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ABSTRACT

A study was made of ovule developrnent in Brassica campestris cv.

Candle (canola-rapeseed), from the initiation of the ovule to the

mature megagametopyte, using techniques of 1ight, fluorescence, and

electron microscopy and histochemisLry. The ovule of B. campestrj-s is

bitegmic, campylotropous, and exhibits the PolYgonum-type of

megagametophyte develoPment.

The inner integument is dermal in origin from a series of

wedge-shaped intials. The outer integument is derived from both derrnal

and subdermal initials that originate proximal to the inner

integument.

The megasporocyte cel1 arises from an archesporial or primary

sporogenous ce1l. During mid-prophase of meiosis I, there is a

reduction in megasporocyte ribosomes. The megasporocyte plastids and

mitochondria exhibit a chalazal. po1.arity. Nuclear vacuoles with

internal membrane-bound inclusions are present.

The products of meiosis are a triad or tetrad of megaspores.

Expansion of the megagametophyte is nicropylar and correlates with the

formation of a large central vacuole and a marked increase in

dictyosome activity. The cel1s of the young megagametophyte, the eg$,

tv/o synergids, three antipodals, and a binucleate central cel1, show a

similar composition and distribution of organelles.

The mature central ce11 is devoid of the large central vacuole

characteristic of the coenocytic and early ce1lu1ar stages of

megagametophyte development. Cell wa11 projeclions, of the transfer

cel1 type, extend from the mid-region of the central cel1 to the

region of the egg apparatus. The wa1l projections are Thiery-positive



XV

as are the contents of dictyosome vesicles, which appear to contribute

to central cel1 wa11 projection formation. The polar nuclei are

partially fused, prior to fertilization, united by polar bridges and

ER interconnections. A network of central ce11 ER extends from the

wal1 projections to the egg apparatus.

The antipodal ce1ls are ephemeral cells that degenerate shortly

after anthesis. The antipodals do not increase in size fo1lowÍng their

formation and the cells exhibit a limiled number of mitochondria,

plastids, and diclyosomes. The ce1l wa1ls of the antipodals are Thiery

and calcofluor-positive.

The micropylar and chalazal cel1 walls of the mature egg

apparatus and the micropylar synergid filiform apparatus are Thiery

and PAS-positive. The filiform apparatus and the micropylar wal1s of

the egg apparatus are calcofluor-postive. The egg is a polarized cel1

with a large micropylar vacuole and a chal.azal- polar nucleus with

perinuclear plastids and mitochondria. The synergids appear to be

metabolj-cal1y active ce11s with long parallel arrays of RER, plastids

with starch, and an abundance of mitochondria and dictyosomes. The

dictyosomes release vesicles with Thiery-positive contents that appear

to contribute to the formation of the filiform apparaLus.

The degeneration of one of the synergids is independent of

pollination. The pollen tube penetrates the degenerate synergid by way

of the filiform apparatus and discharges its contenLs. The zygote

exhibits a marked shrinkage, following fertiliztion' and the large

micropylar vacuole of the egg disappears. Ce11 wa1ls in the chalazal

regions of the zygoLe become calcofluor-positive. The ovu1e, 72 h

after anthesis, does not appear to be receptÍve to a po11en tube. The
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egg and central ce11s appear healthy and similar to the egg and

central ce11s at anthesis. At this time of development, both synergids

have degenerated. The degeneration of the persistent synergid, and the

lack of fertility of of the megagametophyte at this period of

development, suggests that the persistent synergid may be important in

attracting the pollen tube to the egg apparatus.
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]NTRODUCTION

Canola varieties of Brassica campestris and Brasslca napus

represent Canada's second largest agricultural cash crop. Despite the

economic importance of this oi1 seed crop there have been relatively

few studies on the development of the ovule or seed in any of the

Brassica species. To date all embryological studies on Brassica have

been restricted to light microscope studies that have utilized

coagulative fixatives, paraffin embedding techniques, and outline or

camera lucida drawings in the presentation of results (Rathore and

singh 1968, Sulbha 1957, Ahuja and Bhaduri 1956, Pearson 1933, and

Thompson 1933). The present study represents the first study of ovule

development in Brassica utilizing the improved modern techniques of

light and electron microscopy and only the second such study within

the family cruciferae. Patricia schulz and i't/i1liam Jensen have

published a number of papers over the last 18 years on various aspects

of ovule development in Capsella bursa-Pastoris. The literature on

Capsella as it pertains to the present study has been included in the

general literature revieru. To summarize, the studÍes on capsella

include the megasporocyte (Schulz and Jensen 1981), rnegasporogenesis

(Schulz and Jensen 1986), the antipodals (Schulz and Jensen I97I), the

mature central ce1} (Schulz and Jensen 1973), the central cel1 after

ferLilization (Schulz and Jensen I974), the synergids (Schulz and

Jensen 1968a), and the egg and zygoLe (schulz and Jensen 1968b).

The present study attempts to provide an integrated approach to

the study of ovule development. The major objectives were to

investigate:
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1. the morphological and cytological changes in the ovule from

its inception to maturity using recent techniques for light and

electron microscoPY.

2. the chemical nature of the filiform apparatus and the cell

wa1ls of the antipodals, egg, and synergids using fluorescence, light

and electron microscope histochemical techniques'

3.thetimeintervalbetweenpollinationandf.erLjj-j.zati-onandto

map the course of the pollen tube into the ovule'

4.thefateofthematureovulethatremainsunfertilizedfor

some time after anthesis and to determine the approximate staSe where

the ovule becomes incapable of fertÍlÍzation'
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LITERATURE REV]E\TI

The initial impetus for the study of plant embryology was the

discovery of the po11en tube by Amici in 1824 and his observation that

po1len tubes grew from the stigma to the ovule' In the ensuing years

there was considerable controversy instigated by Schleidenrs theory

that the embryo within the ovule arose from the tip of the pol1en

tube. In 1849, Hofmeister published a comprehensive survey of 38

angiosperm species and proposed that the embryo arose from a

preexisting ce11 within the ovule and did not arise from the pollen

tube. In 1884, Strasburger showed that the po11en tube discharged its

contents into what is now termed the megagametophyte and he described

for the first time the process of syngamy in angiosperms. In the late

1890's Nawaschin and Guignard, in separate publications, showed that

both sperm were involved in the reproductive process and dernonstrated

for the first tine the process of double fer:Ljli,zation' Hofmeister'

Strasburger, Nawaschin, and Guignard made meticulous observations on

living material and were the true pioneers of present day embryology '

The advent of paraffin microLorny, at the turn of the century, made the

preparation and sectioning of material easier and less time consuming '

As a result, the embryological literature grew exponentially and the

period of comparative embryology with distinctive systematíc overtones

was born. unfortunately, the preparation of material for paraffin

microtomy included the widespread use of acid fixatives that preserved

the nucleus but coagulated and altered the cytoplasm of the cell ' In

addition, the detailed illustrations of the ovule and contents of the

megagametophyte were often replaced by outline diagrams ' 0n the
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positive side, the voluminous literature resulted in our present

understanding of the embryological diversíty of the angiosperms giving

modern workers a baseline from which to begin to understand the

cytology of the various types of ovules, megagametophytes, and

microgametophytes of the angÍosperms. The reviews of Maheshwari (1950,

1963) and Davis (1966) provide excellent overviews and at times

detailed sunmaries of the early embryological literature.

The advent of electron microscopy marked the beginning of the

ttmodernt' era of structural botany. In the field of ovule development

the pioneers of the mid-1960's were J.E. van der Pluijm, P.R. 8e11, B.

Rodkiewicz, and Id.A Jensen. The early use of potassium permanganate

fixatives destroyed much of the cytosol but did give an accurate map

of organelle distribution \,,,ithin plant ce1ls. The use of aldehyde and

osmium tetroxide fixatives, though not artifact-free, provided a more

accurate representation of what was happening in the living ce11.

Methacrylate and epoxy resins resulted in the production of ultrathin

sections for elecLron microscopy and thin sections for light

microscopy that greatly enhanced the resolution of both systems' This

revi-ew of the literature will concentrate on the modern era of

structural botany as it pertains to pre-fertilízation and

post-fertilization ovule development in angiosperms. The study of the

angiosperm megagametophyte using the improved techni-ques for light and

electron microscopy has been reviewed by Kapil and Bhatnagar (1981)

and a recenL monograph on the embryology of the angiosperms (Johri

IgB4) covers a large portion of the literature prior to 1981.

The onset of meiosis in the megasporocyte cell results Ín a

number of cytoplasmic and nuclear alterations in the ce11' Nuclear
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vacuoles, resulting from the dilation of the nuclear envelope have

been reported to occur in a number of vascular plants Zea (Russell

1g7g), Pteridium, Drvopteris, Marsilea, Li!E' and Lvcop ersfcon

(Scheffield et a7. 1979), Gasteria (!,rillemse and De Boer-De Jeu 1981)'

and capsella (Schulz and Jensen 1981). Within this expanded nuclear

envelope there are frequent membrane-bound electron-opaque deposits

thatareconsíderedtobeofnuclearorigin.Thefateofthese

deposits is unknown but Dickinson and Heslop-Harrison (1977) feel the

depositsrepresentremnantsofthenucleardiploidphasethatare

being eliminated during the transition to the gametophyte phase '

During this transition phase there Ís similar elimination of a large

portionofthecytoplasmi.cribosomepopulationofthemegasporocyte

cell during prophase of meiosis (Newcomb I973a' Dickinson and Potter

Ig7B, Russell lg7g, Schulz and Jensen 1981, Medina et a1' 1981)' There

are two theories as to the mechanism of elimination of the ribosome

population. Dickinson and Heslop-Harrison (1977) propose that some of

the ribosomes survive meiosis by being encapsulated and protected by

cytoplasmic membrane-bound inclusions. The remaining unencapsulated

cytoplasmic ribosomes are eliminated by digestive enzymes' schulz and

Jensen (1981, 1986) report that, in Capsella' ribosomes and a large

number of organelles are encapsulated in membrane-bound autophagic

vacuoles and thus eliminated from the ce11 cytoplasm. These autophagic

vacuoles are active throughout meiosis and into the early stages of

megagametogenesis.Russell(Ig7g)reportedtheoccurrenceofsimilar

autophagic activites in the ovule of Zea that extended from the

megasporocyte to the 4-nucleate stage of megagametophyte development '

fnanumberofangiospermspecies,theribosomepopulationofthe
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functional megaspore increases at the completion of meiosis (Newcomb

I973a, Dickinson and Potter 1978, Russell 7979, Medina et a1. 1981'

and Schulz and Jensen 1986).

In some monosporic angÍosperms there have been reports of a

distinct polarity in the megasporocyte ce1l. In Gasteria (\'{i11emse and

Bednara 7979), Zea (Russe11 1979), and Glvcine (Kennel and Horner

1985) there is a distinct chalazal polarity of organelles during

prophase of meiosis I, suggesting the future acquisition of the

majority of megasporocyte organelles by the functlonal megaspore.

However, ín Zea (Russe1l 1979), this polarity of organelles does not

appear to be carried into the tetrad stage. Schulz and Jensen (1986)

report Èhe elimination of regions of cytoplasm and organelles in all

four cells of the tetrad by the acLion of autophagic vacuoles' Early

studies on megasporogenesis postulated the total elimination of

plastids and mitochondria during neiosis (8e11 and Muhlethaler 1964,

Israel and Sagawa 7964, Be11 et a1. 1966, Woodcock and Bel1 1968) and

their "de novott synthesis from outpockets of the nuclear envelope '

An aniline blue-positive substance, believed to be the beta 1-3

glucan, ca11ose, commonly has been found associated with the cel1

wa11s of the megasporocyte, dyad, and tetrad of species that exhibit

the monosporic Polygonum-type of megasporogenesis (Russe1l L979;

Schulz and Jensen 1981,1986; Kennel and Horner 1985). In these

species, at the tetrad sLage, the chalaza! functional megaspore is

typically free of callose deposits. In the monosporic Oenothera-type '

where the three chalazai_ megaspores degenerate and the micropylar

megaspore forms the megagametophyte, the distribution of callose is

similar to the PolY onum -type except it is the micropylar functional
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megaspore that is free of callose desposits (Rodkiewicz I97O, Jalouzot

1978). Tn the tetrasporic type, where Lhe entire orÍginal

megasporocyte ce11 functions in megagametophyte development, there are

no deposlts of callose during meiosis (Kapil and Bhatnagar 1981 ) ' The

supposed function of callose is to isolate the diploid phase of the

1ífe cycle from the haploid and to a11ow the autonomous development of

the gametophyte generation (Heslop-Harrison and McKenzie 1967).

The functional megaspore is the first cel1 of the megagarnetophyte

generation. In the majority of angiosperm ovules the formation of the

coenocytic megagametophyte involves three mitotic divisions within the

enlarging functional megaspore producing an B-nucleate

megagametophyte. The functional megaspore of Crepís becomes highly

vacuolate prior to the first division of the nucleus (Godineau 1973),

while in Pisum the formation of the large central vacuole of the

megagamet-ophyte begins at the 2-nucleate stage by the apparent

coalescence of smaller vacuoles (Medina 1980). The vacuole forms

between the two nuclej- and establishes a chaLazal and micropylar

polarity ín the embryo sac. The expansion of the megagametophyte is

acropetal j-n Orvzopis (ll,aze et a1. 1970) and corresponds with an

increase in size of the central vacuole. In GasLeria the maximum

number of organelles in the megagametophyte is attained at the

functional megaspore stage, prior to the first free nuclear division

in the megagametophyte (wi11emse and Franssen-Verheijen 1978). In

contrast, Godi-neau (1973) reports a progressive increase in Lhe

numbers of organelles in Crepis over the course of megagametogenesis'

In Zea, Russell (1979) reports an increase ín organelles up to the

4-nucleate stage of development followed by the elímination of
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mitochondria and chloroplasts due to Lhe autophagic activity of

megagametophyte vacuoles that comprise what Russell termed the "lytic

complex". In Helianthus (Newcomb I973a), Allium, and Impatiens ( from

\,rtillemse and van ltlent 1984) there is an increase in lipid bodies and

plastid starch during the coenocytic phase of megagametophyte

development. Tn Gasteria starch and 1ipíds are present during the

early stages of megagametogenesÍs but disappear prior to the

cellulari zation of the megagametophyte (Idillemse and

Franssen-Verheijen 1978). In the majority of angiosperms the mature

megagametophyte consists of seven cells. There are three antipodal

ce1ls at the chal.aza1 end of the megagametophyte and an egg and two

synergids (egg apparatus) at the micropylar end of the megagametophyte

that are separated from the antipodals by the largest cel1 of the

megagametophyte, the binucleate central cel1'

The method of wall formation in the angj-osperm megagametophyte is

sornewhat controversial. There are two basic theories dealing with the

rnechanism of cell wa1l formatíon during this phase of the angiosperm

life cyc1e. One theory envisions the encapsulation of the synergid,

antipodal, and egg nuclei and cytoplasms by what is termed free wall

formation. According to the theory, free wa1l formation occurs

independently of karyokinesis and does not involve mj-crotubules' The

ce11 walts are initiated at the wall of the megagametophyte as pegs of

wal1 material that expand centripetally into the megagametophyte

cytoplasm. The formation of cel1 walls around the egg apparatus and

antipodals by free wa1l formation has never been demonstrated' Most of

the literature in support of the free wa11 theory is derived from

studies on endosperm formation in Helianthus (Newcomb 1973b)'
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Stellaria (Newcornb and Fowke 1973), Haemanthus (Newcomb 1978), and

Triticum (Morrison and o'Brien 7976). Fineran et a1. (1982) have

challenged the free wall theory and provide convincing evidence that

the initial endosperm ce11 wal1s in Triticum Ínvolve typical

phragmoplasts and that these cell wal1s are derived from centifugally

growing ce11 plates. Cass et a1. (1985), in a study on ce1l wall

formation in the megagametophyte of Hordeum, have provided the first

ultrastructural evidence for the formation of ce11 walls around the

antipodal and egg apparatus nuclei in the angiosperm megagametophyte.

Cell wa11 formation in the megagametophyte of Hordeum was shown to

involve elongated cel1 plates associated with clusters of

microtubules. Cass et al. (1986) suggest that the four nuclei at the

micropylar end of the megagametophyte of Hordeum are separated by two

ce11 plates. A vertical ce1l plate separates the sister synergíd

nuclei and an initially horizontal ceIl plate separates the egg and

polar nuclei. The horizontal ce1l plate expands centrifugally with one

edge contacting the megagametophyte wa11 while the opposing edge

branches. One branch gro\{s in a micropylar direction and separates the

egg nucleus from the two synergid nuclei. Chal.azal growth of the

vertical wa1l between the synergids eventually contacts and fuses with

the horizontal p1ate. The horizontal plate forms the chalazal waIT of

all three ce11s.

htillemse and van Went (7984) report that cell walls are absent

in the chalazal half of the egg apparatus in the majority of

angiosperms that have been surveyed. Exceptions, in which the egg

apparatus Ís encased entirely by a PAS-positive wa11, have been

reported Ín Capsella (Schulz and Jensen l968a, 1968b), Epidendrum
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(cocucci and Jensen I969a), Papaver (Olson and cass 1981 ) '

0rnithopalum (Tilton 1981), and Scilla (Bhandari and Sachdeva 1983)

Folsom and Peterson (1984) have shorn'n the chalazal walls of the

synergids and egg of Glycine to be Thiery-positive. The antipodal ce1l

wal1s of capsella (Schulz and Jensen I97I), Papaver (01son and cass

19Bl), and Scilla (Bhandari and Sachdeva 1983) are PAS-positive.

In Papaver (olson and cass 1981 ), Sci1la (Bhandari and sachdeva

and in Aconitum (Bohdanowícz and, Turala-szybowska I9B5), the1983 ) ,

antipodal cel1s enlarge following anthesis and develop wa11

projections of the transfer ce11 type (Gunning and Pate 1969)' These

persistent antipodals are rich in plastids, mitochondria, and

dictyosomes and appear to play a role in the transport of nutrients

Ínto the megagametophyte following fertilization. comrnonly, in

grasses, the three antipodal cells undergo a seríes of mitotic

divisions to form a cha:.azal aggregation of antipodal tissue. In Zea

(Diboll and Larson 1966) and in Hordeum (Cass et al. 1986) the

antipodal ce11s adjacent to chalazal nucellus develop wall ingrowths

and in Zea aII the antipodal ce11s possess a cytoplasm that appears to

be synthetically active. Illall i-ngrowths have also been shown to occur

in angiosperms that possess ephemeral, but synthetically active,

antipodal ce1ls (Newcomb I973a, \tlilms 1981a). The antipodal cel1s of

Capsella are also ephemeral but contain few organelles and appear to

be synthetically inactive (Schulz and Jensen 197i ) '

In rnost angíosperms, the mature central ce11 is a highly

vacuolate binucleate cel1 containing two polar nuclei and a thin layer

of parietal cytoplasm adjacent to the egg apparatus, antipodals, and

lateral wa11s of the megagametophyte (ltlillemse and van ldent 1984)' rn
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Petunia the cytoplasm of the central cel1 contains few mitochondria'

dictyosomes, and ER (tdent I97Oc). Central ce11 plastids are large and

contain sLarch. unlike Petunia the central ce11 of the majority of

angÍospermsappearstobeametabolicallyactivecellthatisrichin

organelles. In GossYpium (Jensen 1965b, Schulz and Jensen 1977),

Epidendrurn (Cocucci and Jensen 1969a), Helianthus (Newcomb 1973a) 
'

Capse 1la (Schulz and Jensen 1973)' Plumbaso (Cass and Karas 7974) 
'

sripa (lqaze and Lín Ig75), and spinacia (\tlilms 1981a) the central ce11

contains abundant proplastids, mitochondria' ER' and dictyosomes' In

Cansel 1a the cytoplasm of the central cell has a similar rich

composition of organelles, however, the plastids are well developed

chloroplastsandtheauthorsconsiderthecentralcelltobe

autotroPhic.

\dall projections have been reported to occur in the unfertilized

central ce11 of Linum (Vasart and VasarL 1966), Helianthus (Newcomb

and Steeves 1971, Newcomb I973a) '
StelTaria (Newcomb and Fowke 1973),

Euphorbia (Gori 7977), and Glvcine (Folsom and Peterson 1984)' In

capsella wal1 projections are absent from the central ce11 prj-or to

ferLllization (schu:tz and Jensen 1973), but develop on the lateral

wa11s of the central cel1, on the central cell side wall of the

suspensor (Schulz and Jensen I974), and on the extreme chalazal wa1ls

of the central cell following fertilization. Tilton et a1' (1984)'

report the formation of wall projections ín the micropylar region of

the central cell of Glycine following lerLíIization. These wa1l

projections are thought to function as transfer cells by increasing

the membrane surface area for the active transport of solutes into the

megagametophyte (Newcomb and Steeves 1971 ) '
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Thetwopolarnuclei,followingcompletionofthethirdmÍtotic

divÍsion, are focated at opposite poles of the megagametophyte. In the

majority of angiosperms the two polar nuclei migrate to the

micropylar-central region of the megagametiophyte where nuclear fusion

occurs. The fusion of the polar nuclei within the central ce1l of

GossvpÍuminvolvestheinitialcontactandsubsequentfusionofthe

outer nuclear envelopes followed by the contact and fusion of the

inner membranes of the nuclear envelope, in localized areas between

the two polar nuclei (Jensen 1964). The resulting regions of fusion

between the two nuclei produce narrow nuclear bridges of continuous

nucleoplasm. Subsequent reports have confirmed the presence of nuclear

bridges between partially fused polar nuc lei in Capsella (Schulz and

Jensen 1973), Petunia (\'lent i970b), Stipa (l4aze and Lín 1975)'

spinacia (\dilms 1981b) and Glycine (Folsom and Peterson 1984)' In

capsella (Schulz and Jensen 1973) and Helianthus (Newcomb I973a), the

polar nuclei completely merge forming a single fusion nucleus prior to

double fertilization.

fn the majority of angiosperms, the mature egg has been shown to

be a polarízed ce11. The micropylar region of the cel1 typically

contains a large vacuole with the nucleus and the majority of

organelles ín the cytologically inactive chal azaT cyLoplasm (l^/i1lemse

and van hlent 1984). In Gossypium (Jensen 1965b) and Papaver (Olson and

cass 1981), the polarity of the egg is reversed with the majority of

the egg cytoplasm, íncluding. the nucleus, in the micropylar regíon of

the cel1 while the chalazal region is occupied by a large vacuole' In

stipa ( ltaze and Lin Ig75), Lhere is no consistent and characteristic

distribution of mature egg organelles and vacuoles. The mature egg is
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considered by most authors to be a metabolically inactive ce1l, e.g.

in Goss ium (Jensen 1965b), Capsella (Schulz and Jensen 1968b),

Petunia (ldent 797Oc), Nicotiana (Mogensen and Suthar 1979) and

Spinacia (I,rlilms 198ia). The egg cell typically contains perinuclear

plastids and mitochondria. The plastids often contain starch (Jensen

1965b, Schulz and Jensen 1968b, !{ent I970c, Newcomb I973a, Maze and

Lin 1975, Mogensen and Suthar 1979, Idilms i981a). The ER is short

stranded, the dictyosomes are typically few in number and the lack of

vesícle activity indicates a low rate of synthetic activity (Maze and

Lin 1975). Tn Nicotiana (Mogensen and Suthar 1979) and Epidendrum

(Cocucci and Jensen 1969a) the mature egg is reported to be completely

free of dictyosomes. Newcomb (1973a) reports a lack of active

dicyosomes and ER in the egg of Helianthus but considers the large egg

nucleolus, numerous ribosomes, plastids, and mitochondria indicative

of a metabolically active cell. Extensive profiles of ER in G1 clne

suggested to Folsom and Peterson (1984) that the egg of soybean was

also a metabolicallY actlve ce11.

In all angiosperms studied to date, the mature synergids have

been shown to exhibit a cytoplasm that suggests a metabolically active

ce11. The synergids are typically rich in mitochondria, plastids, ER,

and dictyosomes, though the distribution of these organelles varies in

different species (for a review see \di11emse and van l^lent 1984). In

addition, a micropylar filiform apparatus is a characteristic feature

of the synergid. The filiform apparatus in angíosperm synergids varies

from a simple vase-shaped micropylar thickening of the corunon synergid

wall as seen in Petunia (l^Jent I97Oa), Helianthus (Newcomb I973a), and

Nicotiana (Mo gensen and suthar 1979) to a highly digitate elaboration
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of cel1 wall material as seen in Gossvpium (Jensen 1965a) , Zea (Dibo1l

and Larson 1966), Capsella (Schulz and Jensen 1968a), Hordeum (Cass

and Jensen 1970), Stipa (l(,aze and Lin 1975), Spinacia (tdilms 1981a),

Scilla (Bhandari and Sachdeva 1983) and Glycine (Folsom and Peterson

i9B4). Synergids of the dígitate type, which increase the plasma

membrane surface area are considered transfer cells (Gunning and Pate

1969). Jensen (1965a) was the first to suggest an absorption function

for the synergid based on the Presence of a filiform apparatus,

numerous mitochondria in the immedíate vicinity of the fílifornt

apparatus, an elaborate network of ER that would function as an

internal transport system and numerous active dicytosomes. A similar

absorption function has been attributed to the synergids of capsella

(Schulz and Jensen 1968a), Stipa (Nlaze and Lin 1975), Spinacía (\'{ilms

1981a), and GlycÍne (Folsom and Peterson 1984). The absence of an

extended area of plasrna membrane in the filiform apparatuses of

Helianthus (Newcomb 1973a), Quercus (Mogensen I972) and Petunia (\^/ent

I97Oa) suggested to these authors that these ce1ls do not function as

transfer ce1ls. In PlumbaLo, where synergids are lacking, the mature

egg cell has been shown to possess a digitate filiform apparatus (Cass

7972). The cytoplasm of the mature egg cel1 of Plumbago contains

active dÍctyosomes and numerous mitochondria in the vicinity of the

filiform apparatus (both synergid-like characteristics).

The filiform apparatus in the majority of angiosperms has been

shown to be PAS-positive in Gossvpium (Jensen 1965a), Zea (Dibo11 and

Larson 1966), Capsella (Schulz and Jensen 1968a), Hordeum (Cass and

Jensen I97O) 
'

Paspalum (Chao I97I), Plumbaso (Cass 1972), Probos cidea

(Mogensen l97Ba), Nicotiana (Mogensen and Suthat 1979), Papaver (01son
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and Cass 1981), Spinacia (ldilms 1981a), and Scilla Bhandari and

Sachdeva 1983). Chao (197I) suggested that the PAS-positive material

in the filiform apparatus of Paspalum was hemicellulose derived fron

the breakdown of synergid starch (Yu and Chao 1979). Jensen (1965a)

identified pectins and suggested the probable presence of ce11ulose

and hemicellulose as the major chemical components of the filiform

apparatus of Gossypium.

Another proposed function of the synergids is the attraction of

the po11en tube. I,{ent (I97Oa) considered the primary functíon of the

synergid of Petunia was the secretion of a chemotropic substance into

the micropyle for the attraction of the po11en tube. A chemotropic

function for the synergids has also been suggested in Helianthus

(Newcomb I973a), SpÍnacia (l,rli1ms 1981a), AÊave (Tjlton and Mogensen

7g7g), and Ornithosalum (Tilton 1981). Chao (1977, I9l7 ) identified a

PAS-positive subst-ance in the mícropyle of Paspalum and suggested that

the substance may function in guiding the pollen tube to the

megagametophyte. Calcium appears to be involved in the tÍp growth of

the po11en tube and has frequently been accorded a chemotropic

function. Mascarenhas and Machlis (1964) found an increasing gradíent

of calcium ions from the stigma to the placenta and provided evidence

that calcium was involved in chemotropism ín Antirrhinum. However,

calcium alone has proven to be chemotropically inactive i-n a number of

angiosperms (Rosen I97I).

In all species of angiosperms that have been studied usíng the

modern techniques of light and electron microscopy, the pol1en Lube

has been shown to enter one of the synergids by way of the filiform

apparatus (\,rllllemse and van \dent 1984). In a number of angiosperms the
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pollen tube enters one of the synergids that has degenerated prior to

arrival of the po11en tube. Degeneration of one of the synergids prior

to the arrival of the pol1en tube but after germination of the po11en

tube on the stigma, has been shown to occur ín GossYpium (Jensen and

Fisher 1968), Quercus (Mogensen 1972), Stipa (Ì{.aze and Lin 1975),

Proboscidea ( Mogensen 1978b), Nicotiana (Mogensen and Suthat I979)'

Spinacia (ldilms 1981b). Cass and Jensen (1970) also report the

degeneration of one of the synergids of Hordeum irrespective of

whether pollinatíon has occurred or not. Jensen et a1. (1977) found

that in cultured ovules of Gossypium the early degeneratÍon of one of

the synergids and the persistence of the other synergid was

independent of pollination suggesting that one of the synergids is

preprogrammed for eventual degeneration. In capsella (schulz and

Jensen 1968a), Petunia (t{ent 7g70b), Papaver (Olson and Cass 1981),

and perhaps Helianthus (Newcomb I973b) boLh synergids remain intact

until one is penetrated by the po11en tube'

The po11en tube discharges its contents into the degenerate

synergi-d. The transfer of the two sperms from the degenerate synergid

to the egg and central ce11 has not been observed i-n angiosperms (\dent

and \^/i1lernse 1984), though Russell (1983) has proposed a mechanism,

substantiated by electron micrographs, for the transfer of sperm ce1ls

to the egg and central ce1l of Plumbago. In Plumbago the pol1en tube

penetrates the filiform apparatus of the egg, continues growing

cha::aza:jry through the PAS-positive wall, between the egg and central

ce11 plasma membranes, and discharges the vegetative nucleus and two

spern cel1s into the cha:-:aza:- wa1l region between the egg and central

ce1l. According to Russe1l, the prior dispersion of the egg-central
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ce1l wall materÍal permits the direct apposition of sperm' egg, and

central cel1 plasma membranes which subsequently fuse. The dissolution

of the fusion membranes results in the transmission of one sperm

nucleus and its associated mitochondria and chloroplasts ínto the egg

ce1l and the other sperm nucleus and its associ-ated mitochondrj-a into

the central cel1. Russell provides convincing morphological evidence

for the transmissÍon of sperm organelles that may contribute to male

cytoplasmic inheritance.

At the ultrastructural 1eve1, the process of double

fertilization has been observed by Jensen and Fisher (1967) in

Gossypium, I,{ent (1970b) in Petunia and by Wilms (1981b) Ín Spinacia.

Nuclear fusion appears to be similar to that described by Jensen

(1964) for the fusion of the polar nuclei and results in the formation

of localized nuclear bridges between the nuclei of the sperm and egg

and between the second spern nucleus and the polar nuclei. The nuclear

bridges enlarge and there 1s complete fusion of the nuclear membranes.

zygote formation in Gossypium (Jensen 1968), Hibiscus (Ashley

1972), and Nicotiana (Mo gensen and Suthar 1979) is characterized by a

distinct shrinkage of the zygote cell. The zygotes of Epidendrum

(Cocucci and Jensen 1969b), Hordeum (Norstog 7972)' and Quercus (Singh

and Mogensen 1975) do not exhibit a decrease in size following

fer ti1ízation. fn CaPsella the micr opylar vacuole, characteristic of

the egg, decreases in size but soon expands until it is larger than

the egg vacuole (Schulz and Jensen 1968b). Schulz and Jensen do not

report a shrinkage of the zygote in Capsella. In Capsella the ti pof

the zygote elongaLes and there ís an increase in plastid starch,

lipids, polysomes, and dictyosomes. The dictoysomes are active ín the
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micropylar and chalazaL regions of the zygoLe and appear to be

involved in ce11 wa11 synthesís. The electron-opaque deposits between

the chalazal waLI of the egg and central cell disappear following

fertilizatj-on in Capse11a. Mogensen and Suthar (7979) report that, as

in the egg, dictyosomes are absent from the zygoLe of Nicotlana' They

speculate that ER, adjacent to the zygote plasma membrane, may be

responsible for the formation of the PAS-posítive cel1 wall. In

Gossypium (Jensen 1968) and in Epidendrum (cocucci and Jensen 1969b),

as in Capse1la, there is a marked increase ín helical polysomes

following fer:ilization. With the exception of Petunia (Went 1970b)'

angiosperm zygotes seem to increase in metabolic actívity following

f.er1i-lization. Sirnilarly the central cel1 exhibits an increase in

apparent metabolic activity following triple fusion, with an increase

in dictyosomes, ER, mítochondria and plastids. In Gossypium, the ER

becomes arranged Ínto long para11e1 cisternae (Schulz and Jensen

Ig77). In the central ce11 of Capsella there is a similar increase in

cytoplasmic organelles and a decline in chloroplast starch and

cytoplasmic 1ipíd by the second division of the endosperm nucleus

(Schulz and Jensen I974). l^/a11 projections, that were absent from the

central cell of Capsella prior to fertilizaLion, form on the lateral

micropylar and chalazaL walls of the central cel1 and on the central

ce11 side of the embrYo suspensor.
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MATERIALS AND METHODS

I. Plant material.

fn order to achíeve several of the objectives of this study, as

outlined in the introduction, it was necessary to control when and if

pollination \{as to occur. Potential problems associated with

self-pollination were minÍmized by selecting Brassica campestris, a

sporophytic self-incompatible species (Hinata and Nishio 1980), for

the study.

Plants of Brassica campestris L. cv.Candle (canola-rapeseed) were

gro\4ryì ín a plant growth cabinet (Controlled Environments Ltd.,model E

15) under Sylvania Lifeline cool white fluorescent tubes at a light

intensity of 200 uE.m-2s.-1. During the ínitial four week period, from

the young seedling stage through to the mature rosette leaf stage, a

shortday B h photoperiod (day temperature, 22oC; night temperature'
o

18 C) was maintained to prevent precocious flower formation. At the

end of the four week period, the photoperiod was increased to 16 h to

induce bolting and inflorescence development (0rr 1978).

II. Selection and collection of ovules for fixation.

To obtain the early stages of ovule development (ovule prÍmordium

to the two-nucleate megagametophyte), pistils were excised from

flowers and the ovary dissected ínto 0.5 mm. segments. At the early

stages of development, the majority of the ovules \^/ere oriented with

their longítudinal axis perpendicular to the longÍtudinal axis of the

pistil. The longitudinal axes of older ovules was paral1e1 to the

longitudinal axis of the pistil but Lhe precise orientation of the

ovule within the ovary was unpredictable. To permit accurate specimen

orientation prior to sectioning, ovules beyond the two-nucleate
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megagametophyte Stage \,i,ere dissected from the pistil. 01der pistils

were excised from fl0wers and the ovules removed from the ovary

loculus using a fíne-tipped glass microprobe' The ovary wall was

dissected and the proxirnal end of the ovule funiculus excj-sed frorn the

placentaoft'heovary.Pistilsegnentsandintactovuleswere

immediately immersed ín buffered fixative'

Theexternalmorphologyofthematureovuleshortlyafter

rertllization is identical to the mature unfertilízed ovule at

anthesis. Prior to sectioning, potentially fertilized ovules were

distinguished frorn unfertilized ovules using a procedure modified from

that of 01son and Cass (1981) to visuaTize po11en tubes that have

penetrated the ovule micropyle. Ovules were removed from pollinated

pistilsusingthemÍcroprobetechniquedescríbedpreviouslyand

transferred to dwe1l slides containing o.o5% aniline blue (C.I.42755'

Polysciences)inO.O25Mphosphatebuffer(pH6.8),andviewedwitha

Nikon Optiphot compound microscope equipped with an epifluorescence

attachment and a 501^/ high pressure mercury vapor 1amp. The

fluorochrome in aniline blue binds to callose, a beta 1-3 glucan 
'

located within the pollen tube cel1 wal1, and fluoresces when examined

with w or blue light. Ovules with po11en tubes in the micropyles

were separated from those ovules without and each imnediately immersed

in buffered fixative.

