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SUMMARY
Twoinbred linesofZeamaysL.arecompared with respect to general morphologyandfinestructureofthecellsofthemegagametophytebeforeand after
fertilization. Inbothinbredlinesthesemi-anatropoussessileovulescontainone
multicellular megagametophyte in a tenuinucellate nucellus.In contrast to the
inbred lineBlack Mexican Sweetcorn (BMS)thenucelluscellsnearthemicropyle of strain A188 are not arranged in regular rows. Here the micropyle is
formed byalobed innerintegument and hencepollentubepenetration ismore
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
partlydegenerated.Thereisacomparableanddistinctdistributionoforganelles
in the synergids of the two inbred lines. The overall structure of the eggcell
cytoplasm ofstrain BMSandA188showmanysimilaritiessuchasthelocation
of the cytoplasm, the distribution, frequencies of occurrence and occupation
rates of most organelles and the structural changes initiated by fertilization.
PlastidsinBMS,however,aresmallerandoccurinsignificantly higher frequenciesand occupation rates in BMS.In thezygotesof BMSand A188a polarity
isestablished byashift ofthenucleusandthecytoplasm towardstheantipodal
cell side. The metabolic activity increases after fertilization as can be deduced
from increasingamountsofRER andhigherdensitiesofpolysomesanddictyosomes.ThecompositionofthecytoplasmofthecentralcellofBMSiscomparabletothat inA188.Plastids,however,differ inhavingmoreand smaller starch
grains in BMS. Before fertilization the polar nuclei and the major part of the
centralcellcytoplasmarealwaysfound attheantipodal sideoftheeggapparatus.Theabundance ofwelldeveloped organellespoints toahighmetaboliccapacity. Fertilization evokes an increase of cellular activity and a shift of the
endospermnucleusandcytoplasmtowardsthelateralcellside.Antipodalscontain 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 andsenescencearethecharacteristicsofthecomplex
morphogenesisinthelifecycleofplants.Whenhaploidanddiploid generations
alternate,celldifferentiation leadstodivergentcellfunctions inthegametophyte
andsporophyte.InSpermatophytae,thecellsofthematuremicro-andmegagametophytes represent an end phase of cell differentiation whereas the zygote
is the onset of a new sporophytic generation. The development of the zygote
toaheterotrophicyoungsporophyteoffers theopportunity tostudytheprinciplesofmorphogenesis;inashort period oftimetheinitiation ofpolarity,merAgric. Univ. WageningenPapers86-1 (1986)
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istemformation and organogenesis givesrisetoarelatively 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;JOHRI, 1984).The details offertilization, thedevelopmental pathways and
the final organization of the embryos vary widely among families of the Monocotyledonae 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
(EMERYand 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; RANDOLPH, 1936; KIESSELBACH, 1949; COOPER, 1951; SASS,

1955)andelectron microscopy (DIBOLL, 1964,1968a,b; CHEBOTARU, 1970; RUSSELL, 1979; VAN LAMMEREN, 1981; VAN LAMMEREN and KIEFT, 1983; VAN LAMMEREN and SCHEL, 1983). Unlike in many other plants (MAHESHWARI, 1950),

the first celldivisions of thezygote and theyoung embryo seem to lack a clearly
defined sequence and orientation although, within a strain, the eventual shapes
of theembryos are quitesimilar (RANDOLPH, 1936).
To study the initial phase of maize embryogenesis an inventory was made
of thecellshapesand organelle distributions within theembryo sac.Two inbred
lineswerechosenfor thepresentstudywhichisintroductory fortheexperimental
invitro studies on callusformation and somaticembryogenesis.Oneinbred 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
sacjust before fertilization. Then, the interactions of the pollen tubes and the
tissues ofthepistilincluding the ovulewillbepresented. Thirdly the post-fertilization events which occur in the embryo sacwillbe regarded from a structural
and functional point of view. The two inbred lines are compared to detect intraspecific variations in cytology.

