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ABSTRACT

A study of pre- fertlllzatlon ovule. ontogeny in Pisum
sativum was made using improved ndcrotechnical methods.
Reexamlnatlon of megasporogenes1s and’ megagametogene51s
conflrms earlier observatlons, the megasporocyte divides
meiotically to produce a chalazal functlonal megaspore and
three degenerative megaspores. Non-functional megaspore
degradation is staggered' two chalazal megaspores are |
the first to degenerate while the third degeneratlve mega-
é;ore per51sts during 1n1t1al expansion of the functlonal
mega&pore. An eight-nucleate, seven-celled embryo sac is
produced by the functional megaspore after three sets of
mitotic divisions. Epheneral antipodals in the chalazal
end of the embryo sac degenerate well before fertilization.
The presenee of wall ingrowths in the synergids is docum-
ented for Pisum. Nucellar degradation is closelircorrelated

with megagametopnyte expansion and follows a sequential pat-

tern of cytologlcal changes involving cell wall thickening,
starch moblllzatlon, ‘wall degradatlon, alteratlon df cyto-
plasm, and obllteratlon of nucellar cell structural 1nteg—
rity. The p0551b111ty of gametOphytlc regulation of nucellar
cell breakdown is discussed. giggg ovules are bitegmic. .
Both integuments are initiated in epidermal ce{ls, butAsub—
sequent differentiation is radically different. A single
vascular strandAenters the ovule and terminates in the

outer inteqgument. Procambium is already organized when a -

megasporocyte is present. Vascular differentiation is

correlated with the onset of/megagametogenesis, but'

iv



©
maturatlon cf xylem and phloem by the- timé an embryo sac
' \ | , ;
- has organized }s mlnlmal * The relatlonshlﬂ; of 1ntegument

and vascular ontogeny to embryo sac nutrltlon are dlSCUSSEd

A scheme of megagametophyte .nutrition is proposed whereby

*?
the megagametophyte obtains all necessary nutrlents from

"

degenerate nucellus in contrast to classical schemes of

A

}m\firect involvement by the~parent sporophyte in embryo sac

nutrition. -

'.('f )
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CHAPTER ONE — INTRODUCTION

Gameéoppytes of lower vascular plants are free-
living organisms physically détached from the parent
ﬁgorophyte. Spores shed from the sporophyte germinate
iﬁ'alsuizgyle environment producing plants which in some
-~ species photosynthesize (e.g. fern gametophytes) or species
. which may be subterranean and associated with an endo-

o P
‘phytic fungus (e.g. Lycopodium.gametophytes) (Foster and

Gifford 1959). Sinve the two generations are not physi-
gally attached, it is patentlyvreaéonable to assumeAfhe.
parent sporophyte is not involved in gametophyte nufrition.
However, the complexity and’intimate association of sporo-
phytic structures associated with fep:oduction in angio-
‘ sperms would make a similar assertion for flowéring plant
megégametophytes untenable. Angicsperm megagametophytes
are enclosed throqghout ontogeny by amounts and forms of
~sporophytic tissue which differ from species to species.
The ovule forms the immediate environment of the mega-
.game tophyte, aﬂa aitﬁough highiy variable among angiésperms,
it is geﬁerally_cOnsidered to conéist of a sporangium &
surrounded by one or more integuments (Esau 1965). Since
the megagametophyte is retained and enclosed in sporo-
phytic tf..ce‘it is reasonable to expect a mode of nu-
trient supply unlike lower vascular plénL gametophytes. It
has been :uggcsted thét,the megagametophyte of seed
plants is a:velopﬁenﬁally distinct from the sporophyte
(as in lower vascular plant gametophytes), but has also
evolved to be physiologically dependent on the épbrophyte

,
&
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(Diboll and Larsen 1966). 1In assuming direct sporophytic
involvement in megagametophyte nutrition, Newcomb (1972)
recognized. three aspects of'embryo sac nutrition:

1. pathways of metabolites into the sporophytic
tissue surrounding the embryo sac

2.Asubsequent passage of metabolites into the
gametophytic tissue

3. nutritional relationsﬁips of cells within the
embryo sac. | ~

Pathways into sporophytic tissue—The most conspicuous

pathway of nutrient entry into sporophytic tissue of the

1

ovule is via a vascular strand generally found in the

funiculus (Maheshwari 1950). The extent of vascular

development is, however, highly variable. Vascular ﬂissue
may terminate at the chalaza or extend into one or more
integuments (Maheshwari 1950). .Where a véscu&ar strand
enters an integument, it may extend the entire -length
(e.g. Zizyphus, Kajale 1944) or it may terminate well

before the morphological epex of the ovule as in Pisum.

Complex arrays of branchghg and.anaétomosing bundles have

been reported in gymenocellis occidentalis (Whitehead and
Brown 1940) although less intrieate vascular systems, |
usually a single trace, are more commonly found. Vasculaf
tissue in oveles is primary and suggested to be in a

functioning state during seed‘maturation (Esau 1965).

Passege to gametophytic tissue—The eubsequeht passage

of nutrients from the terminus of the vascular strand in

the ovule to the female gametophyte presumably occurs via

[N



~an axial, chalazal route through nucellar gells,\nr later-
ally through an integumentary tapetum (endothelium) which
could mediate the flow of metabolites (see fig. 75) (Subra-
manjam 1960; Johri 1962; Masand & Kapil 1966; Linskens 1969).
A chalazal route of nutrient entry has been suggested
with the observation of axially elongaté and densely cyto-
plasmic nucellar cells which may facilitate nutrient trans-
port to the embryo sac (Subraﬁanjam 1960). The walls of
these célls are slightly thickéned“as in certain hembers

of the Lythraceae (Joshi and Venkateswarlu 1935, 1936) or

thin-walled as in Lobelia cardinalis (Cooper 1942).

Nucellar tracheids have been observed in the chalazal
nucellus of Castanea (Benson 1894), Asclepias (Frye 1902),

and CarginUS'(Benson et al 1906). However, these cells

~ ,
were not continuous with the vascular supply of the ovule.

In Anacolosa frutescens and Strombeosia zeylanica Fagerlind

(1947) observed that the vascular supply of the ovule extended
through the chalazgl nucellus to the base of the eﬁbryo sac.
While both nucellar tracheids and nucellar vascular strands
provide morphological evidence for a chalazal route of
nutrientdflow to the embryo sac in these two species, it
is apparent that they also représent highly specialized
structures uncoﬁmon to the majority of angiosperms Which
have been investigated. |

A lateral flow .of nutrients 'to the embryo sac has been
éuggested due té the presénce ;f an endothelium which is

usually continuous with the embryo sac (Maheshwari 1950).

Newcomb (1972) suggested that the endothelium of sunflower



may be involved in embryd sac nutrition because of its
position adjacent to the embryo sac and the occurrence of
many organelles associated with synthesis in endothelial
cells, Subramaqjam (1960) also regards tﬁe endothelium
as a mediator of nutriedt flux to the embryo éac although
the peculiar if not contradfctory example ofALobelia
trigona was noted where tapetal cells become thick-walléd
and appérently impervious when a mature embryo éac is
present (Kausik 1935). Nevertheless, many investlgatérs
suggest there-is little doubt - that the endothelium plays
an impdftant role in embryo sac nutrition (see'Mahesﬂyariv
1950; Subramanjam 1969)}‘ | |

Nutritional relationships of embryo sac cells—The ‘egg

\

]

of Plumbago capensis has been implicated in embryo sac ndj

trition.: (Cass 1972). The appearance of a filiform appara-
tus and the timing of its formation suggested the possibilify
of a nutritional role ®r the egg cell. However, it was
.ﬁoted that the egg cell méy_be“a special case of>reduction

where gametic and synergid fu*ctionsdare combined since the .