III. Li mr-crosch

BrighLfield and phase contrast light microscope observations were

made using a Nikon Optiphot compound mícroscope' Differential

interference contrast light microscope observations were made using a

Lel]:.:z Ortholux compound microscope. Photographic images were recorded
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on 35 mm Plus-X 125 ASA fí1m or 35 mm Ektachrome 160 ASA tungsten

corrected professional film. Photographic negatives were projected

using a Simmon-Omega (mode1 automega D3) point source photographic

enlarger and the photomicrographs recorded on Ilford multigrade II

medium grade paper.

(A) Fixat infíltration and embedd lnp.

ovules and pistil segments \{ere fixed in 3 % glutaraldehyde in

0.025 M phosphate or cacodylate buffer (pH 6.8) for two h at roorn

temperaLure, followed by 24 h at 4oC ,n the same fixative, then either

post-fixed for 4 h in 22 osmium tetroxide in 0.025 M phosphate or

cacodylate buffer (pH 6.8) or processed further without osmium

tetroxj-de fixation. The tissues were dehydrated in a graded ethanol

series (20 min each), followed by successíve changes of

ethanol:propylene oxide (3:1; 1:1; 1:3; for 30 min each) and three

changes of. Ioo% propylene oxíde (30 min each). The tissues were

infiltrated wiLh a mixture of propylene oxide and spurr's low

viscosÍty epoxy resin (Spurr 1969)(3:1; 1:1; lor 2 h each; 1:3 for 48

h), followed by daily changes of. I0O% fresh Spurrrs resin for 7 days.

There was constant tissue rotatíon during all stages of dehydration

and infiltration. Following infiltration, the specimens were embedded

in 1OO% Spurrrs resin in shallow 44 mm diameter alumÍnum pans and

polymerized at TOoC under partial vacuum for 16 h.

Mature ovules at anthesis were also fixed ín glutaraldehyde 
'

dehydrated in a graded ethanol series and embedded in g1yco1

methacrylate (0'Brien and McCully 1981). The g1yco1 methacrylate

material was polymerízed at 6OoC ,rrrd", partial vacuum for 16 h. The

chamber of the vacuum oven was flushed with nitrogen Lo provide the
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oxygen reduced environmenL necessary for glyco1 methacrylate

polymerization.

(B) Stalnl-ng slvcol methacrylate embe dded material.

Cubes of resj-n containing ovules were cut from polymerized flats

of g1yco1 methacrylate, the desired orientation determined, and the

cubes of resin containing the ovule glued to blank epoxy beem capsules

using fast curing epoxy adhesive. Sections (1-2um) were cut, using dry

glass knives, on a Sorvall Port.er Blum JB4 microtome and transferred

to gelatin-coated slides (Jensen 1962) using fine forceps (Feder and

O,Brien 1968). Following staining, all sections were mounted in 707"

aqueous sucrose.

(i) Toluidine blue O (Feder and O'Brien 1968)'

Sections were stained with O.05% Toluidine blue 0 (C.I.52040,

Fisher) in o.o5 M benzoate buffer at pH 4.4. ToluidÍne blue is a

cationic metachromatic dye which will stain certain chemical

components of tissues a colour different from that of the dye in

solution (0'Brien and Mccully 1981). Toluidine blue generally binds to

macromolecules containing large numbers of polyanionic bindÍng sites

(e.g. carboxyl, sulphate, and phosphate groups)' The colour shift is

from blue to red with the strongest metachromatic reaction (i'e'

reddest) being for polymers containing sulfated groups; polymers

containing carboxyl groups exhibit a slightly weaker reaction

(i.e.pink); and polymers containing phosphate groups exhibit the

weakesL metachromatic reaction (purple). sulfated polysaccarides (e'g'

fucoidan) and carboxylated polysaccarides (e.g.pectic acids, alginic

acids) will stain red to dark pink, RNA will stain purple, and DNA
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will st.ain b1ue. By what is termed negative metachromasia, lignin and

some polyphenols stain green (O'Brien et al. 1964).

(il) Alcian blue BGX (McCully 1970).

Sections were stained in 0.I% acidified aqueous solutions of the

cationic dye alcian blue BGX (C.I.74240, Polysciences) to localize

carboxylated polysaccharides. The dye was either dissolved in 0.5 N

HC1, gÍving a staining solution of pH 0.5 or ín 3% acetic acid giving

a staining solution of pH 2.5. At pH 2.5 the carboxyl groups of

carboxylated polysaccharides are ionized and stain orthochromatic blue

in the presence of the cationic dye. At pH 0.5 (below the pK of the

carboxyl group) carboxylated polysaccharides are unstained.

(c) Stainine eDoxv embedded material

To facilitate a correlative light microscope and transmission

electron microscope study, the majority of the light micrographs were

obtained from glutaraldehyde-osmium tetroxide fixed - Spurr's epoxy

resin embedded material. Cubes of resín containing ovules and pistil

segments were cut from polymerízed flats of Spurrts resin, the correct

orientation determined and the cubes of resin and tissue glued to

blank epoxy beem capsules with fast curing epoxy adhesj-ve. Sections

(0.75-1.0 ur) were cut, using a Sorvall Porter Blum JB4 microtome and

glass knives fitted with a boat. Serial sections were obtained using

the techníque of Fisher (1968). Tacki-wax (Central Scientific) was

applied to the upper and lower block faces. As successive sections

v/ere cut, a serial ribbon of adhering sections was formed on the waLer

film of the knife boat. The ríbbon v/as picked up with a glass

microprobe and transferred to a gelatin coated slide (Jensen 1962).
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sucrose.

Unlike glyco1 methacrylate, a water permeable plastic, the epoxy

plastics are relatively vuater impermeable. Traditional staining

techniques developed for fresh, paraffin-embedded, and glyco1

methacrylate-embedded tÍssue rely heavily on dyes dissolved in water

or aqueous buffers. The majority of these staining techniques have

proven to be ineffectual when applied to epoxy-embedded plant tissue.

Limited success has been achieved using cationic dyes (eg. toluidine

b1ue, methylene b1ue, azure II) at high pH (0'Brien and McCully 1981).

These staining procedures were found to be unsatisfactory for general

survey work since contrast between varj-ous ce11 components is poor.

(i) Crystal vÍolet

Superior contrast was obtained by staining epoxy sections' on a

warming tray at B5oC, with 2% ethanolic crystal violet (C.I.42555,

Fisher) in 0.05 M ammonium oxalate buffer at pH 6.7 (Gerhardt et al.

19Bl) for 0.5-1.0 min. The sections were rinsed in warm running water

for 5 min. Crystal vÍolet, used under these conditions, possesses the

same metachromatic properties described previously for toluidine blue

O. The use of crystal vío1et to staÍn plant tissues ernbedded in epoxy

resins has not been previously reported, though it is commonly used in

bacteriology as part of the Gram staining procedure and in animal

histology to metachromatically stain amyloid.

(ii) Aniline blue black (Fisher 1968)

Aniline blue b1ack, an anionic dye, was used to localize protein.

Sections were stained in 1% aniline blue black (C.I.2O47O,

Polyscience) in 7% aceLíc acid for 15 min at 60'C. The sections were
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briefly rinsed in 7% acetic acid to remove excess staín then mounted

in glycerol containing 5% acetic acid. The cytosol of healthy ce1ls

stained light blue while that of degenerating ce1ls, presumably rich

in hydrolytic proteins, stained dark b1ue. Mitochondria, plastÍds, and

regions of nuclei stained light to dark blue.

(iri) Periodic acid Schiff reaction (PAS) (Jensen 1962)

The PAS reaction was used to localize insoluble carbohydrates.

The mechanism of this two-step histochemical procedure is well

documented (Ha1e 1957). Periodic acid (PA) oxidizes vicinal 1,2 gTycol

groups (hydroxyl groups at the 2nd and 3rd carbon) in carbohydrates to

aldehydes, which react with the Schiff's reagent to produce a magenta

color at the reaction site. Glucans with 1-4 linkages, such as pectic

compounds, hemicellulose, starch, and the oligosaccharide side chains

of glycoproteins, are PAS-positive. Cel1u1ose, as it occurs in cel1

wa11s, is reported to be PAS-negative, due perhaps to steric hindrance

of avaÍlable vicÍnal glycol groups (0rBrien and McCully 1981).

Compounds will be PAS-negative where the hydroxyl groups are not

attached to vicinal carbon atoms or where one of the vicinal carbons

is involved in linkages (Beta 1-3 glucans, e.g. callose). Certain

compounds, other than carbohydrates, will also exhibit a PAS-positive

reaction. These include the amino acids serine, threonine, and

hydroxylysi-ne, which have vici-nal hydroxy-amino groups that can be

oxidized to dÍaldehydes. Certain lipids will also react positively

(Roland 1978). Lignin will combine with Schiff's reagent and give a

positive reaction wÍthout prior periodic acid oxidation (0rBrien and

McCully 1981 ).



26

Sections were immersed in 0.57" 2,4 dínitrophenyl hydrazine in 15%

acetic acid for 15 min to block endogenous aldehydes. Following a 10

min rinse in running water the sections were oxidized in 17. aqueous

periodic acid for 30 min, rinsed in running u/ater for 10 min, then

placed in Schiff's reagent (Fisher) for 40 min. The sections were

briefly bleached Ín 3 successive baths of 0.5% aqueous sodium

metabisulphate (2 min each) and rinsed in running water for 10 min.

The sections were either examined dÍrectly or counter stained \"/ith

crystal violet or aniline blue b1ack.

IV. Fluorescence micro scoDv.

Fluorescence microscope observations v/ere made using a Nikon

OptiphoL compound microscope fitted with an episcopic fluorecscence

aLtachment, and a 50\tl high pressure mercury 1amp. For illumination

with ultra violet light (UV) a W excitation filter (330-380nm),

dichroic mirror DM400 and a barrier filter transmitting above 420nn

were used. For illumination with blue light a blue excitatÍon filter

(410-485nm), dichroíc mirror DM505 and a barrier filter transmitting

above 515 nm was used. Photographic images were recorded on 35 mm

Plus-X 125 ASA film or 35 mm Ektachrome 160 ASA tungsten-corrected

professional fi1m.

Both fresh and epoxy-embedded tissue was used. Prior to staining

Spurrts epoxy-embedded material with fluorochromes, the resin was

removed from the sections using a modification of the procedure of

Lane and Europa (1965). Sections mounted on gelatin-coated slides were

immersed in a saturated solution of potassium hydroxide in 95Z" ethanol

for two min, rinsed in 3 changes of 952 ethanol, followed by five min

in running water. The resin was removed to facilitate access of the
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fluorochrome to the tissue and to elíminate the problem of background

autofluorescence caused by the resin'

(A) Calcofluor (Fulcher and \dong 1980)

Sectionsfrommaterialfixedinglutaraldehyde-osmiumtetroxide

were immersed in 1% periodic acid ot lo% hydrogen peroxide for 30 min

to bleach osmium from the tissues. Sections were stained in 0'01%

aqueous Calcofluor white M2R (Polysciences) for 5 mj-n' rinsed in

running \,/ater, mounted in 707" sucrose, and viewed under UV light '

calcofluor has been used as a general stain for plant ce11 wa11s

(Hughes and McCulIy 1975) and in the study of the site of cellulose

synthesis and microfibril assembly (Schnepf et a1. 7982). Calcofluor

has some specificity for mixed linkage B-glucans (\{ood and Fulcher

i97B) and it has been shown to bind to cel1u1ose and chitin fibrils

(Herth and SchnePf 1980).

(B) Aniline b lrre (0tBri-en and 11v 1981)

Fresh tissue of po11ínated stigmas, styles' and ovules' and

bleached sections of glutaraldehyde - osmíum tetroxide-fixed,

epoxy-embedded ovules (with the resin removed) were sLaíned for five

min in O.057. aniline blue (C.I.42755, Polysciences) in 0'01 M

phosphate buffer at pH 8.5, mounted in the buffered stain and

illuminated with either w or blue 1ight. The fluorochrome in aniline

blue is thought to be specific for the B 1-3 glucan, callose (Jensen

1962), though Srnith and McCully (1978) question the absolute

specificity, suggestíng it may also bind to other cell wall

polysaccharides. They have shown that aniline blue specíficiLy for

callose Ís enhanced by prior treatment of the tissues with toluidine
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blue O (to block carboxylaLed polysaccharides) and the PAS procedure

(to block polysaccharides with vicinal g1yco1 groups).

(c) Cel1u1ase Extraction

The Spurr t s epoxy resin \,/as removed from sections of mature

ovules using a modification of the procedure of Lane and Europa

(1965). The sections were ímmersed in a 5 mg/ml solution of cel1u1ase

(Sigma, practícal grade) in 0.05 M phosphate buffer ph 5.5 at room

temperature (Hickey and Coffey I97B). The sections were then stained

with Calcofluor and viewed with fluorescence optics under UV 1ight.

V. Transmission e lectron mÍcroscopv (TEM).

All electron microscope observations were carried out on either

an AEI B01S or an AEI 6B electron microscope operatlng at an

accelerating volLage of 60 kv. Electron images \dere recorded on Kodak

Electron Image 8.3 X 8.4 cm sheet fi1m. The electron image negatíves

were projected using a Simmon-Omega (model auLomega D3) poínt source

photographic enlarger and the photomicrographs recorded on Ilford

multigrade TI medium grade Paper.

Á Conventional f tíon and stai

The methods of fixation, dehydration, infiltration, embedding'

and orientation of ovules and písti1 segments for TEM were as

described in section III.A. for light microscopy.

Ultrathin secLions (.06-.08 un) \{ere cut with a Dupont dÍarnond

knife using a Reichert OM-U2 ultramicrotome. Sections were collected

on uncoated copper or nickel 75/300 mesh grids and stained for 25 min

wíth a saturated solution of uranyl acetate (UA) in 50% methanol

(O'Brien and McCully i9B1) followed by 10 min in lead citrate

(Reynolds 7963) under a constant flow of nitrogen gas.
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(B) Periodic acid - thiocarbohydrazid e - silver pr teinate

PA-TCH_SP Thier L967

The PA_TCH_SP procedure, used to localize insoluble

carbohydrates, is a modification of the PAS procedure. Períodic acid

(PA) is used to selectively oxidize vicinal g1yco1 or glycol-amino

groupstoaldehydes.Thealdehydesarethencondensedwith

thiocarbohydrazide (TCH) to produce thiocarbohydrazones which are

strong reducing agents (Roland i97B). Subsequent staining with silver

proteinate (sP) results in the deposition of reduced silver over the

reaction site. compounds that are PA-TCH-SP positive or negative

correspond to those descibed previously for the PAs reaction. The

control most conìnon1y used in this study was the substitution of water

for periodic acid. Addj-tional controls were the blockage of aldehydes

with aqueous 0.1% sodÍum borohydride and the omissÍon of TcH or SP

from the staining procedure (Roland 1978)'

ultrathin sectj-ons of ovules, fixed in glutaraldehyde - osmium

tetroxj-de, were collected on 75/300 mesh nickel grids. Grids were

floated section-face down on 17. aqueous periodic acid for 30 min in a

high humidity chamber, followed by three changes of 10 min each in

distilled \"/ater. Grids were transferred to 0.2% thíocarbohydrazide

(TCH) ín 2O7" aqueous acetic aci-d for 2,5,10 and 24 h (5 h proved to be

optimurn), followed by successives rinses of I07', 5%, and 17. aqueous

acetic acid (20 min each) and three rinses of distilled water (30 min

each). The grids were then immersed ín 7% aqueous silver proteinate

for 30 min in the dark followed by 3 successive rinses of t h each in

distilled water.
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C . Osmium te roxide d otassi ferric anide 0sFeCN He r

1981 ) .

The osFecN post-fixation procedure was used to stain the

endoplasmic reticulum (BR) and nuclear envelope. The initial use of

this procedure in plant ultrastructure was by Hepler (1980) in a study

of the dístribution of ER in dividing cells of barley. Animal

cytologists had used the technique to contrast the sarcoplasmic

reticulum of muscle cells (Forbes et a1. 7977) and a modification of

the procedure (without calcium) had been used previously to stain

glycogen (Bruijn and Breejen 1975). The chemical basis of the staining

reaction is unknown; however, htrite et a1. (1979) suggested that

metal-containing proteins on membranes chelate the cyano-bridged

osmium-iron complexes resulting in the deposition of these

electron-opaque complexes on the membrane sÍtes '

The removal 0f calcium chl0ride from the fixatives or the addition

of phosphate buffer, which would precipitate the calcium, abolishes

the selective staining of the ER and nuclear envelope (Hepler 1981 ) '

Hepler also noted that only a portion of the ER of onion and lettuce

roots and barley leaves was selectively stained by the procedure' He

suggested that the distance from the fíxation front may be a reason

for the abscence of a positive staining reaction. The OsFecN procedure

did not ubiquitously stain the ER of the integurnent, nucel1us, or

megagametophyte of Brassica. Distance from the fixation front was not

a factor, since stained and unstained ER were both found in regions

closest to and furthest away from the fixation front. Frequently ' in

contiguous ce1ls, with equal access to the staín, the ER of one ce1l

was stained positively, while the BR of the adjacent ce1l was
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unstained. In certain synergid ce11s of the megagametophye, some of

the ER wÍthin Lhe one ce11, would stain positively while the ER in

other regions of the cell remained unstained. Clearly ' access to the

tissue is not the reason why some of the ER ís unstained. There must

be a difference in the chemical content of the stained and unstained

ER at the time of fixation; however, until the mechanism of staining

is understood, the value of the OsFeCN method will be to discern the

distributíon of ER in the ce11.

Ovu1es were fixeð, in 3% gluteraldehyde in 0.025 M cacodylate

buffer (pH 6.8) with 5 mM calcium chloride for 2 h aL room ternperature

followed by 24 h at 4oC in the same fixative. Following a wash in

0.025 Fl caycodylate buffer (pH 6.8) with 5 mM calcium chloride, the

ovules were post-fixed in a mixture of 22 osmium tetroxide and 0'BZ

potassium ferricyanide ín 0.025 M cacodylate buffer with 5 mM calcium

chloride for 4 h at room temperature.The methods of dehydration,

infiltation, embedding, orientation, sectioninE,and staining were the

conventional TEM methods described previously. Some sections were

examined without additional uranyl acetate-lead citrate staining.
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OBSERVATIONS

I. YOUNG OVULE

(A) 0vu1e and reolum initiation

0vu1e primordia of Brassica campestris ate Lrizonate. The

protodermal layer (zone 1) and subdermal layer (zone 2) or the ovule

primordium divide anticlinally, while zone 3, consisting of all

Lissues inside Lhe second primordial 1ayer, is characterized by

periclinal, anticlinal and oblique divisions (Figs' 1' 2')' At the

time of ovule initiation two replum primordia, located between the

ovule primordia and extending the length of the ovary ' are initiated

(Fig. 1 ) . The dermal tissues of the two opposing replum primordia are

tightlyappressed.Priortotheonsetofmegasporogenesísj-nthe

ovule, the central region of the replum is composed of small

thin-wa11ed cells (Fig.4) and the two replum primordia can no longer

bedÍstinguishedasseparateentities.Bythe4-nucleatestageof

megagametophyte development, these central ce1ls of the replum develop

thick, PAS-positive, unlignified ce1l walls (Fig' 26)' Between this

central zone of collenchyma and the lateral vascular bundle of the

ovary wa11, ís a region of enlarged, starch-containing parenchyma

cells wíth prominent intercellular spaces. The replum divides the

ovary Ínto two loculi, each containing 10-12 ovules at maturity'

(B) Inner int esument ínitiation and deve1o t

Theovule,priortotheonsetofmegasporogenesis,consistsofa

nucellus , chaLaza and funiculus deríved from zones I,2 and 3 of the

ovule primordium (Fig . 2). These three regions of the ovule which form

a contj-nuous tissue are more easily distinguished as separate entities

following integument initÍation and development (Fig. 18). The ovule
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of Brassi ca campestris is bit egmic. The inner integument is entirely

dermal in origin. It ls derived from a collar of protodermal initials

circumjacent to the base of the nucellus. The índividual wedge-shaped

initials, located four to five ce11s proximal to the nucellar apex' is

the product of an oblique division of a protoderm cel1 of zone L

(Figs.2,5,7, B). The inner integument initials originated on the

adaxial side of the ovule adjacent to the replum (Fig. 2). The

production of initials continues around the circumference of the ovule

toward the abaxial side adjacent to the ovary wal1 (Figs . 2, 5).

Bifacial divisÍons of the distal wedge-shaped apical initials (Fig. B)

produce the two layered inner integument (Figs. B, 1B), though

intercalary anticlinal divisions may also be involved in the acropetal

growth of the integument during the early stages of development. By

the functional megaspore stage of megagametophyte developrnent the

distal tip of the inner integument Ís even with the apex of the

nucellus (Fig. 18) and by the early 2-nucleate stage the nucellus is

completely enveloped by the inner integument. The inner integument

component of the micropyle, distal to the apex of nuce11us, is also

formed by the early 2-nucleate stage of development (Fig. 2I). The

proximal regions of the inner integument adjacent to the chal.azal

nucellus become three to four layered as a result of periclinal

divisions of the innermost layer of the integument over the course of

ovule develpoment (Figs.26,34,52,53). The more distal regions of

the i-nner integument, lateral to the 2-nucleate and older

megagametophytes, and the micropylar region of the inner integument

remain, for the most part, two to three layered. The proximal region

of the inner integument is five to seven layered by the mature ovule
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stage of development and the innermost layers ' adjacent to the

ch¡'azaL nucellus, exhíbit a marked radÍa1 expansion (Fig. 53)' This'

in conjunction with the lack of radial ce1l expansion in the lateral

and micropylar regions of the inner integument' results in a mature

ovule with a distinct swollen chalazal region and a narrow micropylar

neck.Duringthecourseofovuledevelopment'thepericlinaldivi-sion

and radial expansion of cells in the proximal region of the inner

integument between the raphe and the cha:-aza]_ nuce11us, a region

termed the basal body ( Bouman I9B4), contributes to the

characteristic curved chalazal nucellus of the campylotropous ovule

(Figs.26,34,52,53).Theinnerintegumentbasalbodycontinuesto

enlarge followíng anthesis (Figs' 104 ' I34)

(C) Outer inte r initia tion and deve

The outer integument is derived from initials in zones I and 2 o1

the ovule prÍmordium. The protodermal initials of the outer integument

originate on the adaxial side of the ovule i-mmediately proximal to the

protodermal inner integument initial (Fig' 2) ' There is a slight

radial expansion of the incipient outer íntegument protodermal

initía1s which subsequently divide in an anticlínal plane concurrently

with periclinal divisions in the contiguous subdermal zone 2 (Figs' 3'

5, 7). As with inner integument, the initiation of the outer

integument continues around the base of the nucellus toward the

abaxial side of the ovule (Fig.5). The adaxial side of the outer

integument, includíng the region contiguous with the raphe, exhibits

the greatest grohrth of all íntegumentary tissues, and coupled wíth the

arrested growth of the outer integument on the abaxial side, produces

an asymmetric curvature in the ovule (Fig 18). This, coupled with the

t
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greater gro!/th of the funiculus on the abaxial side, results in a

sigmoid ovule (Figs. 18,26). The acropetal growth of the outer

integument, on the adaxial side of the ovule, resulLs in this portion

of the outer integument enveloping both the adaxial inner integument

and the nucellus by the functional megaspore stage (Fig. 18) and

contactÍng the abaxial side of the inner integument by the 4-nucleate

stage of megagametophyte development (Flg. 26). This forms the outer

integument component of the rnicropyle (Figs.26,34). The abaxial síde

of the outer integument includes a sma11 ridge of anticlinally derived

protodermal ce1ls imrnediately distal to the funiculus, a file of

protodermal and a few subdermal derÍvatives between the inner

Íntegument and the raphe (Figs.18,34). The greater growth on the

adaxíal side of the outer integument results in the characteristic

inverted campylotropous ovule with the micropyle directed toward the

funiculus (Figs.26,34). The proximal regions of the adaxial outer

integument are for the most part three layered during early ovule

development (Fig. 34), but become four layered at maturity by

periclinal division of the middle layer (Fíg.53). The distal region

of the adaxial side of the outer integument, near the micropyle, is

composed of two to three layers of large vacuolated parenchyma cells.

The raphe constitutes a zone of tissue between the chalazal nucellus

of Lhe ovule and the funÍculus (Figs.18, 26,34,52,53). A single

vascular trace of xylem and phloem elements runs from the ovary wa11

through the funiculus and terminates in the distal portíon of the

raphe at the base of the chalazal nucellus (Fig. 54). This regi-on of

the nucellus contains starch and, unli-ke the more distal region of
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chalazal nuce11us, does not degenerate following anthesis, but remains

intact and forms the chalazal proliferating tissue (Figs.104,734),

(D) Archesporial and DTfMATY SDOT enous cells

The nuce11us, derived from zones I,2, and 3 of the ovule

primordium, is a dome of parenchyma tissue distal to the point of

insertion of the inner integument (Figs.2,3,5,7). During the

period of integument initiation, the anticlinally derived nucellar

cells of zone 2 are more or less isodiametric (Fig.2).One or two

ce11s from this zone immediately hypodermal to the nucellar apex

enlarge and develop prominent nuclei (Fig.4,5). This group of ce1ls

constitutes the multicellular archesporium. Generally' one of these

cel1s functions as the archesporial cell (Fig. 5) which divides

periclinally into a sma11 primary parietal cell and a larger obovate

primary sporogenous ce1l (Fig.3). Both the primary parietal ce11 and

primary sporogenous cel1 are intensely stained by cationic dyes. The

primary sporogenous ce11 differentiates into the megasporocyte ce11.

CytologicaLIy, the most distinctive feature of both the

archesporial cel1 and the primary sporogenous ce1l is the large (6um)

nucleus with prominent basiophilic nucleoli (Figs. 3, 5). The

nucleolus is granular and regions of basiophilic heterochromatin (Fig.

3,5) are located in the peripheral regions of the homogeneous

nucleoplasm adjacent to the inner membrane of the nuclear envelope

(Fig. 6). OsFeCN stainíng reveals a nuclear envelope with distinct

nuclear pores and a small amounL of short stranded ER distributed

throughout the cell. fn the extreme chalazal region of the cel1 an

ER-derived electron-opaque microbody is present" Plastids are mainly

perinuclear and exhibit electron-opaque regions within the stroma that
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are presumed to be starch. The thylakoíd lame11ae of the plastid are

poorly developed. fn this respect they are símilar to the plastids

found in the other adjacent ce1ls of the nucellus. In addition to

starch, there are additional energy reserves present in all cells of

the nucellus in the form of lipid. The spherical mitochondria of the

primary sporogenous cefl are similar to the mitochondria of adjacent

nucellar cells. They range in size from 1-2 um and possess poorly

developed cristae (Figs. 6, 10). Dictyosomes are present ín all

nucellar tissues and appear to be relatively inactive by virtue of the

lack of vesicle production. The cytoplasm of the primary sporogenous

cell in Figure 6 is vacuolate and slightly less electron-opaque than

the surrounding nucellar ce1ls. This reduction in electron-opacity is

due to a lower population of ribosomes in the primary sporogenous ce1l

perhaps reflecting its incipient differentiation into a megasporocyte

cel1.

(E) Megasporocvte

The megasporocyte typically develops from the primary sporogenous

cell (Figs. B, 9), though development directly from the archesporial

cell does occur (Fig. 7). The megasporocyte at mid-prophase of melosis

I exhibits a very distinct morphology. Au the leve1 of the light

microscope, the nucleus exhibits prominent nucleoli, synaptonemal

chromosomal complexes and a non-basiophilic nucleoplasrn (Fig. 7). The

cytoplasm is noticeably less basiophilic than that of the adjacent

nucellar ce1ls and there appears to be an even dlstribution of

organelles that are visible at the 1evel of the light microscope.

At the ultrastuctural 1eve1, the mid-prophase nucleus is

cornposed of regions of condensed chromatin dÍstributed through an
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electron-transparent nucleoplasm (Fig. 9) and a synaptonemal

chromosomal complex is adjacent to a region of dilated nuclear

envelope (Fig. 12). hlithin this region of dilated nuclear envelope are

electron-opaque, membrane-bound inclusions. Because of a reduced

ribosome population, the cytoplasm of the megasporocyte is more

electron-transparent than the adjacent nucellar t|ssue (Figs. 9 ,11,

I2). fn contrast to the prirnary sporogenous ce1l, there is a lack of

starch deposits i-n megasporocyte plastids. Similarly, the amount of

stored starch, though sti11 present in the plastids of the nucellar

epidermis (Fig.9), ís less than the amount in nucellar ce1ls at the

primary sporogenous cell stage of development (Fig.6). The number of

dictyosomes found in the megasporocyte ís greater than in the prirnary

sporogenous cel1 and the presence of vesicles at the maturing face

suggests a degree of metabolíc activity (Fig. I2). Strands of ER are

longer and more abundant in the megasporocyte as are the numbers of

lipid bodies. Occasional plasmodesmata interconnect the cytoplasms of

the megasporocyte and the chalazal nucellus. There are scatterecl

deposits of electron-t.ransParent material in the ce1l wa1l of the

megasporocyte (Fig. 9). As in the primary sporogenous cel1,

megasporocyte mitochondrial structure is relatively simple with an

absence of well defined cristae; however, the size of the organelle is

reduced (0.5 urn X 1.0 um), the shape is rod-like rather than spherícal

(Fig. 11) and rhe marrix is often electron-opaque (Figs.9, 12). The

megasporocyte contains unit membranes that entirely enclose parts of

the cytoplasm (Figs. 9, 72). These inclusions are a distinctive

feature of the megasporocyte and are classified as double

membrane-bound inclusions if two unit membranes are present and as
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multiple membrane-bound inclusj-ons if more than two unit membranes are

involved (Dickinson and Heslop-Harrison 1977). Figure 11 illustrates a

multiple membrane-bound ínclusion composed of four unit membranes

enclosing a region of megasporocyte ribosomes. The large chalazal and

micropylar vacuoles of the prirnary sporogenous ce1l (Figs.3,6) are

lacking in the negasporocyte (Figs' 9, 12)'

F Produc s of Meiosis

The first meiotic division of the megasporocyte results in the

production of the two daughter ce1ls that are approximately equal in

size. often the micropylar dyad cell degenerates prior to the onset of

meiosis II (Fig. 13) resulting in a triad of meiotic ce11s at the

completion of meiosis (Fig. 14). The triad is composed of the

degenerate micropylar dyad cel1 and two megaspores deri-ved from the

second meiotic division of the cha]:azal dyad ce11. The megaspore at

the chalaza:_ end of the triad, the functional megaspore, is slightly

larger than its micropylar sister ce1l. A convex ce1l wal1 separates

the two cells and the nuclei of both dhal-aza]- negaspores, unlike the

nucleus of the chalazal dyad ce11 (see Fig. 13), exhibit prominent

nuc1eo1i. The transverse wall separating the two chalazal megaspores

and the transverse wal1 beLween the middle megaspore and the

micropylar dyad ce11 fluoresce when stained with aniline blue and

viewed with epifluorescence optics under UV 1ight. (Fig. i5). The

hypodermalnucellarcellsadjacenttoLhetriadenlargeduringthe

meiotj-c process (Fig. 14). This region of hypoderrnal nucellar tissue

persists intact through the late functj-onal megaspore (Fig. 16) and

early 2-nucleate (Fig. 2I) stages of megagametophyte development.
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G Functio Me S ore

The functional megaspore enlarges and assumes an obdeltoíd shape

(Fig. 16,17). The prominent nucleolus is retained by the older

functional megaspore (Fig. 17) and remains a characteristic feature of

haploid megagametophyte nuclei through the course of megagametogenesis

(Figs . 2I, 28, 34, 43) . The populatíon of ribosomes is greater than in

the megasporocyte but there is a reduced number of plastids in the

functional megaspore (Fig . 17) as compared to the prophase

megasporocyte (Figs. 12). The functional megaspore plastid is

relatively undifferentiated with an electron-transparent' starch-free

stroma and poorly developed thylakoid lamellae (Fig. 17). The

mitochondria are small (0.5 - 1'O um) and spherical with an

electron-transparent matrix and poorly developed cristae' The

mitochondria of the adjacent nucellar epidermis are larger and appear

similar to those found in the nucellus at the primary sporogenous

(Fie. 6) and megasporocyte (Fig. 9) stages of development'

Membrane-bound inclusions, characteristic of the megasporocyte are not

present in the functional megaspore (Fig ' I7)' The numbers of lipid

bodies are reduced while the ER and dictyosome profiles are similar to

those of the megasporocyte. A vacuole containing membranous and

non-membranous cellular inclusions is present in the micropylar region

of the cell.

(H) Two-nuc leate Meeag ametoohvte

A mitotic division in the functional megaspore produces the

2_nucleatenegagametophyte"Figure2lillustratesayoung2-nucleate

megagametophyte that exhibits the same obdeltoid shape as the older

functional megaspore in figure 16. The young megagametophyte contains
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two centrally located juxtaposed nuclei and numerous, sma1l parietally

located vacuoles (Fig. 2I). Micropylar to the megagametophyte are t\do

of three non-functional megaspores (the third megaspore is out of the

plane of section) and the enlarged hypodermal nucellar cel1s. The

cytoplasm of the non-functional megaspores has degenerated, shows

plasmolysis and stains intensely with catíonic dyes.

Plastids are perinuclear, contain no starch deposits and are

associated with both nuclei (Ffg. 22). The number of plastids is

greater than at the early megaspore stage and there Ís evidence of

plastid replication. lulitochondria are distributed throughout the ce11

and are similar to those found in the functional megaspore, but more

numerous. Sma11 vacuoles are present in the extreme micropylar and

chalazal regions of the cel1. The mÍd-internuclear regÍon is

relatively free of organelles and contains numerous microtubules

oriented para1le1 to the long axis of the ce1l (Fig.23). Random

dictyosome vesicles are associated with these microtubules.

