE LOWER ENDOSPERM

INTRODUCTION

Wheat endosperm is initiated by fertilization of the polar

nuclei. During the first stage of development, endosperm nuclei

divide but no cell walls are formed to separate them (Brenchley,

1909). As a result, these nuclei reproduce very rapidly (Bennett,

Rao, Smith and Bayliss, 1973) and within 24 hours line the periphery

of the embryo sac cavity. In the upper portion of the embryo sac

(away from the micropyle), nuclear division takes place in a thin

layer of cytoplasm (Hoshikawa, 1960a). In contrast, at the bottom of

the embryo sac (next to the embryo), a large mass of endosperm tissue

develops (Jensen, 1918; Deshpande and Raju, 1979). The difference

between the thin layer of cytoplasm surrounding the top of the

vacuole and the large amount of cytoplasm in the bottom of the embryo

sac, can best be observed in ovules sectioned longitudinally (Perci-

val, 1921; Hoshikawa, 1960a). Within 24-48 hours after fertiliza-

tion, the nuclei in the dense cytoplasm of the lower endosperm become

separated by cell walls growing in from the surrounding nucellus

(Morrison and O'Brien, 1976; Mares, Stone, Jeffery and Norstog,

1977). Wall growth forms cells in the lower endosperm 2-3 days

earlier than in the peripheral cytoplasm of the upper endosperm

(Jensen, 1918; Percival, 1921). Once the nuclei of the upper endo-

sperm have been partitioned into cells (see Morrison, O'Brien and

Kuo, 1978), they divide by cytokinesis and rapidly grow toward the

center of the vacuole (Gordon, 1922; Evers, 1970). After the first
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walls have been formed, it takes these upper cells only 24-48 hours

to fill the embryo sac cavity (Sandstedt, 1946; Mares, Norstog and

Stone, 1975).

The total length of time from fertilization to complete cellu-

larization of the embryo sac varies with genotype and environment

(Hoshikawa, 1962). Times as short as 4 days (Morrison et al., 1976;

Campbell, Lee, O'Brien and Smart, 1981; Bechtel, Gaines and Pomeranz,

1982) and as long as 6-8 days (Jensen, 1918; Hayward, 1938) have been

reported.

It must be emphasized that the cells at the bottom of the embryo

sac are formed by walls growing through an accumulation of endosperm

cytoplasm; whereas, the cells of the upper endosperm are formed by

peripheral nuclei rapidly invading a large vacuole (Huber, 1983).

The important consequence of this is that two distinct endosperm cell

types are formed. The lower endosperm cells contain dense cytoplasm;

however, the cells initially filling the upper three-fourths of the

embryo sac are highly vacuolate (Hoshikawa, 1961; Deshpande et al.,

1979).

During the same time that the endosperm enlarges, the antipodals

degenerate. This simultaneous occurrence was observed by Koernicke

as early as 1890 (see Brenchley, 1909). Other early workers, Cannon

(1900) and Jensen (1918), concluded that the endosperm received

nourishment from the antipodals. Most subsequent researchers en-

dorsed such an hypothesis (Hoshikawa, 1960b; Bennett, Smith and

Barclay, 1975). If it is correct, then the early endosperm is

dependent upon the metabolites accumulated during growth of the

antipodals. If antipodal number or size was inadequate, or if they
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could not be metabolized, the resultant endosperm would be poorly

developed (Kaltsikes, 1973). Some evidence of this happening has

been found in Triticale. Kernel shriveling has been correlated with

low antipodal number and failure of those antipodals to degenerate

(Johri and Ambegaokar, 1975).

The function of the endosperm is to provide nourishment for the

developing embryo (Brink and Cooper, 1947; Maheshwari, 1950). To

illustrate this, Jensen (1918) showed that the dense, lower endosperm

cells were digested as the embryo enlarged. Thus, hypothetically,

nutrients are transferred from the antipodals to the endosperm and

then to the embryo. The objective of this study was to show how that

happens morphogenetically.
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MATERIALS AND METHODS

Plant material and collection

The Triticum aestivum plants used in this study were grown in

field plots by the Cereals Program during 1980 and 1981 at Hyslop

Farm, Oregon State University, Corvallis, Oregon. Caryopses were

collected from 5 cultivars varying in seed size. Three soft white

winter (SWW) wheat cultivars were selected because of their large

kernels: Stephens, Yamhill and Hill 81. Two cultivars were chosen

for their small kernel size: Nugaines (SWW) and Wanser (a hard red

winter wheat). Four hundred plants of each cultivar were tagged

within a few hours of anther protrusion (of the second floret in the

sixth spikelet from the base of each spike). Ten spikelets of each

cultivar were collected every day after anthesis.

