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I
Een vergelijkende structurele analyse van de ontwikkeling van de
maisvrucht in vivo en in vitro draagt in hoge mate bij aan doordacht
veredelingswerk.
(Dit proefschrift)

11
Het endosperm, ontstaan na dubbele bevruchting, is een organisme dat
als zodanig meer aandacht verdient.

III
Voor de immunocvtochemische localisatie van eiwitten in plantaardige
weefsels is het maken van coupes een verantwoorde en aan te bevelen
methode.

(Van Lammeren, AAM., C.J, Keijzer, M.,T.M, Willemse & H. Kieft,
Planta 165: 1-11, 1985, Van Lammeren, A.A.M., H.Kieft, E.Provoost &
J.H.N. Schel, Acta Bot, Neerl. 36 {2) in press 1987)

v
Kaliumpermanganaat heeft in combinatie met glutaaraldehyde als
fixatief nog niet afgedaan bij de elektronenmicroscopie,

v
De gewoonte van veel promovendi aan de Landbouwuniversiteit om bij
hun proefschrift meerdere stellingen te wijden aan daarin beschreven
resultaten, getuigt van een geheel eigen interpretatie van het
promotiereglement.

(Promotiereglement IUW, maart 1987)



VI
Een goed practicumprogramma is niet vervangbaar door “efficientere"
leermethoeden zoals hoorcolleges, thuisstudie of audio-visuele media.

{Capaciteitsproblematiek in brief van Faculteitsbestuur 86/1849 - 4
fr A dd 25-8-1986)

VII
Kemnis van de maatschappij en haar verhoudingen is niet een eerste
vereiste voor een docent maatschappijleer aan het middelbaar
onderwijs.

VIII
Het opeenvolgend gebruik van woorden zoals modieus, eigentijds en
trendy etaleert hoezeer de commercie van mening is dat niet slechts
uiterlijkheden maar ook de aanprijzing ervan dienen te veranderen.

X
Gezien de huidige behandeling van onze natuurlijke omgeving kan men
in het gezegde '"Boompje groot, plantertje docd" de zelfstandige
naamwoorden beter verwisselen.

X
Echte doe-het-zelvers kumnen het niet laten.

Wageningen, 8 mei 1987 A,AM. van Lammeren
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Dit proefschrift is tot stand gekomen op de vakgroep Plantencytologie en -
morfologie van de Landbouwuniversiteit Wageningen.

De tekening op de omslag toont het micropylaire deel van een zaadbeginsel
van mals met daarin het embryo in het zygotisch stadium {240x). De afbeel-
ding aan de onderzijde is een rasterelektronenmicroscopische opname van een
malsembryo op 12 dagen na het ontstaan van de zygote (130x).

VIT




DANFWOORD

Gaarne wil ik van de gelegenheid gebruik maken een dankwoord te richten tot
een ieder die direct of indirect bijgedragen heeft aan de totstandkoming van
dit proefschrift.

In de eerste plaats geldt dat mijn cuders. U volgde mijn studie met
veel interesse en wetenschappelijke discussies werden menigmaal door U
uitgelokt, Het doet mij genoegen U dit proefschrift als afronding van mijn
opleiding te kunnen presenteren.

Doctorandus G.M.L. Hillemans, op de middelbare school stimuleerde U
mijn belangstelling voor de biologie in de lessen en in de door U georgani-
seerde vrijdagmiddagexcusies van de biologieclub.

Mijn directe begeleiders Dr, J. Wellen, Dr, T, Benraad, Dr. F. Wanka,
Dr. D. Noordam, Dr.ir. B.J.M, Verduin en Prof.dr. J.P.H. van dexr Want, U ben
ik zeer erkentelijk voor de inspanningen die U zich getroostte mij in de
diverse wetenschapsgebieden in te leiden.

Vakgroepsgenoten van hieruit wil ik een ieder bedanken voor de raad en
daad waarmee ik veelvuldig terzijde werd gestaan. Dit geldt niet alleen de
goede zorg voor planten en instrumentarium en de hulpvaardigheid die ik de
afgelopen jaren ondervond, maar ook de bijdragen van studenten, stagiaires
en gastmedewerkers die in het onderzoeksproject participeerden,

Henk Kieft, een bijzonder woord van dank aan jou voor de wijze waarop
je met grote kennis van zaken en vaardigheid heel wat experimenten hebt
uitgevoerd die nu in dit proefschrift zijn beschreven.

Dr. Jan H.N. Schel, co-promotor, jou dank ik voor de vele discussies,
de goede suggesties en je kritische begeleiding die een essentiele bijdrage
hebhen gevormd aan het ontstaan van de hoofdstukken in dit proefschrift,

Professor dr, M.T.M. Willemse, promotor, U ben ik zeer erkentelijk wvoor
de wijze waarop U mij de mogelijkheden heeft gegeven het onderzoeksgebied,
wat in het proefschrift beschreven is, te betreden. Uw aandacht voor en ge-
sprekken over het onderwerp betekenden voor mij een stimulans en zijn van
grote waarde geweest bij het interpreteren van de resultaten.

De kwaliteit van opmaak en illustraties wvan het proefschrift is woor
een belangriik deel te danken aan de inzet van Siep Massalt, Allex Haasdijk,
Paul van Snippenburg en Joke Cobben-Molenaar, Daarvoor mijn hartelijke dank.