The appearance of an enlarged central vacuole coincides with the

micropylar growth of the 2-nucleate megagametophyte (Fig. 20). The

enlarging megagametophyte fi1ls the space once occupied by Lhe

hypodermal layer of nucellar cells and the degenerate megaspores. The

micropylar nucellar epidermis is intact. The intensely stained,

cresent shaped region of degenerate tissue, lateral to the mid-region

of the megagametophyte, represents remnants of the degenerate

megaspores and the 1atera1, hypodermal nucellar ce11s. These

crescent-shaped regions are retained through megagametogenesis (Fig.

25) and are sti1l present with the mature megagametophyte (Fig.55),

though the basíophilic contents are no longer present. Prior to the
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initial expansion of the megagametophyte during the late 2-nucleate

stage, the nucellus is completely enveloped by the inner and outer

integuments (Fig , 2I).

Figure 24 represents a 2-nucleate megagametophyte that is

cytologically similar to the 2-nucleate megagametophytes in Figures 21

and 22 except for a greater number of lipid bodies and the presence of

a sma11 central vacuole between the two nuclei-. However, the position

of the young 2-nucleate megagametophyt.e at the extreme micropylar apex

of the nucellus, immediately hypodermal to the nucellar epidermis, is

not typical for this stage of development. serial sectioning shows

that the usual two or three remnant cells of meiosis, micropylar to

the megagametophyte (Fig . 2I), are not Present. Further, the remainder

of the ovule was atypical for this stage of megagametophyte

development and resembled an older ovule at the 4-nucleate stage, in

terms of size and integument morphology (Fig' i9)' The hypodermal

posÍtion of the young negagmetophyte, prior to its expansion' and the

lackofmeioticproductssuggeststhattheseplantsmaybe

diplosporous. If certain individuals r,-'íthin a population of Brassica

campestris are in fact diplosporous, it is noL known whether the

diploid megagametophytes reach functional maturity. These ovule-types

will be the subject of a future investigation'

I F r-nucleat Me te

A second free nuclear division produces the 4-nucleate

megagametophyte. Figure 26 is an overview of the ovule at this stage

of development. The sigmoid ovule is oriented with its longitudinal

axis perpendicular to the long axis of the ovary. At about this stage

of development the ovule turns and becomes re-oriented within the
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loculus of the ovary, such that the long axís of the ovule is now

paral1e1 to the long axis of the ovary, with the micropyle directed

roward the srigma and the style (Fig.111). The ovule (0u), in the

adjacent loculus of the ovary in figure 26 represents a

cross-sectional view of the inner and outer integuments due to the

re-orientation of the ovule within the ovary " There is continued

micropylar expansíon of the megagametophyte at the expense of the

micropylar and lateral nucellar epidermis such that the

megagametophyte in these regions comes in direct contact wÍth the

epidermis of the inner integument (Fig. 25). The outer tangential wall

of the inner integument possesses a relatively thick, osmiophilic

electron-opaque cuticle. Thin anticlinal wal1s of the lateral inner

integument epidermis suggest the occurrence of anticlinal cel1

divisions within this tÍssue concurrent with the expansion of the

megagametophyte. The inner integument ce1ls adjacent to the micropylar

region of the megagametophyte possess thick cel1 wa1ls characteristic

of non-dividing ce1ls. During the 4-nucleate stage of development

large amounts of starch accumulate within amyloplasts, primarily in

the cel1s of the inner integurnent lateral and micropylar to the

megagamerophyre (Fig. 25). The starch grains are PAS-positive (Fig'

26). The presence of amyloplasts in these regions of the inner

integument and later in the corresponding regions of the outer

integument continues through megagametogenesis (Figs.38, 43, 52) and

is a distinctive feature of the mature ovule at anthesis (Figs' 53 
'

55, 104). Beginning at the 4-nucleate stage of development, ce1ls of

the inner integument epidermis, adjacent to the micropylar portion of

the megagametophyte, divide periclinally to produce two sister ce1ls
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of equal size (Figs. 28,2g). The inner derivative, adjacent to the

rnegagametophyte, exhibits an more electron-opaque cytoplasm. By the

early ce1lu1ar stages of rnegagametophyte development, the number of

periclinal divisíons of the inner integument epj-dermis, adjacent to

theeggapparatus,hasincreasedandmanyoftheinnerderivatives

show si-gns of degeneration (Fig. 43),

The early 4-nucleate megagametophyte contains pairs of sister

nuclei in close juxtaposition at both the micropylar (Fig. 27) and

chal:azal ends of the megagametophyte separated by a large central

vacuole (Fig. 25). Smaller vacuoles were distributed throughout t-he

cytoplasm around the nuclei(Fig . 27). There vr¡as no evidence of

Ínternuclear microtubules. The cytoplasm of the micropylar and

chalazal ends of the 4-nucleate megagametophyte is similar. Plastids

are more numerous but morphologically sirnilar and in the same

perinuclear location (Fig.27) as those found in the 2-nucleate

megagametophyte (Fig. 22). Replication of mitochondria is evident

(Fig. 27) and the morphology of the organelle is now slmilar to the

mitochondria of the adjacent inner integument ce1ls. osFecN staining

reveals numerous short strands of ER distributed throughout the

cytoplasm with connections to the nuclear envelope (Fig. 27).

Dictyosomes, active in vesicle production, are mainly located in the

peripheral regions, adjacent to the megagametophyte wall'

At the c'rla:,:aza:- end of the older 4-nucleate megagametophyte, the

sister nuclel become separated by a large vacuole (Fig.2B). Lrpid

bodies are more prevalent in both the micropylar (Fig. 29) and

chalazal (Fig. 28) ends of the megagametophyte. There is a significant

increase Ín the number of dictyosomes in the micropylar (Fig. 31 ) ,
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chalazaT (Fig.33) and lateral (Fig. 30) cytoplasm of the older

4-nucleate megagametophyte. Some of dictyosome vesicles appear to be

fusing with the wal1 of the megagametophyte and helical polysomes are

present in the parietal cytoplasm, between the megagametophyte wal1

and the central vacuole (Fig.30). At the 4-nucleate stage of

development, irregularly shaped, membrane-bound vesicles containing

tubular inclusions are often seen in close proximity to the

megagametophyte wal1 (Fig. 32). Serial sections show the plasma

membrane of the megagametophyte wal1 to be continuous with the

bounding membrane of the vesicle contai-ning the tubular inclusions

(Fig. 33). Plasmodesmata are occasionally found interconnecLing the

chaLazal regions of the megagametophyte with the nucellus (Fíg. 32).

(J) Eieht-nucleate Mesasametophvte

A third mitotic division produces the B-nucleate megagarnetophyte,

ultimately composed of three antipodal cells' a central ce11

containing two polar nuclei, and an egg apparatus consisting of two

synergids and an egg. Figures 34, 35, 36, 37 represent non-adjacent

serial sections through the youngesL B-nucleate megagametophyte

observed in this study. Three sma11 (5um x 6um) elliptical antipodal

nuclei occupy the chalazal end of the megagametophyte. Two of the

antipodal nuclei are in close juxtaposition and occupy the extreme

dna:'azal end of rhe megagametophyte (Fig. 34). The third antipodal

nucleus is in a slightly more micropylar position (Fig.35). The

spherical nuclei of the egg apparatus are located in the extreme

micropylar end of the megagametophyte and are slightly larger (B um)

than the antipodal nuclei. The two synergid nuclei (Figs.34,37) are

in juxtaposition, although, due to the plane of sectioning, this fact
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is nor evidenr in either micrograph. The egg (Fig.36) is slightly

chai'aza1 and lateral to the synergids and contains perinuclear

plastids. The two polar nucleÍ are the largest nuclei (9 um) Ín the

megagametophyte. Both polar nuclei are situated on the same side of

the megagametophyte central ce11, one near the antipodals (Fig. 34),

the other near the egg apparatus (Fig.35). The nucleí are separated

by a distance of approximately 20 um. The majority of the central ce11

is occupied by vacuole.

I{hen stained rn¡ith crystal violet (Figs. 34, 35, 36, 37) or

crystal violet-PAS (Fig. 38) and viewed with conventional brightfield

optics it is difficult to determine if the antipodals and egg

apparatus of the young B-nucleate megagametophyte are free-nuclear or

ce11u1ar. A faint boundary appears to separate one of the synergids

from the egg and central ce11 in figure 36. However, the

megagametophyte from an adjacent section, showing the other synergid,

two of the antipodals, and the polars (Fig.38), appears to be

free-nuc1ear. When this section was viewed with differential

interference contrast optics (Fig. 39), a definite partitioníng of the

antipodal and egg apparatus cytoplasms is evídent, suggesting the

presence of a ce1l wa11. A common wal1 separates the juxtaposed

antipodal nuclei and a convexly curved wa11 separates the antipodals

from the central cel1. The antipodals at this early stage of

development are approximately 15 um 1ong. The ce1l wall separating the

synergid from t.he central ce11 is convexly curved and extends from the

lateral to the central to micropylar end of the megagametophyte. The

point of attachment of the common synergid-central cell wall to the
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lateral edge of the megagametophyte is approximaLely 20 um from the

extreme micropylar end of the synergid ce11'

In an older megagametophyte the common cell walls of the

synergid-central ce11, egg-central cell' and synergid-egg are

PAS-positive (Fig. 41 ). In a slightly younger megagametophyte the

egg-central cell wa11, the egg*synergid wa1l and the synergid-central

ce1l wall nearest the lateral edge of the megagametophyte stain

orthochromatically with crystal violet, while the more centripetal

regions of these wa11s remain unstained (Fig' 40)'

The comrnon synergid-central cell wall of the older

megagametophyte in figure 41, extends laterally from the edge of the

megagametophyte and then chai.azaliry forming what is termed the

synergÍd hook. This synergid hook, located 20 um from the mícropylar

end of the synergid is also evident in the younger megagametophye in

figure 40. Both of these young synergids were approximately 25 utn

1ong. Continued chdrazal expansion of the synergid into the central

cel1 results in a pronounced sigmoid synergid hook region in slightly

older pre-anthesis megagametophytes (Figs ' 43' 47)' which is evident

at both the light and electron microscope 1evels in older

megagametophytes at anthesis (Figs. 78, 83), at post-anthesis (Figs'

101,135)andispresentinthepersistentanddegeneratesynergid

(Fig. 118, 119) following fettllization' In all of these older

megagametophytes the distance frorn the synergid hook to the mícropylar

end of the synergid is approximately 20 um'

similar to the synergid, the lateral extension of the young egg

ce11(Fig.40)followedbyachalazalexpansionoftheeggintothe

central cel1 produces an egg hook region (Fig. 4r). The egg hook is
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also evident in mature megagametophytes at anthesis (Fig.78, B3), at

post-anthesis, and is present in the zygote (Fig' I2I)' The common

wal1 between the antipodals and the central ce11 produces an antipodal

hook region (Fig . 43) which remains rudimentary due to the absence of

ce11 expansion by the antipodal ce11s during the later stages of

megagametogenesis .

At the ultrastructural 1evel, the common ce1l wal1 between the

synergid and egg, extending from the lateral wal1 of the young

cellular megagametophyte toward the central cel1, is of relatively

even thlckness, while the more centripetal regions of the wall are of

variable thickness and have a beaded appearance (Fig. 42). Tn this

centripetal region the wal1 often appears discontinuous and difficult

to díscern. strands of both egg and synergid ER fo11ow the contours of

the common cefl wall with some cisternae appressed to the egg and

synergid plasrna membranes. Díctyosomes, active in vesicle production,

are visible ín the synergid ce11 cytoplasm. However, the number of

dictyosomes present is appreciably less than in the older 4-nucleate

stage of megagametophyte development (Fig. 31 ). Microtubules are

present in the vacuolar region of the synergid, between the egg and

synergid nuclei (Fie. 42).

In s1íght1y older megagametophytes, the cell wa11s of the

antipodals (Fig. 46), the synergids (Figs' 47,48), and the egg

(Fig.aB) are more regular and the electron-transparent regi-on between

the common wa11 plasma membranes is wider. Plasmodesmata are a conmon

occurrence. They are most abundant in the antipodal cells and traverse

the cel1 walls between antipodal cells (Fig. 44,46), between the

antipodals and the central ce1l, and between the antipodals and the
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nucellus (Fig. 46). Plasmodesmata also traverse the common wal1s

between synergids (Fig.45), synergid and central ce11 (Fig. 47)' e88

and synergid, and the egg central cell particularly in the region of

the egg hook (Fig. 78). Plasmodesmata were not observed between the

inner integument and the egg' or between the inner integument and the

synergid.

cyrologically the antipodals (Fig . 46), synergids (Figs . 47 , 48),

egg (Fig.48) and central ce1l (Fie. 48,5I) of the young cel1u1ar

megagametophyte are very similar. The similarity in the composition

and distributÍon of organelles in the cells of the egg apparatus and

the central ce11 in the young pre-anthesís megagametophyte is evídent

in figure 48. Small vacuoles are present in the young egg, synergid

(Figs. 36,41) and al]tipodal (Fig 38) ce1ls. A distinctive feature of

all megagametophyte ce1ls at thÍs stage of development is the

pleiomorphic plastÍds that range in shape from spherical to elliptical

to allantoid. The allantoid plastid is up to 6 um long by 0.5 um wide

(Fig. 47,51). Serial secLions reveal that some of the spherical and

elliptical plastids are allantoid plastids in transverse view. The

plastid stroma is electron-opaque with weakly developed thylakoid

1amel1ae and is generally free of starch. Like the plastids, the

mitochondria of the young cel1ular megagametophyte range from

spherical to elliptical to allantoid (Figs. 47, 48, 51). Mitochondrial

cri-stae are well developed. Lipid bodies (Fig. 43), dÍctyosomes and

short strands of ER are distributed throughout the cytoplasms of the

egg, synergíds, Ðd antipodals (Figs. 46, 47, 48). The cytoplasm of

the central ce1l occupies a thin band between the large central

vacuole and the ce1ls of the egg apparatus ' the antipodals, and the
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lateral edges of the megagametophyte (Fig.43). The greatest abundance

of organelles occurs in the immediate vicinity of the two polar nuclei

located in the micropylar and chaLazal regions of the central cel1

(Figs. 43, 51). In older pre-anthesis megagametophytes' projections

begin to form on the lateral wal1 of the megagametophyte central ce1l

in the region of the synergid hook (Fig" 4B). There are numerous

dictyosomes, actj-ve in vesicle production, in the immediate vicinity

of the developing wa11 projections.

Following the cellularizaLíon of the megagametophyte, the two

polar nuclei migrate to the mid-region of the central ce11. In figure

43 the micropylar polar nucleus lies jmmediately adjacent the chalazal

tip of one of the synergids while the chalazal polar nucleus is

located in the mid-chalazal region of the central ce11. Figure 49

shows the spatial relationship of the chalazal polar nucleus to the

antipodals. Ivlicrotubules para11e1 to the long axis of the central ce11

are positioned in the central cel1 cytoplasm lateral and adjacent to

the chalazal- polar nucleus (Fígs. 50, 51). Spiral polysomes appear to

be associated with Lhe nuclear envelope (Fig.51). There are no

apparent microtubules associated with the micropylar polar nucleus ' fn

figure 52 two juxtaposed polar nuclei are located in the centre of the

vacuolate central cel1 cytoplasm' surrounded by PAS-positive starch

grar-ns.

Except for megagametophyte differences ' the external and internal

morphologies of the ovule at the earliest ce11ular stage of

development (Fig . 34) areyvry almost identical to the ovule following

the completion of the migration of the polar nuclei (Fig.52).
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II. MATURE OVULE

(A) Central Cell

The mature central ce1l, at anthesis, is devoid of the large

central vacuoles characteristic of the coenocytic and early ce1lular

stages of megagametophyte development. The central cell is composed of

a heterogeneous cytoplasm extending from Lhe egg apparatus to the

antipodals (Fig.53). A sma11 vacuolate region remains at the cha1.aza1-

end of the central ce11 adjacent to the antipodals (Figs.53,71).

A distínctive feature of the mature megagametophyte was the

presence of wa1l projections associated with the lateral wa11s of the

central ce1l, adjacent to the inner integument. A transverse section

of the megagametophyte, in the mid-region of the egg apparatus, shows

wa11 projections circumscribing the circumference of the central cell

(Fig. 79). The wall projections extend, in the longitudinal p1ane,

from the mid-region of the lateral central cell wa11, opposite the

polar nucleÍ (Figs.63,66), to the synergid and egg hook region of

the central ce11 (Figs . 78, 101 ). The distribution of wa11 projections

corresponds with the region of starch distribution in the integuments

(Figs.55,56). The wall projections are difficult to distinguish at

the 1evel of the light microscope where they appear as an indistinct

hazy Layer adjacent to the lateral wa11 of the central cel1 (Figs.55,

98). When stained with Calcofluor and viewed wÍth epifluorescence

optics under W light, the wal1 projections exhibit a positive but

weak fluorescense (Fig. 99). Ultrastructurally, the projections appear

as branched pegs often showing a laby¡j¡th appearance (Fig.56). The

tripartite plasma membrane of the central ce11 follows the contours of

the wall projections (Fig. 58). The wa11 projections contain numerous
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elecLron-opaque deposits embedded in a fibrillar matrix (Fig' 57)'

Occasionally, aggregations of tubules occur in regions of the wall

projections corresponding to electron-opaque deposits (Fig' 58)'

Presurnably these tubules were deposited or became entrapped during the

synthesisofthewallprojections.Theelectron-opaquedepositsmay

represent remnants of degenerate tubules ' An osmiophilic '

electron-opaque layer occurs as a more or less continuous boundary

between the central ce11, including the wa11 projections, and the

inner integument (Figs.56, 57, 58)' This boundary is continuous with

the electron-opaque cuticle of the inner integument epidermis in the

chalazaLregionsoftheovulelateraltotheantipodalsandthe

crrairazai_ nucellus (Fig. 77). There are gaps ín the cuticular layer

particularly in the micropylar region of the megagametophyte (Figs '

58,60).Atransversesectionofthecentralcell'stainedwiththe

Thiery PA-TCH-SP method to localize LoLaI insoluble carbohydrate'

resulted in an even distríbution of silver proteinate over the wa11

projections(Fig.59).Thedistributionofsílverproteinateoverthe

adjacentinnerintegumentwallexhibitsafibrillarpattern.

Centralcelldictyosomes,adjacenttoregionsofwallprojection

formation, show sÍ1ver proteinate deposits in the vesicles being

released from the maturing face (Fig' 61)' Control sections in which

\,úater was substituted for periodic acid show no deposition of silver

proteinate over the inner integument wa1l or the wa11 projections (Fig

60) or within the dictyosome vesicles (Fig' 62)'

The tvJo juxtaposed polar nuclei of the mature megagametophyte are

typically located in the micropylar central cel1 cytoplasm, adjacent

to the egg apparatus (Fig.55). At the ulLrastructural 1eve1 the polar
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nuclei, just prior to anthesis, exhibit slight undulations in the

nuclear envelope (Fig. 63). Mitochondria, sma1l vacuoles' lipÍd

bodies,

and long strands of ER 1ie between the two flat and appressed surfaces

of the polar nuclei. Serial sectlonj-ng revealed that partial fusion of

the two polar nuclei had occurred prior to anthesis, most probably

shortly after nuclear migratÍon during the young cellular stage of

megagametophyte development (Fig. 52). The union consists of a number

of narrow nuclear bridges where a continuity of nuclear envelopes and

nucleoplasms has been established between the two polar nuclei (Fig.

64). Strands of RER, located between the appressed faces of Lhe polar

nuclei, are connected to the outer nuclear envelope. Connections

between ER and the nuclear envelope of the non-appressed faces of the

polar nuclei were much less frequent.

Following anthesis the polar nuclei appear more labile and

contorted with numerous invaginat.ions and evaginations of the nuclear

envelope (Fig. 66). I,{ide cytoplasmi-c embayments, containing

organelles, occur between t.he polar nuclei. OsFeCN staining shows the

distribution of central cel1 ER. Following anthesis, the amount of

internuclear ER increases (Fig. 66) and this internuclear ER remains

attached to the outer membrane of the nuclear envelope (Fig. 65 ). Some

of the internuclear ER is aggregated into a conpact symmetrical. array

of tubular cisternae. Both surface and sectÍon views of the cisternae

are present in figure 65, allowing a three dimensional interpretation

of the aggregate. fn surface view the tubular ER appears as stellately

branched cisternae radiating around a circular perforation. In section

view, Lhe near perfect alignment of 22 of the stellate cisternae
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results in a straight cylindrical channel between the flat tubular

cisternae. The purpose of this symmetricaL artay of ER cisternae is

unclear.

Thepolarnucleiofunfertilizedmegagametophytesneverfuseto

a form a single fusion nucleus, but remain interconnected by nuclear

bridges and ER.

TheremainingERoftheosFeCN-stainedcentralcellis

distributed throughout the micropylar half of the ce1l from the

chaLazal region of the polar nuclei to the egg apparatus (FÍg' 66)'

MuchofthecentralcellERislamellatewithspiralpolysomes

occurring on the flattened membrane surface of the cisternae (Fig'

7O). Along the lateral wa1l of the central ce11, multiple sLrands of

the ER are associated with the central ce11 wal1 projections ' Large

numbersofbranchedERcísternaeareassociatedwiththecommon

egg-Centralcellwa11(Fie.67).TheERoftheadjacenteggcellis

not stained by the OsFecN treatment. Both rough and smooth ER are

present near the egg-central ce1l boundary (Fig'68) and in some

sections a definite continuity exists between the central cell plasma

membrane, adjacent to the egg cel1 and the smooth tubular ER of the

central ce1l. The tripartite plasma membranes of the egg and central

ce1l are similar to the tripartite membrane of the ER cisternae.

Priortoanthesis,centralcellplastidschangedfromthe

proplastid type, characteristic of the coenocytic and early cel1u1ar

megagametophyte, to elliptical chloroplasts with stacked thylakoid

lamellae(Fie.63).Theelectron-transparentregionswithinthe

chloroplast stroma are presumed to be starch. There are PAs-positive

grains within the plastids (Fig. 55) and chloroplasts within the
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central cell are distributed primarily in the region of the polar

nuclei (Figs. 55, 63,66, 84) and the synergid hook region of the egg

apparatus (Fig. 101).

Mitochondria are distributed throughout the central ce11, but are

mostabundantÍnthesynergidandegghookregionsofthecentral

ce1l, adjacent to the wa1l projections (Figs' 69' 78' 79)' Many of the

mitochondria in the latter regions are pleiomorphíc. The shape of the

mitochondria is often amoeboid with portions of the organelle wrapping

around pegs of wa1l projecLion material (Fig.69). The tubular cristae

are well developed and nucleoid regions containing fine stands of DNA

are visible in the matrix (Fig. 57)'

Lipid bodies are distributed throughout the central ce11 (Figs '

66,67) and electron-opaque microbodies (Figs' 63' 67' 70)' which were

rare in the central ce11 at the young ce11u1ar stage of development,

are abundant in the central cel1 cytoplasm at anthesis. In certai-n

sections the unit membrane of the microbody is appressed to the edge

of rhe lipid body (Fig.7O). The central cel1 in fÍgure 70 rvas fixed

by the osFecN method. The ER cisternae of the central cel1 are

unstained while the cisternae of the dictyosomes contain

electron-opaque deposits. The nucleoid regions of the mitochondria

appear electron-transparent after OsFeCN fixation'

(B) An tioodal Cells

The three antipodal ce11s, at anthesis, are slightly smaller than

they were following the initial cellularj.zation of the megagametophyte

(Fig 46) with the majority of the ce11 volume occupied by the nucleus

(Figs. 7I,74). The shape of the antipodal ce1l is conj-ca1 to

obdeltoid and the three ce1ls are in a triangular configuration at the
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extreme cha1azal end of the megagametophyte (Fig ' 71)' Because of the

triangular arrangement, the antipodals share common wa1ls with each

other and with the central cel1 and the chalazal nuce11us. The

electron-transparent wa11s of the mature antípodals have a wrinkled

appearance. Plasmodesmata are sti11 common between antipodal ce11s and

between the antipodal and central cells (Fig' 73), but were not

observedbetweentheantipodalsandt,henucellus.TheConmon

antipodal-central ce11 wall is somewhat irregular with numerous

evaginations of wall material on both the central cell and antipodal

ce11 side of the wa1l. \,rlhen staíned by Thiery PA-TCH-SP method , silver

proteinateisdistríbutedovertheentirewallincludingthe

evaginated regions (Fíg. 75). The sma1l vesicles at the maturíng face

of the antipodal dictyosomes are free of silver proteinate deposits'

The control section, in which water is substituted for periodlc acid '

is an adjacent serial section and shows no deposits of silver

proteinate over the antipodal cell wa11, evaginated regions, or

antipodal dictyosome vesicles (Fig ' 76)'

Todetectbetal,4glucans,theantipodalcellswerestained

with Calcofluor and viewed with fluorescence optics under UV light '

All antipodal ce11 wa1ls show an intense pale blue flourescence (Fig'

72).

OsFecN staining reveals an increase in the amount of antipodal

ce11 ER immediately prior to anthesis (Fig ' 74) ' The ER of the

adjacent central ce11 cytoplasm did not react to the OsFecN stain' The

ER of the antipodal ce11 is predominantly rough, whíle that of the

adjacent central cell region is predominantly srnooth (Fig.73)'
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Mitochondria with tubular cristae and dictyosomes are distributed

throughout the non-vacuolate antipodal cell cytoplasm (Fig. 74)'

At anthesis, the plastids of the antipodals' unlike the adjacent

central ce1l, maintain the proplastid morphology (Fig. 74)' Except for

the absence of the allantoid shape, Lhe starchless proplastid of the

matureantipodalissimilartotheproplastidoftheyoungcellular

megagametoPhYte (Fig. 46)'

Theantipodalsareephemeralcells.Alongwiththechal:azalr

nucellus (Fíg. 104), the antipodals show signs of degeneration soon

afteranthesis.FigureTTshowsaportionoftwoantipodalcellsthat

were fixed four hours after anthesis' Some of the ER has become

dilated and there are ER-derived, double membrane-bound inclusions '

similar to those in the prophase megasporocyte ce1l (Fig. 11)'

enclosing regions of antipodal cytoplasm' as well as plastids'

Dictyosomes are rare in the degenerating antipodal ce11'

(c) Eqs Apparatus - Position

The egg apparatus j-s composed of three ce1ls in a triangular

arrangement, the egg and two synergids, each 40-45 um long at maturity

(Figs.78,83,84).TheeggispyrÍformandattachedtothelateral

megagametophyte wa11 approximately 10 um from the extreme micropylar

end of the megagametophyte (Fig . 7B). Since the ce11s of the egg

apParaLusareofapproximatelythesamelength,thechalazalportion

of the egg extends beyond the chalazal portion of the synergids (Figs'

78,83,84,98,101).Thecontiguouswallbetweentheeggandthe

lateralregionofthenegagametophyteextendsforlessthanl0umto

the point where the common egg-central cell wa11 extends into the
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central cel1 forming the egg hook. The distance from the egg hook to

the extreme chalazal tip of the egg ís between 30 and 35 um.

The synergids are pyriform to ovoid with the proximal portion of

each synergid located in the extreme micropylar end of the

megagametophyte (Figs. 78, 83, 84), adjacent to the inner integument

micropyle (Figs. 101, 115). The contiguous wal1 between the synergid

and the lateral region of the megagametophyte extends nearly 20 um,

fro¡n the extreme micropylar end of the megagametophyte to a point

where the common synergid-central cel1 wa11 extends into the central

ce1l cytoplasm forrning the synergid hook (Fig' 78, 83' 84)' The

distance from the synergid hook to the extreme chalazal tip of the

synergid ranges from 20 to 25 um.

FigureB0,atthelightmicroscopelevelandfigureT9,atthe

ultrastructuraf leve1, represent transverse sections through the same

egg apparatus at the level of the synergid nuclei ' imrnediately

chalazal to the synergid and egg hook regions of the megagarnetophyte (

for a corresponding longitudinal orÍentation, see figure 78). In

transverse view, each synergid is oblong to elliptical with a long

axis of 20 um and a short axis of 1O um. The 12 0'c10ck - 6 0'c10ck

axis in figure BO is Lhe adaxial-abaxial sagittal plane of the mature

ovule. Thus, using the common wall between the two synergids as a

reference line, the two synergids are situated in the megagametophyte

at an angle of 45 degrees to the sagittal plane of the ovule. A

portion of the egg is in the lower right quadrant of figure B0 which

corresponds to the abaxial or funicular side of the megagametophyte'

Fj_gures 78 and 83 illustrate egg cel1s and figure I23 a zygoLe

positioned on the abaxial side of the megagametophyte ' nearest the
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funiculus. AdaxÍally located eggs, on the side of the megagametophyte

directed away from the funiculus also occur (Fig' 53' 104)'

illustratingthevariationofpositionoftheeggapparatuswithinthe

micropylar portion of the megagametophyte'

(D) Eee Appar atus - Cell I^Ia11s

There ís a common cell wall between the t\tlo synergid cells '

betweenthetwosynergidsandtheeggandbetweenallthreecellsof

the egg apparatus and the central ce11' The morphology of the ce1l

wa11 between contiguous ce1ls of the mature egg apparatus ' at

anthesis, lacks the uniformity of the cell wa11s of the young egg

apparatus shortly after the completion of megagametophyte

cellularization (Fíg. 48).

Thecommonsynergíd_synergidwallisthickestinthemicropylar

region of the megagametophyt'e where it is contiguous with the

digitate filíform apparatus of each synergid ( Fig. 84, 86, 9I, 92) ' A

wal1 of similar morphology separates the egg frorn the central cell in

the egg hook region, the synergid from the central cel1 in the

synergid hook region, and each synergid from the egg in the mi-cropylar

regions of these cells (Fig. 7B). These cofnmon walls consist of an

electron-transparent region separated by two plasma membranes. The

more chal aza! region of the common egg-synergid and synergid-central

ce1l wall is composed of, for the most part' two appressed plasma

membranes (Fig. 69,78,97). At the leve1 of the light microscope'

common wal1s of the egg apparatus are PAS-positive (Fig.84)' The

reaction of the contiguou s cha:razal wa11s between the egg and

synergids to the PAS stain is detectable but weak. Similarly, all

wa1ls of the egg apparatus show íntercellular deposits of silver
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proteinate when stained by the Thiery PA-TCH-SP method (Figs ' 87 , 89,

91, 95). controls, where water was substituted for periodic acid,

showed no deposition of si-lver proteinate in the intercellular ce11

wa1l regions (Fie. BB, 90 , 92, 96) .

Thecornmonwallbetweentheeggandcentralcell,isunique

within the mature megagametophyte. Beyond the egg hook region' the

contiguous egg-central ce1l wall consists of expanded ínterce11u1ar

regionscontainingelectron_opaquedepositssurroundingamore

fibrí11ar marrix (Fie. 78, 79, 101). The expanded regions of

egg-central cell wall material are not contínuous, but typically

alternate with narrow regions consisting of two appressed plasma

membranes(FÍg.68).Theultrastructuralmorphologyofthe

electron-opaque region varies from diffuse (Fig ' 69)' to elliptical

(Fj-g. 97), to regular deposits between para11e1 plasma membranes (Fig'

100). These elect.ron-opaque deposits stain orthochromatically with

crysral violer (Fig. 83). \,{hen stained by the Thiery PA-TCH-SP rnethod,

deposits of silver proteinate are found over the entire intercellular

region of the conmon egg-central cel1 wal1, including the regions of

electron-opaque material (Fig. 95). Control sections in which water

was substituted for silver proteinate, showed no silver proteinate

deposits over the intercellular regions of the common egg-central ce1l

wall (Fig. 96)

To detect beta-l,4-linked glucans, the ce1ls of the egg apparatus

were stained with calcofluor and viewed under uv 1ight. A weak, pale

blue fluorescence could only be detected in the more micropylar

regionsoftheeggapparatusincludingthecommonsynergid-synergid

wal1, the common wa11s in the regions of the egg and synergid hook,
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and in obliquely sectioned wa1ls between the egg and synergids (Figs'

gg, r15). There was no detectable fluorescence in the chaLazal wal1s

between the synergid and the egg or between the egg-central cel1'

(E\ Ege

At anthesis, the egg nucleus and the majority of the egg

cytoplasm are located in the turbinate chal azaL regron of the ce11

(Figs.83,78) with the micropylar two-thirds of the ce1l occupied by

vacuole (Frg. 104). Plastids are of the proplastid type \dith weakly

developedthylakoidlamellae,anelectron_opaquestromaand

efectron-transparent regions, presumed to be starch (Fig 97)' Thiery

PA-TCH-SP staíning shows silver proteinate deposits over the

electron-transparent region of the proplastid stroma (Fíg' 95)' The

control section, where water is substituted for periodic acid, shows

1itt1e deposition of silver proteinate over this region (Fig' 90)' The

plastids are located in the micropylar region of the egg (Fig' 78), in

the middle region of the egg adjacent to the large central vacuole

(Fig 78 ,7g), but are most abundant in the perínuclear chaLazal region

of the egg cel1 (Fig. 78, B4). Mitochondria are somev/hat rnore numerous

than plastids but exhíbit a similar distribution with the largest

numbers of mitochondria being perinuclear (Figs.78,100)' ER Ís not

well developed in the mature egg with only a few short strands of ER

cisternae present in the cytoplasm (Figs' 67' 97)' At no stage of

development did ER cisternae of the unfertilízed egg react positively

to OsFeCN staining. Lipid bodies are large' few in number' and

mainlylocatedwíthinthelargeeggvacuoleorinthemicropylar

regionoftheeggcell(Fig.78).DictyosomesareComposedof5_7

flattened cisternae that are relatively inactive in vesicle production
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(Fig. 100). When stained by the Thiery PA-TCH-SP method, there are no

silver proteinate deposits within the sma11 vesicles of the dictyosome

(Fig. 89) or in the dictyosome vesicles of the control where water was

substituted for silver proteinate (Fig. 90).

F S ner ds

The synergld nuclei, at anthesis (Figs. 78, 83, 84)' are

morphologically the same as in the young cellular megagametophyte

(Fig. 47), though in a slightly more chal-azal_ position. The synergid

nuclei remain in close juxtaposition separated by a ce11 wa11 (Fig.

80). Except for the absence of the allantoid shape, the proplastids of

the young synergid (Fig. 47) are similar to the proplastids of the

mature synergid at anthesis (Figs.78,79). The distribution of

plastids in the mature synergid is primarily perinuclear.

Electron-transparent regÍons within some synergiC proplastids (Fig.

79) are assumed to be starch. \dhen stained by the Thiery PA-TCH-SP

rnethod a central region of silver proteinate deposition, surrounded by

an electron-transparent region, is apparent (Fig. 87). The control

section, ín which water was substituted for periodic acid' is

virtually free of silver proteinate deposits (Fig. BB).