€gg apparatus of P. capensis lacks synergids. /
vThe central cell has been considéred‘a\suitable

gametophytié component in Qbﬁaiﬁing nutrients from the

immediate environment of the embryo sac since the wall of

thefg;metophyte is in contact with nucellus cells which

usually degenerate during hegagametogenesis (Subramanjam

1960). The recent discovery of embryo sac wall ingrowths

in Helianthus (Newcomb and Steeves 1970); CaEsélla (Schulz

‘and Jensen 1968b), Pisum (Marinos 1970) , and Lobelia 2



(Torosian 1971) and ﬁpe possible role of such ingrowths

in FaciTiEating short distance transport of gqlutes
"(Gunning and Pate 1969) supports the notion of an absorp-
tive function for the central cell. It is also significant
that plasmodesmata have not been observedvin the embryo. sac
wall of Zea (Diboll and Larsen 1966), Hglianthus (Newcomb

and Steeves 1971), and Petunia (Went 1970) since their

absence indicates a developmental_Qiitinctness of the

megagametophyte. fA
The timing of formation of central cell wall ingrowths

&

warrants a cautious interpretation of their possible role in

embryo sac nutrition. Newcomb and Steeves (1971) noted the

.

appearance of embryo sac wall ingrowths in sunflower during -

synergid wall formation, whereas new wall material was depo-

sited over the projections during embiydgenesis. This 1is
in contrast to the formation of wall»inérowtﬁs in Capsella
which are initiated after feftilization and.continue\to\
proliferate during early embryogeny (Schulz and Jensen
19685, 1969) . Similarly, massive embryo sac wall ingrowths
in Pisum appear to be ;ssociated witﬂ embfyonic rather than
embfjg"sac nutrition (Marinos 1970). It isvapparept that
a disfinction should be made regarding the functional sig-
nificance of central éell wall ingrowths as they may relate
to éither.female gametophyte nutrition and/or embryo A
" nutrition depending on the time of development at which
they oc%ur. | |

Syﬂ?rgid cells have been ascribed a secretory or

absorptive function by many investigators (Van der #&uijm



19643 Jeﬁsen 1965: Diboll 1968: Schulz and Jensen 1968a:.
Newcomb 1972). As with othér embryo sac components their
exact fuhction is unresolved, and while it appeérs that
many authors assume synergids direct pollen tube growth
by seqreting a chemotropic factor, dhly the work regarding
synergias as cells involved in meéagametophyte nutrition
will be treated here.

Wall ingrowths in the synergids of numerous species
have been a key morphological character in suggesting én
absorptive‘(or secretory) role for these cells because of
a greatly increased surface éb volume ratio (see Gunning c
and Pate 1969). Large numbersiof mitochondria and dicty-
osomes and large amounts of eﬁaéplasmic reticulum were
observed in the synergid cytoplasm of GOSsxoium (Jensen
1965) and Capsella (échﬁlz and Jensen 1968a). The -
abundance of tflese cytoplasmic componénts‘suggested meta-
bolically active cells whiqh were interpreted by these
authors to be a stfong inaicétipn of cells specialized in.
the absorption and ﬁransport of compounds from the surround-

\ . .
ing integuments. The'synergids of Helianthus annuus are

situated in a micropylar outpocketing placing them in close
proximity to the vasculature oﬁythé placenta (Newcomb 1972).
Newcomb considered this pQSitioning suitable for an absorp-
-tive or secretory role. Subramanijam (1960f noted the
6ccurrence (in Allium spp. and some cucurbits) of pérsis-
tent.synergidé which presumably\ﬁehaved as haustoria..

With few exceptions (see Maheshwari 1950). the

physiological fole4of éynergids is limited from the time of

- e
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their differentiation to’ the time of their disbrganiiation;in
4

Gossypium (Jensen and Fisher 1968) and Hordeum vilgare

(Cass and Jensen 1570) one §ynergid degehérate% shortly

-béfore'fertilization, while>thé degene;atien of' both synergid
cells occurs after fer;iiizatiog in Petunia (Weﬁt 1970a) and
Capsella (Schulz anlegnsen l§68a), 7

. {
The number,“structuge, énd_persistence,of antipodals

is highly'variable‘among.gngigfperms‘(Maheshwari 1950).
Although no agreement exists 65 antipodal function many
authors have assjgned a nutritional role to ‘these cells
(see Subramanjam 1960; Masand and Kapil 1966). That anti-
podals function as gametophytic nutritionalzdevices appears
to be a favored interpretation because of their character-
istic location at the chalazal end of the embryo sac; this
position is amenable to nutrient uptake via a chalazal
route of entry through spoerhytip tissue. Ultrastrucﬁural
investigations of antipodals have led to a similar conclusion
(Diboll and Larsen 1966; Newcomb 1972). Diboll and Larsaﬁ-
suggested that the éntipodéls of maize might be involved

in the movement of‘largé amounts of nutritive material

because of the presence of papillate wall projections and

-

an abundance of cytoplasmic orgénelles interpreted as -
evidence for high respiration coupied with synthetic-activity.
‘Sunf’ower antipodals also contained wall projections and
ﬁumerQI* organelles.rglated to synthetic activity (Newcomb
1972). -~ _.over, the presenée ;f‘ﬁlasmodesméta in the
antipodal .. bordering the iritegument cells‘strengthened

the interpre -+tion that sunflower antipodals function in’*~



nutrient uptake. However, the persistence of antipodals
in maize and sunflower was notably different. 1In sunflower,
the antipodals began to degenerate shortly before fertlll—
zation, whereas in maize the antlpodals persisted and
apparently underwent a post—fertilization increase in
metabolic activity. It has been suggested that per51stent
antlpodals may be important in the early stages of endo-~
sperm development, partlcularly in grasses- (Brink and-
Cooper 1944), while nutritional actiritywmay be shifted
to some other embryo sac component(s) in those plants
having ephemeral synergids (Diboll 19685. The inter-
pretation of antipodals as nutritional devices in the
majority of plants investigated appears to be distinct
from the infrequent occurrence of antipodal haustoria which
elongate considerably to form tubular, occasionally branched
prooesses (see Maheshwari 1950; Subramanjam 1960).

| The principle of gametophytic dependence on tne
sporophyte is well established.in the literature (Diboll
and Larsen 1966), yet the absence of correlative develop-
mental stpdies investigating the entire ovule as an inter-
acting system is surprising. Limitations imposed by
classical techniques of preparatlon and interest restricted
to the female gametophyte or embryo no doubt contributed
to the scarc1ty of 1nformatlon This study was undertaken
tc examine the developmental anatomy of the garden pea ovule
prior to fertlllzatlon, with attention given to proposed -
routes- of nutrient entry into the female gametophyte. The

common garden pea (Pisum-sativum L.) was selected because

|
/




of the-relative ease of obéaining sufficient material for
examination and the earlier work of G.O. Cooper (1938) which

indicated a common type of megagametophyte development.

g
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CHAPTER TWO—PRE-FERTILIZATION OVULE ONTOGENY

Introduction

4

Details of megasporogenesjs and megagametogenesis in

Pisum sativum L. were first described by Roy (1933) and

G.O. Cooper (1938). Although Cooper disagreed with Roy
‘on the derivation of the megasporocyte, they were in
general agreement regarding the subsequent pattern of
megasporogenesis and megagametogenesis in that it con-
formed to the Polygonum type of embryo sac development
according to Maheshwari's (1950) classification. D.C.
Cooper's (1938).observations of the mature embryo sac of
~Pisum agree with those of G.O. Cooper. Briefly, the.
femalé gametophyte was described as an eight-nucleate,
seven-celled 5tru¢tdre'with three antipodal cells, a
binucleate central cell, and an egg apparatus consisting
of two synergid cells and an egg cell. D.C. S%Oper (1938)‘
also noted degeneration of antipodals soon after fertili-
zation. |

Post fertiliszation developmént‘and embryogenesis have
been described by D.C. Cooper (1938):, Reeve (1948), and
Marinos (l§70a,b). The work of Marinos is particularly
interesting since he described a post-fertilization increase
in embryo sac volume commensurate with an overall increase
in ovule size. Extensive embryo saé wall ingrowths and
large‘intercellulaf air spaces in the ovular tissue were
also observgd in the\zicinity of the'proembrYO. Marinos
suggested this organization, together with involvement

&
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of endospermic cytoplasm, related to transport and metabol-
ism of materials derived from ovular tissue.

Only scant, ancillary information is available about
the structure of ovule components in Pisum. G.O. Cooper
(1938) noted the-appearance of inner and outer integument
primordia when a4 megasporocyte was present, and subsequent
differential growth of integuments such that the ovule
curved toward the style at maturity. Davis (1966) de-~
scribed Papilionaceous ovules as generally bitegmic,
cra%sincular, and having a zigzag micropyle.

In thié study of ovule ontogeny and gametophyte
ﬁutrition, classically prepared paraffln material has #
been included for comparatlve purposes. Howeyer, new
information obtained with use of improved microtechnical
methods warranted reexamination of megasporogenesis and
megagametogensis. Nucellus, inner integument,: outer
integument, and vascular ontogeny are.tréated separately,
but are related to specific stages of'megasporogensis or
 megagametogenesis. Such an assessment of the development
and function of ovule components should generate’a better
understanding of the ovule as a developmental system,

particularly as it relates to the nﬁtrition of the female

gametophyte.