Doctorandus Frans Vegter, jou wil ik bedanken voor al de vrije uren die
je welwillend hebt besteed aan de correctie van de teksten en het geduld
waarmee jij mij wegwijs hebt gemaakt in de grammatica van de Engelse taal.

IX



CQONTENTS

GENERAL INTRODUCTION

1. Introduction - aims of the study

2. Morphology of the pistillate flower

2.1, Inflorescences of maize

2.2, Differentiation and morphology of the pistillate
spikelet

2,3, The pistil

2.4, Nucellus and embryo sac

3. References

A COMPARATIVE ULTRASTRUCTURAL STUDY OF THE MEGA-
GAMETOPHYTES IN TWO STRAINS OF ZEA MAYS L. BEFORE AND
AFTER FERTTLIZATION
Summary
Intreduction
Materials and methods
Results
The position of the embryo sac in the ovule
The cells of the embryo sac before fertilization

- Synergids
- Egg cell
- Central cell
- Antipodals
Penetration of the pollen tube into the pistil and
the embryo sac
The cells of the embryo sac after fertilization
- Synergids
- Zygote
- Endosperm
- Antipodals
Discussion
Pre-fertilization and fertilization phase
BEgg - Zyvgote

Central cell - Endosperm

References

XVII
XiX

XXIIX

XXVII

:

B W - w W N = =

=y

19
19
19
22
23
26
26
A
33
35

XI



FNESIS IN ZEA MAYS L. DEVELOPMENT COF STRUCTURE AND

POLARTTY DURING PROEMBRYC FORMATTON

Y S
. . .

Abstract

Introduction

Materials and Methods
Results and Discussion
References

DEVELOPMENTAL MORPHXOGY AND CYTCLOGY OF THE YOUNG MAIZE
EMBRYO (ZEA MAYS L.)

1.

2.

3.
3.1,
3.2.
3.3.
3.3.1.
3.3.2.
4,
4.1,

4.2.

Summary
Introduction

Materials and Methods

Results

Preparation of maize embryos for SEM
Morphology of the developing embryo proper
Cytology of the developing embryo proper
Development of scutellum and coleoptile
Development of the embryo axis

Discussion

Development of bilateral symmetry and of the
single cotyledon

Development of the embryc axis

References

STRUCTURAL DEVELOPMENT OF EXCISED OVARIES AND EMERYUS OF
MATZE (ZFA MAYS L.) CULTURED IN VITRO

1.

2.

3.

3.1,
3.2,
3.2.1.
3.2.2.

3.2.2.1.

XII

Sunmary
Introducticn

Materials and Methods

Results

In vitro pollination and caryopsis development
In vitro development of excised immature embryos
Premature germination

Callus formation and plant regeneration from
embryonic tissues

Selection of culture conditions

4
43
43
44
44
45

49
51
51
52
53
53
55
59
59
63
64

65
66
69

Al
73
73
75
76
76
77
77

80
a0



3.2.2.2. Callus formation 81

3.2.2.3. Plant regeneration 86
3.2.3. Culture in liquid media 86
4, Discussion 91
4.1, Pollination and caryopsis development in vitro 91
4.2, Pollination in vivo followed by embryo develop-

ment in vitro 91
4.3, Callus formation and plant regeneration 94
5. Acknowledgements 95
6. References 9

INTERACTIONS BETWEEN EMBRYQO AND ENDOSPERM DURING EARLY

DEVELOPMENTAL STACES OF MATZE CARYOPSES (ZEA MAYS) 10
Abstract 103
Introduction 103
Materials and Methods 103
Results 103
Discussion 110
References 13

CFI1, DIFFERENTIATION IN THE PERTCARP AND ENDOSPERM OF
DEVELOPING MATZE KERNFIS (ZFA MAYS L.) WITH SPECIAL

REFERENCE TO THE MICROTUBULAR CYTOSKELFTON 115

Abstract 17
1. Introduction 118
2. Materials and Methods 119
3. Results 120
3.1. Development of somatic tissues in the caryopsis 120
3.2. Development of the endosperm 125
3.3. Differentiation of the microtubular cytoskeleton 133
4, Discussion 138
4.1. Cell differentiation in the caryopsis 138
4.2, The microtubular cytoskeleton 141
5. Acknowledgements 143

6. References 143

XIIT




7. SOME CONCLUDING REMARKS ON ENDOGENOUS AND EXOGENOUS

INFLIENCES ON EMBRYO DEVELOPMENT IN MATZE 149
1. Effects of endogencus morphogenetic factors 151
2. Effects of exogenous morphogenetic factors 155
3. Significance of the study for plant breeding 158
SUMMARY 161
SAMENVATTING 167
CORRICULUM VITAE 175

XIv




GENERAL INTRODUCTION



1. GENERAL INTRODUCTION

1. INTRODUCTICN — aims of the study.

Sexual reproduction is an essential part of the life cycle of plants
and has been the subject of many genetical, physiological and mor-
phological studies (see Maheshwari, 1950, 1963; Raghavan, 1976;
Johri, 1982, 1984; Willemse and Van Went, 1985). Double fertilization
in higher plants gives rise to a new sporophyte, the embryo, and to a
nutritive tissuve, the endosperm. Maize has often been chosen as the
object of research on this process. In the past, the morphological
aspects of maize embryogenesis were well documented by light micro-
scopical techniques {Miller, 1919; Avery, 1930; Randolph, 1936; Kies-
selbach, 1949; Cooper, 1951; Sass, 1955; Van Lammeren and Schel,
1983). In addition, more cytological information was obtained by
applying scanning and transmission electron microscopy (Diboll, 1964,
1968a, b; Diboll and Larsan, 1966; Russell, 1979; Van Lammeren, 1981;
Van Lammeren and Kieft, 1983; Schel et al., 1984). There is, however,
no report dealing with an ultrastructural investigation of maize
embryogenesis covering the whole area from progamic stage to mature
embryo.