MATERIALS AND METHODS

The plant material used in this study was obtained from the Zea mays L.
inbred linesBlack Mexican Sweet (BMS) and A188whichwerekindly provided
by R.J. Lambert, University of Illinois, Illinois, USA and by C E . Green, University of Minnesota, St. Paul, USA respectively. Plants were grown under
greenhouse conditions; before emergence of the silks, cobs were masked with
small bags to prevent uncontrolled pollination. Ovaries were dissected either
from unpollinated plants or at defined intervalsafter hand-pollination. Sagittal
2
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sections of the ovariescontaining thewhole embryo sacwere fixed with 2,5-6%
glutaraldehyde in 0,1 M Na-cacodylate buffer, pH 7.0, for 2 hours at room
temperature. Sectionswererinsedinthebuffer andpostfixed inasaturated aqueousK M n 0 4 - solution for 5-15minutesor ina 1%0 s 0 4 - solutionin cacodylate
buffer, pH 7.2, for 2-4 hours at room temperature. After rinsing, sections were
dehydrated in a series of ethanol, ranging from 30% to 100%, followed by a
graded seriesof propylene oxide.The material was then transferred to a propylene oxide- Epon 812 (40:1) mixture and kept overnight at a relative humidity
of 30%topermit thepropylene oxidetoevaporate slowly.Finally, sections were
transferred to fresh resin in gelatin capsules. Polymerization occurred for 16
hours at 35°C, for 8hours at 45°Cand for 24hours at 60°C. Ultrathin sections
werecutonan LKBUltrotome III and,inthecaseofOs0 4 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 thedetection ofpollen tubesinsilksand ovary cavities,sagittal sections
(8-50 urn)offreshly frozen pistilswerecutwith amicrotome-cryostat (Daman/
IEC division, Mass., USA) at minus 18°C. Two percent 'Wasserblau' (Merck,
Darmstadt, FRG) in 20%aqueous solution of K 3 P 0 4 was added to the thawed
sections to obtain fluorescence of callosic substances. The observations were
recorded on Agfachrom 50L.

RESULTS

Theposition of theembryo sacintheovule
The position of the embryo sacin the nucellus with respect to the micropylar
entrance is not similar for the two strains (Fig. 1). In comparison with BMS
theembryosacofstrainA188hasamoreobliquepositiontowardsthemicropyle
and fewer nucelluscellsareinbetween theembryo sacand theinner integument.
In both strains the nucelluscellsof themicropylar region divide several times
butmoreregular rowsareformed in BMS(cf. Figs.2aand 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 embryo sac isunequal at the two sides of the egg apparatus. Several nucellus cells
whichborder onthemature embryo sacareflattened becauseofthe enlargement
of the embryo sac. Here a total collapse of the cells is preceded by a process
ofcytoplasmicdésintégration (Fig. lc).
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. 9a 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
eggapparatus forming thepassage for thepollen tube (Fig. 10a5,arrow).
Agric. Univ. WageningenPapers86-1 (1986)
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FIG. 2.Median sections through themicropylar parts ofthemegagametophytesof Zea mays, strain
BMS (a) and A188 (b,c). The polar nuclei of the central cell are surrounded by cytoplasm and
lie on top of the egg apparatus. In contrast to the synergids the egg cells are highly vacuolated.
Their cytoplasm isfound 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
embryo sac.