Irregularly shaped vacuoles occur in the micropylar (Fig . 78),

middle (Fig.79), and extreme chalazal regions (Fi-g.78) of the mature

synergid. Vacuoles never become a predominant component of the mature

synergid ce1l. Unlike the young synergid ce1l ( Fj_g.47), the amount

of stored lipid is markedly reduced in the mature synergid while the

number of microbodies present in the perinuclear cytoplasm has

increased (Fig. 79). The microbodíes do not appear to be associated

with a particular organelle.
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The mature synergid, when compared with the young synergid (Fig'

47), contains more mitochondria, RER, and dictyosomes (Fig.78,79,

82). The mitochondria are spherical to elliptical with well defined

tubular cristae (Fig. 82) and are di-stributed throughout the mature

synergid cel1 cytoplasm (Fig. 78)'

There is an extensive network of RER frorn the micropylar to the

mid-chalaza:- regions of the synergid ce11. strands of RER encircle the

synergid nucleus (Fig.78). fmmediately chaLazal to the nucleus, in a

region adjacent to the cofnmon synergid-synergid ce11 wa11, the RER

exhibits an unusually regular arrangement of parallel cisternae

intermixed with chloroplasts, mitochondria, and active dictyosomes

(Figs.79, 82). Smooth ER is also present but much less frequent' Tn

comparison to the RER cisternae, those of the smooth ER are narrow but

becomeincreasinglydilatedincertainregionsformingirregular

electron-transparent vacuoles (Fig . B2). Smooth ER cisternae are also

frequently found appressed to the chaLazal synergid plasma membrane of

the common synergid-egg wal1 (Fig. 101) and to the plasma membrane of

the common synergid-synergid wal1 (Fig' 82)'

Dictyosomes, active in vesicle production' are a prominent

component of the mature synergid cytoplasm (Figs.78,79, B2). The

distribution of dictyosomes is from the micropylar to the chalazal end

of the ce1l, with the greatest number occurrÍng in the perinuclear

region and to a lesser extenL the micropylar region of the cetl (Fig'

78). Each dictyosome is composed of 5-6 flattened cisternae with

disrincr forming (cis) and maturing (trans) faces (Fig. 81)' The unit

membrane of the individual cisterna is tripartite and there is an

increase in the electron-opacity of the cisternae from the forming to
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the maturing face of the dictyosome. Expanded vesicles with a

tripartite unit membrane are associated with peripheral regions of the

maturing face and exhibit a fibrillar content when stained with UA/Pb.

Often there is a close spatíal relationship between the forming face

of the dictyosome and adjacent cisternae of ER (Fig. 82) with

transition vesicles occurring between the Lwo organelles (Fig. Bi). At

the 1eve1 of the light microscope, dictyosomes are seen as sma11

basiophilic discs when stained with crystal violet (Fig. 83).

Mature synergids, at anthesis, were staj-ned by the Thiery

PA-TCH-SP merhod. Dicryosomes from the micropylar (Figs. 91, 93)

mídd1e (Fig. 87) and chalazal (Fig. 89) regions of the synergid showed

silver proteinaLe deposits within the vesicles at the maturing face of

the organelle while the vesicles at the forming face of dictyosomes

secLioned in the appropriate plane, showed an absence of silver

proteinate deposits (Figs. 87, 89, 91). Controls, in which periodic

acid was replaced by \dater, showed no silver proteinate deposition

within any of the dictyosome vesicles (Figs. BB, 90 , 92, 94) .

The most dístinctíve feature of the micropylar end of the mature

synergid is the filiform apparatus, an extensive labyrinth of wal1

material with digitate projections extending deep into the synergid

ce1l cytoplasm (Figs.85, 86). The filiform apparatus consists of a

core of electron-opaque material surrounded by a peripheral

electron-transparent zone adjacent to the synergid cell cytoplasm. The

cytoplasm adjacent to the digitate projections contains mainly ER,

mitochondria, and dictyosomes active in vesicle producLion (Figs. 86,

91). Llhen stained by the Thiery PA-TCH-SP method, there are deposits

of sí1ver protei-nate over the entire filiform apparatus, with the
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central zone of the digitate wa11 staining more intensely than the

peripheral zone immediately adjacent to the cytoplasm (Figs. 91, 93).

A plasma membrane, which follows the contours of the digitate

projections, is also stained by the Thiery method as are numerous

vesicles beÍng released from the maturing face of dictyosomes.

Spherical bodies, similar to dictyosome vesicles in size, morphology 
'

and Thiery stainíng intensity, appear to be fusing with the peripheral

regions of the filiform apparatus (Fig. 93). Narrow, finger-like

projections of the filiforn apparatus extend deep into the central

region of the synergid near the nucleus, and are sLained positively by

the Thiery PA-TCH-SP method (Ffg. 87). Control sections, where

periodic acid is replaced by water, show a virtual absence of silver

proteínate over the entire filiform apparatus as well as the

dictyosome vesícles, a¡rd the dictyosome-like vesÍcles fusing to the

peripheral walls (Figs . 94).

At anthesis, the filiform apparatus is PAS-positive (Fig. 84),

and shows an intense pale blue fluorescence when stained with

Calcofluor and viewed \,,¡ith fluorescence optics under UV light (Figs.

99, 115). After cellulase extraction, the filiform apparatus' egg

apparatus cel1 walls and the cell wa1ls of the inner and outer

integument no longer fluoresce when stained with calcoflour. h/hen

stained with alcian blue GX , the entire filiform apparatus, including

the centrally located, narrow, finger-1ike projections, and a portion

of the common synergid-synergid cel1 wa11 show a positive reaction for

acidic polysaccharides (Fig. 85)"

Both synergids, at anthesis, exhibit similar ultrastructural

morphologies and UA/Pb staining characterÍstics (Fig. 79). At the
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light microscope 1eve1, staining with cationic dyes such as crystal

violet (Fig. BO) and aniline blue black for total protein (Fie' Ba)

reveals a similarity between synergid cytoplasms. One of the two

synergids, from ovules fixed 24-36 hours after anthesis, shows a more

intense basiophilia when stained \.{ith crystal violet (Figs ' 98, 102) '

This intensely staining synergid is the incipient degenerate synergid'

The second synergid remains intact for some time following anthesis

andfor fertT:- lzation and is termed the persistent synergid. A

fluorescence microscope examination of aniline blue stained

stigma-style regions of the písti1s from which these ovules were

obtained, showed no evidence of pollen tube growth'

Figures 102 and 103 are light and electron micrographs of the

same egg apparatus obtained from non-adjacent serial sections' The

basiophilic, crystal violet stained synergid in figure 102 (tne

inclpient degenerate synergid) shows a electron-opaque cytosol when

stained \^/ith UA/Pb (Fig. 103). Organelles such as mitochondria'

dictyosomes, and ER show no sign of degeneration'

\,{hen treated with osFecN, the ER and nuclear envelope of the

persistent synergid stain positively while the ER and nuclear envelope

of the incipient degenerate synergid show no reaction (Fig ' 101 ) ' 0n1y

the m-Lcropylar half of the nuclear envelope and the ER between the

nucleus and the filiform apparatus of the persistent synergid (Fig'

86) accumulate electron-opaque deposits'

During the early stages of synergid degeneration there is a

marked hypertrophy of the ER network that encircles pockets of

cytoplasmic ribosomes (Fig. 106). Bound ribosomes on the surfaces of

the electron-opaque ER cisternae exhibit a distinctly beaded
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appearance. Mitochondríal profiles are recognizable, though there has

been a loss of mitochondrial membrane integríty. Dictyosome cisternae

are no longer visible but enlarged vesicles similar to the dictyosome

visicles of the intact synergid remain. The contents of these vesicles

are fibrillar and a bounding membrane is no longer visible. The

degenerate synergid collapses and shrinks markedly, parlicularly at

the chalazat tip (Fig. 104, 105). Following the collapse of the ce11,

the electron-transparent wal1 in the hook region of the degenerate

synergid takes on an irregular, wrinkled appearance (Fig. 105). The

common boundary betr¿een the degenerate synergid and the egg (Fig.105)

is virtually the same as the boundary between the intact synergid and

the egg at anthesis (Fig" 78) The micropylar portion of the degenerate

synergid-egg wa11 is electron-transparent while the chalazal region at

the junctíon of the degenerate synergid, egg, ând central ce11 is

devoid of electron-transparent wa11 material (Fig. 105)' and is

non-fluorescent when stained with Calcofluor and viewed with

epífluorescence optics under UV light (Fig. 99).

AL this post-anthesis stage of ovule development ' the

megagmetophyte consist.s of a central cel1 with two interconnected

polar nuclei, three degenerate antipodals, a degenerating chalazal

nuce11us, and an egg apparatus composed of a vacuolate e88, a

persistent synergíd, and a degenerate synergid. Figure 104 is an

overview of a fertile ovule at the post-anthesis stage of development

(The persistent synergid, polar nuclei, Ðd degenerate antipodals are

out of the plane of section). At the extreme chalaza of the nucellus a

persistent starch-storing region of nucellus does not degenerate but

remains intact. Thís region is Lhe incipient chaLazal proliferating
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tissue that undergoes further development during the early stages of

embryogenesis.

]II. FERTILI ZED OVULE

(A) Pollen Tube: Stiema to 0vu1e

Theportionofthepistildistaltotheovaryiscomposedofa

sLyleandaStigma(FÍe.109).Thestigmaticpapillaearehighly

vacuolate, obovate cells with a central nucleus. Between the stigmatic

papillae and the style is a narrow stigrnatÍc zone of small

Ísodiametric parenchyma ce1ls. The central core of the style is

occupied by the parenchymatous transmitting tissue ' which extends

through the style from the stignlâ to the replum of the ovary. Strands

ofvasculartissue,extendingfromtheovarytothebaseofthe

stigma, are located lateral to the transmiLting tissue'

The stigmas of flowers 24 hotts from anthesis were dusted with

pollen from compatible plants. The pistils of these flowers were 6-7

rnm long and the stigma of the pistil was near the 1eve1 of the four

longest stamens of the tetradynamous androecium (Fig. 116). The time

from pollination to the initial germinati-on of the po11en tube rvas

between 3 and 3.5 hours. The more vigorous po11en tubes had already

penetrated the narrow parenchyma zorle of the sLigma and entered the

transmitting tissue at 5 hours after pollination. Figure 110 is a

longitudinal view of the stigma and distal region of the style 5 hours

after pollínation. The fresh section was stained with aniline blue and

viewed with epifluorescence opLics under uv light. The callosic wa1ls

and plugs of the po11en tubes show a pale blue fluorescence that

contrasts with lhe deep blue autofluorescence of the adjacent

stígmatic, transmitting, and vascular tissues. The germinated po11en
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tubes do not appear to penetrate the stigmatic papillae but grow along

the lateral surface of the papillae before entering the narrow zone of

stigmatic parenchyma tissue (Fig. I12). The most vigorous pollen tubes

reach the mid-point of the style 6 hours after pollination.

The po11en tubes grow out of the cellular environment of the

stylar transmitting tissue into the two loculi of the ovary. \dithin

the ovary, the po11en tubes grow on the surface of the replum (Fig.

111) and fÍrst contact the ovule at the more proximal region of the

funiculus. The tissue in figure 111 was stained with aniline blue and

viewed with epifluorescence optics under blue 1ight. The callosic

walls and plugs of the pollen tubes fluoresce yellow ín contrast I^¡Íth

the red autofluorescence of chlorophyll within the ovule and replum

plastids.

Figure 115 shows the outer and ínner integument components of the

ovule micropyle between the funiculus-outer integurnent boundary and

the base of the synergid filiform apparatus. The po11en tubes grow

along the funiculus to the junction of the funiculus and outer

integument and enter the ovule by way of the curved outer integument

micropyle (Fig. 113) before penetrating the relatively straight inner

integument mícropyl-e that terminates at the base of the synergid (Fig.

1i4). The earliest evidence for the entrance of po11en tubes into the

outer integument micropyle occurred between 9.5 and 9.75 hours after

pollination under continuous light aL 22oC.

Figures 107 and 108 represent non-adjacent serial sections

through an ovule fixed 9.5 hours after pollination. The pollen tube

had penetrated the outer integument micropyle, but had yet to reach

the inner integument micropyle. At this stage, the megagametophyte
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consists of two interconnected polar nuclei in a non-vacuolate

heterogeneous central ce1l cytoplasm, an intact persistent synergid, a

degenerate synergid, a¡d a vacuolate egg' The egg nucleus has migrated

fromtheextremeclna1azaltiplocation,characteristicofthe

unpollinated egg following anthesis, to the middle region of the egg

cel1, immediately adjacent to the common degenerate synergid-egg wall

(Fie. i0B).

B enerate S ner id Po1len be Pene tion Dischar e

The early stages of po11en tube penetration into the

megagametophyte and the process of double fetLi-Jlzation were not

observed in this study. The evidence presented here represents

megagametophytes and zygotes from ovules that were fixed IB and 24

hours after pollination. It is not possible to discrirninate, purely on

external morphology, the first ovules to be penetrated by a pollen

t'ube(9-l0hoursafterpollination)frornthosepenetratedby

subsequent po11en tubes. For this reason the precíse time of

fertilization and the age of the z-ygole could not be determined'

ThepollentubefirstContactsthemegagametophyteatthebaseof

the filiform apparatus of the synergids (Fig' 7I7)' The ce11s of the

inner integument jmmediately adjacent to the po11en tube are intact

and show no sign of degeneration. OsFeCN staining shows an aggregation

of ER in the inner íntegument cel1s adjacent to the micropyle' The

po11en tube does not always take the most direct route to the base of

the degenerate synergid. Figure 119 shows a po11en tube that has grown

1atera1ly along the base of the persistent synergíd before entering

the degenerate sYnergid.
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The pollen tube penetrates the degenerate synergid through the

base of the filiform apparatus and grows chalazaLly within the

degenerate synergid, following the contours of Lhe cornmon degenerate

synergid-persístent synergid wa11 (Fig. 1iB). The wal1s of the pollen

tube are electron-opaque in contrasL to the electron-transparent

corunon wa11 between the synergid ce1ls and the filiform apparatus. The

pollen tube cel1 wal1 is PAS-positive (Fig. I23) and exhibits a weak

pale blue fluorescence when staíned with Calcofluor and viewed with

epifluorescence optics under W light (Fig. 722). The portion of the

pollen tube within the degenerate synergid appears collapsed following

po11en tube dÍscharge (Fig. 118) while those portíons outside the

degenerate synergid remain intact (Figs . I77 , II9 , 727 ). The majority

of the po11en tube outside the degenerate synergid is filled with a

flocculent material that is continuous with the po11en tube wa11 (Fig

777,119). This thickened region forms a plug which exhibits a strong

fluorescence when stained with aniline blue and viewed with

epifluorescence optics under uv light (Fig. 114). The po11en tube

grows to the mid-point of the degenerate synergid and discharges its

contents by means of a terminal pore (Fig. I20, I2I) . The organelles

of the penetrated degenerate synergid ín the immediate vicinity of the

terminal pore of the pollen tube show a lack of membrane integrity

(Fig. I20). However, profiles of identifiable ER and mitochondria with

long tubular cristae, similar to those seen in the unpenetrated

degenerate synergid (Fig. 106) are apparent in the cytoplasm. ft was

not poss1ble to ascertain whether these organelles originated from the

pollen tube or the synergid. There are numerous spherical particles

with an electron-transparent border around a fine granular,
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electron-opaque core present in the synergid cytoplasm. These

spherical particles are not present in the unpenetrated degenerate

synergid (Figs. 105, 106) and extend from the discharge pore of the

pollen tube to the chalazal Li_p of the degenerate synergid adjacent to

t.he common boundary between the degenerate synergid, central ce11, and

zygoLe (Fig. I2I) . This region of the degenerate synergid corresponds

to the region in the unfertilized egg apparatus where there is no

definite electron-transparent \{411 separating the egg from the

chalaza1- tip of the degenerate synergid (Figs.78,105). The cel1 wa1l

between the degenerate synergid and Lhe zygoLe, and the ce1l wa11 of

the synergid hook are markedly thickened (Fig. 721). Numerous

spheri-cal particles are in close proximity to the thickened porLions

of the synergid wa11 (Fig. 130).

(C) Zveote: Cytoplasm

There are marked changes in the egg ce11 following fertilization.

The large micropylar vacuole of the egg disappears and the length of

the ce11 is reduced to between 30-35 um (Figs. I2I, I23,726). In

contrast to the turbinate chalazal típ of the egg, the cha1-aza1- tip of

the zygote assumes an ampulliform shape. The zygote nucleus, like that

of the egg nucleus immedÍate1y prior to the arrival of the po11en tube

(Fig. 108), occupies the the middle region of the ce1l and, in one

zygote, the portion of the nucleus opposite the region of pollen tube

discharge in the degenerate synergid showed a sma1l elliptical island

of nuclear material separated from the main nuclear body by a band of

cytoplasm (Fig. I2I). Serial sections revealed that the sma11 island

of nuclear mat.erial is an invagination connected to the main body of

the nucleus by a narrow nuclear bridge (Fig. 130). The position of the
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invagination relative to the region of pollen tube díscharge in the

degenerate synergid (Fig.I2I) suggests that the invagination may

represent a late stage in nuclear fusion between the egg and sperm

nucleus. A nucleolar organizing region is evident in the zygoLe

nucleus (Fig. 130). The central ce11 of the megagametophyte in fígure

121 contained two endosperm nuclei suggesting that triple fusion and

the first mitotic division of the primary endosperm nucleus had

occurred.

A smal1 reniform, electron-opaque mitochondrion is appressed to

the nuclear envelope of the outer invaginated portion of the zygote

nucleus (Fig. 130). This reniform mitochondrion differs from Lhe other

spherical to elliptical mítochondria of the zygote which maintain the

general morphology of rhose found in the egg (Fig.78). Proplastids

are distribured Lhroughout the zygote (Fig. I2I, 126,130) and often

contain starch deposits. OsFeCN staining shows the distribution of

short strands of ER throughout the zygoie (Fig. 126). The strands of

ER are associated with ribosomes (Fig. 132) and the ER cisternae in

surface view show the presence of spiral polysomes (Fig.130). The

number and síze of 1Ípid bodies within the zygote ce11 increase

following fertTlization (Fig . 126). Dictyosomes are mainly associated

with the cell wal1 but are not highly active in vesicle production

(Fie. 130).

ote: Cel1 11D

In comparison to the egg (Figs.78,105)' the zygote wall is

markedly thíckened in the mícropylar and lateral regions of the cel1 '

The ampullÍform chalazal tip of the zygote ín figure 72I is relatively

thin-walled and the electron-opaque deposits of the cha1azal_ wal1 of
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the egg (Fig.78) are absent. The tip of the zygote is PAS-negative

whíle the micropylar and lateral regions of the zygoLe in figure 121

are PAS-positive (Fig. 123) and fluoresce a pale blue when stained

with calcofluor and viewed wjt-h IJV optics (Fig. 122). There is a

progressively weaker fluorescence from the mid-chalazal region of the

wall to the chalazaL típ. A glancing sectíon through the lateral wa11

of the ampulliform tip of the zygote shows the presence of numerous

microrubules immediately adjacent to the cel1 wa11 (Fig.124). The

majority of the mÍcrotubules were oriented with the long axis

perpendicular to the long axis of the zygote (Fig . 125) '

The zygote plasma membrane follows a relatively regular ce11 wal1

surface while on the central ce1l side, the cell wal1 surface is

irregular (Fig. I32). In seeds fixed wÍLh OsFeCN, the comrnon ce1l wall

between the zygote and the central ce11 is electron-opaque and there

are wide evaginated regions of wall material extending into the

central ce11 cytoplasm (Figs . 126, I29 ). The evaginated regions on the

central cel1 side of the conmon wa1l show a homogeneous

electron-opacity while Lhe adjacent thin regions of common wal1

exhibit a more granular electron-opacity. The region of the zygoLe

wa11 between the homogeneous electron-opaque evagination and the

zygoLe plasma membrane shows a similar granular electron-opacíty. Thís

narrow band of granular electron-opaque material probably represents

the newly synthesized wal1 material deposited by the zygoLe following

fertilization. The wide evaginated, homogeneous electron-opaque

regions of the zygoLe wal1 stain orthochromatically with crystal

violer (Fíg. I27). hlhen stained by the Thiery PA-TCH-SP method there

is an even deposition of silver proteinate over the entire zygote wall
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including the evaginated region (Fig. i28). The electron-transparent

zone adjacent to the zygote plasma membrane probably represents a

slight plasmolysis índuced during tissue preparation. The ER cisternae

and lipid droplets of the OsFeCN-fixed zygote show heavy deposition of

silver proteinate as do the starch grains of the central cell

chloroplasts. The control section, where water was substituted for

periodic acÍd, show deposition of silver proteinate over the ER

cisternae and lipid bodies, but none over the zygote ce11 wall or the

starch grain of the central ce11 plastid (Fig . I29 ). The

orthochromatic staining with crystal violet (Fig. I27 ) and homogeneous

electron-opacity of the evaginations (Fíg. 729) in the zygote-central

ce11 wall correspond to characteristÍc orthochromatic staining (Fig.

83) and electron-opaque deposits found in the expanded intercellular

regi-ons (Fig. 78) of the egg-central ce11 wall in the mature

megagametophyte at ant.hesis. Electron-transparent, membrane-bound

evaginations of the zygote plasma membrane are occasionally seen at

the chalazal tjp of the zygoEe (Fig. 129). These evaginations

generally contaj-n membranous inclusions.

(E) Persisten t Svnersid

Following ferLlTízation, the persisLent synergíd does not

degenerate but remains an intact cel1 (Fig. 118). In some fertilized

rnegagametophytes, the plasma membranes separating the persistent

synergid and central ce1l disappear resulting in a mixing of

persistent synergid and central ce11 cytoplasms. Figure 119 shows an

incomplete conmon persistent synergid-central ce11 wa11, containing

plasmodesmata, extending from the edge of the megagametophyte into the

central ce1l cytoplasm. Numerous central ce1l chloroplasts are
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Íntermixed with synergid proplastids in the region of the persistent

synergid filiform apparatus. The presence of central ce11-1ike wa1l

projections in the micropylar region of the persistent synergid

between ¡he common synergid-central ce1l wall and filiform apparatus

is noteworthY.

(F) Central Ce11

Following fer:=j:ízation, chloroplasts are aggregrated in the

nicropylar and perinuclear regions of the central cel1 and are

actively replicating at the two nucleate stage of endosperm

development (Fig. 133). The chloroplasts show well developed thylakoid

1amel1ae and numerous sLarch deposits within the stroma (Fig. 119,

133). There are numerous mitochondria, dictyosomes, lipid bodies, and

microbodies present throughout the central ce11 cytoplasm whi-ch,

except for the ER, is similar to the unfertÍlized central ce1l (Fig.

63). Much of the ER near the zygoLe i-s fragmented and has become

dilated (Fig.131). Spiral polysomes are attached to the surface of the

ER cisternae (Fig ,732).

Following ferLiLizatíon, the micropylar and mid-chalazaL regions

of the central ce1l become highly vacuolaLe (Fig. 723, 126, I27) with

some of the enlarging vacuoles occurring in close proximity to Lhe

conmon zygote-central cel1 wa11 (Figs. I29, 131, I32). The large

vacuole in figure 131, between Lhe zygote cell wa11 and the central

cel1 proplastid (of persistent synergid origin?) shows no apparent

connecti-ons to either the central cel1 plasma membrane or to adjacent

ER cisternae. However, in figure I32' a non-adjacent serial section,

there ís a defínite continuity beLween the central cell plasma

membrane and the bounding membrane of the central cell vacuole. In
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addition, the narrou/ strand of rough ER sandwiched between the

proplastid and the vacuole shows a continuity with the outer mernbrane

of the vacuole.

]V. NON_FERTILE OVULE

Ovules remain viable and are capable of being fertilized for a

period of approximately 72 hours following anthesis. At around 72

hours there is a rapid decline in ovule fertility. The pistil at this

time has increased Ín length to 11-13 mm and petal abscission is

commencing (Fig. 1i6).

In contrast to the mature fertile ovule (Fig. 104) the

non-fertíle ovule, 72 hours from anthesis, exhibÍts a large chalazal

vacuole that occupies the majority of the megagametophyte (Fig. 134).

The expansion of this vacuole is at the expense of the degenerate

chalazal nuce11us. The chaLazal proliferating tissue remains intact.

The egg apparatus, at this time, conslsts of two degenerate synergids

and an intact egg (Figs.135,136). At the 1eve1 of the light

microscope, the cytoplasm of both synergids stains intensely with

crystal violet (Fig. i36). There is no apparent ultrastructural

difference between Lhe two degenerate synergids (Fig. 135). The

chalazal region of one of the synergids, adjacent to the egg' has

become plasmolysed. Profiles of dilated ER, mitochondrÍa, vesicles,

and a nucleus are discernable in the degenerate synergid cytoplasm but

the integrity of organelle membranes has been, with the exception of

the mitochondrial cristae, lost (Fig. 139). There is a number of

electron-opaque deposits associated with Lhe nuclear envelope and the

outer membrane of the mitochondria. Both synergids resemble the

post-anthesis degenerate synergid of the mature megagametophyte prior
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to fert.ilization (Fig. 106) except for the absence of ribosomes

assocj-ated with the dilated ER. The filiform apparatus is

PAS-positive, except for a subulate zone at the micropylar end of the

two synergids (Fig. 136). Figure 135, which is an non-adjacent serial

section to Figure 136, shows, at the ultrastructural level, no

morphological or stainÍng differences between the subulate zone and

the rest of the filiform apparatus. Idhen stained with Calcofluor and

viewed with UV optics the entire filiform apparatus fluoresces a pale

blue (Fig. 137) as do the micropylar portion of the common wall

between the synergids and the wa1l in the region of the synergid hook.

The chalazal region of the egg of the non-fertile ovule, like that of

the fertile ovule (Fig. 99), is non-fluorescent (Fie. 737).

The egg of the non-fertile ovule shows 1itt1e sign of

degeneration (Fig. 135, 136) or structural modj-fication as compared to

the egg at anthesis (Fig. 78). The cytoplasms are similar wÍth regard

to the types and distributions of organelles, hov¿ever, as in the

zygoLe, there is a rnarked increase in lipid bodies (Ffg. 135). The

common wal1 between the egg and the central ce1l is similar to that of

the egg at anthesis (Fig. 7B). There is, however, a dilation of the

electron-transparent expanded ce11 wa1l and a corresponding irregular

undulation of the plasma membranes except in the region of the

electron-opaque deposits (Ffg. 138). Here, the plasma membranes are

straight and tightly appressed to the more regular electron-opaque

region of the wal1. These electron-opaque deposits, like the egg at

anLhesis (Fig" 83) stain orthochromatically with crystal violet (Fig.

136).
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Except for the large cha1azal vacuole, the central cell of the

non-fertile ovule (Fig.140,141) is sirnilar to the central cel1

following anthesis (Fig. 66). The two polar nuclei remain 1abi1e,

contorted, and interconnected by nuclear bridges and the type and

distribution of organelles remains for the most part unchanged

(Fig.140). A notable difference however, is the dilation of ER

cisternae, particularly in the wide cytoplasmic embayments between the

polar nuclei. Throughout the polar nuclear region of the central ce11

the dilated ER appears to be sequestering cytoplasm and organelles.

The chloroplasts maintain the stacked thylakoids characteristic

of plastids active in photosynthesis, but starch grains, present in

the chloroplasts of the unfertilized central ce11 at anthesis (Fig.

55,63), and in the central cel1 following fertilization (Figs.729,

133), are conspicuously absent from the central ce11 of the

non-fertj-le ovule (Fíg. 14I). In addition, PAS-positive starch grains

present in the integument region lateral to the central cell wa11

projections, the egg apparatus (Fig. 84) and the zygote (Fig. I2I,

123) have disappeared from the non-fertile ovule 72 hours after

anthesis (Fíg. 136). The egg and central ce1l of older ovules soon

degenerate, followed by a general yellowing and eventual degeneration

of the integumentary tissue.
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LEGEND

NOTE: the arrowhead adjacent to the figure number represents,
where applicable, the direction of the rnicropyle.

Figure 1. Light micrograph of a young ovary in cross-section. The
ovule primordium (0P) is trizonaLe. Zone 1 (protodermal
layer) and Zone 2 (subdermal layer) divide anticlinally;
Zone 3 exhibits anticlinal, periclinal, and oblique
divisions. Two replum primordia (RP) are situated
between the ovule primordia. CV. x480.

Figure 2. LÍght micrograph of an ovule primordium at the time of
integument intitiation. The three zones (7,2,3) of the
ovule primordíum that contribute to the formation of the
nucellus (N), chalaza (C), and funiculus (F) are clearly
visible. The inner integument initial j-s formed by an
oblique dÍvison of a protodermal ce11 (un1abel1ed arrow)
on t.he adaxial (Ad) side of the ovule adjacent to the
replum (R). The future region of outer integument (0I)
ini-tiation, on the adaxial side of the ovule pri-mordium,
and inner integument (II) initiation, on the abaxial
(Ab) side of the ovule primordium, are also visible.
PAS/ABB. x1090.

Figure 3. Light micrograph of an ovule showing a primary parietal
cel1 (PP) and a primary sporogenous ce1l (PSp), nucellus
(Nu) and funiculus (F). The cytoplasms of the two cel1s
are Íntensly stained by caLionic dyes and regions of
basiophilic heterochromatin (H) are visible in the
peripheral regions of the nucleus of the vacuolate (V)
primary sporogenous ce1l. The dermal and subdermal
initials of the outer integument (0I) are visible on the
adaxial (Ad) side of the ovule. CV. x990.

Figure 4. Light micrograph of an ovary in cross section showing
the centrally located, small, thin-wal1ed cells
(unlabelled arrow) of the replum (R) and an ovule (0v)
at the archesporial cell stage of development. CV. x630

Figure 5. Light micrograph of an ovule showÍng a hypoderrnal
archesporial cell (Ac), nucellus (Nu), chalaza (C), and
funiculus (F). The large nucleus of the archesporl-al
ce1l contains a prominent basiophilic nucleolus and
peripheral heterochromatin (H). The wedge-shaped inner
integument initials (unlabelled arrows) as well as Lhe
derrnal and subdermal initials of the outer integument
(0I) are visÍb1e on the adaxial (Ad) and abaxial (Ab)
side of the ovule. CV. x1070.
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Figure 6.

Figure 7.

Figure B.

Electron micrograph of the chaLazaL region of a primary
sporogenou" cull (PSp). The large nucleus of the primary

"ioto["nous 
cell exhibits nuclear pores (arrowheads) ' a

pto*ii.tt electron-opaque granular nucleolus (NL) and

ieripheral electron-òptqu" heterochromatin (H) ' The

iu.rrät.t" (V) cytoplasm contains inactive dictyosomes '
short stands of-ER, ER-derived microbodies (Mb)' and

[;iã bod:.es (L). The srarch conraining proplastids (p)
ar,ä sphetícal mitochondria (M) are simí1ar to those
found in the adjacent nucellus (Nu)' OsFeCN' UA/Pb'

x1 1 ,300.

Light micrograph of an ovule showing a hypodermal
megasporocyte ce11 (Ms) in mid-prophase of meiosis f '
lf.lã rr..flus (Nu), chalaza (C), and funiculus (F) ' The

nucleoplasm of the megasporocyte is non-basiophilic and

contains nucleoli (NL) and synaptonemal chromosomal

complexes (arrowheads). The cytoplasm of the
r"gå"po.ocyte is less intensely stained with cationic
ayã" ã" compared to the adjacent nucellus' The

*ådge-shapud inn"t integument initials (un1abe11ed

artã"s) ui" """n on the adaxial (Ad) and abaxial (Ab)

sides of the ovule. The dermal and subdermal initials of
the outer integument (OI) are seen on the adaxial side
of the ovu1e, proxirnal to the inner integument (II)'
x1070.

Light micrograph of an ovule showing a primary -parietal
."it (PP) aãd än enlarged megasporocyte ce1l (Ms)' The

region between the rnegasporocyte and the point of
inãertion of the innei integuments (TI), Lhe chaLaza

(C), is the expanded dnal.azal nucellus (CN)' Bifacial
àiíí"lon= of t¡e wedge-shaped apical initial (arrow)
give rise to a two-lãyered-inner integument' GMA' TB'

x1070.
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Figure 9. Electron micrograph of the mícropylar tip of the
nucellus (Nu) showing a primary parietal ce11 (PP) and
a megasporocyte cell (Ms) in mid-prophase of meiosis I.
The cytoplasm of the megasporocyte, as compared to the
adjacent nucellus, is more electron-transparent and
contains smaller, rod-shaped mitochondria (M). fn
contrast the mitochondria of the primary parietal ce1l
and adjacent nucellus are large and spherical. A double
membrane bound ínclusion (dmi) is located in the
micropylar region of the cel1. The electron-transparent
regions of megasporocyte cel1 wa1l (arrowheads) may
represent deposits of callose. UA/Pb. x5,800.

Figure 10. Electron micrograph of the chalazal end of a primary
sporogenous cefl (PSp) showing plasmodesmata
connections (pd) with the chalazal nuce11us. The
mitochondria (M) of the primary sporogenous cell are
typically spherical with a size range of 1-2 um. UA/Pb.
x 19 , 000.

Figure 11. Electron mícrograph of part of a megasporocyte ce1l
(M") showing a multÍple membrane bound inclusion (mmi)
composed of four unit membranes. Note the reduced
number of ribosomes in the multiple membrane bound
inclusion as compared to the surrounding cytoplasm and
the smal1 ( 1.0 X 0.5 um) rod-shaped mÍtochondrion (M).
uA/Pb. x26,000.
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Figure 12. Electron micrograph of the chalazal end of a
megasporocyte (Ms) in mid-prophase of meiosis I showing
a cytoplasm containing proplastids (P) without starch,
1ipíd bodies (L), di-ctyosomes (D), ER, and multiple
membrane bound ínclusions (mmi). The mitochondria (M)

appear condensed and rod-shaped. Occasional
plasmodesmata (pd) traverse the cel1 wal1 between the
megasporocyte and the chalazaf nucel1us. hlithin the
nucleus (N) there is synaptonemal chromosome complex
(un1abe11ed arrow) adjacent to a region of dilated
nuclear envelope (ne) containing electron-opaque,
membrane bound inclusions (arrowheads). OsFeCN. UA/Pb.
x6, 100.

Figure 13. Light mi-crograph of the chalazal dyad ce1l (CD)
following the completion of meiosis I. The micropylar
dyad cel1 (arrowhead) has degenerated. The majority of
the micropylar dyad ce11 is out of the plane of
section. GMA. TB. x1,070.

Figure 14. Light micrograph of the products of meiosis - the
triad. The second meiotic division of the chal.azal- dyad
cel1 is unequal producing a large chal.azal functional
megaspore (FM) and a smaller non-functional megaspore
(NM). Both cel1s contain large basiophilic nucleoli.
The mícropylar dyad ce11 (MD) has degenerated and the
adjacent hypodermal tissue of the nucellus (Nu) has
enlarged. CV. xI,2BO.

Figure 15 Light micrograph of the products of meiosis - the
triad. Fresh, whole mount of the ovule stained with
aniline blue and viewed with epifluorescence optics
under W 1ight. The ce11 wal1s between the functional
megaspore (FM) and the non-functional megaspore (NM)

and between the non-functional megaspore and the
micropylar dyad cell (MD) fluoresce a pale blue in
contrast to the surrounding nucellus. x1,070.
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Figure l6

Figure 17.