11l
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Materials and Methods

Cultivation——Seeds of Pisum sativum L. var Homesteader

Lincoln were obtained from the botany greenhouse at the
University of Alberta. Imbibed seeds were placed between
sheets of paper towels in a flat tray moistened with tap
water fromvan inverted flask and were kept in darkness for
the period of germination and early growth. After 10-12
days etiolated seedlings were produced which could be
easrly handled for subsequent transplanting. Root systems '
were routlnely 1noculated with "RP Inoculator" (The Rudy-
Patrick Co., Inoculant Laboratories, P.0O. Box 404,
Princeton, Illinois) to induce nodule formation A hydro—'
ponic culture technlque was used to grow plants to harvest-

1ng age. Etlolated seedlings were transferred to one guart

- plastlc contalners with standard strength Hoagland s solu-

tion (Anon 1938) with rron supplied as FeEDTA (Stelner and
Winden 1969) (Appendix i). The pots had been painted prior -
to use to prevent light penetration whichdpromoted algal‘
growth. Plants were irrigated with Hoagland's solution at ,
weekly intervals; after 3;4 weeks the medium was completely
renewed with fresh Hoagland's soiution

Plants were grown in a controlled environment chamber.
The lighting system.consieted of cool white fluoreecent
tubee and 100W incandescent bulbs. Light measurements in
the center of the chamber at the top of the plants were
hade using a Lambda LI-185 Quantum/Radiometer>Pnotometer.

The measurements at the end of the growth period were .

310 uEinsteins M™2s™1, 115 WattﬁM'z, and 20.5 Xlux.



'nght dark duration was 16hr.-8hr. respectlvely, with an
abrupt light- dark change. Air temperature was 21°C during
the light period and 15°C during the dark period. Relative .
humldlty was malntalned at 50-60% at all times. Anthes1s
at the first flowerlng node occurred after ca. 5 weeks of
growth in the chamber. ) ' .
’ Microtechnique—;Material prepared for paraffin
sectlonlng was fixed 1n Randolph's solutlon (Sass*l958),
dehydrated in an ethanol- te{tlary butyl alcohol serles

(Johan 940), and embedded in "Paraplast 913; (m.p.

56°-5 );“ Blocks were sectioned at .7um on a Spencer

model AO rotary mlcrotome.- Paraffln rlbbons were fixed to
glass slides with Haupt's adhe51ve (Jensen 1962).‘ Sectiqgns
were stained.with safranin-fast green (Jensen 1962) or alter—
- natively wlth a 0.1%-aqueous-solution of toluidine blue O;
Both staining_procedures provided good'specimen contrast.
Tissue embedded in plastic was either chemlcally'or

physically fixed. Ovules or entire ovaries were fix in

3% phosphate buffered (pH6 8) glutaraldehyde (Ladd Rekearch

Industrles, Inc., Burlington) Vermont) for 20-24hrs. / After

-

several rinses with buffer tissue was postfixed in 2%
phosphate- buffered osﬁlum tetrox1de (Ladd Research Industries
Inc.) for 3hrs. Materlal was dehydrated in an ethanol

series followed by three changes of absolute ethanol.
leatlon, r1n51ng, and dehydration were performed at room
temperature. - Alternatively, material was flxed ‘in 5%

phosphate buffered (pH 6.8) glutaraldehyde for 48hrs. at

0°C. Fixed material was dehydrated in -an ethanol series



‘at O°C, then transferred to propylene oxide at rocm“ o
temperature. Mannitol (6.3gm. /lOOml flxatlve) was added
to the flxatlve used for ovules from flowers welghlng
more than 50mg. because of a relatively hlgh osmotlc
potential which is repcrted to develop in the embryo sac
(Marinos 1970). ~ N

Tissue from both fixatlon procedures was infiltrated
with Spurr's low viscosity resin (Spurr 1969) over a
period 3-4 days'atwroom.temperature. Slow infiltration
was necessary to overcoﬁe poor infiltration which frequently
occurred, partlcularly in the embryo sacs of older ovules.,

A
\*Inflltrated material was, transferred to a flat embeddlng

tray and polymerlzed in a vacuuf oven overnlght at 65°C.

' Freeze substitution was employed as another method.cf
fixation. . Individual ovules, or entire Earpels from very
young flowers were immersed in a solution of lé% meth;l;
cyclohexane ln isopentane Preccoled with,llqgid nitrogen

(Jensen 1962) .- Dissecting ovules from carpels of very

young flowers #less than lOmg.)‘was not necessary since
very little observable ice damage was found afterwards.
Frozen material was rapidly transferred intc vials con- L

) . , » ~ o >
taining either dry methanol, or acetone precooled with.d%y

/

ice. Tissue was kept at -60°C for 4-6 weeks. The sub~
stltutlng solvent was not changed for the duration of the
substltutlon perlod because of a large solvent—materlal

ratio. After the’substltutlon perlod,ﬂmaterlal was grad—'

ually brought to room temperature and washed with a minimum

t

of three changes cf anhydrous solvent. The dehydrated ‘ 6'
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material was infiltrated with resin and polymerized as
described previously for aldehyde fixation.

Sectioning, staining, mfcroscopy——Allrplastic blocks
were sectioned on a Reichert OM U2 ultramicrotome with a
DuPont diamond knife. Sections for 11ght mlcroscopy were
cut at 1-1.5 um and mounted on gelatin coated glass slides

(Jensen 1962). Serial sections were easily obtained with

‘"Cenco Softseal Tackiwax" (Central Scientific Co., Chicago,

Illinois) applied to the upper and lower surfaces of the
specimen block.

Periodic acid-Schiff's reagent (hereafter referred.to
as PAS)vwas used to localize total insoiuble polysacharides
(Jensen 1962).- Aniline blue-black (hereafter referred to
as ABB) was employed.as a non-specific protein stain
(Fisher 1968). _ o

Material for fluorescence mlcroscopy was stained in W
a 0.01% acrldlne orange solution for 15 30 minutes.  After
staining, the materidl was briefly rinsed in running tep
water and observed immediately. The recognized merit of
ecridine orenge is in,its differential a&ffinity for nucleic

acids (see Armstrong 1956; von Bertalanffy et al 1956; von

Bertalanffy and Bickis'l956), but the dye also produced

good morphological detail in cell walls.
Observatlons were made w1th a Zelss photomlcroscope,

both bright field and:phase- contrast OpthS ‘were routinely

«.used A Super Pressure Mercury Lamp (Model HBO 200W) was

the source of 1llum1natlon for. fluorescence mlcroscopy.

Exciter filter 1 (BGl2) transmitted pltraviolet light
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between 325-500nm. Barrier filters 44 and 53 allowed
visible light greater than 530nm.. to be transmitted,
while blocking shorter wavelehgths. All photographs
for light microscopy were taken on Kodak Plus-X pan
film processed in Microdol-X developer (1:3 dilution).
bltrathin sections-fqr electron micfoscopy were cut
at 600-800A& (silver interferehce coior) and mounted on
75 or lOQ mésh formvar coated grids. A 0.3% formvar
solution was best in combination with 100 mesh grids.
Sections were stained in 3% uranyl acetate in 80% ethanol
for one hour; After several rinses in distilled water,
the grids were allowed to dry, then post-stained with
&eynolds' lead citrate (Reynolds' 1963) for 10 minutes;
Observations were made with a Philips EM200 ai an oper-

ating voltage of 60kV. .
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RESULTS -

Megasﬁorogenesis and Megagametogenesis

Sporogenous cells-——Ovule differentiation from pla-
cental tissue occurs early in development of the pea
flower. Flowers weighing about lmg. contain ovule-primordia
with sporogenous cells circumscribed by a nucellar.hypoder-
mis (fig. 1). The‘sporogenous cells, more or less ovoid
in longitudinal view, are larger than adjacent celis.
Cytoplasm is typicaiiy less dense than that of Surrounding
cells. Similarly, nuclei of sporogenous cells are trans-
lucent and not exceptionally well defined, whereas nuclei
of vegetative eells are very ABB+. No peculiar wall
cheracteristics or differential polysaccharide staining
was observed in sporogenocus cell walls.

Megaséore mother cell-—The megaspore mother cell
differentiates from one sporogenoue cell (fig. 2,3).
Its position in thernUCeilus was variable; lateral and
miecropylar surfaces were eithervin direct contact with
the hypodermis, or eeparated from»it by a layer of vege-
tative or sperogehous cells. Cytoplasm of the megasporo-
cyte is lightly ABB+ and contains a few small starch_grains.
The megaeporocyte nucleus is lightly ABB+, but also contains
a dgnsely ABB+ nucleolus (fig. 2,3). The nucleolus is
splndle to crescent- shaped in sectloFal view, adjacent to
the nuclear membrane, and larger than nucleoli of vege-
tatlve cells. It is con51dered\to be diagnostic of the

megasporocyte since it was observed inyall megasporocyte
4

nuclei which were examined.