In biological research, experimental data and comparative
studies widely enlarge the knowledge of plant regulation and plant
development. This knowledge is of great value since higher plants
form the main food source in human consumption. Especially the
Gramineae such as rice, wheat, maize, rye and barley contribute to
that for the major part. After wheat and rice maize is the third most
important crop plant in the world and therefore it has often been the
object of experimental biological research, In the study of the
initial stages of plant development the experimental embryology has
greatly expanded. There is a functional approach which aims at under-
standing the growth of embryos and at the ways of influencing its
mechanisms. The induction of regeneration and the production of
somatic embryos from plant cells open ways to overcome sexual repro—
duction and tb multiply individual plants. In many Gramineae, in-
cluding maize, the initiation of plant regeneration and somatic
aembryogenesis appears to be complicated (Johri, 1982; Sheridan, 1982;
Vasil, 1982; Bright and Jones, 1985). In maize there are serious
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problems with obtaining protoplast cultures capable of regenerating
cell walls and producing totipotent callus (Harms, 1982) although at
least a few genotypes are available for longer-term callus and cell
cultures (Tomes, 1985). Endosperm cultures of maize are hard to
regenerate, too (Sharmon, 1982).

In agriculture several varieties of maize are used among which
the starchy, the sugary and the waxy are most important. In the
present report two inbred lines were studied. One is called Black
Mexican Sweet corn (BMS) and the other A188 which is a starchy line.
The BMS is an old standard variety that has been commercially avail-
able for over one hundred years. It was one of the two strains which
formed suspension cultures in the experiments of Sheridan (1975).
Strain A188 was chosen because of the regenerative potency of its
immature embryos in experimental conditions in wvitro with respect to
callus formation and somatic regeneration {(Green and Phillips, 1975).

In this study both morphological and cytological changes during
maize emhryogenesis in vivo and in vitro are emphasized in order to
improve the understanding of the developmental processes and to
determine the influence of external conditions. Structural aspects of
the differentiation of both embryo and endeosperm are compared to
reveal embryo-endosperm interrelationships. Final goal is to con-~
tribute to the knowledge of embryonic morphogenesis and seed forma-
tion based on {sub) microscopical cbservations of cytodifferentiation
and tissue interaction in vivo and in vitro.

In Chapter 1 the structure of the ovules of two maize inbred
lines is compared before and after fertilization. The shapes of the
micropyles and the positions of the megagametophytes (embryo sacs)
are investigated in order to compare pollen tube entry in the two
lines, In the cells of the megagametophytes structural changes were
observed after fertilization. These changes are discussed with
respect to the initiation of embryogenesis.

In Chapter 2 the development of the proembryo is presented. The
expression of polarity within the proembryo and the factors in-
fluencing shape development are emphasized.

The developmental morphology and cytology of the embryo proper
are investigated in Chapter 3. The symmetry of the embryo changes,
apical meristems are formed and the scutellum develops. The factors
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which might induce these phenomena are discussed.

In Chapter 4 the results of some in vitro experiments are
presented. Pollination and fertilization of excised pistillate
spikelets and the subsequent development of the caryopsis are
investigated and compared with the in vivo dewvelopment. The germina-
tion of excised immature embryos and the regeneration of callus and
embryoids on such embryos is studied under various experimental
corditions.,

Interactions between embryo and endosperm are described in
Chapter 5. Emphasis is put upon cytological features indicating on
the uptake of nutrients by the endosperm from the ovary and the
release of nutrients from the endosperm towards the embryo.

The differentiation of the pericarp and endosperm is investi-
gated in Chapter 6. Special attention is paid to the development of
outer cell layers of the endosperm; to the accumulation of storage
products and to the distribution of microtubules which appear to
influence the morphogenesis of the cells,

Finally the results of the foregoing chapters are brought
together in Chapter 7 which presents a general view on maize embryo-
genesis. An attempt is made to show how and when embryo development
is influenced by endogenous and exogenous factors.

2, M(RPHOIOGY OF THE PISTILLATE FLOWER

2.1. Inflorescences of maize

After the maize plant had been brought to Europe in the sixteenth
century, Gerarde (1597} described the localization of the flowers:
"At the top of the stalks grow idle or barren tufts like the common
Reede...” and "ose ears which are fruitful do grow upon the sides
of the stalks among the leaves which are thicke and great.." (cited
by Weatherwax 1955). Maize or corn, as a member of the Gramineae
family, bears its flowers in spikelets, the characteristic building
blocks of the inflorescence of all grasses. It belongs to the tribe
Maydeae of the subfamily Panicoideae in which the flowers are either
staminate or pistillate, The two kinds of flowers are produced either
in different inflorescences, as is regular with Zea mays, or in
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different parts of the same inflorescence as with Tripsacum sp. The
male spikelets are the units of the tassel which arises from the
primary shoot meristem. The female spikelets are born on a thick
axis, the rachis of the cob, which is placed in a leaf axil protected
by several husks.