Microscopy

Spikelets were fixed and evacuated in 5% formaldehyde, 5%

glacial acetic acid and 70% ethanol (FAA). Spikelets were cut from

the rachilla and the glumes, lemmas, paleae and lodicules were

removed to facilitate sectioning. The tissues were dehydrated with

tertiary butyl alcohol according to the schedule of Johansen (1940).

The spikelets, with 3-5 ovaries, were embedded in Paraplast+ and sec-

tioned at 10y with an American Optical 815 microtome. To aid

sectioning of spikelets older than 3 days, the block was first placed

in the microtome and sectioned to expose the tissue. Then, to soften

the specimen, the block was soaked for 15 min in 10% Dimethyl Sulf-

oxide. Next, the block was frozen for 30 min to harden the paraffin.

The specimen holder was then returned to the same position in the



67

clamp and sectioning was continued. If the block thawed before

sectioning had been completed, the soaking and freezing procedure was

repeated. Sections were mounted on slides and stained with safranin

and fast green in clove oil (Berlyn and Miksche, 1976). A total of

225 spikelets including more than 800 caryopses were sectioned. This

covered the first 15 days of development. Sections were examined

with a Zeiss 18 microscope under both bright field and phase contrast

optics. Photographs were taken under phase contrast, with a Cannon

FTb camera equipped with bellows.
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RESULTS

The endosperm tissue began growth with the division of the

primary endosperm cell. The first two nuclei resulting from that

division were embedded in a sheath of cytoplasm [figure II.1(a),

(b)]. As those two nuclei reproduced, the cytoplasm split apart

[figures II.2(a)-(d) and II.3(a), (b)] and positioned the free nuclei

around the periphery of the embryo sac. During those early divi-

sions, spherical vesicles were formed and released into the embryo

sac vacuole [figure II.3(a), (b)]. Vesicle formation was initiated

before the first division of the zygote [figure II.4(a), (b)]. As

the endosperm cytoplasm formed a lining around the embryo sac, the

earlier formed free vesicles settled to the bottom of the vacuole,

above the embryo [figure II.5(a), (b)].

In the second day after fertilization, the layer of endosperm

cytoplasm bordering the antipodals began to bulge and produce many

large vesicles [figure II.6(a), (b)j. These were created as the

endosperm membrane swelled toward the embryo sac vacuole [figure

II.7(a)-(d)]. As the vesicles enlarged, they were pinched off from

the cytoplasm and fell to the bottom of the embryo sac [figures

II.8(a), (b) and II.13(a)]. There, they coalesced into a mass of

cytoplasm above the embryo [figure II. 9(a), (b)]. Free nuclei were

present and dividing in the accumulated cytoplasm before cell walls

formed (figure II.10). Within 1-2 days after fertilization, walls

grew in from the nucellus and began partitioning the lower endosperm

into cells [figure II.11(a), (b)].
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Vesicle formation was cyclic and occurred for only the first 4

days after fertilization [figures 11.12 and II.13(a), (b)]. During

that time, the antipodal contents were almost completely absorbed

(figure 11.14). The accumulation of vesicles in the lower embryo

sac, along with the separation of nuclei by walls, created several

layers of dense endosperm cells above the embryo [figure II.15(a),

(b)]. At that time, the upper endosperm was still in a free nucleate

state [tangential section shown in figure II.16(a), (b)] and it

surrounded a large embryo sac vacuole.

The series of events which resulted in collection of endosperm

tissue in the bottom of the embryo sac was completed in the fourth

day after fertilization. At that time, the antipodals had been

largely consumed, vesicle formation had stopped and the lower endo-

sperm consisted of dense cells [figure II.16(a)j. Those cells began

to be consumed by the embryo at approximately 7 days after fertiliza-

tion [figure II.17(a)]. Between the twelfth day [figure II.17(b)]

and the fifteenth day [figure II.17(c)] the dense lower endosperm

cells had been entirely consumed by the developing embryo. The above

course of endosperm morphogenesis was observed both years, in all 5

cultivars and in all the ovules of the spikelet.
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DISCUSSION

This study has shown that cytoplasmic vesicles are the mechanism

by which endosperm tissue is transferred from the region of the anti-

podals to the bottom of the embryo sac. The free nuclear endosperm

apparently absorbs nutrients from the antipodals so rapidly that

vesicles are formed. These spherical bodies fall by gravity, through

the solution in the embryo sac, and accumulate above the embryo.

Vesicles have been reported in the peripheral, free nuclear

endosperm of Triticum durum by Deshpande et al. (1979). Those

researchers also found non-nucleate vesicles in Triticum aestivum but

said that the significance of such vesicles was not known. Non-

nucleate vesicles had been previously reported in Pennisetum

typhoideum (Narayanaswami, 1953). The vesicles reported in Triticum

durum (Deshpande et al., 1979) contained several nuclei. No nuclei

were observed in the vesicles in our study; however, nuclei were

abundant in the mass of cytoplasm above the embryo. This suggests

that the vesicles of Triticum aestivum, like those in Triticum durum

contain the components necessary for nuclear formation.