As the megasporocyte enlarges its cytoplasm remains
homogeneous and translucent with two vacuoles typically
found in the cell (fig. 3). The vacuolee are iarger than
any observed earlier in‘its ontogeny. In one megasporocyte
a small vacuole apbeared to have been fusing with one of
the larger vacuoles, suggesting that'vacuoiatiqn occurs by
a coaiescence of smaller vacuoles. Although the vacuoles
in‘fig. 3 are separated by the megasporocy fe nucleus, this
polarity was not constant; Other megasporocytes observed
atvthis stage had similar vacuoles situated at either end
of Ene ceil In early meiotic prophase, nucleoplasmic
homogeneity is lost with the appearance of darkly stained
areas of heterochromatin (fig. 3). The nuclear membrane
‘also becomes very distinct at this time, forming a.sharp
nﬁcleoplasm—cytoplaSm boundary. The distinctive mega-
sporocyte nucleolus persists until pachytene of meiotic
prophase, but its subsequent fate could not be traced.
That the peculiar nucleolus may. be assoc1ated with meta-
bolic events of meiosis is indicated by the absence of
morphologically similar nucleoli in the megaspores.

Fonr megaspores — A tetrad of megaeperes is derived
from the.megaqure mother cell. Both linear (fig. 12,14) .
and T-shaped arrangeﬁents (fig. 8) were obseived; Only
the orientation of the two micropylar megasporee varies;
the two chalazal meéaepores are‘always\axially aiigned.
The Chalazalvmegaspore is the largest ana it’shbsequently
differentiates into the female gametophyte. CytokineSis
and cross- wadl formation during megasporogenesis were not

/. '
/ . L
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observed because of the difficulty associated wi£hrobtain-
ing material at that stage of development. However, the
large chalazal megaspore is érobably derived by an unequal
distribution of cytoplasm during meiosis, similéf to mega-

sporogenesis in Helianthus annuus (Newcomb 1972). The

functional megagpore usually contaihs one large vacuole
in. addition to numerous granular inclusions which st;in
lightly with ABB. The wallvof'thé functionral  megaspore
does not have any unusualfcharacterfstics and appearg
similar ip morphology and PAS intensity to subjacent cell
walls. . - -

Non-functional megaspore.degeneration — Functional
megaspore expansion and differentiation %s accompgnied by
rapid degeneration of the other megaspérés. This is most
vapparent in the two miﬁropylar-megaspores which stain
intenseiy with ABB (fig. 8,9,70) and afe ofte? difficu;t £o
recognize as separate cells. The megaspore adjacent to the
enlarging functiongl megaspo;e:is spméwhat more persistent
and retains a well-defined nucleus in a homogeneous,
tranélucent cytoplasm (fig. 8,70). Aﬁter a “two-nucleate -
gametophyte hés differentiéted} ho&everf Ehe persistent
megaspofe has degenerated like its sister megaspores
(fig. 18—20).;

TQO—nucleate_gametophyte -— Prior to any sighificént
megaspore expénsion; the nucleus of the functional
megaspore divides forﬁing a twé:nucleate gametophyte.

(fig. 17,18). Shortly after the first mitotic division the

" gametdphyte cytoplasm coﬁtains‘numerOUS‘vacuoles of variable
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size. The twc gametophytic nuclei stained differentially

with ABB; one being more homogeneous and denser than the

other. The ABB dissimilarity suggests a metabolic independ-
ence of the two nuclei within the coenoCytic gametophyte
which'may be related to subsequent differentiation.and
organizatioh of the embryo séc. The two-nuclei migrate _°
to the poies of the expaﬁding cell and become separated by
a large vacuole which occupies most of thé cell volqmc
(fig. 19,20). The lateral inside‘surfaces of the gameco—
phyte ﬁave only a thin layer of cytoplasm connecting the -
two boles. A.few starch grainé werecobserved in the ’
‘gametophyte cytoplasm. Large gfanular inclusions observed
in the functional megaspore were not fognd at this stage.
The wall of the two-nucleate gémetophyte.was similar to

‘ thé mégaspdfg-wall with no unuscal characteristics.

Four and:eight‘nuc;eate gametophyte — The four and
eight nucleate gamctophytés are morpholccically similar to
fthe two nucleate‘sgage. A large cehtfal vacuole separatesv
an equal-number of nuclei at‘eithef end of the central cell
with ﬁumerous small vacuoles in the‘chélazai and micfo—
pylar cytcplasm‘(fig.:27,29,30). The'prominent increase. in
size of the gametophyte from the two to eight nucleate
.stage is concurrent with the aegrcdation of nucellar tissc¢,
luAﬁ thé site of the egg apparatus thc‘micropylar region of |
the female gametophyte extends beyond the apex of the‘ipner
integument such that the;mic;obylar end wall lies next to
'the inner cpidermis of the outer intégument after any

remaining nucellar cells have been.digeSted'(fig. 30,35,43).
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Lateral walls of the enlarging gametothte eventually
come.in contact with the epidermis of the inner inteéument,
while the chalazal area remains . embedded in nucellar
tissue.. |

Organization of the mature embryo sac — The eight-
nucleate coenocytic gametophyte.reorganizes into an eight-
nucleate, seven celled structure‘with three chalazal anti-
. podal cells, two polar nuclei in a central cell, and a
micropylarAegg apparatus (fig. 41142,44?50,53). Deposition
of wall material ih the fcrmation.of antipodal cells appar-
ently occurs at the same time as wall formation in the cells
of the egg. apparatus. ‘ |

Central cell — After - three cells organlze at each end
'h of the embryo sac, two.remaining nuclei migrate to occupy
a central positionialong the.vehtral arch of the.central
cell (fig. 48,5l,4l—45). The polar nuclei remain contigucus,
but do not fuse prior tc fertilization. A large vacuolate
nucleolus which stalns darkly with ABB is found in each (
polar nucleus.

The thln band of cytoplasm surrounding the central =
cell vacuole is typically ABB+. Its most obvious ultra-
structural characteristic is the presence of numerous
parallel strips of rough endoplasmlc retlculum (flg 46).

The embryo sac wall lles adjacent to degeneratlng
nucellar cells durlng the maturation of the megagametophyte

S

" (fig. 42 44, 72,73)u Although the wall appears uniform in

~the light microscope, the inside surface is‘very irregular,

forming embayments of central cell cytoplasm (fig..47).
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The presence of wall 1ngrowths per se is apparently restricted
to post fertlllzatlon expansion of the embryo sac (see
Marinos 1970). No pPlasmodesmata were observed in the lateral
walls Jf the central cell

Antipodals — walls: surrounding the antipodals arev
very thin and often difficult to discern clearly (fig. 48).
"The cells contaln dense protoplasm with poorly deflned -
huclei and appear flattened agalnst the chalazal end wall
‘of the embryo sac. Wall materlal around the antlpodals was
observed only during the early differentiation of the eight-
nucleate\gametophyte. Antipodal cells ‘could not be identi-
fied in mature . embryo sacs, but what appeared to be frag-'
ments of wall material were occa51onally observed (fig. 49) .

Synerglds — The three cells located at the micro-

cells and an egg cell (fig. 50,51,53). Both synergld cells
are p051t§%ned adjacent to thelmlcropylar end wall of the
embryo sac. Immedlately after wall formation around the
synergids, both cells contain dense cytoplasm with no
apparent vacuoles (flg. 43 ¢ 52). During cell enlargement
'and at maturity, a few vacuoles develop in the synergid
cytoplasm (fig. 50 /54) . Generally larger vacuoles occupy

‘a chalazal position in the cell with most of the cytoplasm
and nucleus at the mlcropylar end of the synergld , However,
-this polarity was not con51stent and examples were observed

where a synergid nucleus and cytoplasm were 51tuated

chalazally (flg. 50) .



&he common wall between the two synergids extends
from the micropylar base of the embryo sac chalazally and
borders the egqgg cell wall. Numerous plasmodesmata are
found in the common synergid wall as well as the chalazal
wall of tbe synergids (fig. 60). A thin band of electron
dense material is also present in the mid—region of the.

synergid cell walls. The micropylar region of the common

wall develops wall ingrowths which project laterally into

the cytoplasm of both syhergids (fig. 53-55). Wall 1ngrowths

found in synergids have been referred to as a "filiform
apparatus" (van der Pluijm 1964; Schulz and Jensen 1968a),

but the wall ingrowths of Pisum do not appear filiform.