2,2, Differentiation and morphology of the pistillate spikelet

Cob development, including the differentiation of unisexual female
flowers from bisexual initials, has been investigated by light micro-
scopy (Miller, 1919; Kiesselbach, 1949 and Weatherwax, 1955) and by
scanning and transmission electron microscopy (Cheng et al.,
1983).The development of the cob begins with an axillary bud meris-
tem. First a prophylum and a number of leaflike husks are initiated,
and then rows of spikelet-pair primordia are formed in acropetal
sequence along the inflorescence meristem (Cheng et al., 1983). The
primordia give rise to primary branches on each of which two spike-
lets will develop. Within each spikelet usually the top flower comes
to maturity but the stamens stay rudimentary or abort (Fig. 1). For a
detailed report on the initial phase of spikelet morphogenesis see
Cheng et al. (1983), for the later stages of growth of the spikelet
see Weatherwax (1916), Miller {1919), Bomnet (1948) and Kiesselbach
(1949).

The morphology of the pistillate spikelet in maize has been
described by Wigand (1854), True (1893), Guignard (1901), Weatherwax
(1917, 1955), Miller (1919), Stratton (1923), Randolph (1936), Kies-
selbach (1949), Bonnet (1940) and Cheng et al. (1983). The functional
upper flower on the short spikelet axis or rachilla consists of a
pistil, three rudimentary stamens, two conspicuous but apparently
functionless lodicules, a palea superior and a palea inferior
(lemma). The two flowers of the pistillate spikelet are partly
enclosed by a pair of empty glumes in the positions as indicated in
Fig. 1. The pistil ends in an elongated 'silk', which may properly
be referred to either as a stigma or a style, since it is receptive
throughout its entire length. In most varieties of corn the lower
flower aborts but in a few cases it quite regularly has a functional
pistil, too (Kempton, 1913; Steward, 1915; Weatherwax, 1916).
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Fig. 1. Median section of an immature pistillate spikelet of Zea
mays, strain BMS. The adaxial and abaxial sides of the ovary are
indicated with respect to¢ the rachis of the cob (the arrow points
towards the apex of the cob). Ab. s = abaxial side; Ad. s = adaxial
side; B = bract substending a pair of spikelets; G = glume; L =
lemma (palea inferior); P = palea superior; Pi = pistil; R = rachis;
Ra = rachilla; § = stamen; Si = silk. '

2.3. The pistil
The morphology of the maize pistil has been described by, amongst
others, Schleiden (1837), Wigand (1854), Eichler {1875-1878),
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Weatherwax (1916, 1955), Miller (1919), Randolph (1936), Kiesselbach
(1949) and Cheng et al., (1983). Most of these authors have emphasized
the tricarpellate nature of the pistil., The unilocular ovary consists
of three carpels, two of which are inserted lateral of the owvule, the
third often being a rudiment. Cheng et al. {1983) show that the ovary
wall development begins with a ridge on the abaxial surface of the
apical meristem. The ridge encompasses the meristem as a ring which
is generally considered to represent three undiverged carpels.
Through faster growth at the side from which the ridge is initiated
the silk emerges, The vascular bundles that pass into the silk are
the midrib bundles of the two lateral carpels. So the single style is
a structure presumably formed by the fusion of the two lateral
carpels. In the initial stage of ovary development an overgrowth of
the shoot apex by the ring of tissue leads to the formation of the
stylar canal which can often be detected as a slight protuberance in
the mature ovary as indicated in Fig. 2. The single ovule is attached
at the base of the ovary. It is supplied by the fused marginal
bundles of the two lateral carpels {(Randelph, 1936). During its
development it first grows upward in the cavity of the ovary. By the
time of fertilization the ovule has become completely inverted
because the integuments and nucellus grew rapidly on the side which
is oriented toward the palea but only very slowly on the opposite
side (Fig. 2). In form, however, the ovule position is definitely
unlike any standard type and represents an extremely modified con-
dition variously referred to as semi-anatropous or modified campylo-
tropous (Randolph, 1936). The sessile ovule has two integuments, a
very broad insertion region in the placental tissue and no well-
defined funiculus. The inner integument completely surrounds the
ovule except at the micropylar orifice. The outer integument does not
completely surround the ovule, It is absent in a limited oval-shaped
area extending from the micropyle in the direction of the silk-
attachment region to the crest of the ovule (Randolph, 1936). The
insertion region of the ovule on the placenta is co-extensive with
the chalaza which is the location where nucellus and intequments of
the ovule are united. Because there is neither a funiculus nor a
raphe the insertion region is called the placento-chalazal regicn.
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Fig. 2. Median section of a mature ovary with a part of the silk of
Zea mays, strain BMS {the arrows indicate the directions of growth).
CA = carpel; CH = chalaza; ES = embryo sac; II = inner integument; IO
= outer integument; MP = micropyle; NUC = nucellus; Sc = stylar
canal; SI = silk.