The dense endosperm cells formed by these vesicles were entirely

consumed by the embryo later in its development. This verifies that

the nutrients built up in the antipodals are ultimately used as

metabolites for the embryo. Morphogenetically, endosperm vesicles

are the vehicle used for this transfer of nutrients.

The ovule in Triticum aestivum is anatropous. This is the most

common position of the ovule in angiosperms (Davis, 1966) but its

functional significance is not known. It is interesting to note that
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this system of free falling vesicles would not function in Triticum

aestivum unless its ovule was pointed downward. The early accumu-

lation of nutritive endosperm around the embryo ensures its initial

growth within the seed. It is apparent that antipodal breakdown and

vesicle formation are essential elements of both endosperm and embryo

growth in Triticum.
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Figure II.1(a) Embryo sac with the first two nuclei of the endo-

sperm. Embryo sac vacuole (ESV), antipodals (A),

nucellus (Nc), inner integument (II), outer

integument (0I), micropyle (M), zygote (Z),

degenerate synergid (DSy), endosperm nuclei (EN),

x1080.

Figure II.1(b) Embryo sac with the first two nuclei of the endo-

sperm. Embryo sac vacuole (ESV), zygote (Z),

degenerate synergid (DSy), endosperm cytoplasm (EC),

endosperm nuclei (EN), x2400.
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Figure II.1(a)

Figure II.1(b)
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Figure II.2(a) Split of the protoplasmic strands and first separa-

tion of endosperm nuclei. Antipodals (A), embryo

sac vacuole (ESV), nucellus (Nc), cytoplasmic

strands (CS), endosperm nucleus (EN), micropyle (M),

inner integument (II), x960.

Figure II.2(b) Split of the protoplasmic strands and first separa-

tion of endosperm nuclei. Antipodals (A),

cytoplasmic strands (CS), endosperm nucleus (EN),

x2400.



Figure II.2(a) Figure II.2(b)
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Figure II.2(c) Split of the protoplasmic strands and first separa-

tion of endosperm nuclei. Endosperm nucleus (EN),

x960.

Figure II.2(d) Split of the protoplasmic strands and first separa-

tion of endosperm nuclei. Endosperm nucleus (EN),

x1800.



Figure II.2(c) Figure II.2(d)
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Figure II.3(a) Formation of free vesicles during early endosperm

nuclear divisions. Antipodals (A), endosperm nuclei

(EN), free vesicles (V), embryo (E), nucellus (Nc),

x960.

Figure II.3(b) Formation of free vesicles during early endosperm

nuclear divisions. Antipodals (A), endosperm nuclei

(EN), free vesicles (V), x1800.



Figure II.3(a) Figure II.3(b)
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Figure II.4(a) Formation of cytoplasmic vesicles (V) before divi-

sion of the zygote (Z). Endosperm nucleus (EN),

x2400.

Figure II.4(b) Formation of cytoplasmic vesicles (V) before divi-

sion of the zygote (Z), x2400.



Figure II.4(a) Figure II.4(b)



82

Figure II.5(a) Vesicle (V) at bottom of embryo sac. Endosperm

cytoplasm (EC), embryo sac vacuole (ESV), antipodals

(A), embryo (E), micropyle (M), endosperm nucleus

(EN), x840.

Figure II.5(b) Vesicle (V) at bottom of embryo sac. Embryo (E),

endosperm nucleus (EN), degenerate synergid (DSy),

x2400.



Figure II.5(a) Figure II.5(b)
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Figure II.6(a) Formation of vesicles (V) by the endosperm bordering

the antipodals (A). Embryo sac vacuole (ESV),

x2400.

Figure II.6(b) Formation of vesicles (V) by the endosperm bordering

the antipodals (A). Nucellus (Nc), x2400.



Figure II.6(a) Figure II.6(b)
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Figure II.7(a) Formation of vesicles (V) by separation of the inner

membrane of the endosperm. Antipodals (A), x2400.

Figure II.7(b) Formation of vesicles (V) by separation of the inner

membrane of the endosperm. Antipodals (A), endo-

sperm nucleus (EN), x2400.



Figure II.7(a) Figure II.7(b)
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Figure 11.7(c) Formation of vesicles (V) by separation of the inner

membrane of the endosperm. Antipodals (A), x2400.

Figure II.7(d) Formation of vesicles (V) by separation of the inner

membrane of the endosperm. Endosperm nucleus (EN),

x1800.



Figure II.7(c) Figure II.7(d)
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Figure II.8(a) Accumulation of vesicles (V) at the bottom of the

embryo sac. Antipodals (A), embryo sac vacuole

(ESV), endosperm cytoplasm (EC), ovary (0), x540.

Figure II.8(b) Accumulation of vesicles (V) at the bottom of the

embryo sac. Endosperm cytoplasm (EC), embryo (E),

x1200.