The wall projections are rather a reticulate a5 of poly-

saccharide material‘which collectively has a 1._.-ular
morphology. Two areas of differing PAS'intensi:y ars

- found in-the wall ingrowths (fig. 54). The wall mz-er: al
adjacent to the synergid cell cytoplasm reacted stronzly
with PAS, while the mid—region was nearly transparent.
This differential react1v1ty to PAS suggests that struc-

tural and certainly chemlcal dlfferences ex1st w1th1n the

wall 1ngrowths. Occasionally, the micropylar end wall of

@ synergid also had a thick deposit of PAS+ material

(fig. 55). Unlike the lenticular ingrowth of the common

sYnergid wali, the end.wall thickening formed a flat plate

‘of polysaccharide material contiguouslwith the-embryo sac
end wall. At intermediate stages of synergld dlfferentlatlon,
well delineated, transparent areas were observed between the

synergid cytoplasm and mlcropylar end wall (fig. 59). This

B 4
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.appearance during synergid differentiation suggests it

may be an intermediate stage of syhﬁhesis in the formation
of end wall inérowths, although its non;po;ysaccharide
nature is puzzling.

Egg cell — The egg is the largest cell of the egg
apparatus. It isApositidhed chalazal to the two synergids,
with a micropylar vacuole separating the egg nucleus and
~cytopla§m from the synergid—eég wall (fig. 50). Most
ioffen”the single large vacuole tends to laterally displace
egg celi cytoplasm (fig. 53). This polarity, whether the
egg nucleus and cytoplasm are displaced to the side of the
éell or the chalazal base, is characteristic of the egg.

A PAS+ wall forms around the entire egg with no apparent
thin areas'wheré it contacts the central cell cytoplasm
(fig. 53,54). ’

Nucellus

After sporogenous cells have differentiated, the nuc-
"ellus forms a conical protuberénce of the ovule primordium
(fig. 1). Hypodermal and other vegetative,cells separate'
sporogenous cells from thé ndcellarcepidefmis. No differ—
ences in ABB staining a;e found-amoﬁg végefative'nucellaF
cells, but within geilé nuclei tend to be méore ABB+ than
the periéheral cytoplafm. Starch is found in the .chalazal
region of the nucellus. Ultrastructural.information on
ovules at the megaSporocyﬁe stage of dévelopment indicates 4

" that the surface wall of nucellar epidefmal/ceIIS‘is thicker

than the epidermal cell end walls, and has a thin layer of
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electron dense material (fig. 5,6) which isvprobably'a

»®cuticular substance secreted by the epldermal cells. The
inside wall of epidermal cells, separating the nucellar epif
dermis from hypodermal cells, tends to be thicker than epi-
dermal cell ehd walls. Plasmodesmata appear to be restricted
to the walls separating adjacent epidermal cells (£ig.7).

During megasporogenesis, the nucellus undergoes

approximately a twofold axial enlargement w1th the estab-
llshment of three morphologically and cytologlcally
dlstlnct;ve regions; the nucellar epidermis (fig. 12}14),
micropylar vegetative cells.(fig. 14), and chalazal vegeta-
tive cells (fig..l3).' Cross walls of the nucellar epidermis
are “perpendicularly oriented. Cytoplasm- of epidermal cells
stains lightly with ABB and does hot contain many conspic-
uous vacuoles. Micropylar epidermal cells contaln numerous
starch grains whlle chalazal epldermal cells contain little
starch. Nuclei stain carkly with ABB and have an uneven
outllne giving them a granular morphology. Other vegetative
cells in the mlcrooylar half of the nucellus have nuclear
and cytoplasmlc properties similar to the epldermal cells,
but are dissimilar in having oblique end walls. 1In the

- chalazal nucellus an axial core.of cells tends to have |
perbendicular end walls and lightly ABB+ cytoplasm which:
contalns a few small vacuoles (fig. 13). Because the par—
enchyma cells of the outer 1ntegument have large vacuoles-
With perlpheral cytoplasm, an rhtegument—nucellus 1nterfgce

.ls established by this time (fig. 13). No-starch is‘fouhd

-

in chalazal nucellar cells.



Nucellar cells in each of the three regions undergo
prominent chunges at the onset of megagahetogepesis. Walls
of the nuccilar epidermis become very thick end intensely
PAS+ (fig. 18,20;23). This wall morphology clearly delimits
the nucellar epidermis from the external integumentary and
1ﬁ&ernal nucellar tissue. Epidermal cell cytoplasm - stalns‘
lightly w1th ABB and contalns small vacuoles. Nuclei are
present, but they do not stain as intensely as during the
-megaspore stage, nor do they appear irregularly shaped.
"The‘gradient of starch observed earlier in the nucellar
epidermis is not evident since chalazal epidermal cells
appear to accumulate as much scarch as mlcropylar epidermal
cells. Other nucellar cells in the mlcropylar region of
the ovule have walls which react strongly w1;h PAS, but not
to the e#tent of epldermal cells (fig. 18, 20)\\ Elongate
cells Wlth obllque end walls are very promlnent particular-
ly along the laterql surfaces of the female gametophyte.
This "stretched" mcrphology ls.probably due to distortion
and compression by'the expansion ef the female gametophyte.
NcclEi and cytoplasm have an ABB affinity similar to epidef-

mal cells, but intracellular vacuoles.ere much larger and

more abundant. Starch is no 1ohger»detectable ip these cells.

Cells immediately chalazal to the two nucle te gam-
etophyte have thick PAS+ walls with irreqular ingide sur-

faces (fig. 22). Very few vacuoles are pfesent in these

~

i

cells in which ABB+ nuclei occupy most of the volume. The
extremne chalazal end of the nucellus cons1sts of cells

cytologically 51m11ar to those observed at the megaspore

L~ B : .:’_/(
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stage. They are relati?ely thin walled and conta%h lightly
ABB+ cytoplasm wiéh numerous small vacuoles. Nucﬁei are
slightly more ABB+ and tend to be' elliptical. An inter—
mediate zone of‘cells with its own peéuliar characteristics |
separates the thin walled chalazal cells from the thick

' walled'célls adjacent to the female gametophyte.‘ Wall

\

alteration in these cells appears to be in an incipient
stage; numerous starch grains, not observed in.other o
chalazal nucellar cells, are found.

Nucellar tissue continues to degenerate with the dif-
ferentiation and expansion of a four nucleate coenocytic
gametophyte (fig. 29,30, 71). Most cel; decoﬁﬁosition occurs
at the micropylar end of the nucellﬁs, extending radially
~ outward from tﬁe gametophyte wall. " Prior to the expansion
of the four nucleéte gametophyte, nuceilér epidermal cells
are intact and contain starch, while huéellar cells sub~
jacént.to the lateral and micropYiar surface of the gameto-
'phyte wall are either crushed entirely or very distorted

(fig. 30). Cells»aajacent to the gametophyte wall usually |
have a homogeneous mass of very dense, ABB+ cytoplaém with
no recéénizable conséituents. 'Dﬁring the period of“expan—'

: . \

sion of the fogfﬂnucleaté'gametdphyte, ;tarch is mobilized
from microoylar epidermal cells with the céllsvsdbsequently
pressed against the inner integument. Chalazal epidermal'
cells afé not distorted and retain thick walls and. lightly
ABB+ cytoplasm having few_vaduoIes (fig. 33). A simiiar

- organization of three zones in the chalazal nucellus exists

as found earlier inlontogeny, but with larger deposits. of
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PAS+ wall material in cells near the chalazal base of the

female gametophyte. '

‘\\\nggitudinal expansion of the eight nucleate gametophyte
occurs

t the expense of chalazal nuoellar tissue (fig. 74)

and remaining micropylar nucellar cells. 1In the chalazal

nucellus, ; taperingaxial core of thick walled cells extends

chalazally from the gametophyte—{ijg. 39). Starch filled
al

'hypbdermal cells flank the axi

while nucellar cells nearest the chalazal parenchyma contaln

llttle starch and remain thin walled with no 1nd1catlon of

cell degeneration. When a mature embryo sac has differen-

tiated from ‘an’ eight nucleate coenocytic gametophyte,; nearly

all thlck walled chalazal nucellar cells and ldteral hypo—
dermls are obliterated, leav1ng the embryo sac end wall
adjacent to a residuum of thin walled nucellar cells (fig.