2.4. Nacellus and embryo sac

In the young nucellus the archesporium is a hypodermal cell overlaid
with a single nucellar layer of epidermal cells. The embryo sac
development accords with the Polygonum type (Maheshwari, 1950).
Through meiosis a linear tetrad of megaspores is formed. The three
megaspores most close to the micropyle soon degenerate and the fourth
develops into an embryo sac. The cellularization of the coenocytic
embryo sac occurs after the three successive mitoses of the mega-
spore. At first the embryo sac consists of the usual seven cells but
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then the three antipodal cells divide resulting in a mass of 20 or
more cells, many of which have more than one nucleus. The mature
megagametophyte is shown in Fig. 3. The large egg cell and the two
synergids occupy the micrcopylar part of the mature embryo sac and in
the remaining central cell there are two polar nuclei adjacent to the
egg apparatus. According to Miller (1919) and Weatherwax (1919, 1955)
these muclei do not fuse but remain in close contact until fertiliza-

tion.

O1mm

Fig. 3. Median section of a mature embryoc sac and the micropylar
region of the nucellus of Zea mays, strain BMS. The egg cell is not
in the plane of sectioning. A = antipodals; CC = central cell; FA =
filiform apparatus; II = inner integument; IO = cuter intequment; MP
= micropyle, NUC = mucellus; PN = polar nucleuns; SY = syneryid.
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During the interval of meiosis and embryo sac formation the
nucellar epidermis near the micropyle divides periclinally to form a
layer of five or six cells (Kiesselbach, 1949).

Avery, G.S. (1930): Comparative anatomy and morphology of embryos and
seedlings of maize, cats, and wheat. Bot. Gaz. 89(1): 1-39.

Bonnet, O.T. (1940): Development of the staminate and pistillate
inflorescences of sweet corn. J. Agric. Res. 60: 25-37.

—— {1948): Bar and tassel development in maize. Ann. Mo.Bot. Gard.
35: 269-237,

Bright, S.W.J. & M,G.K, Jones (1985): Cereal tissue and cell culture.
Martinus Nijhoff/Dr. W. Junk Publishers, Dordrecht, Boston, Lan-
caster.

Chenyg, P.C., R.I, Greyson & D.B, Walden (1983): Organ initation and
the development of unisexual flowers in the tassel and ear of Zea
mays. Am. J. Bot, 70(3): 450-462.

Cooper, D.C. (1951): Caryopsis development following matings between
diploid and tetraploid strains of Zea mays. Am. J. Bot. 38: 702~
708,

Diboll, A.G. (1964): Electron microscopy of female gametophyte and
early embryo development in Zea mays. Doctoral dissertation, Univ.
Texas.

—— {1968a): Fine structural development of the megagametophyte of
Zea mays following fertilization, Amer. J. Bot. 55(7): 787-806.
—— (1968b): Histochemistry and fine structure of the pollen tube

residve in the megagametophyte of Zea mays. Caryologia 21: 91-95.

—— & D.A, Larson (1966): An electron microscopic study of the
mature megagametophyte in Zea mays. Amer. J. Bot. 53(4): 391-402,

Eichler, A.W. (1875-78): Blatendiagramme 2v. in 1, illus. Leipzig.

Gerarde, J. (1597)}: The herbal or general historie of plantes. Nor-
ton, London, p. 74.

Green, C.E. & R.L, Phillips (1975); Plant regeneration from tissue
cultures of maize, Crop Science 15: 417-421.

XXVIT



Guignard, L. {(1901): La double fécondation dans le mals. Journ. Bot.
15(2): 37-50.

Harms, CT. (1982); Maize and cereal protoplasts, Facts and perspec-
tives. In: Maize for biological research, Sheridan, W.F., Ed.
Univ, Press, Univ. North Dakota, Grand Forks. pp 373-384.

Johri, B.M. (1982): Experimental embryclogy of vascular plants.
Springer-Verlag, Berlin, Heidelberg, New York.

—— (1984): Embryology of angiosperms. Springer-Verlag, Berlin, Hei-
delberq, New York, Tokyo.

Kempton, J.H. {(1913): Floral abnormalities in maize, U.S. Dept. Agr.
Bur, Plant Industr, Bull, 278,

Kiesselbach, T.A, {1949): The structure and reproduction of corn.
Nebr. Agr. Exp. Sta. Res, Bul. 161:1-96,

Maheshwari, P, {(1950): An introduction to the embryology of angio-
sperms, McGraw-Hill, London, New York,

~— (1963}: Recent advances in the embryology of angiosperms.
Catholic Press, Ranchi, India.

Miller, E.C. (1919): Development of the pistillate spikelet and
fertilization in Zea mays L. J. Agricult. Res. 18(5): 255-293,
Raghavan, V. (1976): Experimental embryogenesis in vascular plants.

Acad. Press, London, New York, San Francisco.