Thecellsof theembryo sacbefore fertilization
I n t a c t s y n e r g i d s At the time of fertilization both synergids may still be intact. Sometimes, however, one synergid degenerates before fertilization. This
synergid will receive the pollen tube. Synergids are about as tall as the eggcell.
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 doesnot completely surround theovule.B,DTheembryo sacconsists
of approximately 20 antipodals, a large central cell and the egg apparatus. C, E With regard to
themicropyle thereisadifference inposition oftheeggapparatus inBMSand A188.
Agric. Univ. WageningenPapers86-1 (1986)
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At their micropylar side, where they are attached to thewall of the embryo
sac,wallprotrusions invadethecytoplasmforming thefiliform apparatus(Fig.
3a).Somewallprotrusionsarealsoformed atthemicropylarpart oftheirjoint
cell wall. Here, the scarcely spread plasmodesmata give cytoplasmic contact.
Plasmodesmata leadingtothecentralcelloccurfrequently intheapicalpockets
asindicated inFig.3c.Inother regions there islesscytoplasmic contact with
thecentral cellandplasmodesmata have only rarely been observed leadingto
theeggcell.Cellwallsareclearlyformed atthemicropylarhalfofthesynergids
but at the upper half, cell walls are rudimentary or absent. The distribution
oftheorganellesisnotrandomintheintact synergidsandformost organelles
thedistribution appears similar inthetwostrains studied. Vacuoles, however,
occur more frequent in strain BMSwhere they occupy themajor part ofthe
cellvolume(Fig.2a).Inboth strains,thenucleiofthesynergidsalwaysappear
to beadjacent tothecell wallinthemid-region orthemicropylar half ofthe
cell(Figs.2a,4a).TheycanbesurroundedbystrainsofER(Fig.3b).Theorganelle distribution within onesynergid of strain A188 is shown in Figs. 3d,e,f.
Themajority ofthesphericalmitochondria accumulatesnearthefiliform apparatus(Fig.3f),whilstinthemiddleandupperpartsofthecellthetubularendoplasmicreticulum (TER)ismoreextensive.Proper fixation revealstheexistence
ofroughER(Fig.3g).Polysomesarespreadoverthecytoplasm.Largeplastids
aredominantlylocatedintheupperhalfofthecellbutsmallonesarealsofound
nearthefiliform apparatus.Theaccumulation ofstarchhasnotbeen detected.
Dictyosomes are spread over the whole cytoplasm although more are found
atthebaseofthecell.Lotsofgranulesbudoffattheperipheryofthecisternae.
Osmiophilic droplets occur in all cells of themegagametophyte but theyare
most numerousinthesynergids. Here theyareaconcomitant feature ofcytoplasmicdésintégrationandtheycanbefound aslargesphericaldropletsin the
cytoplasm andassmallonesinthecellmembrane (Fig. 3a-arrows) andin the
outermembranesofthemitochondria. Thequantification ofthesizesofnuclei,
mitochondria andplastidsissummarizedinTableI.
Egg cell Atmaturity themegagameteisahighlyvacuolized cell surrounded
by the two synergids and thecentral cell (Figs. 2and 4a).At its micropylar
sideitisattached tothewalloftheembryo sac nexttothefiliformapparatus.
Here,plasmodesmatagivecytoplasmiccontactwiththecentralcellasillustrated
for strain A188inFig.4b.Only fewplasmodesmata lead tothesynergids.At
theantipodal sideaclearcellwallisabsent.Theposition ofthecytoplasmand
theorganelleswithin theeggcellisverycharacteristicattheunfertilized stage.
FIG. 3.Longitudinal sections through various parts ofthepre-fertilization synergids ofZea mays,
strain BMS (a,g)andA188 (b-f). Wall protrusions forming thefiliform apparatus invade thecytoplasm (a),which shows free (L)and membrane bound (arrows) osmiophilic droplets as a sign of
an initiated degeneration. Plasmodesmata lead towards thecentral cell (b)especially in the apical
pockets (c).Note the distribution of plastids, ER and mitochondria in the antipodal (d),mid(e)
and micropylar (f)region ofonesynergid. Profiles ofRERaredetected frequently (g,arrows).
Agric. Univ. WageningenPapers86-1 (1986)
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FIG. 4. Longitudinal sections through the micropylar halfs of the embryo sac of Zea mays, strain
BMS (c,d,f) and A188 (a,b,e). At its micropylar side the egg cell is connected with the wall of the
embryosac(a,arrow-heads).Plasmodesmatafrom theeggcelltowardsthecentralcellare restricted
totheapicalpockets(b). Polymorphicmitochondria, polysomesand starchcontainingplastidsdominate in theeggcellcytoplasm (c,e);the ER isincontact with thenuclear membrane (d). Numerous