57,58). Remnants of nucellar cells separate the micropylar

wall of the embryo sac from the inner epidermis of the outer

integument (fig. 54,73). These cells consisg of thin strands

of ABB+'cvtoplasm, PAS+ wall material and a large amount
of transparent materlal having no ABB or PAS afflnlty "No
stractural detall of thick nucellar walls could be resolved

with. light or electron mlcroscopy Qrbroad,elecbron-trans—

parent area is present petween adjacent;degenerateVnucellar'”

cells (fig. 61). Electron dense 1nclu51ons, some of Wthh

-~

appear to be membrane bound ve51cles, are found in the wall{

e <
Cytoplasmlc and nucleér materlal are loosely organlzed in

4

“the degeneratlve nucellar cells. Numerous membrane bound

ve51clesL few.amleplasts,-and extensive ¥yough endoplasmic

»

P
ore of degenerate nucellus,
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reticulum profiles are typically present (fig. 62,63).

'

Integuments

The garden pea. ovule is’bitegmic Integument differ-

\

entiation and ehlargement durlng megasporogenesis and mega-
gametogene51s results in the fothatlon of a campylotropous
ovule curved towards the apex of the’ carpel. Histologically
similar primofdia are initiated at megasporocyte differen-
tiation (fig. 2) althoqgh sqbsequent development of the two
integuments is radically different.

Inner integument — The innet integument is initiated
bikpericlinal divisions of two adjacent rows oﬁ epidermal
cells encircling the -base of the hucellus {fig. 2,10). The
integuﬁent primordium is organized into a bilayer of ‘cyto-
iogically similar cells (fig, 3,69) with the integument%
nuceilus-junction marked by a meandering, branched iayer
of electron dense material on the sﬁrfade walls cof epidermal
cells (fig. 11). .This 1ayer,,interpreted as a cuticle,

is continuous with the electron dense layer o. the nucellar

epidermis and the funicular epidermis. At the completion
1

.of megasporogenesis, the integument primordium has advanced

to half.the 1ength of the hucellus, placing the integument
apex along a radius which intercepts the fuhctional mega- | . ~
sporeV(fig. 12) Growth is restrlcted to antlcllnal divi--

sions and ax1al enlargement such that the integument con51sts
of a~b11aye; ofAcells‘grow1ng intrusively between the nucel-

lus and outer integumenta11Cells of the inner 1ntegument

have thln, PAS+ walls, ABB+ cytoplasm and nuclei, and

scattered traces of Small starch grains (figqg. 12). .When



a twp nucleate gametophyte is present and n succeeding
stages, the apical rim of the inner integument terminates
sﬁortly before the micropylar apex of the nucellus, form-
ing a relatively broad ehdostomal pore (fig. 18,29{. Expan-
sionuoccurs along the lateral éurface of the integument by
periclinal divisions,lbut generally not more than 3-4 cell
layers (fig. 23). An exception is the micropylar region .
of the : _egument where cells proliferaté forming a swollen
apical zone (fig. 29). This area fills ahynfree_séace.
between the nucellus and outer integument, excepting the
wide endostome, where nucellus or gametophyte lie in close
prokimity tb the outer integument.. Starch accﬁmuiaées in
most cells of the integument during megdgametpgenesis,
although a.polarized micropylar concéntraéion is found when
é.mature embryo sac is present (fig. 42-44). ;
The interface of the inner and outer integuments is
bordered by a thin cuticle which appearé to be partly derived
from each inpegument“(fig;'56,64). The cuticle covering the‘
inside 'surface of theiinner integument'is conéiderably thick=-
er and apparently derived entirely from the intégumentary
épidermis (fig. .67). Two different areas in this latter
cuticle could be resolved. The.innef;half adjacent to the
integﬁment cell wall consists of electron dgnse biebs;
_ while.the‘surfacé material-adjacent to the nucellar cells
,conéists of altérnating strands of electron dense_and eleqf
tron transparent maﬁerial. No plasmodesmata are found -in
epidermal walls of either surface, althouéh they are fairly
_common in other wallé within the integument. ;

!
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Outer Integument—The outer integument is initiated

| a few cells chalazal to the inner integument (fig. 2).
Eccentric growth of the dorsal half results in the curvature
of the ovule towards the ﬁtyle, while the ventral,half reF
mains relatively undifferentiated. Growth of the dorsal
half.of the outer integumeﬁt during megasporogenesis brings
its inner epiaermis,adjacént to the nucéllar épidermis,
indicating a more rapid rate of growth relative to the inner
integumenﬁ (fig. 12). Differential growth of the outer
integﬁment continues such that.its basic morphological
organization is completed'duriﬁg early megagametogenesis
witﬂ the enclosure of the inner iﬁtegumeﬁt, nucellus, and

| female gametophyte: Subsequent differentiation, most of
which is réstricted to the dorsal segmeﬁt, involves mitotic
‘activity and cell enlargement'which broadens and lengthens
the ‘integument.: The chalazal base of the dofsal region
consists of obliquelonriented'packets of 4-7 cells within

- a'histological sector radiating from the chalazal base of

the nucellus to the terminus of the vascular strand (fig. 38).

"Inner epidermal cells which border the inner integument

divide periclinally forming a stratified margin (fig. 44).
A notable exception -occurs in a ventral group of "'epidermal

derivatives below “the ventral arch of the embryo sac

(fig. 44). In the post pertilization enlargement of the

-

ovule, these cells and their derivatives form the ovular
’ LN
basal body, a group of parenchymatous cells extending into

the arch of the enlarged émbryo sac (Bocgquet 1959).

The exostomal compohent of the micropyle is a slit-1like
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entranceway aligned parallel to the” long axis o% the ovary.
It is not formed by apical growth of the‘extreme dorsal
surface of integumentary tissue, but by the proliferation of
terminal and subterminal cells betweéen the dorsal and»ventral
segments of the integument (fig. 28,31). fhese celld divige
periclinally -and subsequently/enlarge to fill in any exo-
stomal gaps by forming laterail flanges of integumentary,
tissue. | |
Starch in the outer integument is localized at the
chalazal base of 1ntegumentary tissue during megasporogen—
esis with a large distribution of starch reserves between
the terminus of the vascular tissue and the chalazal base
of the nucellus. The amount of starch' particularly in this
region, increases commensurate w1th the development of the.
ovule. Durlng differentiation of the eight nucleate coeno-
cytic gametophyte into a mature-embryo sac, starch also
accumulates in a decreasing gradient towards the micropylar
region of .the 1ntegument
Vasculature — The ovule of Pisum has a single vascular

strand which extends through the funiculus into the dorsal
‘segment of the outer integument (fig. 38). ~The entire
. strand increases in width and length with the development
of the ovule. Xylem and phloem differentiation is initiated
.during megagametogenesis, although maturation prior . to
fertilization‘and subsequent'ovule enlargement is minimal.

: Cytohistological~zonation is apparent at theimegaspore
mother cell stage (fig. 4l with a strand of elongate cells

differentiating from peripheral vacuolate cells. This strand

J4L



of procambial tissue is continuous with the placental
vasculature and extends 1nto ‘the ovule to the chalaza.
Procamblal cells within the ovule prlmordlum are densely
ABB+ and contaln few vacuoles while those of the placental
trace (between the base of the funiculus and placental
vasculature) tend to be more vacuolate. When four megaspores
are present in the ovule, cells in the outer 1ntegumedt

have differentiated into procambium such that the vascular o

»strand terminates midway into the dorsal segment (flg. 15,16).

Procambial cells in the placental trace and ovule vascular

strand are cytologically similar to the procambium descrlbed

above,

" Vascular differentiatiOn is initiated¥in the ovule

"~ during the two and four nucleate stages of megagametogenesis.

Procambial.cells, particularly those at the inner margin of

the vascular strand, become increasingly elongate (fig. 24,

25, 32, 34). Most cells also become highly~vacuolate early

RN

in gametogenesis. The pattern of xylem and phloem maturatlon ¢
is evident durlng the dlfferentlatlon of the elght nucleate
coenocytlc gametophyte 1nto a mature embryo sac (flg. 38,

40,65; 66) Sieve tube’ elements appear»near the outer edge-

"of the vascular strand, whereas tracheary maturatlon occurs

near the inner edge (flg 65, 68). Within the ovule ﬁﬁnltlal

‘maturation of xylem and phloem beglns mldway along the

vascular strand, - Subsequent maturation of sieve tube ele-

ments proceeds‘basipetallyl but\the presence of immature

xylem elements. at the same level as mature sieve tubes 1n

the funiculus 1nd1cates that xylem maturation may be slower.