Figure II.8(a) Figure II.8(b)
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Figure II.9(a) Vesicles (V) coalesce and form a mass of endosperm

cytoplasm (EC), above the embryo (E). Ovary (0),

antipodals (A), x300.

Figure II.9(b) Vesicles (V) coalesce and form a mass of endosperm

cytoplasm (EC), above the embryo (E). Endosperm

nucleus (EN), x1200.



Figure II.9(a) Figure II.9(b)
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Figure II.10 Endosperm nuclei (EN) in endosperm cytoplasm (EC)

above the embryo (E), x2400.

Figure 11.11(a) Wall (W) ingrowths partitioning the lower endosperm

into cells. Vesicles (V), x1200.



Figure 11.10 Figure II.11(a)
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Figure II.11(b) Wall (W) ingrowths partitioning the lower endosperm

into cells. Endosperm nuclei (EN), endosperm

cytoplasm (EC), vesicles (V), x2400.

Figure 11.12 Formation of vesicles (V) during the third day after

fertilization. Antipodals (A), nucellus (Nc), x960.



Figure II.11(b) Figure 11.12
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Figure II.13(a) Formation of endosperm vesicles (V) and absorption

of antipodals at 3-4 days after fertilization, x360.

Figure II.13(b) Formation of endosperm vesicles (V) and absorption

of antipodals (A) at 3-4 days after fertilization,

x960.



Figure II.13(a) Figure II.13(b)
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Figure 11.14 Remains of antipodals (A), 4 days after fertili-

zation. Endosperm vesicles (V), x960.

Figure II.15(a) Accumulation of vesicles (V) and formation of dense

endosperm cells (DEC) above the embryo (E), x960.



Figure 11.14 Figure II.15(a)
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Figure II.15(b) Accumulation of vesicles (V) and formation of dense

endosperm cells (DEC) above the embryo, x1200.

Figure II.16(a) Cellular (CE) lower endosperm and tangential section

of upper, free nuclear endosperm (FNE) 4 days after

fertilization. Nucellus (Nc), x600.



Figure II.15(b) Figure II.16(a)
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Figure II.16(b) Tangential section of upper, free nuclear endosperm

4 days after fertilization. Endosperm nuclei (EN),

endosperm cytoplasm (EC), x1200.

Figure II.17(a) The dense endosperm cells (DEC) above the embryo at

7 days after anthesis. Vacuolate endosperm cells

(VEC), ovary (0), nucellar projection (NP), vascular

strand (VS), x300.



Figure II.16(b) Figure II.17(a)
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Figure II.17(b) Dense endosperm cells (DEC) half consumed at 12

days after anthesis. Vacuolate endosperm cells

(VEC), embryo (E), ovary (0), x600.

Figure II.17(c) All the dense endosperm cells (DEC) were

metabolized by 15 days after anthesis. Embryo (E),

ovary (0), x600.



Figure II.17(b)
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MANUSCRIPT III

Endosperm Morphogenesis in Wheat (Triticum aestivum L.)

2. Termination of Nuclear Division
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ABSTRACT

The morphogenesis of endosperm formation between the fifth and

fifteenth days after anthesis was studied in Triticum aestivum L. by

light microscopy. The objective was to describe the physical changes

in the endosperm before cell formation was terminated. By the fifth

day after anthesis, the dense endosperm cytoplasm in the lower embryo

sac and in front of the nucellar projection had been separated into

cells by walls growing in from the nucellus. After that had

occurred, partitioning of the embryo sac began by the extension of

cytoplasmic strands from the endosperm nuclei into the central

vacuole. The nuclei divided and repeated that mechanism of growth

until the entire embryo sac had been partitioned into a network of

highly vacuolate cells. The nuclei then continued to divide without

producing cytoplasm. That occurred not only in the peripheral layer

of cells but throughout the entire embryo sac. The cuticularized

inner integument and nucellar epidermal cells elongated and became

vacuolate between the ninth and twelfth days after anthesis. That

limited the internal space available for endosperm nuclear divisions.

Between the twelfth and fourteenth days after anthesis, endosperm

nuclear divisions ceased. It is concluded that wheat endosperm cell

number is limited by the internal volume provided by the maternal

tissues. If endosperm cell number is to be increased, the re-

straining effects of the nucellar epidermis and inner integument must

be overcome.
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ENDOSPERM MORPHOGENESIS IN WHEAT (TRITICUM AESTIVUM L.)

2. TERMINATION OF NUCLEAR DIVISION

INTRODUCTION

Cell division in the wheat endosperm is completed during the

first 11 to 16 days after fertilization (Jennings and Morton, 1963;

Wardlaw, 1970; Evers, 1970; Brocklehurst, Moss and Williams, 1978).

Cell production is stopped at that time, but not because of a lack of

assimilates (Singh and Jenner, 1982; Walpole and Morgan, 1974).