Light micrograph of an older functional megaspore (FM).
The older functional megaspore assumes an obdeltoid
shape and retains the prominent basiophilic nucleolus
seen j-n the young functional megaspore following
completion of meiosis. The chalazal hypodermal ce11s
remain intact. GMA. TB. x700.

Electron micrograph of a functional megaspore (FM). The
cytoplasm of the functional megaspore, as compared with
the prophase megasporoctye (Fig. 12), is richer in
ribosomes but sparcer in cytoplasmic organelles. The
plastids (P) are fewer in number and are relatively
undifferentiated wj-th an electron-transparent,
starch-free stroma. The mitochondria (M) are sma11 (0.5
- 1.0 um), spherical and exhibit an
electron-transparent matrix with poorly developed
cristae. The mitochondria of the adjacent nucellus (Nu)
are similar to those found Ín the nucellus prior to the
onset of mej-osis (Figs . 6, 9). Short strands of ER are
mainly associated with the peripheral regions of the
functional megaspore adjacent to the cel1 wal1. UA/Pb.
x7 ,600.
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Figure 18. Light mícrograph of an ovule at the functional
megaspore stage of development showing the nucellus
(Nu), chalaza (C), raphe (Ra), funiculus (F), outer
integument (0I), and inner integument (II). The adaxial
(Ad) sj-de of the outer integument, including the region
of outer integument contiguous with raphe (sma11
arrowheads), exhibits the greatest grol4Ith of all
integumentary tissues, and coupled with the arrested
growth of the outer integument on the abaxial (Ab)
side, produces an asymmetric curvature in the ovu1e.
This, coupled with the greater growth of the funi-culus
on the abaxial side (large arrowheads) as compared to
the adaxial side, results in a sigmoid ovule. By this
stage of development the nucellus is nearly enveloped
by the integuments. CV. x250.

Figure 19. Light micrograph of a possibly diplosporous, 2-nucleate
megagametophyte. The megagametophyte (Mg) occupies a
hypodermal position in the apical region of the
nucellus. The development of the inner (II) and outer
(0T) integuments is comparable to that at the
4-nucleate stage of megagametophyte development (Fig.
26). Cv. x430.

Figure 20. Light micrograph of an older 2-nucleate megagametophyte
derived from two non-adjacent serial sections. The
appearance of a large central vacuole (V) between the
two nuclei (N) coj-ncj-des with the micropylar expansion
of the megagametophyte. The lateral crescent-shaped
region (CR) is the remnant of the degenerate megapores
(arrows) and lateral hypodermal nucellus (arrowhead).
At this stage of development the nucellar epidermis (Nu
Ep) is still intact. CV. x850.

Figure 21. Light micrograph of a young obdeltoid 2-nucleate
megagametophyte. The two juxtaposed nuclei (N) are
flanked by sma11 parietal vacuoles. Micropylar to the
megagametophyte are two non-functional megaspores
(arrows) Ehat have degenerated, the lateral hypodermal
nucellus (arrowhead), and the enlarged micropylar
hypodermal nucellar tissue (Nu). The inner integumenLs
(II) have completely enveloped the nucellus, forming
the inner integument component of the mÍcropyle (Mi).
CV. x800.
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Fígure 22.

Figure 23.

Figure 24.

Electron micrograph of a young 2-nucleate
megagametopohyte. Each of the two juxtaposed nuclei (N)
exhibits wide nuclear pores (sma11 arrowheads) and are
circumscribed by starch-free plastids (P) and
mitochondria (M). The number of mitochondría and
plastids is greater than at the functional megaspore
stage (Fie. 17). There is evidence of plastid
replication (1arge arrowhead). The internuclear region
conLains short strands of ER, lipid bodies (L) and the
occasional dictyosome (D). There is a small vacuole (V)
in the cha,,azal_ cytoplasm. UA/Pb. x5,2O0.

Electron micrograph of the internuclear region of a
young 2-nucleate megagametophyte. There are numerous
microtubules (arrowheads) between the two nucleí (N)'
ori-ented para11el to the long axis of the ce1l. Some of
the microtubules appear to be associated with
dictyosome (D) vesicles (arrow). The rnitochondria (M)

appear similar to those of the functional megaspore
(Fig. 17). UA/Pb. x27,700.

Electron micrograph of a possibly diplosporous,
hypodermal 2-nucleate megagametophyte in the extreme
micropylar region of the nucellus (Nu). Vacuoles (V)
appear to be coalescing between the two nuclei (N). The
numbers and distribution of plastids (P) and
mitochondria (M) are simílar to the 2-nucleate
megagametophyte in figure 22. There is a high content
of lipid bodies (L). Sorne lipid bodies appear to be

associated with vacuoles (arrowhead). UA/Pb. x5,900.
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Figure 25.

Figure 26.

Electron micrograph of a young 4-nucleate
megagametophyte. Two of the four nucleÍ (N) are
separated by a large central vacuole. The micropylar
and lateral nucellar epidermis (Nu Ep) has degenerated
and the lateral crescent shaped region (CR) of
degenerate megaspores and lateral hypodermal nucellus
is evident. The outer tangential wa1l of the inner
integument (II) possesses a relatively thick,
osmiophilic electon-opaque cuticle (C"). Thin
anticlinal wa1ls of the lateral j-nner integument
epidermis (arrowheads) suggests the occurrence of
anticlinal cell divisions within this tissue concurrent
with the expansion of the megagametophyte. There is an
accumulation of starch (St) in the micropylar and
lateral integument cells. OSFeCN. UA/Pb. x2,40O.

Light micrograph of an ovary showing a saglttal section
through an ovule, including the raphe (Ra) and
funiculus (F), at the 4-nucleate stage of
megagametophyte development and a second ovule in a
cross-section view. The central cells (arrowhead) of
the replum (R) develop thick, PAS positive, unlignified
cell wa11s. Between these ce1ls and the lateral
vascular bundle (Vb) of the ovary is a region of
parenchyma cel1s containing PAS positive starch (St).
The proximal region of the inner inLegument (II) has
become 3-4 layered (un1abe11ed arrow), an inner
integument basal body (Bb) has begun to develop, and
PAS positive starcn (St) accumulates in the region of
the inner integument lateral to the 4-nucleate
megagametophyte (Mg). By this stage of development the
outer integument (0I) component of the micropyle (Mi)
has been formed. The ovule (0u), in the adjacent
loculus of the ovary, represent.s a cross-sectíon
through the inner and outer integuments at the
micropylar region of the ovu1e. PAS/CV. x280.
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Figure 27.

Figure 28.

Electron micrograph of the micropylar region of a young
4-nucleate megagametophyte. Short strands of ER are
distributed throughout the megagametophyte and there
are ER connections (smal1 arrowhead) to the nuclear
envelope of one of the two juxtaposed nuclei (N).
Plastids (P) are generally free of starch and are
prirnarily located in the vícinity of the nuclei.
Mitochondria (M) are distributed throughout the
megagametophyte. They have well defi-ned cristae,
similar to the mitochondria (M) of the inner integument
(II) and they show evidence of replication (1arge
arrowhead). Dictyosomes (D), active in vesicle
production, appear to be confíned to the regions
adjacent to the megagametophyte wal1. OsFeCN. UA/Pb.
x10,400.

Electron micrograph showing an overview of an older
4-nucleate negagametophyte (Mg). The sister nuclei (N)
at the chaLazal (C) end of the megagametophyte have
been separated by a vacuole (V) and lipid bodies have
accumulaLed in the adjacent cytoplasm. Certain cells of
the Ínner integument epidermis (lT Ep) in the
micropylar region of the ovu1e, adjacent to the
megagametophyte, have divided periclinally (arrow).
uAlPb , x7 ,760.
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Figure 29.

Figure 30.

Electron micrograph of the micropylar region of an

older 4-nucleate megagametophyte. The cytoplasm is
similar to that of the younger 4-nucleate
megagametophyte wÍth regard to the numbers and
¿iitribution of ER, mitochondria (M), and plastids (P).
However, there is a marked increase in dictyosomes (D)
and lipid bodies (L). An electron-opaque cuticle (Cu)
is present between the inner integument and the
megagametophyte. A ce1l of the inner integument
epidermis (II Ep) has divided peric1ina11y. The inner
derivative, adjacent to the megagametophyte, is more
electron-opaque. UA/Pb. x5,300.

Electron micrograph of the lateral region of an older
4-nucleate megagametophyte. Helical polysomes
(arrowheads) and dictyosomes (D) active in vesicle
production are present in the peripheral cytoplasm.
Some of the dictyosome vesicles appear to be fusing
with the megagametophyte wall (Mg\'{). The
electron-opaque cuticle layer (Cu) is discontinuous.
uA/Pb. x39,600.

Figure 31. Electron micrograph of the mícropylar region of an
older 4-nucleate megagametophyte. Numerous dictyosomes
(D), active in vesicle (Dv) productiotl, are present in
the cytoplasm. UA/Pb. xI9,600.
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FÍgure 32. Electron micrograph of the chalazal region of an older
4-nucleate megagametophyte. Plasmodesmata (pd) traverse
the wa1l beLween the chalazal nucellus (CN) and the
megagametophyte (Mg). A membrane-bound vesicle
containing tubular inclusions (Ti) lies adjacent to the
megagametophyte wal1. UA/Pb . x4,720.

Figure 33.

Figures 34

Figure 34.

Electron micrograph of the chalazal region of an older
4-nucleate megagametophyte (Mg). The sectíon is serial
to the section in figure 32. The plasma membrane (pm)
of the megagametophyte wal1 appears continuous with the
bounding membrane of the vesicle containing the tubular
inclusions (Tl). Dictyosomes (D), active in vesicle
production, are present in the chalazal cyLoplasm of
the megagametophyte. UA/Pb. x4,720.

to 37 represent non-adjacent serial sectíons through
the young B-nucleate megagametophyte of the ovule in
figure 34.

Light micrograph of an ovule showing a young B-nucleate
megagametophyte (Mg), the outer (0I) and inner (II)
integuments, the inner integument basal body (Bb), the
chaLazal nucellus (CN), the raphe (Ra), and the outer
integument portion of the micropyle (Mi). Two
juxtaposed antipodal nuclei (A) are present in the
chal.azal region, a synergid nucleus (S) is present in
micropylar region, and Lwo polar nuclei (PN) are
present in the central region of the megagametophyte.
CV. x500.
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Figure 35. Light micrograph of the B-nucleate megagametophyte
showi-ng two polar nuclei (PN) in the lateral region of
the central cel1 (CC) cytoplasm and a chal'azal
antipodal nucleus (A) that i-s micropylar to the two
antipodal nuclei shown in figures 34 and 38. CV. x750.

Figure 36. Light micrograph of the B-nucleate megagametophyte
showing a portion of the vacuolate synergÍd (S) and the
adjacent egg nucleus (E) surrounded by perinuclear
plastids (P). A faint boundary (arrowhead) appears to
separate the synergÍd from the egg and from the central
cell. CV. x750.

Figure 37. Light micrograph of the B-nucleate megagametophyte
showing the nucleus of the synergid (S) in figure 36.
CV. x75O.

Figure 38. Light micrograph of the B-nucleate megagametophyte in
figure 34, counter-stained r^¡ith PAS. Two juxtaposed
antipodal nuclei (A) are present in the chal,azal-
region, a synergid nucleus (S) is present in the
micropylar region, and two polar nuclei (PN) are
present in the central ce11 (CC) region of the
megagametophyte. The megagametophyte appears to be
free-nuclear. The integument starch (St) is PAS
positive. PAS/CV. x750.

Figure 39. Light mJ-crograph of the B-nucleate megagametophyLe in
figure 38, viewed with different.ial interference
contrast optics. A definite partitioning of the
antipodal and egg apparatus cytoplasms is evident,
suggesting the presence of a cell wa1l. A common wall
(1arge arrowhead) separates the juxtaposed antipodal
nuclei- (A) and a convexly curved wa11 (small arrowhead)
separates the antipodals from the central cell (CC).
The antipodals at this early stage of development are
approximately 15 um 1ong. The ce11 wall (unlabe11ed
arrows) separating the synergid from the central ce1l
is convexly curved and extends from the lateral to the
central to micropylar end of the rnegagametophyte. The
point of attachment of the common synergid-central cell
wa1l to the lateral edge of the megagametophyte is
approximately 20 um from the extreme micropylar end of
the synergid ce11 (between large arrows). x800.
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Figure 40. Light micrograph of a young egg apparatus showing an
egg (E) and a synergid (S). The egg-central ce11 wal1,
the egg-synergid wall and the synergid-central ce1l
wa11 nearest the lateral edge of the megagametophyte
stain orthochromatically with crystal violet
(arrowheads), while the more centripetal regÍons of
these wa11s remain unstained. The synergid-central cell
wall extending from the lateral megagametophyte wa11
shows the initial formation of the synergid hook (Sh).
CV. xI,260.

Figure 41. Light micrograph of a young egg apparatus. In a
slightly older egg apparatus to that in figure 40, the
conmon ce1l wa1ls of the synergid-central ce11,
egg-central ce11, and synergid-egg are PAS positive.
The egg (E) and synergid (S) cel1s have expanded
chalazally into the central cel1 (CC), accentuating the
synergid hook (Sh) and egg hook (Eh) regions. PAS/CV.
xl,270,
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Figure 42. Electron micrograph of a young egg apparatus. The
conmon cell wal1 between the synergid (S) and egg (E),
extending from the lateral wal1 (Mghl) of the young
cellular megagametophyte toward the central ce1l (CC) 

'is of relatively even thickness (1arge arrowhead),
while the more centri-peta1 regions of the wall are of
variable thickness and have a beaded appearance (smal1
arrowheads). In this centripetal region, the wal1 often
appears discontinuous and difficult to discern. Strands
of both egg and synergid ER follow the contours of the
common cel1 wall with some cisternae appressed to the
plasma membranes (pm) of the egg and synergid.
Dictyosomes (D), active in vesicle production, are
visible in the synergid ce1l cytoplasm. Microtubules
(mt) are present in the vacuole region of the synergid,
between the egg and synergid nuclei (N). UA/Pb.
x20 ,000.

Figure 43. Electron micrograph of a young B-nucleate
megagametophyte showing two synergids (S)' two
antipodals (A), and the edges of two polar nuclei (PN).
The cytoplasm of the central cell (CC) occupies a thin
band between the large central vacuole (V) and the
cel1s of the egg apparatus, the antipodals, and the
lateral edges of the megagametophyte. One of the
synergids exhibits a distinctly sigmoid synergid hook
(Sh). Lipid bodies (L) are present in the synergids,
antipodals, and the central cel1 and there is starch
(St) in the lateral and micropylar regions of the
Ínteguments. The epiderrnal ce11s of the inner
integument, adjacent to the egg apparatus, have
undergone periclinal divisions (unlabe11ed arrows).
uA/Pb. x1,900.

Figure 44. Blectron micrograph showing a surface view of the
conmon cell wall (cw) between two antipodal cel1s (A).
There are numerous plasmodesmata (pd) traversing the
ce11 wa11. UA/Pb. x45,400.

Figure 45. Electron nr-icrograph of common cel1 wa11 between two
young juxtaposed synergid (S) nuclei (N). Plasmodesmata
(pd) interconnect the cytoplasms of the two ce11s and
there are cisternae of ER in close proxirnity to the
ce1l wal1 (cw) and plasmodesrnata. UA/Pb. x45,400.
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Figure 46. Electron micrograph of two young antipodal ce1ls (A).
The ce1l wa1ls (cw) between the antipodal ce1ls,
between the antipodals and Lhe central ce11 (CC), and
between the antipodals and the chai-.azal- nucellus are
electron-transparent and traversed by plasmodesmata
(pd). Lipid bodies (L) are common in both the antipodal
and central cel1 cytoplasms. The young antipodals
contain nritochondria (M), plastids (P), dictyosomes
(D), and ER. UA/Pd. x5,300.

Figure 47. Electron mÍcrograph of two young synergid ce11s (S).
The cel1 walls (c") between the synergid cells, and
between the synergid and central ce1I (CC) are
electron-transparent wÍth plasmodestmata (pd)
traversing the wa11 between the synergid and the
central ce11. Continued expansion of the synergid into
the central ce1l results in a sigmoid synergid hook
(Sh). The synergids contain lipid bodíes (L), ER, and
dictyosornes (D) and distinctive allantoid plastids (P)
and ¡nitochondria (M). UA/Pb. x6,500.
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Figure 48. Electron micrograph of the cha1*azal- portion of a young
egg apparatus. The cytoplasms of the young egg (E)'
synergids (S), and the central ce1l are very similar
with respect to organelle frequencies and morphologies.
The allantoid plastids (P) are free of starch and the
elliptical to allantoid mitochondrj-a (M) exhibit well
developed tubular cristae. Strands of ER permeate the
cytoplasms. Dictyosomes (D) are conmon in all three
ce1ls. I^1a11 projections (hlp) are beginning to form
along the lateral central cell wa11 in the vicinity of
the egg apparatus. There are numerous dictyosomes'
active in vesicle production, in close proximity to
developing wa11 projections. All the ce11 wa11s (cw) of
the young egg apparatus are similar in terms of
thickness and elecLron-transparency. UA/Pb. x10,300.
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Figure 49. Electron micrograph of the chalazal region of a young
ce11ular megagametophyte showíng the spatial
relationship between the chalazal polar nucleus (PN)

and the antipodals (A). UA/Pb. x2,900.

Figure 50. Electron micrograph of the cenLral cell cytoplasm,
between the central cel1 vacuole and the chaLazal polar
nucleus (PN). There are numerous microtubules
(arrowheads) with there long axes para11e1 to the long
axis of the central cel1 positioned in the central ce1l
cytoplasm lateral and adjacent to the chalazal polar
nucleus. UA/Pb . x7,9o0,

Figure 51. Electron micrograph of the chalazal polar nucleus (PN).
The perinuclear cytoplasm consists of dictyosomes (D),
branched tubular smooth ER, and allantoid shaped
mitochondria (M) and plastids (P). Microtubules (mt)
are positioned on either side of the polar nucleus
(PN): There are spiral polysomes (arrowhead) associated
wíth the nuclear envelope which is also perforated by

nuclear pores (un1abel1ed arrows). UA/Pb. xI4,400.
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Figure 52.

Figure 53.

Figure 54.

Light micrograph of an ovule showing a young ce11u1ar
megagametophyte following the rnigration of the polar
nuclei (PN). The two polar nuclei are appressed in the
vacuolate central ce11 cytoplasm and surrounded by
plastids containing PAS positive starch (St). Starch is
common in the micropylar regions of both the inner (II)
and outer (0I) integuments and in the proxÍma1 region
of the funiculus (F). The inner integument basal body
(Bb) and a portion of the chaTazal nucellus are
visible. A single synergid (S) and two antipodals (A)
are also visible in the micropylar and chalazal regions
of the megagametophyte. PAS/CV. x400.

Light rni-crograph showing an overview of the mature
ovule at anthesis. The micrograph is derived from two
non-adjacent serial sections. The proximal region of
the outer integument (0I) is four-layered at anthesis.
The inner integument basal body (Bb) has expanded into
the chalazal nucellus (CN) and Lhe ce11s of the inner
integument, bordering the chalazal nucellus show a
marked radial expansion. The micropylar regions of the
integuments are rich in starch (St). The antipodals (A)
are basiophí1ic and the cenLral ce11 containing the
polar nuclei (PN) has lost the large central vacuole. A

mature synergid (S) and the egg (E) are visible in the
micropylar region of megagametophyte. PAS/CV. x400.

Light micrograph of the raphe (Ra) region of a mature
ovule at anthesis. Mature tracheary elements of xylem
(xy) and sieve elements of phloem (Ph) terminate in the
raphe region of the ovule at the base of the chalazal
nucellus (CN). The base of the chalazal nucellus, whích
r+i11 form the future chal,azal proliferating tissue,
contains starch as does the vacuolate, subepidermal
parenchyma of the raphe (arrowheads) between the
proximal region of the outer integument and the
funiculus PAS/CV. x500.
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Figures 55-57. Mature central cell at anthesis

Figure 55. LÍght micrograph of the nature central cel1. The polar
nucleí (PN) are tightly appressed and surrounded by
starch (St) contaÍning plastids. The inner (II) and
outer (0I) integuments contain starch to the 1eve1 of
the polar nuclei which corresponds to the distribution
of central cell wa1l projections. The central ce1l wal1
projections appear as a hazy band (arrowheads) along
the inner integument-central cel1 boundary. A

transparent, crescent-shaped regÍon (CR) is present in
the chalazal_ region of the central cell. The cytoplasm
of the central ce1l stains more íntensely for protein
than the adjacent cel1s of the inner integument.
PAS/ABB. xl ,150.

Figure 56. Electron micrograph of the boundary between the central
cell and the inner integument at the level of the polar
nuclei. Central ce11 wall projections (ldp) exhibit a

labyrinth appearance. The distribution of wa11
projections coincides with the distribution of
integument starch (St). Plastids (P) and mitochondria
(M) in close proximi-ty to the wa11 projections are
present in the central cel1. An electron-opaque cuticle
(Cu) separates the inner integument (IT) from the
central ce11 (CC) UA/Pb. x6,700.

Figure 57. Electron micrograph of the central ce1l wall
projections. Central celf mitochondria (M), containing
fibrils of DNA in the nucleoid region (unlabelled
arrow), adjacenL to the wall projections (\dp)
contaj-ning electron-opaque deposits. The cuticle (Cu)
is continuous. uA/Pb. x42,000.

Figure 58. Electron micrograph of the central ce1l wal1
projections. A tripartite plasma membrane (pm) follows
the contours of the wa11 projections (Wp). There are
aggregations of tubular inclusj-ons (Ti) between the
discoñtinuous cuticle and the wa1l projections. UA/Pb.
x42,O00.
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Figures 59-63. Mature central cel1 at anthesis.

Figure 59. Electron micrograph of the central cel1 wa11
projections - Thiery test. There are deposits of sílver
proteinate over the wall projections (tdp) and the inner
integument (II) wal1. PA-TCH-SP. x26,900.

Figure 60.

Figure 61.

Electron micrograph of the central cell wall
projections - Thiery control. There are no deposits of
silver proteinate over the wall proiections (ldp) or the
Ínner integument (II) wall. H2O-TCH-SP. x26,900.

Electron micrograph of dictyosomes adjacent to the
central ce11 wa1l projections - Thiery test. There are
deposits of silver proteinate within the vesicles
(sma1l arrowheads) being released from the maturing
face (mf) of the dictyosome (D). Some of these vesicles
(large arrowheads) appear to be fusing with the
megagametophyte wa11 (MgW) and contributing to the
formation of the wall projections (Wp). PA-TCH-SP.
x50,600.

Figure 62. Electron micrograph of dictyosomes adjacent to the
central cell wal1 projections - Thj-ery control. There
are no deposits of silver proteinate within the
dictyosome (D) vesicles (arrowheads). H2O-TCH-SP.
x50 ,600.

Figure 63. Electron micrograph of the polar nuclei and adjacent
central ce11 cytoplasm. Mitochondria (M), ER, and lipid
bodies (L) become entrapped between the two appressed
faces of the polar nuclei (PN). Chloroplasts (P) with
starch deposits (St), sma1l vacuoles (V), and
microbodies (Mb) occur in the central ce11 (CC)
cytoplasm adjacent to the polar nuclei and wa11
projections (tdp). UA/Pb. x8,500.
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Figure 64.

Figure 65.

Figure 66.

Electron micrograph showing Èhe partial fusion of the
two polar nuclei prior to anthesis. The nuclear
envelopes (ne) of the two polar nuclei (PN) uníte
forming a narrow nuclear bridge (nb). Strands of RER

.te connected to the nuclear envelope. UA/Pb. x35,300

Electron micrograph of an aggregation of ER in the
cytoplasmic embayments between the post anthesis polar
nuclei (PN). In surface view the tubular ER appears as
stellately branched cisternae (large arrowhead)
radiating around a circular perforation. In sectional
view the alignment of the stellate cisternae results in
a straight cylindrical channel (unlabelled arrow)
between the flat tubular cisternae (small arrowhead).
The are nuclear pores (np) in the nuclear envelope
(ne). 0sFeCN. UA/Pb. x15,700.

Electron micrograph of a post-anthesis central cell.
The polar nuclei (PN) appear 1abi1e with wide
cytoplasmic embayments (large arrowhead) containing
oigaàelles and a symmetrical aggregation of ER (smal1
arrowhead) shown in more detail in figure 65. ER is
disLributed throughout the micropylar portion of the
central ce1l (CC) and is associated with the wal1
projections (hlp) and the egg-central ce11 boundary
(unlabelled ariow). There are chloroplasts (P),
mitochondria (M), dictyosomes (D), and lipid bodies (L)
throughout the central ce1l. 0sFeCN. UA/Pb. x6,300.
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Fígure 67. Electron micrograph of the chalazaT boundary between
rhe egg (E) and cenrral ce1l (CC). Portions of branched
central ce1l ER, containing electron-opaque deposits,
are associated with the conmon egg-central cel1 wall
(arrowheads) that is also stained by the OsFeCN method.
The egg contains short strands of ER that are not
stained by OsFeCN. OsFeCN. UA/Pb. x23,000.

Figure 68. Electron micrograph of the chaLazaL boundary between
the egg (E) a¡d central cell (CC). This boundary
cons:-Áis of regions of expanded cel1 wa11 (ecw) that
alternate wÍth narrower regions of cel1 wal1 between
the tripartite plasma membranes (pm) of the egg and
central ce11. There is continuiLy between the tubular
smooth ER (arrowhead) and the plasma membrane of the
central ce1l. Note the similarity between the
tripartÍte plasma rnembranes of the egg and central ceIl
and the tripartite membrane of the ER cisternae
(un1abe11ed arrow). UA/Pb. x42,400.

Figure 69. Electron micrograph of a cross-section through the
megagarnetophyte in the mid-region of the egg apparatus.
Some-of the central ce1l mitochondria (M) are amoeboid
shaped with portions of the organelle wrapped.around
pegs of wall projections (I'rlp). The cel1 wall (cw)
between the egg and central cel1 contains diffuse
deposÍts of electron-oPaque material (unlabelled
arrows). UA/Pb. xl4,800.

Electron micrograph of the post-anthesj-s central ce1l
cytoplasm. Theie are numerous spiral polysomes (1arge
arrowhead) associated with the surface of lamellate ER

cisternae and there is a close association between the
lipid bodies and microbodies of the central ce1l.
Following OsFeCN fixation the nucleoid regions of the
mitochondria appear electron-transparent (sma1l
arrowhead). The dictyosome (D) cisLernae contain
electron-opaque deposits while the cisternae of the ER

are unstained. Compare l^/ith figure 67, also fixed by
rhe OsFeCN method. OsFeCN. UA/Pb. x77,200.

Figure 70.
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Fígures 7I-74. Mature antipodal ce11s at anthesis

Figure 71. Electron micrograph showing an overview of two of three
antipodal cel1s (A) situated in the extrerne chalazal
region of the megagametophyte. A wrinkled
electron-transparent cell wall separates the antipodal
cells from one another and from Lhe central cel1 (CC).
The only vacuolated region Ín the mature central cel1
ís in the extreme chalazal region, adjacent to the
antipodals. OsFeCN. UA/Pb. x3,600.

Figure 72 Epifluorescence light micrograph of mature antipodals.
Antipodal ce1l walls (cw) are strongly fluorescent when
stained with Calcofluor and viewed under W light.
x400.

Figure 73. Electron micrograph of the cell wall between the
antipodal and central cel1s. The electron-transparent
ce1l wal1 between the antípodals and the central cel1
is evaginated (arrowhead) and contains numerous
plasmodesmata (pd). Antipodal cell ER is predominantly
rough while that of the adjacenL central ce11 is
predominantly smooth. UA/Pb. x45,000.

Fígure 74. Electron micrograph of two mature antipodal cells.
Strands of ER encircle the antÍpodal cel1 nucleus.
Proplastids (P) , mitochondria (M) and dictyosomes (D)
are present, but the majority of cell volume is
occupied by nucleus. OsFeCN. UA/Pb. x10,300.
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Figures 75-77. lufature antipodal ce1ls.

Figure 75. Electron micrograph of the cell wa11 between the
antipodal and central cel1s -Thiery test. There are
deposíts of silver proteinate over the common ce11
wal1, including the evagínated regions (arrowhead),
between the antipodals and the central ce11. There are
no deposits of silver proteinate in the dictyosome
vesicles (Dv) of the antipodal ce11. PA-TCH-SP.
x29 ,300.

Figure 76. Electron micrograph of the cell wall between the
antipodal and central ce11s - Thiery control. There are
no deposits of sílver proteinate over the common ce11
wal1, including the evaginated regions (arrowhead),
between the antipodals and the central ce11. There are
no deposits of silver proteinate in the dictyosome
vesicles (Dv) of the antipodal ce1l. H2O-TCH-SP.
x29,900.

Figure 77. Electron mi-crograph of a mature antipodal cell 4 h
post-anthesis. The ER has become dilated (DER) and
there are ER-deríved double membrane-bound inclusions
(dmi) enclosÍng regions of antípodal cel1 cytoplasm. An

electron-opaque cuticle (cu) is present on the outer
wal1 of the ínner integument (II) epidermis. UA/Pb.
x9 ,000.
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Figure 78. Electron rnicrograph of the mature egg apparatus at
anthesis. The cel1 walls (cw) in the micropylar region
of the egg apparatus, between the egg and the central
ce11, between the synergid and the egg, and between the
synergid and the central ce1l, consist of an
electron-transparent region traversed by plasmodesmata
(pd). The wa1l between the chalazal region of the
synergid and the egg consists of two appressed plasma
membranes (small arrowheads) as does the wal1 between
the synergid and the central cell (Large arrowheads).
The chalazal wa1l between the egg and central ce11
consists of electron-transparent expanded regions of
ce11 wa11 (ecw) alternating with deposits of
electron-opaque material (un1abe1led arrow). Plastíds
(P) and mitochondria (M) are found in the chal.azal,
middle and perinuclear regions of the egg and synergid.
The synergid ce11 is rich in RER and dictyosomes (D).
uA/Pb . x7 ,7O0.
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Figure 79. Electron micrograph showing a cross-section through the
mid-region of a mature egg apparatus at anthesis. Thin
electron-transparent cel1 wa1ls (cw) separate the two
synergid ce11s (S), the synergid and the central ce11
(CC), and the synergid and the vacuolate egg
(E)(arrowheads). The cell wa1l between the egg and the
central ce11 is wider and contains electron-opaque
deposits (un1abel1ed arrows). l{al1 projectíons (ldp)
circumscribe the central ce1l. The synergid ce11s
contain plastids (P), lipids (L) , microbodíes (Mb),
sma1l vacuoles (V) and are particularly rich in
mitochondria (M), dictyosomes (D), and RER. The egg
contains plastids and mítochondria and a prominent
central vacuole (V). UA/Pb. x7,100.
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Figure 80. Light micrograph showing a cross-section through the
mid-region of a mature egg apparatus at anthesis. The
two juxtaposed synergid (S) nuclei (N) are separated by

a ce1l wa1l that stains metachromatic pink with crystal
violet. The 12 o' clock - 6 o'clock axis ís the
adaxial-abaxial sagittal plane of the mature ovule. A

portion of the egg (E) is visible in the lower right
quadrant. CV. x1,150.

Figure 81. Electron mícrograph of a synergid dictyosome at
anthesís. The dictyosome is composed of 6 flattened
cisternae with a distinct forming face (ff) and a

maturÍng face (mf) that is active in the producLion of
vesicles (Du). The cÍsternae and the vesicles are
bounded by a tripartíte membrane (unlabe11ed arrows).
There are transition vesicles (arrowheads) betv/een the
ER and the dictyosome. UA/Pb. x80,800.

Electron micrograph showing a cross-section through the
mid-region of the synergids (S), chal.azal- to the
synergid nuclei. There is an abundance of paral1e1 RER

cisternae interspersed wÍth mitochondria (M) with
tubular cristae, and dictyosomes (D) active in vesicle
production (sma11 arrowheads). Some of the
dictyosome-derived vesicles appear to have fused into
larger vesicles (1arge arrowhead). Cisternae of smooth
ER periodically become dilated (DER) forming írregular
shaped vacuoles. BR cisternae (un1abel1ed arrows) are
tightly appressed to the synergid ce11 wal1 (cw).
uA/Pb. xl8, 100.

Figure 82.
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Figures 83-85. Light micrographs of the egg apparatus at anthesis.

Figure 83. The synergid ce11 contains a large number of
dictyosomes (D) that appear as basiophilic discs when
stained with crystal violet. The electron-opaque
deposits of the egg-central cel1 wa1l stain
orthochromatically with crystal violet (un1abe11ed
arrows). The filiform apparatus (Fa), synergÍd hook
(Sh), and egg hook (Eh) regÍons are evident. PAS/CV.
x1 , 100.

Figure 84. The filiform apparatus (Fa), and the micropylar wa11s
of the egg apparatus between the trdo synergid ce11s, in
the region of the synergid hook (Sh) and the chal,azal.
wal1 between the egg and central ce1l are PAS poitive.
The cell wa1l separating the chalazal regi-on of the
synergì-d from the egg and the chalazal- regíon of the
synergid from the central ce11 yield a faint PAS

positive reaction (arrowheads). There are PAS positive
starch deposits in the egg, synergid, central cell, and
integuments. The egg, synergid, and central cel1
cytoplasms and the nucleoli stain a light blue with
ABB. PAS/ABB. X9BO.

Figure 85. The ce11 wal1 (c") between the two synergids (S) and
the filiform apparatus (Fa), including the finger-like
projections that extend deep into the synergid ce1l
(arrowheads), stain positively for acidic
polysaccharides. Alcian b1ue. x1,100.

Figure 86. Electron micrograph of the micropylar region of the
persistent synergid (PS) anci the incrpient riegenerate
synergid (DS). The filiform apparatus (Fa) consists of
an electron-opaque core (1arge arrowhead) surrounded by
an outer electron-transparent region (sma1l arrowhead).
Finger-like electron transparent projections of the
filiform apparatus (unlabel1ed arrows) extend into the
chalazal region of the synergid. Plasmodesmata (pd)
traverse the wall between the two synergids. There are
electron-opaque deposits in the micropylar ER of the
persistent synergid which are absent from the ER of the
degenerate synergid. OsFeCN. UA/Pb. x9,400.
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Figure 87. Blectron micrograph of the mid-region of the two
synergids (S) adjacent to the nucleus (N) - Thiery
test. There are silver proteinate deposits over the
common synergid-synergid cell wall (cw), over plastid
(P) starch, over the finger-like projection of the
filiform apparatus (Fa), and over the dictyosome
vesicles (un1abe11ed arrows) being released from the
maturing face (mf) of the dictyosome. The dictyosome
vesicles (arrowheads) at the forming face (ff) are free
of silver proteinate deposits. PA-TCH-SP. x26,20O.