-

No‘acfopetal maturation of xylem or phloem could be

detected prior to fertilization.
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Discussion

The Polygonum type of megasporogenesis. and megagameto-

genesis obServed‘in this study of'gigum concurs with the
'&earlief obSetvations of G.O. Coopet?(1938). The'numbervof
vsporogenous cells which differentyate;in the nueellus is
notlgenerally agreed upon for'gisgg. In anvinyestigation'
of several members of the Leguminosae, including P. sativum,
Roy (1933) concluded that the archesporial'cellvfunctions
.directly as the megasépre mother cell. G.0O. Cooper (1938)
observed that the archesporial cell divided to form a
primafy parietal cell in the~hypodermis and a.primary
spOrogenous cell embedded in the nucellus. Altheugh the
sequence of sporogenous cell derlvatlon was not examlned
in thlS study, it is llkely that an archesporlal cell
divides prlor to dlfferentlatlng into a sporogenous cell

-

ibecause of the location of Sporogenous cells within the
hypodefmal layer. An alternatlve derlvatlon of a: cra551nu--
cellate ovule would be by repeated periclinal lelSlODS of
epldermal cells which would subsequently p051tlon sporo-
genous cells deep within the nucellus (Maheshwarl 1950),
but:no‘evidence of this patteru Of development was found.
) That synthetlc act1v1ty in the megaspore mother cell
may be restrlcted w1th1n the nucleus is suggested by the
llghtly ABB+ megaspore cytoplasm and the darkly ABB+
nucleolus in the megasporocyte nucleus. 1In a light
microscope study of sunflower meéasporogene51s Newcomb

(1972) also found that the megaspore mother cell appeared

-less dense than sulroundlng cells and contained -a prominent

e
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‘nucleolus, but apparently without any peculiar morphological

characteristics such as those reported here for Pisum.
Also, few organelles related to synthetic activities were
observed in:the megasporocyte cytoplasm of sunflower,'
Whereby Newcomb suggested that the megasporocyte is
~s§ecialized forvnucleic acid synthesis and not cytoplasmic
synthesis.v The‘lntense ABB+ react1v1ty of the megasporo—
'cyte nucleolus in Pisum indicates a large amount of proteln
in the nucleolar volume, although whether this represents
protein synthesized in the nucleolus, and/or a high.concen—
tration of enzymes associated w1th PNA synthesis could not
| be determlned Proteln synthe51s within the nucleolus has
been well documented for animal and plant.cells (see DuPraw
1968 and references therein). Sirlin (1960) demonstrated ”
that H3 leucine is uniformly 1ncorporated throughout nuclei
of chironomid salivary cells. Worklng with pea seedlings,

Birnstiel et. al (1962) found that the nuclear accumulatlon

of tritiated leucine was restrlcted to. the nucleolus at
flrst and that only later dld l%pelled protein appear in
the chromatin. Their suggestlon that the nucleolus nay

- export protein to the chromatin was supported_by later work
(Birnstiel and Flamm 1964) where some of the proteins'd
synthesized inrpea seedling‘and tobacco_nucleoli were
found to be histone and non-histone basic proteinsﬁ It

is interesting that the,first appearance of the nucleolus
in the megasporocyte of EiEBE occurs when the nucleoplasm
is relatlvely homogeneous and translucent: Subsequently,

darkly ABB+ material appears in‘the.nucleoplasm in addition



to the distinctive nucleolus. While there is little doubt
that the ABB+wmaterial in - the nucleoplasm is protein, it
is temptlng to speculate that it consists of histones
previously syntheSized in the nucleolus.

- Soon after the four megaspores have differentiated
the chalazal megaspore begins to enlarge with the conco-‘
mitant degeneration of other megaspores. The transient
persistence of the megaspore adjacent to the functional .
megaspore has not been previously noted for the Polygonum |
type)of development Since the megaspore expands toward
the micropyle during gametogenesrs (see fig. 74) it is )
interesting that the adjacent megaspore, unlike the micro-
pylar megaspores should persist if dnly for a short period
of time. This indicates that non—functional megaspore
degeneration is not an all or none response to the encroachf‘
ingggametophyte, and probably is a regulated process of
cell degradation by which the gametophyte could deri-e
nutrients during its earliest-develo&ment.

The female_gametophyte remains coenocytic during the

two: four, and early eight nucleate stages of development
. Transition into a seven celled embryo sac would seem to
'requlre_the segregation‘of cytoplasm, cell membrane formatlon,
deposition of wall material and -any subsequent intracellular
differentiation. The temporal relationships of these events
to the last mitotic division and the mechanisms 1nvolved
have not received a great deal of attention; even though a

free nuclear stage preceeding the formation of a cellular:

embryo sac is characteristic of all angiosperms which have
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been investigated (see Maheshwari 1950).

In lilium-henryi, wall formation is associated with the
spindle apparatus of the last set of mitotic divisions
(Cooper 1935y, This mechanism of wall formation isy prob- -
ably 51mllar to that found in somatic cells 1nvolv1ng cell
plate formation in the e€quatorial plane of a phragmoplast
.and subsequent depesition of wall material (see Esau 1965).
In EiiBﬂ' however, the presence of eight nuclei not bound
by any wall material indicates that wall formation is not
associated with the spindle apparati of the third set of
mitotic divisions. Newcomb (1972) suggested antlpodal walls
in sunflower are freely formed because of the occurrence of
_ incomplete walls found at the chalazal end of the embryo sac.
It was presumed walls were growing at the time of fixation
Aby vesicles produced by dictyosomes near the tips of the o
. free walls. Synthesis of new wall material at the end of
a free wall projecting into the embryo sac is dlfflcult to
v1suallze when complete and relatlvely stralght walls are
produced in the antloodals as well as the egg apparatus
- It seems reasonable that a mechanlsm to regulate the direction
- of wall synthesis may be a fundamental component for free
'wall synthesis durlng tran51tlon of the coenocytic: gameto—
| phyte. . Embryo sac free wall synthesis would then be dis-

. tinguished from other types as in sunflower endosperm where
free walls meander through the cytoplasm (Newcomb l972)

3

The functlonal 51gn1f1cance of antlpodal cells as they

relate to embryo sac nutrition is unclear because of the

dlfflculty,assoc1ated with obtaining data on the specific



timing of cell formation and degradation. The transient
occdrrence of antipodal cells and their small size is ﬁot ‘
suggestive‘of celils having an .important rolé in embryo sac
nutrition although a temporary role in embrYo sac expansion
may be associated with them. During the transition of the
gightnucleategametophyte into an embryo sac the chalazal -
end of the gametophyte.expands ahd replaces degenerative
nﬁcellarfcél;s (see fig. 74). However, mofe informationv
about the differentiation-and‘gegradation of.antipodai
cells is required to establish a firm.corfelation.

The thrée—celled egg apparatus is morphologically
similar to that found in many angiosperms (see Mahéshwari

S

1948, 1950). Noteworthy are the syrergid wall ingrowths

which have not been previously documented for Pisum satiwvum.
'The participation of éynergid cells in the transfer of‘
nutrients into the embryo sac via the @all ingrowths is
unlikeiy for a number of feasons.' Synergid wall ingrowths
form concurrent wigh the differentiation of other cells
within the eﬁbryd\sac, and consequently they could only
facilitatg nutrient entry éfter'ghe formation of a mature
embryo(sac. . By this time, hoWever, most nucellar tissue
adjacent to the micropylar end wall of the synergids has
degenerated leaving only thin strands of dbnsely ABB+
éytoplasm indicafing that the bulk of any resorptioﬁ of

nucellar tissue which may occur would have been accomplished

~
~

‘prior to synergid cell differenﬁiation. The location of \
synergids at the micropylar end of the megagametophyte is

positiohally favorable to the uptake of nutrients from the



.
buter integument, but no cytological or histological
evidence was found ;n outer 1ntegument cells to strongly '
suggest this as a route of nutrient flux to the embryo sac.

Degradativevdevelopmental changes in the nucellus are
correlated with megagametophyte ontogeny and indicate that
nucellar cell breakdown is not a random event. During the
coenocytic'and ce%lular stages of megagametogenesis, mega-
gametophyte expansion is directed toward the micropylar
end of the nucellus (see fig. 74), while chalazal expansion
is restricted to the petiod of gametophytic differentiation
into a cellular embryo sac. Nucellar cell degradatlon is
characterlzed by sequential cytologlcal alterations whlch
occur as follows: |

’ 1. intense PAS+'Wall thickening
2. starch mobilization

3. wall degradation (loss of intense PAS+) but

retention of str *tural framework : .

4. densely ABB+ protoplasts
5. obliteration of nucellar cell structural integrity
by the expanding gametophyte.