Randolph, L.F. (1936): Developmental morphology of the caryopsis in
maize. J, Agricult. Res. 53: 881-916,

Russell, S.D. (1979): Fine structure of megagametophyte development
in Zea mays. Can. J. Bot. 57: 1093-1110,

Sass, J.E, ({1955): Vegetative morphology. In: Corn and corn improve-
ment, Sprague, G.F., Ed. Acad. Press Inc. Publ., New York. pp 63-
87,

Schel, J.H.N., H. Kieft & A.A.M, van Lammeren (1984): Interactions
between embryc and endosperm during early developmental stages of
maize caryopses (Zea mays). Can. J. Bot. 62(12}: 2842-2853,

Schleiden, M.J, (1837): Einige Blicke auf die Entwicklungsgeschichte
des vegetabilischen Organismus bei den Phanercgamen. Arch, Natur-
geschichte Jahrg. 3, Bd. 1: (289)~-320, 414,

Shannon, J.C. {1982): Maize endosperm cultures. In: Maize for bio-
logical research, Sheridan, W.F., Ed. Univ. Press, Univ. Dakota,
Grand Forks. pp 397-400.

XVITI




Sheridan, W.F. (1975): Tissue culture of maize. I Callus induction
ard growth. Physiol. Plant. 33: 151-156,

—— (1982): Maize for biological research. Univ. Press, Univ. Dakota,
Grand forks,

Steward, A. (1915): The pistillate spikelet of Zea mays. Science
n.s.v. 42, no 1089: 694,

Stratton, M,E, {1923): The morphology of the double kernel in Zea
mays var. polysperma. N.¥. (Cornell) Agr. Expt. Sta. Mem. 69: 17
PP.

Tomes, D.T. (1985): Cell culture, scmatic embryogenesis and plant
regeneration in maize, rice, sorghum and millets. In: Cereal
tissue and cell culture, Bright, S.W.J. and M.G.K. Jones, Eds.
Nijhoff-Junk Publishers, Dordrecht, Boston, Lancaster. pp 175-203.

True, R.H. {(1893): On the development of the caryopsis. Bot. Gaz. 18:
212-226.

Van Lammeren, AAM. (1981); Early events during embryogenesis in Zea
mays L. Acta Soc. Bot. Polon. 50{1/2): 289-290,

—— & H. Kieft (1983): Embryogenesis in Zea mays L. Structural
aspects of primary meristem formation. In: Fertilization and
embryogenesis in ovulated plants, Erdelska, 0., Bd., Veda, Bratis-
lava. p. 287.

—— & J.H.N, Schel (1983): Embryogenesis in Zea mays L. Development
of structure and polarity during proembryo formation. In: Ferti-
lization and embryogenesis in ovulated plants, Erdelska, O., Ed.,
Veda, Bratislava. pp 283-285.

Vasil, I.K. (1982): Somatic embryogenesis and plant regeneration in
cereals and grasses. In: Plant tissue culture 1982, Fujiwara, A.,
Ed, Jap., assoc. for plant tissue culture, Tokyo. pp 101-104.

Weatherwax, P. (1916): Merphology of the flowers of Zea mays. Bul.
Torrey Bot. Club 43(3): 127-144.

— (1917): The development of the spikelets of Zez mays. Bul. Torrey
Bot. Club 44; 483-496,

— (1919): Gametogenesis and fecondation in Zea mays as the basis of
xenia and heredity in the endosperm. Bul. Torrey Bot. Club 46: 73-
90.

XXIX



—— {1955): Structure and development of reproductive organs. In:
Corn and corn improvement, Sprague, G.F., Ed. Acad. Press Inc.
Publishers, New York. pp 89-121.

Wigand, A. (1854): Botanische Untersuchungen, Braunschweig. 168 p.

Willemse, M,T.M. & J.L. van Went (1985) (Eds.}: Sexual reproduction
in seed plants, ferns and mosses. Proc. 8th int. symp. on sex.
reprod. in seed plants, ferns and mosses. Pudoc, Wageningen.




CHAPTER 1

A comparative ultrastructural study of the megagametophytes
in two strains of Zea mays L. before
and after fertilization

A.A.M, van Lammeren

(Agric. Univ. Wageningen Papers 86-1 (1986))




AGRICULTURAL UNIVERSITY WAGENINGEN PAPERS
86-1(1986)

A COMPARATIVEULTRASTRUCTURAL
STUDY OF THE MEGAGAMETOPHYTES
INTWO STRAINSOF ZEA MAYS L.
BEFORE AND AFTER FERTILIZATION

A A M. VAN LAMMEREN

Department of Plant Cytology and Morphology Wageningen,
Agricultural University, The Netherlands

L

Agricultural University Wageningen
The Netherlands 1986




CIP

ISBN 9067540889
ISSN 0169345X

© Agricultural University, Wageningen, the Netherlands, 1986

No part of this publication, apart from bibliographic data and brief guotations
embodied in critical reviews, may be reproduced, recorded or published in any
form including print, photocopy, microform, electronic or electromagnetic re-
cord without written permission from the publisher Agricultural University,
P.O. Box 1901, 6700 HB Wageningen, the Netherlands.

Printed in the Netherlands by Drukkerij Veenman b.v., Wageningen.




SUMMARY

CONTENTS

INTRODUCTION . . . o o vt e e e e e e e e e e e e e e e e e e e

MATERTALS ANDMETHODS . . . . & . v v v v v e v e e et e e e e e e

REsULTS .

THE POSITION OF THE EMBRYO SACINTHEOVULE . . . . . . . . . v o\ o . .