After cell division has been completed, there are sufficient metabo-

lites for the endosperm to accumulate three-fourths of its final dry

weight (Wardlaw, 1970; Brocklehurst et al., 1978).

The storage capacity of an individual endosperm cell is limited.

This means that a kernel's potential dry weight is normally

determined by the number of endosperm cells it contains (Brockle-

hurst, 1977; Brocklehurst et al., 1978; Singh et al., 1982; Gleadow,

Dalling and Halloran, 1982; Cochrane and Duffus, 1983). Admittedly,

in adverse environments, all the endosperm cells may not accumulate

starch to their capacity (Fischer, Aguilar and Laing, 1977). None-

theless, under favorable conditions, the assimilate-supplying

capacity of the plant is not fully utilized ( Jenner and Rathjen,

1975, 1978; Sofield, Evans, Cook and Wardlaw, 1977). Thus, the

number of cells in the endosperm limits the amount of assimilate

which can be accumulated. Because of that, early termination of cell

production is a basic restriction to total endosperm storage

capacity. If it could be learned why cell multiplication ceases,
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breeding programs could be directed at that specific cause of limited

endosperm growth.

The morphogenesis of endosperm formation has received consider-

able study (Hoshikawa, 1960, 1961; Campbell, Lee, O'Brien and Smart,

1981; Bechtel, Gaines and Pomeranz, 1982). The period immediately

before cell division ends, however, has not been extensively inves-

tigated. It is known that, 3 to 5 days after fertilization, free

nuclear endosperm surrounds the upper embryo sac vacuole (Brenchley,

1909; Hoshikawa, 1960; Mares, Norstog and Stone, 1975). After those

nuclei have been partitioned into cells, it takes only 1 to 2 days

for those cells to completely fill the central vacuole (Sandstedt,

1946; Mares et al., 1975; Morrison and O'Brien, 1976). The ultra-

structure of cell wall formation, in the early endosperm, has been

reported in detail (Morrison, Kuo and O'Brien, 1975; Mares, Stone,

Jeffery and Norstog, 1977; Morrison et al., 1976; Morrison, O'Brien

and Kuo, 1978). Nonetheless, that information has not provided an

explanation for why endosperm cell formation stops. Our study of

endosperm morphogenesis was made to describe the changes which occur

immediately before cell division is terminated.
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MATERIALS AND METHODS

Developing caryopses of Triticum aestivum were collected from

field-grown plants each day after anthesis. One soft white winter

wheat cultivar was sampled in 1980. In 1981, 1 small seeded hard red

winter wheat was collected along with 4 soft white cultivars which

varied from small to large in seed size. Longitudinal sections were

made of entire spikelets embedded in paraffin. Individually, 475

caryopses were examined from 175 different spikelets, covering the

period from 5 to 25 days after anthesis. More detail of the methods

and materials used is found in another paper (Huber, 1983).
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RESULTS

On the fifth day after fertilization, the lower one-fourth of

the embryo sac was filled with endosperm cells containing dense

cytoplasm (figure III.1). The upper embryo sac consisted of a large

vacuole surrounded by a peripheral layer of endosperm. On the side

away from the vascular supply, a thin layer of free nuclear endosperm

was present (figures III.1 and 111.2). Adjacent to the nucellar

projection, the cytoplasm was thicker and the endosperm nuclei were

very close to each other (figure 111.4). At that time, those nuclei

were being separated into cells by walls growing toward the central

vacuole from the nucellus (figure 111.3). The endosperm cells in

front of the nucellar projection eventually became the groove

aleurone cells (figures 111.2 and 111.20), as described in detail by

Morrison et al. (1978).

The endosperm nuclei began invading the central vacuole first on

the side of the nucellar projection and, within one-half day, also on

the opposite side of that large lumen (figures 111.5 and 111.6). The

central vacuole was entered first by cytoplasmic projections initi-

ated by the nucleus (figures 111.7, 111.8 and 111.15). As that

cytoplasm was projected into the vacuole, an open ended cone-shaped

structure was formed with the nucleus at its base (figures 111.9 and

111.15).

Nuclear divisions then occurred synchronously in large regions

of the endosperm (figures III.10, III.11 and 111.12). As the

chromosomes were pulled apart, the series of open ended cones changed

to a uniform front of cytoplasmic strands with nuclei spaced at
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regular intervals (figure 111.12). After the nuclear membranes were

reformed, the nuclei toward the lumen again projected cytoplasmic

strands into the central vacuole (figures 111.13-111.18).

With the meeting of the two advancing fronts, initial parti-

tioning of the lumen was completed (figure 111.19). The former

embryo sac then contained many vacuolate cells, each with a nucleus

but devoid of cytoplasm (figures 111.17 and 111.19). Meeting of the

endosperm fronts occurred on approximately the sixth day after

fertilization. The only endosperm cells with dense cytoplasm, at

that time, were those at the base of the embryo sac and those ad-

jacent to the nucellar projection (figure 111.20).