Figure 88. Electron micrograph of the mid-region of the two
synergids (S) adjacent to the nuclei (N) - Thiery
control. There are no silver proteinate deposits over
the common synergid-synergid ce11 wa11 (cw), over the
plastid (P) starch' or within the dictyosome vesicles
(arrowheads). H2O-TCH-SP. x27,200.

Figure 89. Electron micrograph of the chalazaL region of the
synergid (S), adjacent to the egg (E) - Thiery test.
There are deposits of silver proteinate over the
undulating cel1 wa1l (cw) between the synergid and the
egg and over the dictyosome vesicles (1arge unlabelled
aiiow) being released from the maturing face (mf) of a

synergid dictyosome. The vesicles at the formíng face
(ff) of the synergid dictyosome and the vesicles at the
maturing face (small unlabelled arrows) of the egg
dictyosome are free of silver proteinate deposits.
Strands of synergid ER are closely appressed to the
undulatíng ce11 wa11. PA-TCH-SP, x27,600.

i-------^-L ^c rL^ ^L^1^-^1 -^^i^- ^ç +L'^
IiJ-ectI-oll IIIJ-cI (J8I aPrr uI Lrrc Lrlclf dLdL L EËav¡r vr L¡rs

synergid (S), adjacent to the egg (E) - Thiery control.
There are no deposits of silver proteinate over the
undulating cell wall (cw) between Lhe synergíd and the
egg or over the dictyosome vesicles (arrowheads) being
released from the maturing face (mf) of a synergÍd
dictyosome. The vesicles at the maturing face (sma11

unlabelled arrow) of the egg dictyosome are free of
silver proteinate deposits. HrO-TCH-SP. x25,600.

^^I r_gure vv.
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Figure 91.

Figure 92.

Figure 93.

Figure 94.

Electron micrograph of the micropylar region of the two
synergids (S) - Thiery test. There are silver
proteinate deposits over the common synergid-synergid
ce1l wa11 (."), over the filiform apparatus (Fa)' and
over the dictyosome vesicles (unlabelled arrows) being
released from the maturing face (mf) of the dictyosome.
The dictyosome vesicles (arrowheads) at the forming
face (ff) are free of silver proteinaLe deposits. The
plasma membrane (pm) follows the contours of the
filiform apparatus. PA-TCH-SP. x16,000.

Electron micrograph of the micropylar region of the two
synergids (S) - Thiery control. There are no silver
proteinate deposits over the common synergíd-synergid
cel1 wal1 (cw) or within the dÍctyosome vesicles
(arrowheads). H.O-TCH-SP. x22,OO0.

z

Electron mÍcrograph of the filiform apparatus (Fa) -
Thiery test. There are deposits of silver proteinaLe
over the entire filiform apparatus and within the
vesicles (Dv) beíng released from the dictyosome (D).
Numerous dictyosome-like vesicles (smal1 arrowheads)
containing deposiLs of silver proteinate are in close
proximity to the filiform apparatus where there is an

åpprt"nt fusion of the vesicles (large arrowheads).
PA-TCH-SP. x35,300.

Electron micrograph of the filiform apparatus (Fa) -
Thiery control. There is a virtual absence of silver
proteinate over the entire filiform apparatus as well
as the dictyosome vesicles, and the dictyosome-like
----.i^r ^- /^-*^-.L^^l\ ¡,,^-i-^ +^ rl-.^ ^^-i^}'ara'l ¡,'a-l'l cvgSl-clglj \i1r I uwrrgdu / ruÞrrr6 Lv Lr¡ç yç! f,yrrLr

H p-TCH-SP. x26,400.
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Figure 95. Electron micrograph of the common cel1 wa1l between the
egg (E) and central cell (CC) - Thiery test' There are
dãposits of silver proteinate over the expanded region
of ce11 wal1 (ecw), over the region of electron-opaque
deposits (unlabelled arrow), and the narrow zone of
common cel1 wal1 (Arrowhead). There are also deposits
of silver proteinate over the plastid (P) starch'
PA-TCH-SP. x37,500.

Fígure 96. Electron micrograph of the conmon ce1l wall between the
egg (E) and central ce11 (CC) - Thiery control. There

"iã no deposits of silver proteínate over the expanded
region of cel1 wall (ecw), over the region.of
elãctron-opaque deposits (un1abe1led arrow) ' or the
narrow zone of conmon cell wall (Arrowhead).
H C-TCH-SP. x36,000.

2

Electron micrograph of the chal-azal tip of the egg (E)

and synergiAs (S) showing a portion of the central ce1l
(CC) polai nucleus (PN). The common ce1l wal1 between

the egg and central ce11 contains elliptical deposits
of elãótron-opaque material (unlabelled arrows)' The

egg contains þerinuclear mitochondria (M) and plastids
(Þ) with electron-transparent deposits of starch' The

cha:'azal boundary between the egg and synergid consists
of two appressed plasma membranes (pm) with strands of
synergid àmooth ER (SER) tightlv appressed !o-!!u
"y""r[la 

plasma membrane. OsFeCN. UA/Pb. x10,300'

Figure 97.
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Figures 98

Figure 98.

Figure 99.

Figure 100.

and 99. Two light micrographs of the same egg apparatus
fixed 24 h after anthesís. Figure 98 was prepared for
brightfield microscoPY, Figure 99 was prepared for
f luorescence rn-icroscopy . For comparative purposes ' the
Lwo megagametophytes have been identically labelled-

Light micrograph of the egg apparatus, fixed 24 hours
after anthesis, showing the persistent and incipient
degenerate synergid and the egg. One of the two
synergids, the incipient degenerate synergld (DS) 

'
shows a more intense basiophilia. The egg-central cel1
wa11 (1arge arrow) shows an intense orthochromatic
stainíng reaction, while the cell wal1 between the
persistent synergid and the egg (open arrow) is lightly
stained. The micropylar portion of the filiform
apparatus (Fa) ls lightly stained, while the
finger-1ike projections, extending into the synergid
cytoplasm, are intensely stained and difficult to
distinguish from the background cytoplasm. The central
cel1 (CC) wal1 projections appear as a hazy layer
(sma11 arrows) adjacent to the lateral wall of the
central cel1. PAS/CV. x1,000.

Epifluorescence light rnicrograph of the egg apparatus,
fixed 24 hours after anthesis, showing the persistent
(PS) and incipient degenerate synergid (DS) and the egg
(E). The sectj-on was stained wiLh Calcofluor and viewed
under W light. The filiform apparatus (Fa) is
intensely fluorescent as are t.he finger-like
projections that extend deep into synergid cytoplasm.
The rnicropylar portion of the egg-central ce11 wal1
(1arge arrow) shows a weak fiuoresce¡rce w-hile ihe
chal.azal_ portions of the egg-central cel1 wa1l exhibit
no fluorescence. The obliquely sectioned common wall
between the persistent synergid and the egg (open
arrow) is weakly fluorescent as is a portion of the
wall between the egg and the degenerate synergid (large
arrowhead). The chalazal region of the degenerate
synergid-egg wal1, near the junction of the degenerate

"ynergid, 
egg, and central cel1 (sma11 arrowhead) is

non-fluorescent. The central cel1 (CC) wall projections
(sma11 arrows) are weakly fluorescent. Calcofluor.
x1 ,000.

Electron micrograph of the chal.azal boundary between
the egg and the cenLral ce11. The egg nucleus (N) is
circumscribed by plastids (P) and mitochondria (M). Egg

dictyosomes (D) are composed of 5-7 flaLtened cisternae
and are relatively ínactive in vesicle production.
There are regular deposits of electron-opaque material
between the parallel plasma membranes (pm) of the egg
and the central ce11.osFeCN. UA/Pb. x3,300.
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Figure 101.Electron micrograph of the egg apparaLus showing the
incipient degenerate synergid, the persistent synergid,
and the egg. The cytosol of the incipient degenerate
synergid (DS) is more intensely stained than that of
the adjacent persistent synergid (PS) or egg (E). The

ER of the persistent synergid, from the nucleus to the
filiform apparatus (arrowheads) ís stained positively
by OsFeCN and shows electron-opaque deposits within the
cisternae. The chal'azal ER of the persistent synergid,
and the ER of t.he incipient degenerate synergid and the
egg are unstained by OsFeCN procedure. OsFeCN. UA/Pb.
x3,300.
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Figures 102 and 103 are light and electron micrographs of the same

egg apparatus obtained from non-adjacent serial
sections.

Figure 102. Light micrograph of the egg apparatus of an ovule
fixed 36 h after anthesis showing the egg (E) and
incipient degenerate synergid (DS). The cytosol of the
incipient degenerate synergid shows an intense
basiophilia when stained with crystal violet. The
outline of the ce1l would suggest the incipient
degenerate synergid was turgid at the time of
fj-xatÍon. The adjacent egg and central ce11 (CC),
including the polar nuclei (PN), exhibit a normal
crystal violet staining pattern. CV. x1,000.

FÍgure 103. Electron micrograph of the egg apparatus of an ovule
fixed 36 h after anthesis showing the egg (E) and
incipient degenerate synergid. The cytosol of the
incipient degenerate synergid (DS) shows an íntense
electron-opacity. The mÍtochondria (M), dictyosomes
(D), and ER appear healthy and show no sign of
degeneration. UA/Pb. x10,900.

Fígure 104. Light micrograph showing an overview of a
post-anthesis fertile ovu1e. At the micropylar end of
the megagametophyLe, there is a vacuolate egg with the
egg nucleus (large arrowhead) occupying the extreme
chalazal region of the ce1l. The degenerate synergid
(DS) appears collapsed and shrunken, particularly at
the chalazal_ típ (small arrowhead). The central ce11
(CC) cytoplasm appears heterogeneous' and remaj-ns
non-vacuolate except for a sma1l chal'azal- vacuole (V)
adjacent to the degenerate antipodals (out of the
plane of section). The cells of the chalazal nucellus
(CN) have degenerated. At the extreme chalaza of the
nucellus, is a persistent starch (St) storing region
of nucellus, the chalazal proliferating tissue (cp).
The inner integument basal body (Bb) has continued to
expand following a¡thesis; however, the micropylar and
lateral starch storing regions of the inner and outer
integuments remain unchanged. PAS/CV. x370.

Figure 105. Electron micrograph of a post-anthesis egg apparatus
showing the vacuolate egg (E) and degenerate synergid
(DS). The degenerate synergid has collapsed and the
thin electron-transparent wal1 in the synergid hook
(Sh) region is irregular and wrinkled. The micropylar
portion of the degenerate synergid-egg wa11 (smal1
arrowheads) is electron-transparent while the chalazal
region at the junction of the degenerate synergid,
egg, and central cell (1arge arrowheads) is devoid of
electron-transparent wa1l material. UA/Pb. x35,000.
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Figure 106.

Figures

Figure

Figure 108.

Figure 109.

Electron micrograph of the degenerate synergid
cytoplasm. There is a marked hypertrophy of the ER

network that encírcles pockets of cytoplasmic
ribosomes (sma1l arrows). Bound ribosomes (1arge
arrows) on the surfaces of the electron-opaque ER

cisternae exhibit a distinct beaded appearance.
Mitochondrial (M) profiles are recognizable, though
there has been a loss of mitochondrial membrane
integrity. Dictyosome cisternae are no longer visible
buL enlarged vesicles (arrowhead) similar to the
dictyosome vesicles of the intact synergid remain. The

contents of these vesicles are fibrillar and a

boundíng membrane is no longer visible. UA/Pb.
x25,700.

107 and 1OB represent non-adjacent serial sections through
an ovule fixed 9.5 h after pollination. The pol1en
tube had penetrated the outer integument micropyle,
but had yet to reach the inner integument micropyle.

I07. Light micrograph of the micropylar portion of the
megagametophyte 9.5 h after pollinatíon. The
megagametophyte consists of two interconnected polar
nuclei (PN) in a non-vacuolate heterogeneous central
cel1 (CC) cytoplasm, an intact persistent synergid
(PS), a degenerate synergid (DS)' and a vacuolate egg
(E). PAS/CV. x950.

Light micrograph of the micropylar portion of the
megagarnetophyte 9.5 h after pollination. The
megagametophyte consists of two interconnected polar
nuclei (PN) in a non-vacuolate heterogeneous central
cell (CC) cytoplasm, an intact persistent synergid
(PS), a degenerate synergid (DS), and a vacuolate egg
(E). The egg nucleus (N) has migrated from the extreme
chaLazal tip location, characteristic of the
unpollinated egg following ant.hesis, to the middle
reþion of the egg cel1, immediately adjacent to-the
.oñ*on degeneraié synergid-egg wa1l. PAS/CV. x950"

Light micrograph of the stigma and sty1e. The

stigmatÍc papillae (sma11 arrowheads) are highly
vacuolate, obovate ce1ls with a central nucleus.
Between the stígmatíc papillae and the style is a

narrovrr stigmati-c zone (large arrowheads) of smal1
isodiametric parenchyma cells. The central core of the
style is occupied by the parenchymatous transmitting
tissue (1arge arrow). Strands of vascular tissue are
located lateral to the transmitting tissue (smal1
arrow). CV. x230.
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Figure 110. Epifluorescence light micrograph of stigma and style 5

h after pollination. The fresh section was stained
with aniline blue and viewed under W light. The
callosic wal1s and plugs of the pol1en tubes show a
pale blue fluorescence that contrasts with the deep
blue autofluorescence of the adjacent stigmatic,
transmitting, and vascular tíssues. Aniline b1ue.
x27O.

Figure 111. Epifluorescence light mÍcrograph of an ovule attached
to the replum of the ovary 15 h after pollination. The
fresh tissue was stained with aniline blue and viewed
under blue light. The callosic walls and plugs of the
po11en tubes (Pt) fluoresce ye11ow Ín contrast with
the red autofluorescence of chlorophyll within the
ovule (0v) and replum (R) plastids. The longitudinal
axis of the mature ovule is para11el to the
longitudinal axis of the ovary with the micropyle
directed toward the stigmatic end of the pistil. The
po11en tubes grow along the surface of the replum and
first contact the ovule at the more proximal region of
the funiculus (F) Aniline blue. x270.

Figure 112. Epifluorescence light micrograph of the stigma 5 h
after pollination. The fresh section was stained with
aniline blue and viewed under UV 1ight. The germinated
po11en tubes (Pt) do not appear to penetrate the
stigmatic papillae (arrowheads) but grow along the
lateral surface of the papillae before entering the
narrow zone of stigmatic parenchyma tissue. The
non-fluorescent po11en grain (arrow) is visible
adjacent to the papi11ae. Aniline blue. xl,100.
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Figure 113. Epifluorescence light micrograph of an ovule 15 h

afLer pollination. The fresh tissue was stained with
aniline blue and viewed under W light. The pollen
tube (Pt) grew a1-ong the funiculus (F) to the junction
of the funiculus and the outer integument (0I) and
entered the ovule by way of the curved outer
inLegument micropyle (Mi). The autofluorescent
vascular tissue (arrow) extends from the funiculus and
terminates in the raphe (Ra) region of Lhe ovule.
Aniline blue. x550.

Figure 114. Epifluorescence light micrograph of the micropylar end
of the ovule 24 h after pollination. The fixed tissue
was stained wiLh aniline blue and viewed under W
light. The pollen Lube grew along the inner integument
(fÍ) micropyte (Mi) to the base of the synergid (S). A

thickened plug of what is presumed to be callose
(unlabelled arrow) is present in the region of the
po11en tube wal1 adjacent Lo the synergid. A more
proximal porLion of the pollen Lube is visible near
the tip of the ouLer integument (0I). Aniline b1ue.
x1,100.

Figure 115. Epifluorescence light micrograph of the ovule at
anthesis showing the synergids (S) and the inner (II)
and outer (0I) integumenL components of the micropyle.
The section \,/as stained with Calcofluor and viewed
under LIV light. The course of the micropyle is
indicated by unlabelled arrows (for orientaLion see
ffg. 26). The filiform apparalus of the synergid shows
a strong pale blue fluorescence. The micropylar cell
wa1ls (cw) of the synergids are weakly fluorescent.
Calcofluor. x1,100.

Figure 116. Light macrograph of the racemose inflourescence of- Brássica campestris. The pistil of the flower, 24 h
after anthesÍs (small arrow) ' v/as 6-7 mm long and the
stigma of the pistil was near the level of the four
longesL stamens of the tetradynamous androecium. The
pistil of the flower, 72 h after anthesis (large
arrow), ü¡as 11-13 nrn long and petal abscission v/as

commencing. x7.2.
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Figure 117. Electron micrograph of a portion of the pol1en tube at
the base of the filiforrn apparatus. The pollen tube
first contacts the megagametophyte at the base of the
filiforrn apparatus (Fa) of the synergids. The ce11s of
the inner integument micropyle immediately adjacent to
the po11en tube are intact and show no sign of
degeneration. OsFeCN staining shows an aggregation of
ER in the inner integument cel1s adjacent to the
micropyle. OsFeCN. UA/Pb. xl,120.

Figure 118. Electron micrograph of the egg apparaLus 24 h after
pollination showing the degenerate synergid (DS),
persistent synergid (PS) and the base of the zygote
(Z). The pollen tube (Pt) penetrates the degenerate
synergid (DS) through the base of the fíliform
apparatus (Fa) and grows chal.azal-ly within the
degenerat.e synergid, following the contours of the
common degenerate synergid-persistent syoergid wa1l
(arrowheads). The walls of the pollen tube are
electron-opaque in contrast to the
electron-transparent coÍunon wa11 between the synergid
ce1ls and the fíliform apparatus. The synergid-central
cell wa11 in the region of the synergid hook (Sh) is
thicker than that of the unpenetrated degenerate
synergid (Ffg. 105). The persistent synergid remains
intact following zygote formation. UA/Pb. x4,800.

Figure 119 Electron micrograph of the po11en tube at the base of
the degenerate synergid and the persistent synergid.
The po11en tube had grown laterally along the base of
the persistent synergid (PS) before entering the
degenerate synergid (DS). There is an incomplete

*^--'i ^+-^ñts ^-,.-^*^; À ^^^+-^1 ^^11 -,^11 /^.-\uvluuvrl pçrÞrùLçrlL ÞJrtcr6au-LËrlLIclf, Lc-L_L wd_L_L \Lw/,,
containing plasmodesmata (pd), extending from the edge
of the megagametophyte at the synergid hook (Sh) into
the central cel1 cytoplasm. Numerous central ce11
chloroplasts (small arrowheads) are intermixed with
synergid proplastids (1arge arrowheads) in the region
of the persistent synergid filiforn apparatus (Fa).
Note the presence of wall projections (wp) in the
micropylar region of the persistent synergid between
the common synergid-central ce11 wal1 and filiform
appararus. uA/Pb. x4,500.
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Figure 120. Electron micrograph of Lhe tip of the po11en tube
within the degenerate synergid. The pol1en tube (Pt)
discharges its content.s by means of a terminal pore
(1arge arrowheads). The organelles of the penetrated
degenerate synergid (DS) in the immediate vicinity of
the terminal pore of the pollen tube show a lack of
membrane integrity. Profiles of identifiable ER and
mitochondria (M) wiLh long tubular crj-stae, símilar to
those seen in the unpenetrated degenerate synergid are
apparent in the cytoplasm. There are numerous
spheri-cal particles wi-th an electron-Lransparent
border around a fine granular electron-opaque core
(smal1 arrowheads) present in the synergid cytoplasm
adjacent to the discharge pore. UA/Pb. x35,000.
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Figure 121. Electron micrograph of a zygoLe, degenerate synergid,
and po11en tube 24 h af.ter pollination. A portion of
the po11en tube is at the base of the filiform
apparatus (Fa) while the tip of the po11en tube
showing Ehe discharge pore is j-n the mid-region of the
degenerate synergid (DS) at the leve1 of the synergid
hook (Sh). A zone of spherical discharge particles
(un1abe11ed arrows) extends from the discharge pore of
the pol1en tube to the chaLazal tip of the degenerate
synergid adjacent to the common degenerate synergid,
cenLral cel1 (CC), zygoLe (Z) boundary. The chalazal
ce11 wal1 (cw) between the zygote and the degenerate
synergid (in the region of pollen tube discharge) and
the cel1 wa11 (cw) of the synergid hook are markedly
thickened. The zygoLe (Z) lacks the prorninent
micropylar vacuole of the egg. The zygote nucleus
occupies the centre of the cell. In the region of the
nucleus opposite the region of po11en tube discharge
in the degenerate synergid there is a sma11 elliptical
island of nuclear material (arrowhead) separated from
the main body of the nucleus by a narrou/ band of
cytoplasm. The zygoLe cytoplasm contains an abundance
of proplastids (P), lipid bodies (L), and small
vacuoles (V). The cel1 wa1l of the zygote is
electron-transparent. The wa11 is thicker at the base
where the cell is attached to the inner int.egument
(II), in the region of the egg (zygote) hook (Eh) and
in the regi-on adjacent to the degenerate synergid. The
wa11 is relatlvely thin in the region of chalazal
ampulliform tip. A sma11 portion of the persistent
synergid (PS) containing wa11 projections (Wp) is
,,-i ^i 1-1 Ft-^ t-^ ^^ ^c +L^ -",^^+^ TT^ /DL ",1 0rlrìvrÞ¿ulE ¡lçor Lr¡E uéùE u! LtLc LJ ÈiuLE. unl L u. ^Jtuvv.
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Figures I22 and I23 are non-adjacent serial sections of the zygote
ce1l in figure 121.

Figure I22. Epifluorescence light micrograph of the zygoLe and a
portion of the pollen tube. The section hras stained
with Calcofluor and viewed under W light. The
micropylar and lateral walls (unlabelled arrows) of
the zygote (Z) and the po11en tube (Pt) within the
degenerate synergid (DS) fluoresce a pale blue while
the ampulliform típ of the zygote and the wal1s of the
degenerate synergid are non-flourescent. Calcofluor.
x950.

Figure 123. Light mlcrograph of the zygote and a portion of the
po1len tube. The micropylar and lateral wal1s
(un1abe1led arrows) of the zygoLe (Z) and the po11en
tube (Pt) within the degenerate synergid (DS) are
PAS-positive. The large starch (St) grains of the
micropylar Ínner íntegument are PAS-positive. The
ampulliform tip of the zygote is PAS-negative. PAS/CV.
x950.

Figure 124. Electron micrograph of a glancing sectíon through the
lateral wa11 of the ampulliform tip of the zygote.
There are numerous microtubules (arrowheads) in the
zygoLe (Z) cytoplasm adjacent to the ce1l wall (cr).
uA/Pb. xl5,000.

Figure 125. Electron micrograph of the microtubules adjacent to
the lateral wall in the ampulliform tip of the zygoLe,
The majority of microLubules (arrowheads) were
^-4 ^-+^.1 '.'i +l-' +l-,^ 1^-^ ^--i - -^-^^-,.1-i ^",'l ^- +^ +1-,^ 1^-.-ur f,s¡rLsu w!Lr¡ L¡¡s rutló o^rÞ ysr yçrruauuJor LU L¡¡c f,url6
axis of rhe zygore. UA/Pb. x68,000.
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Figure 126.

Figure 127

Electron micrograph of a zygobe fixed by the OsFeCN
method 18 h after pollination. The shape of the zygoLe
is essentially the same as the zygoLe in figure 121.
The ce11 wa11s are electron-opaque and the ampulliform
tip shows thick evaginated regions of ce11 wa11
(between arrowheads). The ER cisternae of the zygoLe
are positively stained by the 0sFeCN method. The ER

consists of shorL strands distributed throughout the
cytoplasm. There is a marked increase in the amount of
lipid (L) within the zygote. Both the central cel1
chloroplasts (P) and the zygote proplastids (P)
contain starch. An endosperm nucleus (EN) is visible
in the vacuolate central ce11 cytoplasrn. OsFeCN
wirhour uA/Pb. x4,000.

Light mi-crograph of the zygoLe in figure 126. The
lÍpid bodies of the zygoLe and central cel1 are
stained by crystal violet. The evaginated regions of
cel1 wall at the ampulliform tip of the zygoLe stain
orthochromatically with crystal violet (arrow). One of
two endosperm nuclei (EN) j-s visible in the vacuolate
(V) central cell cytoplasm. CV. xl,500.
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Figure 128.

Figure 129.

Elect.ron micrograph of the chalazal wa1l of the zygote
in figure 126 - Thiery test. There is an even
deposition of silver proteinate over the entire zygoLe
ce11 wall (cw) including the evaginated region
(between arrowheads). The elecLron-transparent zone
adjacent to the zygoLe plasma membrane (pm) probably
represents a slight plasmolysis induced during tissue
preparation. The ER cisternae and 1ipÍd bodies (L) of
the OsFeCN fixed zygote show heavy deposition of
silver proteinate as do the starch grains of the
central ce11 (CC) chloroplasts (P). OsFeCN. PA-TCH-SP.
x34 ,000.

Electron micrograph of the chalazal wa11 of the zygote
in figure 126 - Thiery control. There is a deposition
of silver proteinate over the ER cisternae and lipid
bodies (L), but none over the zygoLe ce1l wal1 (cw) or
the starch grain of the central ce11 (CC) plastid (P).
The evaginated regions on the central cell- side of the
conmon wall (between large arrowheads) show a
homogeneous electron-opacity while the adjacent thin
regions (small arrowheads) of conmon wa11 exhibit a
more granular electron-opacity. The region of the
zygote wal1 between the homogeneous electron-opaque
evagination and the zygote plasma membrane (pm) shows
a simi-lar granular electron-opacity (arrows). OsFeCN.
H O-TCH-SP. x20,100.

2
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Figure 130.

Figures 131

Electron micrograph of a non-adjacent serial section
of the zygote in figure 121. The smal1 island of
nuclear material is connected to the main body of the
zygoLe (Z) nucleus (N) by a narrow nuclear bridge
(nb). A sma11 reniform mitochondrion (large arrow) is
appressed to the nuclear envelope of the outer
invaginated port,ion of the nucleus. Proplastids (P),
mitochondria (M), and small vacuoles (V) encircle the
zygoLe nucleus. Dictyosomes (D) are mainly associated
with the ce1l wa11 but do not appear to be active j-n
vesicle production. Short strands of ER are located
throughout the cytoplasm. There are spi-ral polysomes
(arrowhead) assocíated with the surface of the ER

cisternae. Numerous spherical partÍc1es of pol1en tube
origin (small arrows) appear to be assocíated with
thickened ce1l wall (cw) between the zygoLe and the
degenerate synergid (DS). UA/Pb. x8,000.

and I32 are non-adjacent serial sect.ions of the
boundary between the zygote, degenerate synergid, and
central ce11.

Figure 131. Electron micrograph of the boundary between the zygote
(Z), degenerate synergid (DS) and central cell (CC).
The central ce1l cytoplasm cont.ains a \arge vacuole
(V) between the zygote and the central ce11 proplastid
(P). This vacuole shows no continuity with the central
ce11 plasma membrane (pm) or with the ER of the
central cell. The central cell ER cisternae are
fragmented and dilated. UA/Pb. xI4,600.

Figure 132. Electron micrograph of the boundary between iire zygoie
(Z), degenerate synergid (DS) and central ce1l (CC).
There is a definite continuity between the central
cel1 plasma membrane (pm) and the bounding membrane of
the central cell vacuole (V). The narrow strand of
rough ER sandwiched between the proplastid (P) and the
vacuole (V) shows a continuity with the outer membrane
of the vacuole. UA/Pb. x14,600.
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Figure 133. Electron micrograph of the central cell cytoplasm
following double fertilízatj-on. Chloroplasts (P)
adjacent to an endosperm nucleus (EN) are actively
replicating. The chloroplasts show well developed
thylakoid 1ame1lae and starcn (St) deposits wíthin the
stroma. There are numerous mitochondria (M),
dictyosomes (D), lipid bodíes (L), and microbodies
(Mb) present throughout the central cell (CC)
cytoplasm. xl0,700.

Figure 134. Light micrograph of a non-fertile ovule 72 h af.ter
anthesis. The egg apparatus consists of the vacuolate
egg (E) and two degenerate synergids (S). The central
ce1l contains two appressed polar nuclei (PN) adjacent
to the egg apparatus. There is a large central ce1l
vacuole (V) that expands at the expense of the
degenerate chal.azal nucellus (CN). The chal.azal
proliferating tissue (cp), between the raphe (Ra) and
the chalazal nucellus is intact. The inner integument
basal body (Bb) has expanded into Lhe central cel1
vacuole. CV. x300.
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Figure 135. Electron micrograph of a non-fertile egg apparatus 72
h after anthesis. The cytoplasm at the egg (E) appears
healthy and consists of organelles typical of the egg
cell at anthesis. The nucleus (N) is in the extreme
chaLazal position within the egg and is circumscribed
by rnitochondria (M) and plastids (P). Dictyosomes (D)
are present in the chalazal cytoplasm. There has been
a marked increase in lipid bodies (L) and there are
numerous smal1 vacuoles (V) in the chalazal region Ín
addition to the typical large micropylar vacuole. The
common chalazal wall between the egg and central ce1l
(CC) consists of regi-ons of expanded cell wal1 (ecw)
containing electron-opaque deposits (un1abe11ed arrow)
and narrower regions of wall consisting of appressed
plasma membranes (large arrowhead). Both synergids (S)
have degenerated and ín one, the chalazaT cytoplasm,
adjacent to the egg has become plasmolysed (medium
arrowheads). The filiform apparatus (Fa) is similar to
that of the egg at anthesis. The PAS-negative subulate
zone of the filiforn apparatus shown in figure 136 is
slightly more electron-transparent (small arrowheads),
but not distinctly different from the surrounding wa11
material of the filiform apparatus. UA/Pb. x3,600.
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Figure 136.

Figure 137.

Figure 138.

Figure 139.

Light micrograph of a non-fertí1e egg apparatus 72 h
after anthesi-s. The section is a non-adjacent serial
secti-on to the egg apparatus in figure 136. The
vacuolate egg contains plastids (P) with PAs-positive
sLarch grains and the electron-opaque deposits of the
egg-cenLral ce11 wal1 st.ain orthochromatically with
crystal víolet (unlabe11ed arrow). The majority of the
filíform apparatus (Fa) is PAS positive except for a
subulate zone (arrowhead) in the micropylar region.
Starch (St) is noticeably absent from the micropylar
and lateral regions of the integuments adjacent to the
egg apparatus. PAS/CV. x900.

Epifluorescence light mícrograph of a non-fertile egg
apparatus 72 h alter anthesis. The sect.ion was stained
with Calcofluor and viewed with UV 1ight. The pattern
of fluorescence is the same as in the egg apparatus at
anthesis and following anrhesis (Fig. 99, 115). The
filiform apparatus (Fa) shows a strong fluorescence 

"
The micropylar wa1l (unlabelled arrow) separating the
synergids (S) and the walls in the region of the
synergid hook (Sh) are weakly flourescent. The
cha1-azal- wal1s of the synergids and the egg are
non-fluorescent. Calcofluor. xl,100.

Electron micrograph of the chaLazal egg-central ce11
wall from a non-fertile egg apparatus 72 h after
anthesis. The expanded cell wa11 regions (arrowheads)
appear labile and dilated. In the region of the
electron-opaque wal1 material (arrow) the plasma
membranes (pm) of the egg (E) and central ce11 (CC)
are straight and tightly appressed to the
^1^^+*^* l^^^^i r 'FL^ .Ji ^&--^ /n\ ^1 LL - 1açrçuLru¡r-up4rlus uçpuÞf,L. rrte urLLyu¡jullle5 \lJ/ or LLIe I L
h egg appear more active in vesj-cle production than
the egg at anthesis (Fig. i00). The mitochondria (M)
are intact with well defined cristae. UA/Pb. x25,800.

Electron mícrograph of a degenerate synergid from a
non-fertile egg apparatus 72 h after anthesis.
Profiles of dilated ER, mitochondria (M), vesicles
(arrowhead), and a nucleus (N) are discernable. Except
for the mitochondrial cristae the integrity of
organelle membranes has been lost with numerous
electron-opaque deposits associated with the nuclear
(N) envelope and the outer membrane of the
mitochondria. Both synergids resemble the
post-ant.hesÍs degenerate synergid of the mature
megagametophyte prior Lo fertilizalíon (Ffe. 106)
except for the absence of ribosomes associated with
rhe dilared ER. UA/Pb. x7,600.
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Figure 140. Electron micrograph of the polar nuclei from a
non-fertile ovule 72 h afLer anthesis. The polar
nuclei (PN) are interconnected by nuclear bridges (nb)
and there are mitochondria (M), ER, and lipid bodies
(L) entrapped in the cytoplasmic embayments between
the nuclei. The ER is highly branched and dÍ1ated.
There are plastids (P) and dictyosomes (D) in the
perinuclear regions. UA/Pb. x7,900.

Figure 141. Electron micrograph of the central ce11 cytoplasm from
a non-ferti-1e ovule 72 h after anthesis. The
chloroplasts (P) possess well defined, stacked
thylakoid lamellae. Starch is notably absent from the
chloroplasts. Microbodies (Mb) and dictyosomes (D)
active in vesicle production are present in the
central cell cytoplasm. The extensive network of
branched smooth ER (SER) appears to be sequestering
cytoplasm and organelles. UA/Pb. x20,000.
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DISCUSSION

There have been relatively few studies on the origin and

development of angiosperm integuments. Maheshrvari (1950) in an

extensive review of the early literature on angiosperm embryology

discusses the integuments primarily with reference to plant

systematics. Unfortunately our knowledge of integument ontogeny sti1l

remains rather rudimentary (see the review by Bouman I9B4). The most

detailed account was by Roth (1957) on Capse11a, a member of the

family Cruclferae. The camera lucida drawings show that, unlike

Brassica campestris, both the inner and outer integuments of Capsella

are of dermal origin and remain, for the most part, two layered durj-ng

the course of ovule development. Bouman (1975), in a study of

integument initiatlon Ín the Cruciferae, described for the first tirne

the subdermal origin of the outer integument Ín Brassica. Bouman also

reported a partly subdermal origin for the outer integurnent of another

member of the Cruciferae, Lunaria. In Lunaria the abaxial portion of

the outer integument is of dermal origin while the portion of the

outer integument on the adaxial side of the ovule is of subderrnal

origin. The transition region between the dermal and the subdermal

modes of outer integument initiation was not discussed and micrographs

substantiating this mode of outer integument ontogeny in the

Cruciferae were not provided. The present study concurs with Bouman

(I975) as to the subdermal orígin of the outer integument of Brassica.

Subsequent development of the integuments in the formation of the

inverted campylotropous ovule in Brassica campestris is in agreement

with the interpretations of Roth (7957) for Capsella. The report of
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three modes of outer integument initiation within the Cruciferae

illustrates a need for additional studies on integument development in

the family.