THE CELLS OF THE EMBRYO SAC BEFORE FERTILIZATION . . . . . . . . ... .
a.synergids . .. L L L L L e e

b. Eggcell

c. Centralcell . . . . . . . .. . . e
d. Antipedals . . . . . ... .. ...

PENETRATION OF THE POLLEN TUBE INTO THE PISTIL AND THE EMBRYO SAC

THE CELLS OF THE EMBRYOQ SAC AFTER FERTILIZATION . . . . . . ... ...
a. Synergids . . .. ... e e

b. Zygote

c. Endosperm . . . . . .. . ... o
d. Antipodals . . . .. ... ... ...

DiscussioN

PRE — FERTILIZATION AND FERTILIZATIONPHASE . . . . . . . ... .. ...

EGG—ZYGOTE . . . . . . . . e e e e e e e e e

CENTRALCELL—ENDOSPERM . . . . . . . . . . . v v it v it et

ACKNOWLEDGEMENTS . . . .« . v v v v e e e e e e e e e e

REFERENCES

L7

B2 A L

13
19
19
19
22
23
26
26
31
33
34

35




SUMMARY

Two inbred lines of Zea mays L. are compared with respect to general mor-
phology and fine structure of the cells of the megagametophyte before and after
fertilization. In both inbred lines the semi—anatropous sessile ovules contain one
multicellular megagametophyte in a tenuvinucellate nucellus. In contrast to the
inbred line Black Mexican Sweet corn (BMS) the nucellus cells near the micro-
pyle of strain A188 arec not arranged in regular rows. Here the micropyle is
formed by a lobed inner integument and hence pollen tube penetration is more
cumbrous in strain A188. At the moment of fertilization both synergids may
still be intact but the one which will be penetrated by a pollen tube has often
partly degenerated. There is a comparable and distinct distribution of organelles
in the synergids of the two inbred lines. The overall structure of the egg cell
cytoplasm of strain BMS and A 188 show many similarities such as the location
of the cytoplasm, the distribution, frequencies of occurrence and occupation
rates of most organelles and the structural changes initiated by fertilization.
Plastids in BMS, however, are smaller and occur in significantly higher frequen-
cies and occupation rates in BMS. In the zygotes of BMS and A188 a polarity
is established by a shift of the nucleus and the cytoplasm towards the antipodal
cell side. The metabolic activity increases after fertilization as can be deduced
from increasing amounts of RER and higher densities of polysomes and dictyo-
somes. The composition of the cytoplasm of the central cell of BMS is compara-
ble to that in A188. Plastids, however, differ in having more and smaller starch
grains in BMS. Before fertilization the polar nuclei and the major part of the
central cell cytoplasm are always found at the antipodal side of the egg appara-
tus. The abundance of well developed organelles points to a high metabolic ca-
pacity. Fertilization evokes an increase of cellular activity and a shift of the
endosperm nucleus and cytoplasm towards the lateral cell side. Antipodals con-
tain much cytoplasm and numerous well differentiated organelles. The ultra
structure of the cytoplasm points to a high synthesis and secretion of organic
compounds.

INTRODUCTION

Growth, differentiation and senescence are the characteristics of the complex
morphogenesis in the life cycle of plants. When haploid and diploid generations
alternate, cell differentiation leads to divergent cell functions in the gametophyte
and sporophyte. In Spermatophytae, the cells of the mature micro— and megaga-
metophytes represent an end phase of cell differentiation whereas the zygote
is the onset of a new sporophytic generation. The development of the zygote
to a heterotrophic young sporophyte offers the opportunity to study the princi-
ples of morphogenesis; in a short period of time the initiation of polarity, mer-
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istem formation and organogenesis gives rise to a relatively small organism. The
onset of embryogenesis has been studied in detail in plants of various families
of both the Dicotyledonae and the Monocotyledonae (MAHESHWARI, 1950,
1963; Jonri, 1984). The details of fertilization, the developmental pathways and
the final organization of the embryos vary widely among families of the Mono-
cotyledonae and even within the family of the Poaceae such as barley (Cass
and JeNseN, 1970:Norstog, 1972, 1974;Cass, 1981), wheat (CHANDRA and
BHATNAGAR, 1974; Hu, 1964; SMART and O’BRIEN, 1983) and Texas wildrice
(EMERY and Guy, 1979).

In maize the shape of the embryo sac, the organelle distribution within the
embryo sac and the shape of the developing embryos appear to vary between
different strains as has been observed by means of light microscopy (MILLER,
1919; Avery, 1930; RaNnDpoLpH, 1936; KIESSELBACH, 1949: CoOPER, 1951; Sass,
1953) and electron microscopy (D1BoLL, 1964, 1968a, b; CHEBOTARU, 1970; Rus-
SELL, 1979; VAN LAMMEREN, 1981; VAN LAMMEREN and KiErFT, 1983; VAN LAM-
MEREN and ScHeL, 1983). Unlike in many other plants (MAHESHWARI, 1950),
the first cell divisions of the zygote and the young embryo seem to lack a clearly
defined sequence and orientation although, within a strain, the eventual shapes
of the embryos are quite stmilar (RANDOLPH, 1936).

To study the initial phase of maize embryogenesis an inventory was made
of the cell shapes and organelle distributions within the embryo sac. Two inbred
lines were chosen for the present study which is introductory for the experimental
in vitro studies on callus formation and somatic embryogenesis. One inbred line
is the sweet corn Black Mexican Sweet (BMS). The second is the starchy corn
A188. These strains have been selected because of their favorable properties
for experimental manipulation in vitro (SHERIDAN, 1977; GREEN and PHILLIPS,
1975).