Nuclei continued to divide rapidly during the next 3 to 4 days

as the growth of the maternal tissues increased the internal volume

available for endosperm occupation (figure 111.21). Divisions took

place in both the peripheral layer of nuclei and in the central cells

of the former embryo sac (figure 111.22). A true cambial layer was

not formed. In that respect, our findings agree with Hoshikawa

(1961) rather than with Gordon (1922) and Evers (1970). During that

period, there was almost no cytoplasm associated with the dividing

nuclei. Divisions at that time were indistinguishable from those of

the early post fertilization phase of endosperm growth.

Initial starch granule formation (day 9) was associated with the

endosperm nuclei (as first reported by Brenchley 1909), (figure III.

23). By the eleventh day, those starch granules had been transferred

to the extreme borders of the vacuolate cells.

During the ninth to fourteenth days after anthesis, the maternal

cells of the nucellar epidermis stopped dividing, elongated and
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became completely vacuolate (figures 111.17, 111.22-111.24). Thick

cuticles were formed on the exterior surfaces of both the nucellar

epidermis and inner integument (see Morrison, 1975) (figures 111.24,

111.25 and 111.28). Also during that period, the endosperm cells

became separated by walls growing in from the periphery. Because of

those walls, apparent free space existed between the endosperm cells

by the twelfth day (figure 111.24). The reserve starch of the ovary

had been largely consumed by that time (figures 111.26 and 111.27).

The last nuclear divisions were observed between the twelfth and

fourteenth days after anthesis (figure 111.25). Those divisions

occurred mainly in the peripheral endosperm (figure 111.25). The

divisions of the final 1 to 2 days, however, accounted for a very

small proportion of the total cells produced. At the time that

nuclear divisions ceased, the maternal inner integument and nucellar

epidermis were no longer actively growing (figure 111.28). The

characteristics of development described above were observed in both

years and in all 5 of the cultivars.
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DISCUSSION

It is our conclusion that endosperm cell division stopped

because all the available space within the former embryo sac was

filled. This spacial limitation was the result of a much faster rate

of growth by the endosperm than by the maternal nucellar epidermis

and inner integument. When those 2n maternal tissues stopped

growing, there was no more new room produced for endosperm

occupation.

It must be emphasized that the mode of cell formation in the

endosperm was completely different than found anywhere in the 2n

vegetative plant. Endosperm division would be best described as

nuclear division rather than cell division because there was no

separation of cytoplasm. Before nuclear division had been termin-

ated, dense cytoplasm was found only in the lower endosperm cells and

the groove aleurone cells. There, the cytoplasm had been partitioned

by walls growing in from the nucellus. The embryo sac vacuole,

however, was filled by the proliferation of nuclei, accompanied by

almost no cytoplasm. That was accomplished by the projection of

cytoplasmic strands directly from the nucleus. That manner of growth

was the reason the entire vacuole could be partitioned into cells in

less than 2 days. Even after that time, "cells" did not

divide--nuclei divided. That same mechanism of nuclear growth was

used to occupy new space that became available as the maternal

tissues expanded. We conclude that the genes which coded for free

nuclear division immediately after fertilization were also expressed

during the entire period of nuclear division in the endosperm. The
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process of sending out projections to move nuclei into free space

could no longer continue when all the sites in the vacuole had been

filled. This was analagous to a colony of microorganisms growing in

an enclosed chamber; even if assimilates were not lacking, eventually

they would occupy all the space and growth would stop. Such

limitation does not occur in the vegetative plant because apical

meristem cells are growing into the rather unlimited space of air and

soil.

Two lines of evidence support our conclusion that the number of

endosperm cells is limited by the internal volume provided by the

maternal tissues. First, the number of endosperm cells formed is

independent of temperature. Both Hoshikawa (1962) and Wardlaw (1970)

found that as the temperature was increased, the time necessary to

reach maximum cell number was shortened, but the number of cells was

not changed. Furthermore, the maximum length of the kernel is

reached at approximately 10 days after fertilization (Sandstedt,

1946; Rogers and Quatrano, 1983). Like most reports, our study

showed that nuclear division is terminated shortly after that time.

Those findings imply that a physical limitation determines how long

endosperm cell formation will continue. This information suggests

that if endosperm cell formation is to be sustained, the constricting

effects of the cuticularized nucellar epidermis and inner integument

must be overcome.
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Figure 111.1 Longitudinal section of endosperm at approximately 5

days after anthesis. Groove aleurone cells (GAC)

being formed, free nuclear endosperm (FNE), embryo sac

vacuole (ESV), nucellar projection (NP), ovary (0),

dense endosperm cells (DEC), embryo (E), x375.