The unequal division of the archesporial cel1 into a sma11

primary parietal cell and a larger chalazal primary sporogenous cel1,

which differentiates into the megasporocyte ce11, has been reported to

occur ín a number of the Cruciferae including Brassi-ca camÞestris

var.yellow sarson (Rathore and Singh 1968). In other Cruciferae,

including Brassica oleracea, the archesporial ce1l is transformed

directly ínto the megasporocyte ce11 (Thompson 1933, Davis 1966). Thus

both tenuinucellate and crassinucellate ovules are represented in the

Cruciferae (Davis 1966). The present study has reported for the first

tÍme the occurrence of both modes of development in the single

Cruciferous species Brassica campestris.

l,{ith the onset of mej-osis the megasporocyte ce11 enters a period

of both cytoplasmic and nuclear change during the transition from the

sporophyte to the gametophyLe generation. At mid-prophase, following

the formation of the synaptonemal chromosomal complex, the inner

membrane of the nuclear envelope becomes dilated. This separation of

the nuclear envelope coíncides with the appearance of membrane-bound

electron-opaque inclusions between the two membranes. The first

question concerning the dilated envelope is whether its appearance is

real or is an artifact. The present study cannot conclusively answer

thís questíon but can only point out the difficulty encountered in

preserving the morphology of the megasporocyte ce11 without some

degree of plasmolysis. There are a number of reports on the occurrence

of a dilated nuclear envelope (often termed nuclear vacuoles or
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nuclear blebs) during sporogenesis in vascular plants. Nuclear

vacuoles with membrane-bound inclusions have been shown to occur in

Zea (Russel1 1979) , Pteridium Dryopteris, Marsi-1ea, Pinus, and

Lycopersicon (Scheffield et al. 1979), Gasteri-a (hlillemse and De

Boer-De Jeu, 1981 ), and Capsella (Schulz and Jensen 1981 ). The

chemical compostion and possible function of the membrane-bound

inclusions remain speculative. A concensus among a number of authors

is that contents of the inclusion are of nuclear origin and are being

eliminated from the nucleus and degraded in the cytoplasm during the

transition from sporophyte to gametophyte (Dickinson and

Heslop-Harrison 1977).

In the present study the intense staining of the primary

sporogenous cel1 cytoplasm with catíoníc dyes would suggest an

increase in metabolÍc activity. By mid-prophase, the staining

intensity of the megasporocyte cytoplasm drops sharply. This decrease

in basiophilia and electron-opacíty of Lhe megasporocyte is due in

part to a reduced number of cytoplasmic rÍbosomes. A number of studies

have shown a sinilar decrease of ribosomes ín the prophase

megasporocyte (Newcomb 1973a; Dickinson and Pottet I97B; De Boer-de

Jeu 1978; Russell 1979; Schulz and Jensen 19Bl ; Medina et a1. 1981 )

and microsporocyte (Rashid et a1. 1982). Pritchard (1964)' in a

cytochemical study of megagametophyte development in Stellaría noted

the archesporial ce11 stained more intensely for RNA than the

surrounding nucellar tissue, followed by a sharp decline in staining

intensity by the end of meiosis T, followed by an increase in RNA

staining at the beginning of megagametophyte development. There have

been, to my knowledge, no biochemical studies on RNA levels i-n
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prophase megasporocyte cells. However, a biochemical study of RNA and

acid phosphatase leve1s in the microsporocytes of Cosmos (Knox et a1.

I97O) showed a 507" decline in RNA by the end of meiosis I with a

corresponding increase in levels of acid phosphatase. Acid phosphatase

was thought to be one of the major enzymes involved in the elimination

of RNA from the ce1l (Knox et al. i970).

There are currently two theories on the mechanism of ribosome

elimination from the megasporocyte cell. Both involve double and

multíple membrane-bound inclusions derived from RER cisternae. The

theory of Dickinson and Heslop-Harrison (1977) is that a portion of

the sporocyte ríbosomes is encapsulated within the membrane-bound

inclusions and in some manner isolaLed and protected from hydrolytic

enzymes that eliminate the remainder of the cytoplasmic ribosome

population. Thus a major portion of the RNA synthesized during the

diploid phase is removed prior to gametophyte formation (Dickinson and

Andrews 1977).

Schulz and Jensen (1981, 1986) in a study of megasporogenesi-s in

Capsella present evj-dence for the encapsulation and elimination of

ribosomes and organelles during meiosis by double and multiple

membrane-bound autophagic vacuoles. These autophagic vacuoles arise

from ER cisternae within the megasporocyte during pachytene of meiosis

f and persist in the dyad, tetrad, functional megaspore' and

2-nucleaLe stage of megagametophyte development. The vacuoles contain

acid phosphatase and function to eliminate the encapsulated portions

of the cytoplasm. A similar view for the elimination of megasporocyte

cytoplasm in Zea was made by RusselT (1979), though the r'1ytic

complex" described in the sLudy consisted of both concentric multiple
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membrane-bound inclusions derived from whorls of ER and single

membrane-bound vacuoles derived from dilated ER.

Unfortunately the present study can neither refute nor support

either of the theori-es. The type of membrane-bound inclusions in

Brassi-ca me gasporocytes is identical to those described by Dickinson

and Heslop-Harrison (1977); however ín direct contrast to their

results the present study found fewer ribosomes within the inclusion

as compared to the adjacent cytoplasm. This observation would tend to

support the autophagíc vacuole concept proposed by Schulz and Jensen

(1981 , 1986).

The large nucleoli apparent in both chal.azal- megaspores at the

1eve1 of the light microscope suggest an increase in nucleolar

activity at the completion of meiosis. This nucleolar activity is

perhaps an indicaLor of increased rj-bosome synthesis at the inception

of the gametophyte phase of development, as is evident at the

ultrastructural leve1 in the older funcLional megaspore and young

2-nucleate megagametophyte of Brassica. An increase in functional

megaspore ribosomes has been reported in a number of angiosperms

(Newcomb 7973a; Dickinson and Potter 7978; Russell 7979l' Medina et al.

1981; and Schulz and Jensen 1986).

The completion of meiosis in Brassica results in either a

tetrad of megaspores or, more commonly, a triad of two megaspores

derived from the chal.azal- dyad ce11 and the micropylar dyad cel1 that

has not undergone the second meiotic division. Failure of the

micropylar dyad to divide has been reported to occur ín a number of

angiosperrns (Davis 1966) but the first account of it occurring in the

Cruciferae Dentaria was made recently by Spooner (1984). Spooner



133

made no reference to formation of typical meiotic tetrads and implied

that triads were the common product of female meiosis in Dentaria.

Schulz and Jensen (i986) noted periodic abnormal, cell rval1 formation

in the micropylar dyad cel1 of Ca se11a following completion of

meiosis If.

In the mid-propahse megasporocyte of Brassica, there is a polar

distribution of cytoplasmic organelles with the major portion of the

plastids and constricted mitochondria being found in the chalazaL

cytoplasm. The reduction in size of the mitochondria and a

corresponding increase in the electron-opacity of the matrix has also

been reported in the tetrasporic genus Lilíum (Dickinson and

Heslop-Harrison I977) and two monosporic genera, Gastería (l^Jillemse

and Franssen-Verheijen 1978) and Capsella (Schulz and Jensen 1981,

1986). The apparent activity of dictyosomes Ín the megasporocyte

cytoplasm of Brassica may relate to the incipient formation of ce11

wa1ls during meiotic cytokinesis as was suggested by Kennel and Horner

(1985). There is also a polarity of meiotic products in terms of cel1

size. The division of the chalazaT dyad cel1 is unequal with the

funcLional megaspore being larger than the non-functional sister

megaspore. hlhether the cytoplasmic polarity exhibited by the

megasporocyte is carried into the dyad, triad, or tetrad cannot be

answered at this time due to the absence of ultrastructural

information on these stages of development. At the light microscope

1eve1 the two cells are cytologically similar. Stewart and Gifford

(1967) showed a dnal.azal polarity following meiosis f in the

gymnosperm Ginkgo. The majority of mitochondria and chloroplasts

segregated into the chalazal dyad ce11 that is destined to produce the
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functional megaspore. A similar distribution in organelles was

reported in Gasteria (\,r/il1emse and Bednara 7979 ). Woodcock and Be1l

(1968) found that in Myosurus the distribution of organelles following

meiosis was random. Russell (1979) found that in Zea tLre megasporocyte

showed a chal.azal polarity of organelles but this polarity was not

carried through to Lhe dyad and tetrad stages of development as there

was no apparent difference in the distribution of organelles in the

post-meiotic cells. Recently Kennel and Horner (1985) showed a

chalazal polarity of organelles at mid-prophase of meíosis I. The

absence of ultrastructural observations made it impossible for them to

identify or follow the fate of these organelles through to the

completion of meiosis.

I,Vith the exception of the double membrane-bound inclusions which

have disappeared following meiosis, the cytoplasm of the functional

megasp ore of Brassica possesses the ful1 complement of cytoplasmic

organelles found in the megasporocyte. However, the number of

organelles have been radically reduced and the chloroplasts and

mítochondria appear more electron-transparent than at the

megasporocyte stage of development. This dedifferentiation of

chloropla sts and mitochondria has been shown to occur in Mvosurus

(ldoodcock and Bel1 1968), Lilium (Dickinson and Potter I97B), Pisum

(Medina et a1. 1981) and the elimination of a number of these

organelles during meiosis by autophagic vacuoles has been suggested by

Schulz and Jensen (1986). Early studies on megasporogenesis in

angiosperms postulated the total elimínation of plastids and

mitochondria during meiosis (8e11 and Muhlethaler 1964; Israel and

Sagawa 7964; Be11 et aI.7966; Bell and Woodcock 1968) and their "de
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novofr synthesis from blebs of the nuclear envelope (8e11 1972), a

concept that has not gained wide acceptance. In Brassica both plastids

and mitochondria survive meiosis, but in reduced numbers, and are

present as progenitors of these organelles for the new megagametophyte

geneneration. It would appear from the líterature that there is

considerable variation in the behavior, distribution and ultimate fate

of cytoplasmic organelles during meiosis. The presence of chloroplasts

in the megagametophyte of Brassica campestris concurs with the genetic

studies on female cytoplasmic inheritance, via chloroplast DNA, of

resistance to the herbicide aLrazir,e (Machado and Bandeen 1982).

The strong aniline blue fluorescence of the newly formed cross

wal1s between ce1ls of the triad may indicate the presence of a

callose-like substance. The absolute specificity of the fluorochrome

in aniline blue for callose has been questioned by Smith and McCully

(I978), who i-ndicate that unidentified compounds other than callose

may also bind the fluorochrome.

The encasement of microsporocyte cel1s by callose and its

subsequent deposition between microspores is a common feature of

mÍcrosporogenesis in angiosperms (Bhandari 1984). Heslop-Harrison and

Mackenzie (1967), in a study on the uptake of radioactive thymidine

into the anther of Lilium, showed that the tracer was readily

incorporated into the microsporocytes prior to the onset of rneiosis,

but was excluded from the meiotic ce11s from mid-prophase through to

the separation of the microspores from the tetrad. The exclusion of

the thymidine correlates with the deposition of callose. These authors

suggest that callose acts as a barrier to certain macromolecules and

serves to isolate the developing microspores from the surrounding
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diploid tissue. This isolation a11ows the autonomous development of

the microgametophyte generation.

The isolation of the haploid phase from the diploid phase does not

occur in Brassica. The megasporocyte ce11 wa1l ís virtually free of

callose deposits which is in contrast to the total encasement of the

megasporocyte ce1l by callose ín Oenothera (Rodkiewicz I97O), Zea

(Russe11 1979), ând Ca sel1a (Schulz 1981). Following meiosis in

Brassica the deposition of callose is such that the ce1ls of the triad

are isolated from one another but not from the surrounding sporophyte

tissue. Tn fact the functional megaspore is in a favored position to

receive metabolites and hormonal stimuli/inhibitors from the parent

sporophyte via the funiculus of the ovule. A similar distribuLion of

callose has been found in a number of post-meiotic monosporic

Polyqonum-t ype angiosperms ( Russell 1979; Schulz and Jensen 1981,

7986; Kennel and Horner 1985). In the monosporic Oenothera-type, where

the three chalazal megaspores degenerate and the micropylar megaspore

forms the megagametophyte, the distribution of callose is similar to

the Poly num- type except it is the micropylar functional megaspore

that is free of callose desposits (Rodkiewicz 1970, Jalouzot 1978). In

the Letrasporic type, where the entire original megasporocyte ce1l

functions in megagametophyte development, there are no deposits of

callose duríng meiosis (Kapil and Bhatnagar 1981). It would appear

that the function of callose during megasporogenesis is to isolate the

non-functional megaspores and to ensure that only the functional

megaspore participates in megagametophyte development.

Following meiosis the functional megaspore enlarges and assumes

an obdeltoid shape. A thick electron-transparent, PAS-negative lateral
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wa11, traversed by microvÍllus-like membranous extensions, as seen in

the functional negaspore of Capsella (Schulz and Jensen 1986), v/as not

observed Brassíca. The enlarged functional megaspore contains few

vacuoles. Vacuole forrnation does not occur until after Lhe first

¡nitotic division within the functional megaspore. The early 2-nucleate

stage of megagametophyte development is characteri-zed by perinuclear

plastids that are actively dividÍng. The numbers of mitochondria are

also greater but the internal structure of the organelle remains

simple. Numerous sma11 vacuoles, the origin of whích could not be

determined, occur in the peripheral cytoplasm. It is assumed that the

fusion of these smal1 peripheral vacuoles contributes to the large

central vacuole that forms between the two nuclei. As this vacuole

increases i-n sj-ze the megagametophyte expands in a micropylar

direction at the expense of the degenerate negaspores and Lhe enlarged

hypodermal nucellar ce1ls. The expansion of the 2-nucleate

megagametophyte does not occur until such time as the inner and outer

a -r-a-- -----1^--J rL^ ---^^11..- 
¡"fal^ 1^ç^-^1lnteguments nave compf eLeay erive_LOPeu Lrre lrLlLerru!'. rrru rcl Lcr cll

resistance that the integuments impose on the nucellus may be

important in determining the micropylar direction of megagametophyte

expansion.

Lintilhac (1974) proposed a biophysical model for the ovule of

GossyÞíum in which the externally imposed tectonic stress of the

integuments and nucellus may play a role in the development of the

megagametophyte. However, the radial pattern of perpendicular wa11s

merging at the centre of the functional megaspore and megagametophyte

and forming a region of nul1 stress in the well developed
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crassinucellate ovule of Gossypium (Lintilhac 1974) does not occur in

Brassica.

The micropylar expansion of the megagametopyte coincides with

anticlinal divisions within the inner integument, lateral to the

megagametophyte. This intercalary growth of the integuments during the

early 4-nucleate stage continues Lo maturity and is a clear example of

coordinated growth between different parts of the ovule. A simílar

coordination of integument and megagametophyte growth has been

reported for Oryzopís by lr,laze et al. (1970). fn Oryzopis the initial

growth of the integument is apical, followed by divisions in the

basal regions of the integument at the 4-nucleate stage.

During the coenocytic phase of megagametogenesis Ín Brassica

there is a progressj-ve increase in the numbers of plastids,

mitochondria, and dictyosomes suggesting a corresponding increase in

megagametophyte metabolism. These results concur with those of

Godineau (1973) for Crepis. In contrast' Russell (1979) reports a

temporary increase in the number of megagametophyte organelles during

the 2-nucleate phase in Zea followed by their elimination through the

reactivition of the "lytic complextt at the 4-nucleate stage of

development. By the B-nucleate stage of development the autophagic

complex was incorporated into the central vacuole at whích time he

suggests that activity of the lytic complex ceases. A lytic complex

such as described by Russell was not observed in Brassica. There were

however, numerous examples of organelles associated with the poorly

fixed remains of the tonoplast of the expanding megagametophyte

central vacuole. Under these fíxation conditions, implying an

autophagic functj-on to the megagmetophyte vacuole of Brassica would
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be, at best, tenuous. Matile (1975) suggests that autophagy and the

turnover of ce1lu1ar proteins is a major function of the plant

vacuole. Recent biochemical evídence has confirmed an autophagic

function for the vacuole of Lhe alga Chara (Moriyasu and Tazawa 1986).

In Gasteria, ltlillernse and Franssen-Verheijen (1978) report that

the maximum number of organelles is attained at the functional

megaspore stage of development, príor to the first nuclear division of

the megagametophyte and prior to vacuolation of the rnegagametophyte.

Except for an increase in polysomes at the 4-nucleate stage of

development, as was also observed in Brassica the numbers of

organelles remained constant during megagametogenesis j-n Gasteria.

Clearly the limiLed number of ultrastructural studies on the

coenocytic phase of megagametogenesis has failed to provide a

consensus as to the behavior of megagametophyte organelles during this

phase of megagametophyte development.

fn Brassica there appears to be a flux of energy reserves during

megasporogenesis and rnegagametogenesis. During megasporogenesis, the

number of lipid bodies increased followed by a decrease at the end of

meiosis. Similarly lipids increased during the 2-nucleate phase and

were absent from the early 4-nucleate megagametophyte. At the late

4-nucleate stage of development, prior to t.he formation of cell wa11s,

the numbers of lipid bodies in the megagametophyte once again

increased. It would seem that the appearance of these lipid reserves

is correlated with periods of impending metabolic activity associated

with megasporogenesis, megagametophyte expansion, and the incipient

cellularizatíon of the megagametophyte. Starch is never a major energy

reserve within the coenocytic megagametophyte. The micropylar region
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of the integuments becomes a sink for carbohydrate commencing at the

4-nucleate stage of development but the megagametopyte plastids remain

starch-free from the functional megaspore stage until shortly after

the migration of the polar nuclej- following cellularízation of the

megagametophyte. Concurrently with megagametophyte expansion during

the 4-nucleate stage of development in Brassica the number of

dictyosomes associated with the lateral wall of the megagametophyte

increases. These dictyosomes appeared actíve in vesicle production and

there was evidence for the subsequent fusion of dictyosome vesicles

with the expanding lateral wa11 of the megagametophyte. This would

seem reasonable in light of the requirement for additional wal1

material during the expansion phase of the megagametophyte. A similar

conclusion vras reached by Newcomb (1973a) for Helianthus.

The transition from the coenocytic to the ce11u1ar phase of the

megagametophyte has long eluded plant embryologists. There are two

basic theoríes dealing with the mechanism of cell wall formation in

the angiosperm megagametophyte. One theory envj.sions the encapsulation

of the synergid, antipodal, and egg nuclei and cytoplasms by what is

termed free wa11 formation. According to the theory, free wa1l

formation occurs independently of karyokinesis and does not involve

microtubules. The cel1 walls are initiated at the wall of the

megagametophyte as pegs of wa1l material that expand centripetally

into the megagametophyte cytoplasm. Evidence supporting the free wall

theory as it pertains to the formation of the egg, synergid, and

antipodal ce11 walls is lacking. I{í1ms (198la) reported that the cell

wa1ls separating the antipodal ce1ls of Spinacia formed from the
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periphery of the megagametophyte to the centre. However, !'Jilms failed

Èo provide evidence in the form of micrographs to support this claim.

Most of the literature in support of the free wa1l theory is

derived from studies on endosperm formation in Helianthus (Newcomb

I973a), Stellaria (Newcomb and Fowke 7973), Haemanthus (Newcomb 7978),

and Triticum (Morrison and 0'Brien 7976). Fineran et a1. (1982) have

challenged the free wa1l theory and provide convincing evidence that

the initial endosperm cell walls in Triticum involve typical

phragmoplasts and that these cel1 wal1s are derived from centifugally

growíng ce1l plates. Each parietal endosperm nucleus becomes enclosed

within an open ended alveolus derived from four circular phragmoplasts

oriented perpendicular to one another and to the lateral wa11 of the

central ce1l. The centrifugally expanding phragmoplasts eventually

fuse with one another and with the lateral wa1l of the central ce11,

while that portion of the phragmoplast opposite Lhe lateral central

cel1 wa11 continues to expand centripetally into the central cel1.

Cass et al. (1985) ín a study on cel1 wal1 formation in the

megagarnetophyte of -Uor.dgum. have provided the first ultrasLructural

evidence for the formatíon of cel1 wa1ls around the antipodal and egg

apparatus nuclei in the angiosperm megagametophyte. Cell wall

formation in the megagametophyte of Hordeum was shown to involve

elongated cel1 plates associated with clusters of microtubules. The

young ce1l walls of the megagametophyte have a beaded appearance and

the authors suggest that the beaded cell wa11s are derived from

dictyosome vesicles" They further speculate that the formation of

these ce11 plates may be associated with centrifugally expanding

phragmosplasts, similar to those described by Fineran et al. (1982)
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for the endosperm of Triticum. In a recent publication, Cass et a1.

(1986) suggest that the four nuclei at the micropylar end of the

megagametophyte of Hordeum are separated by two cel1 plates. A

vertical cel1 plate separates the sister synergid nuclei and an

initially horizontal ce1l plate separates the egg and polar nuclei.

The horizontal cell plate expands centrifugally with one edge

contacti-ng the megagametophyte wall while the opposing edge of the

horizontal plate branches. One branch grows in a micropylar direction

and separates the egg nucleus from the two synergid nuclei. Chalazal

growth of the vertical wal1 between the synergids eventually contacts

and fuses with the horizontal plate. The horizontal plate forms the

chalazal wall of all three cells.

The earliest cell wa1l of the egg apparatus viewed at the

ultrastructural leve1 in Brassica consists of beads of wa1l materÍal

that are simílar to those described by Cass et al. (1985).

Histochemically, the differentiation of the ce1l wa1ls of Brassica

appears to occur in a centripetal direction, but whether or not these

wa1ls were derived from centrifugally growing phragmoplasts or from

centripetally growing free wa11s independent of a phragmoplast cannot

be answered at this time.

The cel1 wa11s of the young egg apparatus show a strong

PAS-positive reaction and consist of a relatively wide

electron-transparent space between two plasma membranes. The initial

chaTazal expansion of the t\,vo synergids and the egg into the central

ce11 produces curved cel1 walls and results in the formation of the

synergid and egg hook ce1l wa1l regions. ConÈinued expansÍon of the

cha1azal half of the egg apparatus results in a marked thinning of the
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common cel1 walls with periodic pockets of expanded

electron-transparent mat-erial. The cell walls remain PAS-positive. The

micropylar walls of the mature egg apparatus and the chalazal

egg-central ce1l wal1 show a sLrong PAS reaction while the thinner

wa11s of the egg apparatus (ie. the common chaLazal wall between the

synergid and the egg and Lhe common cha1azal wa11 between the synergid

and the central ce1l) show a weak PAS-positive reaction that is barely

visible at the 1eve1 of the light microscope. The chalazal expansion

of the ce1ls of the egg apparatus results Ín the egg and synergids

doubling in length from approximately 20 um to approximately 40-45 un.

The electron-opaque deposits and expanded electron-transparent regÍons

of the extreme chalazal egg-central cel1 wall are formed after

elongation of the egg apparatus. Even with the thinning of the

chalazal cel1 walls between the synergid and the egg and between the

synergíd and the central ce1l durÍng the expansion phase of the egg

apparatus, there would be a need for additj-ona1 plasma membrane and

cell wall material. The source of the additional plasma membrane and

wal1 material could not be determined. Dictyosomes, adjacenL to the

ce1l wa1ls of the egg apparatus, hlere present in the young and mature

egg, synergid, and central cells. There was, however, no direct

evidence of dictyosome-derived vesicles contributing to the formation

of the expanding ce1l walls. The close proximity of ER to the plasma

membranes of the egg and synergid and the evidence showing a direct

continuity of central cell ER and the plasma membrane on the central

ce11 side of the egg suggests the possible involvernent of ER cisternae

in the deposition of ce1l wa11 material in the egg apparatus. The

involvement of ER in the synthesis and deposition of cell wall
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material has been prevÍous1y suggested by Unzelman and Healy (I974),

Singh and Mogensen (1975), Schulz and Jensen (1977), and by Mogensen

and Suthar (7979).

As would be expected, all of the ce1l walls of egg apparatus

were stained posítively by the Thiery test. The positive sLaining of

the ce11 wa1ls by both the Thiery test and the PAS reaction suggests

the presence of polysaccharides with vicinal hydroxyl groups in the

ce1l walls of the egg apparatus. Positive staining wíth alcian blue

for acid polysaccharides would suggest that some of these

PAS-Thiery-positive compounds are a matrix of alpha 1-4 polyuronides.

The weak but posÍtive reaclion of the micropylar ce11 wa11s of the egg

apparatus with Calcofluor suggests the additional presence of beta 1-4

glucans in these regions. The absence of a Calcofluor-positive

reaction after cel1u1ase digestion would suggest that the beta 1-4

glucan in the micropylar ce1l wa1ls of the egg apparatus is ce1lu1ose.

fn a recent review, Idillemse and van l{ent (1984) report that ce11

wa1ls are absent in the chalazal half of the egg apparatus in the

majority of angiosperms that have been surveyed. Exceptíons, in which

the egg apparatus is encased entirely by a PAS-positive wal1, have

been reported in Capsella (Schulz and Jensen 1968a, 1968b), Epidendrum

(Cocucci and Jensen (1969a), Pa aver (01son and Cass 1981 ),

0rnithogalum (Tilton 19Bl), and Scilla (Bhandari and Sachdeva 1983)

Folsom and Peterson (1984) have shown the chalazal- walJ-s of the

synergids and egg of G1 c].ne to be Thiery-positive. They presurned,

based on the positive Thiery test, that the chalazaL ce11s walls of

the egg apparatus contained cellulose, and further suggested that the

wa11 material was derived from dictyosome vesicles. Bhandari and
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Sachdeva (1983) also state, based on the posi-tive PAS reacti-on, that

the chalazal wa1ls of the egg apparatus contain cel1u1ose. It should

be noted, however, that both the PAS and Thiery tests will give a

positive reaction with a variety of polysaccaride and

non-polysaccharide compounds and that neither test is specific for

cellulose. The role of dictyosomes in the formation of a cellulosÍc

cell wal1, as was suggested by Folsom and Peterson (1984), is not

supported by the recent literature. There is convincing evidence that

the plasma membrane is the síte of cell-ulose synthesis in plant cel1s

(HerLh 1985).

The young antipodals of Brassica, situated in the extrerne

chalazaL region of the megagametophyte, are morphologically similar to

the egg apparatus at the same period of development. The young

antipodal cel1s are vacuolate and appear turgid with Lhe convex conmon

antipodal-central ce11 wa1l expanding into the central ce1l. Both the

chalaza\ and micropyl-ar ce11 wa1ls of the antipodals are

Thiery-positive and intensely fluorescent following Calcofluor

staining. The positive reaction with Calcofluor suggests the presence

of ce1lu1ose in the antipodal cel1 wa11. The antipodal cel1 wa11s of

Capsella (Schulz and Jensen 7977), Papaver (01son and Cass 1981), and

Sci1la (Bhandarí and Sachdeva 1983) have been shown to be

PAS-positive.

During maturation of the megagametophyte of Brassica the

antipodal cells do not show an increase in size. Prior to anthesís

there is a slight reduction in cel1 size and an apparent loss of

turgor. The conmon antipodal-central ce1l wal1 becomes concave and the

mature cell wal1s of the antipodal ce1ls are often wrinkled. The
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majority of the mature antipodal cell is occupied by the nucleus and

t.he cytoplasm does not have an abundance of proplastids, mitochondria,

and dictyosomes. The high lipid content of the young antipodals may

reflect the requirement for energy molecules that are used during the

early phases of antipodal differentiation or these compounds may be

shunted into the central cell which maintains a high concentration of

lipids throughout megagametophyte developrnent. Yu and Chao (I979)

report a high concentration of lipÍd in the young antipodal cells of

Paspalum and the subs equent disappearance of lipid from the antipodal

ce1ls at maturity. The mature antipodals of Brassica are not a sink

for energy reserve compounds. The mature antipodals are devoid of

lipid reserves and the proplastids do not contain starch. In Stlpa

(l{aze and Lin 1975) the mature antipodals are rich in lipids and may

function Ín the transfer of lipids into the megagametophyte.

The mature antipodal of Brassica possesses a moderate amount of

ER. Immediately following anthesis, the three antipodal ce1ls

degenerate. There is evidence for the formation of ER-derived double

membrane-bound inclusions in the antipodal cel1 prior to degeneratj-on.

These inclusions may have an autophagic function and play a role in

the degradation of the antipodal ce11 cytoplasm.

The pre-anthesis antipodals may represent a symplastic route for

the flow of nutrients from the vascular trace that terminates in the

chalaza-raphe region of the ovu1e, through the chalazal nucel1us, and

into the central cel1 of the megagametophyte. There are abundant

plasmodesmata between antipodal ce11s, between the antipodals and the

central ce1l, and to a lesser degree, between the chalazal nucellus

and the antipodal cells. The presence of plasmodesmata linking the
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sporophytic and gametophytÍc tissues of the angiosperm ovule has also

been reported for Capsella (Schulz and Jensen 1971), Helianthus

(Newcomb 7973a), and Spinacia (l,rrilms 1981a).

The antipodals of a number of angiosperms have been shown to be

potentially active in the transport of nutrients prior to and

following anthesis. fn Papaver (01son and Cass 1981), Scilla (Bhandari

and Sachdeva 1983), and in Aconitum (Bohdanowicz and Turala-Szybowska

1985), the antipodal ce11s enlarge following anthesis and develop wa1l

projections of the transfer cell type (Gunning and Pate 1969). These

persistent antipodals are rich in plastids, mitochondria, and

dictyosomes and appear to play a role in the transport of nutrients

Ínto the megagametophyte following ferLllization. Commonly, in

grasses, the three antipodal cells undergo a series of mitotic

divisions to form a chal-azal aggregation of antipodal tissue. In Zea

(Diboll and Larson 1966) and in Hordeum (Cass et a1.1986) the

antipodal cel1s adjacent to the cha1-azal- nucellus develop wal1

ingrowths and in Zea aI! the antipodal ce11s possess a cytoplasm that

appears to be syntheLically active.

I,rlall ingrowths have also been shown to occur in angiosperms that

possess ephemeral, but synthetically active antipodal ce1ls (Newcomb

I973a, Wilms 1981a). I^/a11 ingrowths, of the transfer cel1 type, are

not found in the antipodal ce1ls of Brassica. The ephemeral

antipodals of BrassÍca are similar to the antipodals of Capsella

(Schulz and Jensen 1971). In both genera, the antipodals and cha1'azal

nucellus degenerate shortly after anthesis. Schulz and Jensen (1971)

report that the chalazal proliferating tissue of Capsella is

synthetícally active and may play a major role in transferring



148

nutrients to the megagametophyte during the early phase of embryo

development. In Capsella, the nucellar chaLazal proliferating tissue

begins to degenerate at the octant stage of embryo development, at

which time membrane-bound inclusions, similar to those of the

degenerating antipodal ce11s of Brassica, become prevalent in the

cytoplasm. The appearance of starch in the chalazal proTíferating

tissue of Brassica would imply that the tissue is a sink for

carbohydrates. The possible post-fertilízation nutritional role of the

chal-azal proliferating tissue in Brassica will be the subject of

future research.

The central ce11 is the largest cel1 of the the megagametophyte

and plays an important role in the post-fertilization development of

endosperm tissue. fn most. angiosperms the mature central cel1 is a

highly vacuolate binucleate cell containíng two polar nuclei and a

thín layer of parietal cytoplasm adjacent to the egg apparatus,

antipodals, and lateral wa1ls of the megagametophyte (l,rlil1emse and van

ldent 1984). It would appear that BrassÍca campestris is somewhat

unique in that the large central ce11 vacuole, characteristÍc of the

coenocytic and early ce1lu1ar phases of development, disappears,

leaving a srnall central ce11 vacuole in the extreme chalazal region of

the cel1 adjacent to the antÍpodals. Príor to the disappearance of the

central ce11 vacuole, and shortly after Lhe completion of ce1l wa1l

formation around the nuclei of the antipodals and egg apparatus, the

chalazal polar nucleus begj-ns to migrate in a micropylar dírection.

Microtubules para11e1 to the long axis of the central cell are closely

associated with the chalazal polar nucleus. It is not possible, in a

statíc image, to ascertain the role of these microtubules in Brassica
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campestris. Duríng elongation of t.he apical ce11s in the caulonema of

the moss Funaria, the nuclei are seen to migrate in an apical

direction (Schmiedel and Schnepf 1980). Ultrastructural studies have

shown that the migrat.ing nuclei of Funaria are encased by microtubules

in a manner similar to that exhibited by the cha1.azal polar nucleus of

Brassj-ca. In Funaria, microtubules are thought to play a role in

nuclear movement. There are numerous other reports in the literature

that lmplicate microtubules in the movement of nuclei and other

cytoplasmic organelles (Gunning and Hardharn 1982). Recent reports have

implicated microtubule-associated ATPases in the direcLional movement

of organelles in a giant freshwater amoeba (Schliwa 1984, Koonce and

Schlirva 1986). I^Ihether a similar system is involved in Lhe movement of

the polar nuclei within the central cel1 is unknown at this time. It

should be noted that microtubules v/ere not associated with the

micropylar polar nucleus in the central ce11 of Brassica. The eventual

fusion of polar nuclei takes place in the mid-micropylar end of the

central ce11 suggesting that the micropylar polar nucleus must move in

a chalazal direction prior to nuclear fusion. If one of the roles of

microtubules is in the directional movement of organelles one would

assume the incipient formation of microtubules around the mÍcropylar

polar nucleus. The other alternative that has been postulated by

McKerracher and Heath (i985) is that microtubules that ensheath the

hyphal nuclei of Basidiobolus have a purely structural role in

positioning the nucleus in the cytoplasm. The position of the chalazal

polar nucleus and associated microtubules near the middle of the

central ce1l at the time of fixation and the lack of microtubules

around the micropylar polar nucleus' suggests that a stabilizing
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function of these central cell microtubules is a possible alternative

explanation for their presence in the central ce11 cytoplasm.

The fusion of the polar nuclei within the central cell of

Brassica, the involvement of ER and the formation of polar bridges

appears to be similar to that initially described by Jensen (1964).

Subsequent reports have confirmed the presence of nuclear bridges

between partially fused polar nuclei in Capsella (Schulz and Jensen

1973), Petunia (\dent 7970b), Stípa ( Nlaze and Lin 1975), Spinacia

(Wilms 19Bib) and Glvcine (Folsom and Peterson 1984) In Capsella

(Schulz and Jensen 1973) and in Lepidium (Prasad 1975), both members

of the Crucíferae, the polar nuclei were reported to merge completely

forming a single fusion nucleus príor to double fertilizaLion. ln

Brassica, a fusion nucleus !/as never observed and the two polar nuclei

remained attached by the nuclear bridges and common, uniting strands

of ER throughout the development of the unfertilized central cell,

including the central cell of the non-fertile ovu1e, 72 h after

anthesis.

The central ce1l, prior to the migration and fusion of the polar

nuclei, contains numerous plastids of the proplastid type. Following

nuclear fusion the plastids of the central cell begin to accumulate

starch and by anthesis the plastids have enlarged and developed a well

defined system of thylakoid lamellae. The control of plastid

development in the megagametophyte of Brassica must reside in the

central ce11 itself, assurning all plastids of the megagametophyte are

of comparable ages and are subject to the same physical stÍmuli

(eg.1ight). The plastids of the egg, synergids, and antipodals remain

as proplastids Lhroughout the development of the megagametophyte while
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those of the central cell differentj-ate into chloroplasts. The only

other report of the occurrence of choloroplasts in the central ce11 of

an angiosperm ovule was 1n Capsella (Schulz and Jensen 1973). In

addition to chloroplast starch, in the central cell of Brassica before

and after ferLTTization, there is also an abundance of lipid bodies

and microbodies present in the central ce1l over the same

developmental time period. The frequent close association of cenLral

cel1 lipid and microbodies suggests that the latter are glyoxysomes

that function in the glyoxylate cycle (Huang et al. 1983).