wall protrusions (arrows) enlarge the surface of thecellmembrane of thecentral cell.The electrondense staining results from a selective periodic acid oxidation and the thiocarbohydrazide-silver
proteinate reaction after Thiéry(1967)to detect polysaccharides.
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In both strains the larger part of the cytoplasm and organelles surrounds the
sphericalnucleusandcanoften befound nearthewallofasynergidinthebasal,
micropylarhalfofthecell.Vacuolesofvarioussizesoccupytheupper,antipodal
half.Ashift ofthecytoplasmandthenucleustowardstheapexofthecellresults
in a basal vacuolation and is an early consequence of fertilization as will be
shownlateron.
Among the organelles mitochondria are most striking in the egg cell cytoplasm.Theyareoften found solitarybutdataobtainedfrom serialsectionsshow
thattheycanalsobearranged aroundeachother,likeshellsforming aglobular
structurewithasphericalmitochondrion initscentre(Figs.4cande).Thelatter
phenomenon isonly observed in thiscellof theembryo sacand it occursmost
frequent instrainA188.Manyribosomesandpolysomesliebetweenthosemitochondria. Smooth ER and RER are scattered throughout the cytoplasm and
theERmakescontactwiththeouternuclearmembrane(Fig.4d).TheERmay
haveswollencisternaeinbothstrains.Polysomesandmonosomesoccurregularlybut dictyosomescontribute for aminor part in thecomposition ofthecytoplasm.Therearealsofewplastids.Theyarelarge,contain severalstarchgrains
andsometimestheytendtobeclustered.
Diagram 1 givesa schematic representation of the organelle shapes in both
the eggcells and the zygotes of strain BMS and A188. Diagram 2and Table
II summarize the quantification of sizes, frequences and occupation rates of
plastidsandmitochondriaintheeggcell.Itappearsthatmitochondriaandplastidsdonotdiffer inaveragesizessignificantly althoughthegraphicpresentation
ofsizesdemonstratestheexistenceoflargermitochondria andplastidsinstrain
A188(cf. Diagram 2, BMS 1,5; A188 1,5). The occupation rates of themitochondriaandtheplastids,aspresentedinTableIIwerecalculatedfromorganelle
surface measurementswithin adefined area ofcytoplasminwhichthe surfaces
of the nucleus and vacuoles were not included. In both strains, about 35% of
thecytoplasmisoccupiedbymitochondria.Theratesmeasuredforplastidswere
significantly lower:for BMS20 ± 3%,forA18812± 4%.
Central cell Thecytology of BMSand that ofA188central cellsissimilar
inmanyaspects.Thecentralcellencompassesthemajor partoftheeggapparatus. The cell wall which borders on the nucellus is well developed, especially
inthemicropylar region (Fig.4a, arrows) whereit bears small polysaccharide
containingprotrusions(Fig.4f,arrows).Attheantipodalsideoftheeggapparatus,however,thecellwallsbetweensynergids,eggcellandcentralcellare often
incompleteorundetectable.Herethemalegameteissupposedtoleavethesynergid to fuse with the central cell. In the pre-fertilization phase of the mature
megagametophyte the two polar nuclei and the major part of the cytoplasm
arealwaysfound attheantipodal sideoftheeggapparatus (Fig.2a,b;5a).The
nuclei are alwaysclose to each other and might already bepartly fused before
fertilization (Figs. 5b,c).There iscontinuity between thenuclear envelope and
the ER (Fig. 5d). The major part of the central cell is occupied by vacuoles
of various sizes.A thin layer of cytoplasm covers thecellmembrane adjacent
Agric. Univ. WageningenPapers86-1 (1986)
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FIG. 5.Polar nuclei in the central cellsof Zeamays,strain BMS(c,d) and A188(a,b) are always
at the antipodal sideof the eggcell (a).The nuclei are close to each other (b) and can bepartly
fused beforefertilization (c).ThereisacontinuitybetweenthenuclearenvelopeandtheER(d).

to the cellwall of the embryo sac that borders on the antipodal and nucellus
cells.Plasmodesmata occurregularlybetweenthecentralcellandtheothercells
ofthemegagametophytebut not between thecentral celland the surrounding
nucellartissue.
10
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FIG. 6.An overall picture and a detail ofthe majority of thecentral cellcytoplasm ofZeamays,
strainA188(a,b).Mitochondria havewelldevelopedcristae;the ERisoften tubular; dictyosomes
havesmallvesiclesandthepolymorphicplastidsoftencontainstarch.
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