Figure 111.2 Cross section of day 5 embryo sac. Vascular supply

(VS), other abbreviations same as in figure III.1,

x375.
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Figure 111.3 Enlargement of the groove aleurone cells shown in

figure 111.2. Endosperm nuclei (EN) are being

partitioned by walls (W) growing toward the embryo sac

vacuole from the nucellus (Nc), x3600.

Figure 111.4 Tangential section of closely associated groove

aleurone nuclei, x2400.



Figure 111.3

Figure 111.4



126

Figure 111.5 Initial invasion of the upper embryo sac vacuole by

endosperm nuclei, x375.

Figure 111.6 Invasion of the lower embryo sac vacuole by the

endosperm, x375.
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Figure 111.7 Enlargement of figure 111.5. Inner epidermis of the

ovary (OE), inner integument (II), nucellar epidermis

(NE), nucellar lysate (NL), invading endosperm nuclei

(EN), x960.

Figure 111.8 Cytoplasmic projections (CP) entering the embryo sac

vacuole, produced directly from the endosperm nuclei,

x2400.
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Figure 111.9 Formation of cytoplasmic projections from the endo-

sperm nucleus to form an open-ended cone, x1200.

Figure III.10 The endosperm nuclei dividing synchronously in a

large portion of the embryo sac, x600.



Figure 111.9

Figure III.10
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Figure III.11 The embryo sac, partitioned into many large vacuolate

areas, as the nuclei divided, x1200.

Figure 111.12 Synchronous separation of the chromosomes during the

first division of the endosperm nuclei, x1200.
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Figure 111.13 Cross section of the endosperm initially cellular-

izing the embryo sac vacuole, x300.

Figure 111.14 Enlargement of figure 111.13 showing the endosperm

after the first division of the nucleus, x1200.
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Figure 111.13
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Figure 111.15 Reformation of cytoplasmic projections after first

division of the endosperm nuclei, x2400.

Figure 111.16 Longitudinal section of the embryo sac after the

first division of the nucleus, x1200.
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Figure 111.15

Figure 111.16
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Figure 111.17 Comparison of the positions of the first 2 endosperm

nuclei, with respect to the surrounding free space,

x1200.

Figure 111.18 Longitudinal section of cytoplasmic projections

reforming a cone from each nucleus, x1800.
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Figure 111.19 Meeting of the endosperm (En) fronts to completely

cellularize the embryo sac vacuole, x375.

Figure 111.20 Groove aleurone cells and lower endosperm cells

containing dense cytoplasm, 7 days after anthesis,

x450.

_i



Figure 111.19

Figure 111.20
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Figure 111.21 Simultaneous nuclear divisions (ND -*) in many of the

vacuolate central endosperm cells, 8 days after

anthesis, x960.

Figure 111.22 Endosperm and bordering maternal cell layers at 9

days after anthesis, x1200.
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Figure 111.21

Figure 111.22
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Figure 111.23 Starch granule (SG) formation associated with the

nucleus of a vacuolate endosperm cell, x3600.

Figure 111.24 Endosperm cells separated by apparent free space, 12

days after anthesis. Maternal tissues on the left,

x600.
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Figure 111.25 Final nuclear divisions of the endosperm at 13

days after anthesis, x1200.

Figure 111.26 Upper endosperm and remaining ovary at 13 days after

anthesis, x375.
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Figure 111.27 Longitudinal section of the endosperm and remaining

ovary 14 days after anthesis, x450.

Figure 111.28 Longitudinal section of the inner epidermis of the

ovary, inner integument, nucellar epidermis and

endosperm 15 days after anthesis, x1200.



149

Figure 111.27

Figure 111.28
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ORIGIN OF PROTEIN BODIES IN WHEAT (TRITICUM AESTIVUM L.)

SHORT COMMUNICATION

The formation of protein bodies in wheat endosperm has received

considerable study; the origin of those bodies, however, is not known

(Bechtel, Gaines and Pomeranz, 1982; Campbell, Lee, O'Brien and

Smart, 1981). In a study of wheat endosperm morphogenesis, we

observed the daily development of protein bodies from their initi-

ation until their maturity. Light microscopy was used to examine 10p

sections cut from paraffin embedded caryopses of five wheat culti-

vars. The sections were stained with safranin and fast green. Those

stains provided excellent contrast between red staining nucleic acids

and protein and the purple staining starch and green staining cell

walls.

By 12 to 14 days after fertilization, nuclear divisions had

ceased and the upper endosperm consisted of highly vacuolate cells.

One to three nucleoli were prominent in each nucleus. Surrounding

each nucleolus, a sphere of nuclear breakdown was present Lfigure

IV.1(a)]. The nucleoli were then released from the nucleus and

migrated into the cell vacuole [figure IV.1(b)]. Within 2 days, each

nucleus broke down and also released many bodies of chromosome size

into the vacuole [figure IV.1(c)]. Many of them became spherical and

acquired the same staining properties of the released nucleoli

lfigure IV.1(d)]. During the next 5 to 10 days, those bodies en-

larged and united [figure IV.1(e)]. Their binding of safranin stain

was characteristic of protein bodies. By 25 days after anthesis, the

protein bodies had a "squashed" appearance as the enlarging starch
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granules had eliminated all free space within the cells [figure

IV.1(f)]. The entire nucleus also became incorporated into the

protein matrix.