A distinctive feature of the mature cenLral ce11 of Brassica is

the development of wa11 projections along the lateral wa11 of the

central ce11 from its mid-region, opposite the polar nuclei, to the

micropylar end of the central ce11, adjacent to the synergid and egg

hook region. The plasma membrane of the central cel1 follows the

contours of wal1 projections suggesting a transfer ce1l function as

described by Gunning and Pate (1969). In Brassica there are numerous

mitochondria in close proximity to the wa11 projections which could

conceivably provide the energy for membrane-associated active

transport of solutes in or out of the megagametophyte. Transfer ce11s

may well be an i-mportant means of transport into the megagametophyte

in light of the absence of plasmodesmata connecting the sporophyte and

gametophyte phases in the micropylar region of the ovule. Preliminary

attempts to 1oca1ize, at the ultracytochemical 1eve1,

membrane-associated phosphatase activity in the central ce11 wal1

projections of Brassica have been unsuccessful.

l{a1l projections have been reported to occur in the unfertillzed

central ce11 of Linum (Vasart and VasarL 7966), Helianthus (Newcomb
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and Steeves 1971, Newcomb Ig73a) , Stellaria (Newcomb and Fowke 1973),

Euphorbia (Gori 1977), and G1 c]-ne (Folsom and Peterson 1984). In

Capsella, wa11 projections are absent frorn the central cel1 prior to

ferLTlization (Schulz and Jensen 1973), but develop on the lateral

walls of the central ce11, on the central ce1l side wall of the

suspensor (Schulz and Jensen I974), and on the extreme chalazal wa1ls

of the cenLral cell following fertíIízation. Tilton et al. (1984),

contrary to the report of Folsom and Peterson (1984), describe the

formation of central ce11 wa1l projections in Glycine as occurring

between f.erLllization and the first divisions of the zygote,

coinciding with the degeneration of the adjacent nucellar tissues.

Mogensen and Suthar (1979) report the occurrence of wa1l projections

on the central ce1l side of the synergids of Nícotiana.

Newcomb and Steeves (I97I) reported the close proxÍmity of

dicLyosomes to the developing wa11 projections and implicated

dictyosomes and dictyosome vesicles in the formation of the central

ce1l wa1l projections. fn Brassica, as in Glvcine (Folsom and Peterson

1984), the central cel1 wal1 projections are Thiery-positive. In

Brassica, vesicles being released frorn the maturing face of

di-ctyosomes in close proximity to the developing wa11 projections are

Thiery-posítive. Thiery-positive, dicLyosome-like vesicles appear to

be fused with the lateral central cel1 wa11 and contribute to the

formal-ion of the central cel1 wa11 projections. Tubular ínclusions,

associated with the central ce11 wa11 projections, appear to be

membranous in nature and similar to what Marchant and Robards (1968)

term paramural bodies. hlhether the inclusions are lomasomes or

plasmalemmasomes (Marchant and Robards 1968) is unknown at this time
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since the origin of the tubular inclusions could not be determined.

Paramural bodies have been reported associaLed with Lhe phloem

transfer cells of Hieracium (Peterson and Yeung 1975) and leaf

epidermal Lransfer ce1ls in Zostera (Barnabas et al. I9B2). The

function of paramural bodíes is speculative. They have been j-mplicated

in the actual formatj-on of cell wa11 projections and in providing

increased membrane surface area for the active transport of solutes.

Paramural bodies have also been assigned a secretory functíon (Roland

7973). The tubular inclusions in the central cel1 wa11 projections of

Brassica are transi-to ry. The numerous electron-opaque deposits, that

are also a characteristic feature of the central cell wall

projections, may represent the degenerative remains of the tubular

inclusions.

The distribution of central cel1 wa11 projections of Brassica

corresponds wiLh the micropylar region of starch distribution in the

integuments. The first appearance of micropylar integument starch

occurs during the 4-nucleate stage of megagametophyte development and

becomes a prominent feature of the micropylar integuments in the

mature ovule pri-or Lo fertilizat.ion. One can speculate that the

Ínteguments are an inÍtial, but temporary , sínk for carbohydrate being

transported into the ovule via the funicular vascular trace. Portions

of the starch may be mobílized as sugars and transported into the

megagametophyte by the transfer cell activity of the central cel1 wa1l

projections. The proximity of long strands of central cell smooth ER

in the immediate vicinity of the wa11 projections and the presumed

interconnection of this ER with the ER in close proximity to the egg

apparatus could provide a direct transportation route for sugars and
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other solutes into the micropylar region of the megagametophyte. ER

has a close association with transfer cel1 wall projections in cells

that are active in absorption and secretÍon (Gunning and Pate 1974).

ft has been known for over twenty years that the ER of the mammalj-an

liver is active in the transport of soluble carbohydrate (Porter 1963)

and it Ís conceivable that a soluble carbohydrate ER transport system

may be operating in the central ce1l of the ovule. The presence of

spiral polysomes associated with the surfaces of the ER cisternae

suggests that much of the 1ame11ate central cel1 ER is active in

protein synthesis prior to and following fertilization.

In the majority of angiosperms, the egg has been shown to be a

polarized cel1. The micropylar region of the ce11 typically contains a

large vacuole with the nucleus and the rnajority of organelles in the

cytologically inactive chalazal cytoplasm (h/illemse and van ldent

1984 ) . In Gossypiurn (Jensen 1965b) and Papaver (01son and Cass 1981),

the polarity of the egg is reversed with the majority of the egg

cytoplasm, includÍng the nucleus, in the micropylar region of the ce11

while the chalazal regi-on is occupied by a large vacuole. The young

egg of Brassica, following cellularization, is cytologically similar

to the young synergids, antipodals and central cel1. Smal1 vacuoles

are present in Lhe cytoplasm along with allantoid, starchless,

proplastids. Mitochondria, dictyosomes, and ER are distributed

throughout the cel1. In the mature egg, the nucleus is in the extreme

chalazal region of the ce1l. During the maturation of the egg a large

micropylar vacuole develops. The majority of plastids, mitochondria,

and dictyosomes in the mature egg are perinuclear, though some of

these organelles are present throughout the egg ce11 cytoplasm. The
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mature egg appears to be a sink for carbohydrate and the proplastids

typically contain starch. ER is sparse and the dictyosomes of the

mature egg are not active in vesicle production. The sma11 vesicles at

the maturing face of the egg dictyosomes are Thiery-negative. The

cytology of the mature egg cel1 of Brassica is sirnilar to Gossypium

(Jensen I965b), Capsella (Schulz and Jensen 1968b), PeLunia (Went

797Oc), Helianthus (Newcomb I973a), Nicotiana (Mogensen and Suthar

r979) and Spinacia (Wilms 1981a). In all of the aforementioned genera,

with the exception of Helianthus (Newcomb I973a) in which the egg was

considered to be metabolically active, the cytology of the egg was

indicative of an inactive cel1. Between the extremes, as evidenced by

the organelle-poor mature altipodals and the organelle-

rich mature synergids of Brassica, it is difficult to judge the

metabolic activity of a ce11 based on morphology a1one.

In all angiosperms studied to date, the mature synergids appear

to be metabolically actÍve. The synergids are typically rich in

mitochondria, plastids, ER, and dictyosomes, though the distribution

of these organelles varies in different species (for a review see

ldillemse and van h/ent 1984). In addition, a micropylar filiform

apparatus is a characteristic feature of the synergid. fn PlumbaÊo,

where synergíds are lacking, the egg cell has been shown to possess a

filiform apparatus (Cass and Karas I974).

The filiform apparatus of Brassica is stained positively by the

Thlery, PAS, and Alcian blue histochemical tests suggesting the

presence of substances wíth vicinal hydroxyl groups, and acidic

polysaccharides. A strong fluorescence following Calcofluor staining

suggests the presence of beta 1-4 glucans. The absence of Calcofluor
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índuced fluorescence following ce1lu1ase extraction suggests that the

beta 1-4 glucan present in the filiform apparatus is ce1lu1ose. Chao

(197I) suggested that the PAS-positive material in the filiform

apparatus of Paspalum was hemicellulose derived from the breakdown of

synergÍd starch (Yu and Chao 1979 ). Jensen (1963) identified pectins

and suggested the probable presence of ce1lu1ose as the major chemical

components of the filiform apparatus of Gossvpium. Newcomb (1973a)

reported the occurrence of active dictyosomes in the immediale

vicinity of the filiform apparatus of Helianthus and suggested the

possible involvement of dictyosomes i-n its forrnation. The release of

Thiery-positive vesicles from the maturing face of dictyosomes in the

imrnediate vicinity of the filiform apparatus of Brassica and the

fusion of Thiery-positive dictyosome-like vesicles with the peripheral

edge of the expanding filiform apparatus provides convincing

histochemical evidence for involvement of dictyosomes in the formation

of the filiform apparatus. The absence of silver proteinate in the

vesicles at the forming face of the dictyosome would suggest that the

glycosyl transferases responsible for the polymerization of the

polysaccharide are associated wÍth the dictyosome vesicle and are

active in the transition phase between the forming and maturing faces

of the dictyosome. The close association of the synergid ER and

dÍctyosomes in Brassica and the occurrence of intervening transition

vesicles between the two organelles lends support for the application

to plant cel1s of the endomembrane concept as proposed by Morre and

Mollenhauer (I974). The formulation of this concept was based on

evj-dence from animal systems. The ER vrras seen as the site of synthesis

of protein and lipid bound for the plasma membrane and extracellular
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environment. These compounds would be transported to the forming face

of the dictyosome cisternae by transition vesicles, while at the

maturing face the secretory vesicles destined for plasma mernbrane

would be released. The movement of membrane from ER to dictyosome to

plasma membrane was termed membrane f1ow. Robinson and Kristen (1982)

maintain that the ER-dictyosome connection is not common in higher

plant ce1ls and is restricted to those plant tissues, such as the

ligules of fsoetes (Kristen 1980), that are primarily involved in the

secretion of proteins. They further contend that the primary function

of the dictyosome in the majority of plant cells, unlike those of

animals, is carbohydrate secretion. Robinson (1980) maintains that

transition vesicles are rare between the ER and dictyosomes of higher

plant ce1ls. There appears to be clear evidence in Brassica synergids

to support the application of the endomembrane concept to the

carbohydrate secreting system of a p1ant. The Thiery-positive

substance in the dictyosome vesicles at the maturing face could be a

glycoprotein, or a pure carbohydrate with the ER possibly supplying

the glycosyl transferases required for their polymerization. There is

considerable evidence that pectic and hemicellulosic substances, and

glycoproteins are incorporated into the wa1l of a variety of plant

cel1s by exocytosis involving dictyosome vesicles (Chrispeels 1976).

The filiform apparatus in angiosperm synergids varíes from a

simple vase-shaped micropylar thickening of the common synergid wa11

as seen in Petunia (h/ent I970a), HelianLhus (Newcomb 7973a), and

Nicotiana (Mogensen and Suthur 7979) to a highly dígitate elaboration

of cel1 wall material as seen in Gossvpium (Jensen I965a), Zea (Diboll

and Larson 1966) , Capsella (Schulz and Jensen 1968a), Hordeum (Cass
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and Jensen 1970), Stipa (l4.aze and Lin 1975), Spinacia (ldilms 1981a),

Sci1la (Bhandari and Sachdeva 1983) and Glvcine (Folsom and Peterson

I9B4). In Brassica the fíliform apparatus is of the digitate type

which greatly extends the surface area of the plasma membrane.

Synergids of the type found in Brassica are considered transfer ce11s

(Gunning and Pate 1969). Jensen (1965a) was the flrst to suggest an

absorption function for the synergid based on the presence of a

filiform apparatus, numerous mitochondria in the immediate vicinity of

the filiform apparatus which would provide the energy for Lhe active

transport of solutes, an elaborate network of ER that would functÍon

as an internal transport system, active dictyosomes, and the

plasmodesmatal connections between the ce11s of the egg apparatus and

the central cel1 which would provide the symplastic route through the

megagametophyte. A similar absorptj-on function has been attributed to

the synergids of Capsella (Schulz and Jensen 1968a), Stipa (Maze and

Lin 1975 ), Spinacia (Wilms 1981a), and Glycine (Folsom and Peterson

I9B4). The absence of an extended area of plasma membrane in the

filiform apparatuses of Helianthus (Newcomb I973a), Quercus (Mogensen

1972) and Petunia (I,ùent I970a) suggests that these cells do not

function as transfer ce1ls (sensu Gunning and Pate 7969).

hlent (1970a) considered that the primary funcLion of the

synergid of Petunia was the secretion of a chemotropic subsLance into

the micropyle for the aLtracLion of the pollen tube. The synergids of

Petunia, like those of Brassica, are in direct contact with the

micropyle. Newcomb (I973a) speculated that the synerg ids of Helianthus

may secrete a chemotropic substance that is stored in the filiform

apparatus. In Spinacia. where there is an extensive region of nucellar
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tissue between the synergids and the rnicropyle, I¡/ilms (1981b) suggests

that the synergids function in the secretion of digestive enzyrnes for

the dissolutÍon of the middle lamellae of the nucellar tissue prior to

the arrival of the pollen tube. In Agave (Tilton and Mogensen 1979)

and Ornithosalum (Tilton i981) the synergids are suspected of

secreting chemotropic substances into the nucellar cap. Chao (I977,

I977) identified a PAS-positive substance in the micropy le of Paspalum

and suggested that the substance may function in guiding the po11en

tube to the megagametophyte. These authors suggest that both the

synergids and the epidermal cells lining the micropyle, are involved

in the production of the mucopolysaccharides. Coe (i954) fed

radioactive carbon dioxide to plants of Zephyranthes and studied, via

autoradiography, the distribution of labelled carbon in the ovule. A

gradient of sílver grains occurred between the synergids and the

micropyle with a maximum concentration over the synergids. Coe

suggested that the 1abe11ed compounds were chemotropic substances

secreted by the synergids. Mascarenhas and Machlis (1964) found an

increasing gradient of calcium ions from the stigma to the placenta

and provided evidence that calciurn was involved in chemotropism in

Antirrhinum. Jensen (1965a) found a high concentration of ash in the

synergid vacuole of Gossypium following the mícroincineration of

freeze-dried ovules and suggested that the ash may represent an

accumulation of calcÍum that is released from the vacuole during

degeneration of the synergid and may have a chemotropic function in

attracting the po11en tube to the egg apparatus. However, calcium

alone has proven to be chemotropically inactj-ve in a number of

angiosperms (Rosen 797I). Mascarenhas (1966) reported a decrease in
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calcium from the placenta to the ovule in Antirrhinum and suggested

that other factors must be involved in guiding the pollen tube to the

ovule. Glenk (L97I) speculates that the chemotropic substance in

angiosperms is probably a mixture of different organic and inorganic

substances. In Brassica, dictyosomes active in the rel-ease of

Thiery-positive vesicles were not only located in the vicinity of the

filiform apparatus but were distributed throughout the synergid. ft is

possible that some of these vesicles contained a chemotropic

substance, perhaps origi-nating in the ER, that is secreted by the

synergid into the micropylar region of the ovu1e. Perhaps dictyosome

vesj-cles, that appear to fuse with the filiform apParatus contain

substances in addition to cell wal1 material. fn contrast, the

elaborate ER and acLive dictyosomes in the middle and cha1.azal regions

of the synergids of Brassica may function in repackaging metabolites

absorbed by the synergid and transferring these new compounds to the

egg and central cel1 as was originally suggested by Jensen (1965a). It

is likely that the synergids could have multiple functíons and may be

involved in both secretion and absorption. The accurnulation of starch

in the synergid proplastÍds and the presence of lipid bodies suggest

that the synergid does absorb and store nutrients. The role of the

synergid filiform apparatus as an expanded membrane surface for active

transport has not been substantiated by cytochemical studies. Mogensen

(1981) failed to localize membrane associated phosphatase activity in

the filiform apparatus of Saintpaulia. fn a símilar study on Nicotiana

ovules, Mogensen (1985) failed to detect phosphatase activÍty in the

membranes of the wa11 projections associated with the central cell

sÍde of the synergíds. Clearly cytochemical studies must be undertaken
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to determine if megagametophyte transfer cells (f:-liform apparatus and

central cell wal1 projections) are involved in the active uptake

andfor secretion of solutes.

Another function of the synergid is to receive the po11en tube.

ln all species of angiosperms that have been studied using modern

techniques of light and electron microscopy, the pollen tube has been

shown to enter one of the synergids by way of the filiform apparatus

(hlillemse and van ldent 1984). fn BrassÍca one of the synergids

degenerates shortly after anthesis and it is this degenerate synergid

that receives the po11en tube. Rathore and Singh (1968) reported that

the po11en tube bypassed the synergid of Brassica campestris and

discharged two male gametes into the central cell of the

megagametophyte. 0n examination of their camera lucida drawings it

would appear that what Rathore and Singh refer to as a po11en tube

located adjacent to the egg, is in fact the degenerate synergid.

Degeneration of one of the synergids prior to the arrival of the

pol1en tube but after germination of the pollen tube on the stigma,

has been shown Lo occur in Gossypium (Jensen and Fisher 1968), Quercus

(Mogensen 1972), Stipa (l4aze and Lin I975), Proboscidea (Mogensen

i97Bb), Nicotiana (Mogensen 1979), Spinacia (ldilms 1981b). Cass and

Jensen (1970) also report the degeneration of one of the synergids of

Hordeum irrespective of whether pollination has occurred or not.

Jensen et a1. (1977) reported that in cultured ovules of Gossypium the

early degeneratíon of one of the synergids and the persistence of the

other synergid was independent of pollination suggesting that one of

the synergíds is preprogrammed for eventual degeneration. The results

obtained in the present study suggest that the post-anthesis
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degeneration of one of the synergids of Brassica- is independent of

pollination. I,úhether the prior degeneration of one of the synergids is

a requirement for successful double lerLilízation is unknown at this

time. In Capsella (Schulz and Jensen 1968a), Petunia (Went 1970a)

Papaver (O1son and Cass 1981 ), md perhaps Helianthus (Newcomb I973b)

both synergids remaÍn intact until one is penetrated by the po11en

tube. Pre-anthesis bud po11Ínation of the normally sporophytically

self-incompatible Brassica campestrís is known to result in the

production of fertile seeds (Hinata and Nishio 1980). It would be of

interest to examine the interaction between the po11en tube and the

synergids in a pre-anthesis ovule of Brassica that would normally

contain two healthy synergids.

The pathway of the po11en tube in Brassi-ca campestris, following

germination of the pol1en graín on the stigma, is through the stylar

transrnitting tissue to the replurn of the ovary and into an ovule by

way of the funiculus and the micropyle. The time required for the most

vigorous growing po11en tube to reach the ovule \'{as approxirnately 9.5

h. The pathway described in the present study concurs with the report.

of Vandendries (1909) for various members of the Cruciferae. There

was no evídence of the pollen tube growing through the vascular

bundles of the style, ovary, and funiculus (mesogamy) as has been

reported to occur invariably in a Brassica oleracea hybrid (MackÍewicz

1973) or through the replum as has been reported for Dentaria (Spooner

i9B4), also a member of the Cruciferae. Times between pollination and

fertilizatio n in earlier studíes of Brassica vary from 20 h

(Mackiewicz 1973), to 48 h (Iwasaki 1975) to 3 days (Rathore and Singh

1968 ) .
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Prior to the pol1en tube entering the inner integument micropyle,

the chalaza11-y located egg nucleus migrates to the middle region of

the egg ce11, opposite the common chalazal wall between the degenerate

synergid, egg, and central cel1. To my knowledge this is the first

report of the micropylar mi-gration of the egg nucleus prior to

ferLilization and would suggest some form of communication between the

egg and po11en tube. The po11en tube enters the degenerate synergid

through the filiform apparatus and Brows along the common synergid

wall before discharging its contents via a terminal pore. Tncluded in

the po1len tube discharge are nunerous spherical particles with

electron-opaque cores. Simílar particles were initially observed in

the growing pollen tubes of Lilium (Rosen et al. 1964) and

subsequently in the degenerate synergid of Gossypium (Jensen and

Fisher 1968), Capsella (Schulz I96Ba), Stipa (Maze and Lin 1975),

Proboscidea (Mogensen I97Bb), Nícotiana (Mogensen and Suthar 7979),

and Spinacia (ldilms 198lb) after penetratÍon by the po11en tube. The

príncipal polysaccharide component was determined by l{ounde et al.

(I97I) to be galacturonic acid. The pectic nature of the spheres has

subsequently been confirmed by Heslop-Harrison and Heslop-Harrj-son

(1982). They provide wa11 material for the growing pollen tube. In

Brassica the polysaccharide spheres extend from the discharge pore of

the pollen tube to the intersection of the common wa1l between the

zygote, degenerate synergid, and central cel1. The ce1l wa1l between

the degenerate synergid and the zyBoLe, and the cell wa11 between the

degenerate synergid and the central cell, in the region of po11en tube

discharge, become markedly thickened following penetration of the

pollen tube. There are aggregations of po1len tube polysaccharide
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spheres in the immediate vicinity of the thickened walls and a number

of the spheres appear to be fusing to the ce11 wal1. There has been

one previous report of the fusion of po11en tube polysaccharide

spheres with the degenerate synergid wall in Nicotiana (Mogensen and

Suthar 1979).

The trajectory of the pollen tube discharge suggests that the

transfer of sperm to the egg and central ce11 would occur at the

junction of the egg, degenerate synergj-d, and central cel1. The egg

nucleus, following mj-gration to the centre of Lhe egg ce11, and the

two polar nuclei, in the adjacent central cell cytoplasm, would be in

a posÍtion that would provÍde the shortest possible route for the

participation of the two sperm ce1ls in the process of double

fertilization. There is a strong possibility that the two sperm cells

would be discharged from the po11en tube as a unit j-n close

association with the vegetative nucleus of the po11en grain. Recent

ult.rastructural studies on the mature tricellular po11en of Brassica

campestris (McConchie et al,. 1985) and Brassica oleracea (Dumas et a1.

1984) have shown a close associati-on between the two sperm ce1ls and

the vegetative nucleus forming what has been termed the ttmale germ

unj-t". Tn both speci-es each sperm ce1l nucleus is encased by a plasma

membrane that is appressed to the plasrna membrane of the second sperm

cell which is, in turn, closely associated wíth the vegetative nucleus

by means of a tail-like extension of the second sperm plasma membrane.

The cytoplasm of each sperm cel1 contains mitochondria, but is devoid

of plastids.

Russell (1983) has proposed a mechanism, substantíated by

electron micrographs, for the transfer of sperm cells to the egg and
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central cell of Plumbaso. It should be noted , however, that the

mechanism proposed by Russell can not be applied to all angiosperms

sÍnce there are no synergid ce11s in Plumbago. In Plumbago the po11en

tube penetrates the filiform apparatus of t.he egg, continues growi-ng

chalazaTly through the PAS-positive wa1l, beLween the egg and central

ce11 plasma membranes, and discharges the vegetative nucleus and Lwo

sperm ce1ls into the cha1.aza1- wa1l region between the egg and central

ce11. According to Russe11, the prior dispersion of the egg-central

cel1 wall material permiLs the direct apposiLion of sperm, eBB, and

central cel1 plasma membranes which subsequently fuse. The dissolution

of the fusion membranes results in the transmission of one sperm

nucleus and its associated mitochondria and chloroplasts into the egg

ce1l and the other sperm nucleus and its associated mitochondria into

the central cell. If a similar mechanism of gamete transfer occurs in

Brassica , the small mitochondrion appressed to the nuclear envelope of

the zygote nuclear evagination in Brassica campestris could perhaps be

of sperm ce1l origin.

The transfer of the two sperm cells from the degenerate synergid

to the egg and central ce11 has not been observed in angiosperms (Went

and l¡/Íllemse 1984). ldent (1970b) and Jensen (L974) have proposed a

mechanism of sperm cell transfer involving the dissolution of the

degenerate synergid plasma membrane thus providing direct access for

the two sperm cells to the plasma membranes of the egg and central

ce11. It should be noted that in the majority of angiosperms there is

an apparent absence of ce11 wall mat.erial in the chalazal region of

the egg apparatus. The van ü/ent-Jensen hypothesis for the actual

transfer of the gametes is essentially the same as was described by
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Russell (1983) for Plumbago. The hypothesis proposes that the plasma

membrane of one of the spern ce1ls would unite with the egg plasma

rnembrane and subsequently deposit its nucleus and cytoplasm into the

egg ce11. The same plasma membrane interaction would occur between the

second sperm ce1l and the central ce1l.

The applicability of the van ldent-Jensen hypothesis to those

angiosperms in which the entire egg apparatus is enclosed by a

PAS-positive wa11, Capsella (Schulz and Jensen 1968a, 1968b),

Epidendrum (Coccuci and Jensen (1969a), Papaver (01son and Cass 1981),

0rnithogalum (Tilton 19Bl), and Scilla (Bhandari and Sachdeva 1983),

has been questioned by a number of authors since a supposed cellulosic

ce11 wal1 would be a barrier to direct access of the sperm to the egg

and central ce1l plasma membranes (Went and Willemse 1984). Schulz and

Jensen (1968a) have shown the formation of a pore in the

electron-transparent, PAS-positive wall between the egg and degenerate

synergid of Capsella, and it is through this pore that the sperm is

supposedly transferred to the egg. In Brassica the micropylar and

chalazal regl-ons of the egg apparatus are PAS and Thiery-positlve.

However, it is only the micropylar cel1 wal1s of the egg apparatus

that are Calcofluor-positive suggesting the presence of ce1lu1ose

microfibrils in these regions. The chal-azal boundary between the

incipient degenerate synergid, eBB, and central cell is

Calcofluor-negative suggesting the absence of cellulose in this

region. ft is entirely possible that the PAS-ThÍery-positive material

between the plasma membranes of the egg, synergid, and central cell is

an amorphous material that would not pose a barrier to the transfer of

the two sperm cel1s to the egg and central cell of Ìqas5ica. Is there
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a requirement for the dissolution of the chalazal egg-central ce11

wal1 in Plumbago, prior to the discharge of gametes? It should be

emphasized that a PAS-Thiery-positive wa11 does not confirm the

presence of ce11u1ose and that the proposed barríer to gamete transfer

in the egg apparatuses of a number of angiosperms is based on

inconclusive histochemical evidence.

Following fertilizati-on, the egg of Brassica undergoes a marked

change. The large micropylar vacuole disappears and the zygote cell

becomes appreciably smaller than the egg. ZygoLe shrinkage has been

observed ín Gossvpíum (Jensen 1968), Hj-biscus (Ashley 7972), and

Nicotiana (Mogensen and Suthar 1979). The purpose of the shrinkage of

the zygote is unknown but it may involve the reorganization of

cytoplasm prior to the onset of embryogenesi-s. The shrinkage may be

caused by an abrupt loss of turgor. In a typical vacuolate plant ce11

this would result in plasmolysis. The region of electron-transparent

expanded ce11 wa11 material between the chalazal region of the egg and

central cel1 does not appear to exhibit any rigidity. The region is

PAS-Thiery-positive but reacts negaLively when stained with Calcofluor

suggesting the absence of cellulose. In the 72 h non-fertile ovule

thÍs region of egg-central ce11 wall was dilated and appeared 1abi1e.

A sudden shrinkage of the egg ce1l after fertilization could result in

a wider separation of the egg and central cel1 plasma membranes; in

effect, a plasmolysis of the zygoLe. In the region of the

electron-opaque deposits Ín the common chal_azal wa11 between the egg

and the central ce11, the plasma membranes of the egg and central cel1

are straight, para11e1 and tightly appressed to the periphery of the

electron-opaque region. The electron-opaque material between the egg
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and central cell may have an adhesive function, preventing plasmolysis

during shrinkage of the zygoLe, ând function in a manner analogous to

the spot desmosomes that occur in the intercellular space between the

plasma membranes of certain animal ce11s (Staehelin and Hul1 1978).

Spot desmosomes hold animal epithelial ce1ls together. Similar

electron-opaque deposits have been reported between the egg and

central cel1 of Capsella (Schulz and Jensen 1968b), Plumbaeo (Russe11

f9B3) and Glycine (Folsom and Peterson 1984). Russell speculates that

the deposíLs may stabilize the egg during the period of gamete

transfer in Plumbago.

The loss of the vacuole and the shrinkage of Lhe zygote may

relate to the onset of the plasmic growth phase (Street and Opik 1975)

of the meristematic zygote cel1. The zygote shows an increase in

plastids, mitochondria, and dictyosomes. The ER remains short stranded

but shows a positive reaction to OsFeCN staining. In contrast,

throughout its development, the unfertilized egg never exhibited a

positive reaction to OsFeCN staining. In addition there is a marked

increase in spiral polysomes on the surface of the zygoLe ER cisternae

suggesting an increase in protein synLhesis. There is a marked

j-ncrease in lipid reserves within the zygote cell following

fertilization which may relate to the energy requirements of early

embryogenesis. An increase in lipid seems to be a developmental

phenomenon unrelated to Lhe process of fertiTization since the

non-fertile egg, 72 h after anthesis, also exhibited a similar

increase in lipid over that found in the egg shortly after anthesis.

Fertilization appears to be the stimulus for cell wal1 synthesis

in the zygote. There is a deposition of new ce11 wall material in the
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micropylar and lateral regions of the zygote. These regions are

PAS-positive and fluoresce a pale blue when stained with Calcofluor.

The positive results with Calcofluor staining suggest that cellulose

deposition has occurred in the lateral regions of the zygoLe that were

Calcofluor-negative, and presumably free of cellulose prior to

fertilizatj-on. The initial expansion of the zygote is apical, forming

an ampulliform tip. There is a progressively weaker Calcofluor-induced

fluorescence from the mid-chalazal region of the zygote wal1 to the

extreme chalazal tip where the zygote wa11 is non-fluorescent

following Calcofluor staining. The lateral-ampulliform tip region of

the zygote wal1, exhibitíng the weak but positive Calcofluor

fluorescence, also exhibits an abundance of cell wall-assocÍated

microtubules with the long axis of the majority of the microtubules

perpendÍcular to the long axis of the zygote. Cortical microtubules

have been shown in numerous studies over the last 20 years to 1ie

para11el with recently formed ce11u1ose microfibrils, and they appear

from the available evidence to be responsible for the control of

microfibril orientation in the cell (Robinson and Quader I9B2). How

this control is achieved is unclear. hhat has become clear over the

last 5 years is that mj-crotubules themselves are not directly involved

in the polymerization and assembly of cellulose microfibrils at the

plasma membrane (Herth 1985).

The time of cellu1ose deposition within the cel1 wa11s of the

megagarnetophyte of Brassica is variable. In the antipodal cells, the

deposition of cel1ulose appears to occur early in antipodal ce11 wa1l

development and is independent of fertilizaiuíon events. 0n the other

hand the chalazal ce1l wa1ls of the egg ce1l , 72 h after anthesis,
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remaj-n non-cellulosic and exhibit the same histochemical stainÍng

characteristics as the unfertilized egg cell immediately following

anthesis. It would appear that the lack of ce11u1ose synthesis in the

chalazal region of the egg apparatus is related to the potential

barrier a cellulosic ce11 wa1l would impose on gamete transfer and

that the stimulus for cellulose synthesís in the egg is triggered by

lerLTlizati-on.

Following double fertilization, the central ce11 becomes highly

vacuolate" The evidence j-n Brassica is that the vacuoles, at least in

the micropylar region of the central cel1, are derived from the

dilation of ER. The i-nvolvement of ER in vacuole formation has been

reported in a number of plant cells (Matile 1975). By the 2-nucleate

stage of endosperm development, the perinuclear starch-rich

chloroplasts of the central ce1l are seen to be actively replicating,

and the central cel1 contains numerous lipid bodies, microbodies, and

dictyosomes. A similar endosperm cyËoplasm has been described for

Capsella (Schulz and Jensen I974) except for a decrease in lipid

reserves and chloroplast starch. ft should be noted that the loss of

starch and a decrease in lipid reserve were characteristic features of

the non-fertile ovule of Brassica, 72 h after f.erLiTízation. ff, as in

Capsella, there is a loss of starch and lipid from the older

fertilized central cel1 of Brassica, this would indicate that the

mobilization of energy reserves in the central cell is not under the

control of the double fertilization stimulus.

In all of the fertilízed ovules observed in this study, the

persistent synergid showed no indication of degeneration and would

appear to remain metabolically active for a period of time following
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fertilízatj-on as is evídenced by the formation of wal1 ingrowths of

the transfer cel1 type along its lateral walls, micropylar Lo the

synergid hook. Periodically, in a fertilized ovule, a porLion of the

ce1l wa11 separating the persÍstent synergid and central ce1l

disappeared resulting in an apparent mixing of synergid and central

cell cytoplasms. Schulz and Jensen (1968a) reported a sirnj-lar

post-fertilization rnixing of the persistent synergid and central cell

cytoplasms of Capse11a. Newcomb (1973b) reported that the persistent

synergid of Helianthus remained viable well into the heart stage of

embryo development and may play a role in the transfer of nutrients

into the developing embryo. The presence of wal1 ingrowths of the

transfer ce11 type, suggests a similar role for the persistent

synergid of Brassica.

There is indirect evidence in Brassica that Lhe persistent

synergid may be important in directing the growth of the po11en tube

to the egg apparatus. In the 72 h non-fertile ovule, the egg and

central cell would appear to be cytologically similar to the egg and

central cel1 of the fertile ovule at anthesis. The notable difference

in these ovules as compared to those at anthesis and shorLly after

anthesis is the degeneration of both synergids. If the normal

degenerate synergid alone was responsible for somehow directing the

growth of the pollen tube, one would expect the presence of pol1en

tubes in these ovules, irrespective of the ensuing viability of the

zygotefenbryo in the absence of a persistent synergid. It is

interesting to note that the ER in the micropylar one-half of the

persistent synergid staÍned positively with OsFeCN. Though the precise

mechanism of OsFeCN staining is unknown, it can be assumed that there
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ís a chemical difference between Lhe substances within the persistent

synergid ER cisternae as compared to the unstained ER of the

degenerate synergid and egg. Perhaps the persistent synergid has a

role in the production of a chemotropic agent. In Brassica campestris

approximately 65 7. of the ovules in a silique develop into mature

seeds. The present study has revealed, on a number of occasions in

ovules collected at anthesÍs, the apparent precocious degeneration of

both synergids in an otherwise healthy ovu1e. Preliminary results

indicate that these ovules, like the non-fertile ovules 72 h from

anthesis, w111 not attract po11en tubes. This further implies that

both synergids are irnportant in the production of mature fertíle

seeds, an observation that will be the subject of further research.
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