The present paper describes the changes in the fine structure of the embryo
sac just before fertilization. Then, the interactions of the pollen tubes and the
tissues of the pistil including the ovule will be presented. Thirdly the post—fertil-
ization events which occur in the embryo sac will be regarded from a structural
and functional point of view. The two inbred lines are compared to detect in-
traspecific variations in cytology.

MATERIALS ANDMETHODS

The plant material used in this study was obtained from the Zea mays L.
inbred lines Black Mexican Sweet (BMS) and A 188 which were kindly provided
by R.J. Lambert, University of Illinois, Illinois, USA and by C.E. Green, Uni-
versity of Minnesota, St. Paul, USA respectively. Plants were grown under
greenhouse conditions; before emergence of the sitks, cobs were masked with
small bags to prevent uncontrolled pollination. Ovaries were dissected either
from unpollinated plants or at defined intervals after hand—poellination. Sagittal
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sections of the ovaries containing the whole embryo sac were fixed with 2,5-6%,
glutaraldehyde in 0,1 M Na-—cacodylate buffer, pH 7.0, for 2 hours at room
temperature. Sections were rinsed in the buffer and postfixed in a saturated aque-
ous KMnO,- solution for 5-15 minutes or ina 1% OsO,— solution in cacodylate
buffer, pH 7.2, for 2-4 hours at room temperature. After rinsing, sections were
dehydrated in a series of ethanol, ranging from 309, to 1009/, followed by a
graded series of propylene oxide. The material was then transferred to a propy-
lene oxide — Epon 812 (40:1) mixture and kept overnight at a relative humidity
of 30% to permit the propylene oxide to evaporate slowly. Finally, sections were
transferred to fresh resin in gelatin capsules. Polymerization occurred for 16
hours at 35°C, for 8 hours at 45°C and for 24 hours at 60°C. Ultrathin sections
were cut on an LK B Ultrotome 11T and, in the case of OsO, fixation, poststained
in lead citrate for 2-5 minutes and in uranyl acetate for 5-25 minutes. Sections
were observed using a Philips EM 301 transmission electron microscope at 60
kV. For the detection of pollen tubes in silks and ovary cavities, sagittal sections
{8-50 um) of freshly frozen pistils were cut with a microtome—cryostat (Daman/
IEC division, Mass., USA) at minus 18°C. Two percent “Wasserblaw’ (Merck,
Darmstadt, FRG) in 20%, aqueous solution of K,PQ, was added to the thawed
sections to obtain fluorescence of callosic substances. The observations were
recorded on Agfachrom 50L.

RESULTS

The position of the embryo sac in the ovule

The position of the embryo sac in the nucellus with respect to the micropylar
entrance is not similar for the two strains (Fig. 1). In comparison with BMS
the embryo sac of strain A188 has a more oblique position towards the micropyle
and fewer nucellus cells are in between the embryo sac and the inner integument.

In both strains the nucellus cells of the micropylar region divide several times
but more regular rows are formed in BMS (c.f. Figs. 2a and b). In BMS, division
and enlargement of nucellus cells also occur in a more symmetrical fashion in
the micropylar region. In strain A188, cell division and enlargement are less
intensive both near the base of the embryo sac and at the side directed towards
the single integument. Therefore, the thickness of the nucellus covering the em-
bryo sac is unequal at the two sides of the egg apparatus. Several nucellus cells
which border on the mature embryo sac are flattened because of the enlargement
of the embryo sac. Here a total collapse of the cells is preceded by a process
of cytoplasmic desintegration (Fig. 1c).

When a pollen tube penetrates the ovule of A188 there appears not to be
one straight way towards the embryo sac like in BMS (Figs. %a and c). Serial
sections of the micropylar region of A188 demonstrate the existence of a lobed
micropyle (Fig. 10a). One of the folds in the inner integument lies opposite the
egg apparatus forming the passage for the pollen tube (Fig, 10a 5, arrow).
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FIG. 2. Median sections through the micropylar parts of the megagametophytes of Zea mays, strain
BMS (a) and A188 (b,c). The polar nuclei of the central cell are surrounded by cytoplasm and
lic on top of the egg apparatus. In contrast to the synergids the egg cells are highly vacuolated.
Their cytoplasm is found in the micropylar half. Note the regular arrangement of the nucellus cells
near the micropyle of BMS {a). Several nucellus cells collapse because of the enlargement of the
embryao sac.

The cells of the embryo sac before fertilization

Intact synergids At the time of fertilization both synergids may still be in-
tact. Sometimes, however, onc synergid degenerates before fertilization. This
synergid will receive the pollen tube. Synergids are about as tall as the egg cell.

FiG. 1. Schematic representation of the megagametophyte positions in the ovaries of Zea mays,
strain BMS and A188. A The pistilate spikelet and the ovary with its modified campylotropous
ovule. The outer integument does not compietely surround the ovule. B, D The embryo sac consists
of approximately 20 antipodals, a large central cell and the egg apparatus. C, E With regard to
the micropyle there is a difference in position of the egg apparatus in BMS and A188.
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