It is concluded that the nucleoli, released from nuclei, deve-

loped into protein bodies. It also seems probable that the nuclear-

organizing region (NOR) or the chromosome on which it occurred was

selectively replicated within the nucleus. When the nucleus broke

down, each of those NORs produced a nucleolus capable of becoming a

protein body.

It is known that many proteins are associated with the ribosomal

RNA in nucleoli. Ribosomes must be processed, outside of the nucle-

oli, before they become functional. Because of that, it is supposed

that proteins are not made in the nucleolus but are transported in

from the cytoplasm (Avers, 1976). Furthermore, it is known that

nucleoli degenerate during mitosis. The release of nucleoli occurred

only after divisions had stopped in the endosperm nuclei. It seems

reasonable that, when nuclear division was no longer possible, the

nucleoli could continue to accumulate proteins necessary for the

future growth of the embryo.
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Figure IV.1(a) Endosperm nucleus (N) with three nucleoli (Nu), each

surrounded by a sphere of degraded nucleoplasm. Cell

vacuole (V), cell wall (W), starch granules (S),

x3600.

Figure IV.1(b) Release of nucleolus (Nu) (right) and migration of a

nucleolus away from the nucleus (N) (left). Starch

granules (S), x2400.



Figure IV.1(a)

Figure IV.1(b)
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Figure IV.1(c) Production of many smaller bodies (NB), by the

nucleus. Starch granules (S), cell wall (W), and

nucleoli (Nu), x2400.

Figure IV.1(d) Enlargement of protein bodies (PB) outside of the

nucleus (N). Starch granules (S), x2400.
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Figure IV.1(c)

Figure IV.1(d)
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Figure IV.1(e) Degeneration of nuclei (N) and union of protein

bodies (PB), x1800.

Figure IV.1(f) Cross section of endosperm and maternal tissues 23

days after fertilization. Ovary parenchyma cells

(OP), ovary epidermis (OE), inner integument (II),

nucellar epidermis (NE), aleurone layer (A), cell

wall (W), protein body (P8), and starch granules (S),

x1200.
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CONCLUSION

The research reported here has added to our knowledge of the

basic development of wheat endosperm. That increased understanding

offers new ways for enhancing endosperm growth. The conclusions

drawn from each of the four developmental periods are presented

below.

During the study of double fertilization, endosperm failure and

associated floret abortion were commonly observed. Little research

has been done on post fertilization abnormalities in wheat. Elimi-

nation of any of the factors which result in endosperm failure would

increase grain yield proportionately.

During the first four days of growth, dense endosperm cells were

formed in the lower embryo sac. This research has established that

those cells resulted from endosperm vesicles produced higher in the

embryo sac, adjacent to the antipodals. It also showed that those

cells were later consumed during the growth of the embryo. It is

concluded that the nutrients stored by the antipodals are essential

for the initial growth of the endosperm and later growth of the

embryo. The eventual vigor of the embryo is dependent upon those

lower endosperm cells. The mechanism of vesicle formation, and

transfer of endosperm to the region of the embryo, may also exist in

corn (Zea mays). If so, degree of expression for that trait could be

an important selection criterion for increasing seed vigor in inbred

lines of corn. In Triticum, the mechanism of positioning endosperm

vesicles by gravity, in its anatropous embryo sac, could have pro-

vided a selective advantage over other genera. It could also be a
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cause of low embryo viability in grasses which are lodged during

anthesis.

After the endosperm nuclei initiated cytoplasmic projections,

the upper embryo sac vacuole was rapidly cellularized. Endosperm

growth was much faster than the expansion of the surrounding tissues.

The internal volume available for endosperm nuclei was fixed when the

maternal tissues stopped growing. The conclusion is that endosperm

cell formation in wheat is spacially limited. To overcome that

limitation, the restricting effect of the nucellar epidermis and

inner integument must be removed. A screening program to determine

variability for growth of those tissues would be the first step in

removing this limitation to endosperm storage capacity.

Following the termination of nuclear division, it was observed

that endosperm nucleoli migrated from their nuclei and formed protein

bodies. It is suggested that clearer photographs of this process be

made from specimens fixed with glutaraldehyde and embedded in epoxy

resin. More information on this process might enable selection for

maximum expression of nuclear organizing regions. That could result

in increased protein storage in wheat.

All of man's knowledge is based on the findings of previous

researchers. Those who follow us, likewise, are dependent upon the

information we pass on. It is hoped that the conclusions drawn from

this research are correct and will encourage greater study of wheat

endosperm--our most important source of food.
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