An interesting aspect of;nucellaf degradation is the
sequential mobilization of starch in the micropylar nucellus.
'Cells within the nucellar epldermls contain starch which is
mobilized prlor to expansion of the gametophyte These cells
-then go through the remalnlnc cytologlcal changes glven above.
Within the nucellar epldermls, however, only wall thickening
~is concurrent with the wall alteration of other‘micropylar‘

nucellar cells. Starch mobilization.and subsequent degrad-

v
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~ative events within the nucellar epidermis do not proceed

‘until the gametophyte wall is in clése proximity to the Ty
' inside wall of the nucellar epidermis. |

Even more striking is the delay in the degradation
of chalazal nucellar cells-near the base of the female
gametophyte These cells undergo wall thickening early in
;!petogene51s, but do not complete subsequent stages of
degradation until the eight nucleate coenocytic gametophyte_
differentiates into a cellular embryo sac. The irregular
wall morphology of these cells suggests they may be compar-
able to so called "trahsfer’cellsﬁvwhich have been implicated
as intermediary structures involved in short distance solute
transport (Gunning et al 1968; Gunning and Pate 1969; Pate
and Gunning 1969; 1972; Pate et al 1570). The timing of
their formation, coihcident with gametogenesis, may Be a
response-'to idcreasigksolute flux into the megagametophyte>
from‘a‘chalazal route of entry. Pate et al (1970) provide
ev1dence that wall ingrowth formation in transfer cells is
suppressed where solute flow is reduced, but. capable of
belng reestabllshed after “the applled stress is'reﬂgbed.
The possibility exists, however, that irregular wall for-
mation is ot a response to increased nutrient flux, but -
simply a cytological peculiarity of chalazal.nucellus'
degradation. While transfer cells have been found in
structurally diverse plant organs (see Pate and Gunnlng 1972),_
they have not preViously been ;hpilcated as part of a |
'.ldegeneratlve process. Moreover, the randomness of wall

irregularities in degenerate chalazal nucellus is in marked

.



' contrast to the polarized formation of wall-ingrowths in ~
transfer cells (see Pate et al 1570). |
Thé*cthlégical changes and.temncral asée;ts‘of
_nucellar cell,degradation raise questibns-abcut'the con4d
‘ »trolling mechanism(s) of cell degradatibn z-d encroachment‘
by the gaﬁetophyte. In the mlcropylar nucellus, what

features of nucellar epldermal cells allow the postpone—

ment of starch moblllzatlon until the megagametophyte is

in'close proximity to the epidermal wall? How are ‘cytologi- -

[

cal changes brought abont which closely'correlate withv
megagametophytic expansion? How is the selectlve degrada—~
‘tlon of nucellar tissue controlled° It is; 1nterest1ng to
speculate that the megagametophyte may regulate nucellar
degradatlon in the course of its expan51on, possibly by a
~hormonal-based mechanism which could 1nduce one or. a’
'comblnatlon of steps in the sequence of degradatlve events. .
Hormonal interaction in the nutrition of awplant system
which induces lytic act1v1ty 1n a hlstologlcally dlstlnc—
:'tlve tlssue is not w1thout precedent. Stlmulatlon of
a -—amylase. synthe51s in barley aleurone layers by glbberellln
secreted by the embryo is well establlshed (Paleg 1960
1965; varner 1964; Varner and Chandra 1964; Jacobsen and
Varner 1967). Newly synthe51zed a-amylase and other
hydrolytlc enzymes are secreted 1nto the endosperm and act
on starch in the cells convertlng 1t to sugar used by the
~developing embryo.

Nutrlent influx into the ovule probably occurs ‘by

dlfferent mechanisms dependent/on the developmental age
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of the ovule. The absence of a procambial strand in the

,ovule prior to megasporocyte dlfferentlatlon 1nd1cates
that nutrlents entering the ovule primordium may not

follow a localized route. The small size of the ovule

would be amenable to nutrlent flux by a diffusion mechanism

5

because,oftherelatlvely short distance involved.' Diffusion

over distances less than 100 um i%s relatively rapid (ca 0.6

eec.) and may be enhanced- by eytoplasmic strgaming (Nobel
1974). In an older o6vule whefe diffusion alone would be
an inefficient.meehanism for nuerienﬁ flux, the establish-
iment of a vascular shfend in the .ovule would provide a
restricte@ anc presumably more efficient translocatipn

pathway. However, the immature condition of most vaséular

e |

tissue in the ovule prior to fertilization raises the °
interesting question if procambial orddifferentiating
vaecular tissue has hhe capacity to translocete mineral
and organic nutrients. Allhongh a ‘voluminous literature
’exists on transloceﬁion in'plante, information related to
movement in'undifferentiated vasculature is fragmentany.

'Experiments on.lateral bud development following stem

decapitation in Pisum sativum indicated that C-14 photo-

synthete is translocated to the developing lateraiebud in
E restrLcted'pathways well before phloem maturation (Wardlaw
and Mortimer 1970). Before a lateral bud was released
from inhibition by. stem decapitation, Wardlaw and Mortimer-
~observed cnat a procamblal tracemconnected the bud to the

vasculature of the stem. . Autqradlographs of C-14 labelled

-photosynthate translocated into the bud at_this stage and .
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up to 24 hrs. after decapitation showed a diffuse distribution
of radioisotope indicating the/lack of a well-defined
'cohducting system. Abdut 24 hrs. after release of inhibi-
tion, procambial cells showed some expansion and orientation
with a decrease in staining intensity, but no complete
phloicldifferentiation for 4-5 days. The degfee of.vascular
differentiation“was correlatedwith a loéalized pathway.and
increased rate of uptake over the 4 day period until a
maximum was reached shgrtly after 5 days when matﬁre sieve
elements were present. It is noteworﬁhy that vascular M
differentiation in the garden pea ovule beginsAduringAdr.
shortly after the onset of megagametogenesis. If a mode of
translocation similar to the one found by Wardlaw and Mortimer
in lateral bud development operates in the ovule, it would
suggest that an incfeased flow of_metabolites'into théonule
via a localized pathway is initiated concurrent Witﬁ mega- | .
. _ _ et Y
gametogenesis. Moreove;l as the ovule enlarges during ‘
megagametoggnesis it would presumably require additional
_nutrients which could be 6btained since the rate éf‘tfans—
location into the ovule.would'be contiﬁually increééihg'as
the différentiating"yascular tissue approaches maturity.
The presﬂmed flﬁx of nﬁtrien£s to. the embryo sac has
been §uggested_to occur via anyintedﬁmentary or éhalazal
route of nutriéht entry (sée Fig. 75). The integumentary
route proposed by Linskens (1969) may be a direct route
involving the shorﬁes£ distance between the terminus of

the vascular strand and megagametophyte, or a . -natively

i F) -
nutrients could ente€r the chalazal base of the integument
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and then be trénsferred to the megagametophyte through the
inside wall of the 'integument. However, both of these
‘1ntegumentary pathways appear unlikely for a. number of
'cons1dératlons. No cytological evidence was found !n
suggest a direct flow of nutrients to the embryo sac by

the shortest possible route to the megagametophyte. This
mode of nutrition would require nufrient f£lux through the
inner'integhment¥outer infegument interface, but the
absence of plasmoéesmata in adjacent walls énd fhe electron
dense surface material seem to be more of a barrier than
passageway tonthe flow of nutrients. Slmllarly, the thick
électron dense materlal on the inside wall of the 1nner"
integument may prevent catabolic changes in integumentary
vcellslduring'nucellar degradation, hence maintaininq a.
physiolodical discontinuity between fhe inner integument
and- megacametophyte. That the inner integument may be
phy51olog1cally incdependent of interaction with the mega-
gametophyte is suggested by the polarlzed accumulation of .
starch‘during!megagametogenesis, éimilar tovthe polarized
accumulation of starch in the nucellar epldermls during
megasporogene51s.4 Post fertlllzatlon changes in the inner
.integument indicate?tnat”it,is“functionaliy associated with
embryonlc rather than embryo sac nutrltlon, “here embryo sac
expanSLOn follow1ng fertlllzatlon is closely correlateﬁgto
starch moblllzatlon and selectlve degradatlon of inner
integument cells. N

Nutrient influx via a chalazal-route would necessitate

trénslocation through integumentary parenchyma bétWéénlthgg“t, -



chalazal base of the nucellus and the terminus of thé
vascular strand. The chélazal,seEtor of oblique cell
packets histologically correspbnds to ﬁhis zone of cells
(see Fig. 38). .The cbnsistént presence of starch in these
cells and their approximate parallel alignment—with the
most direct rouﬁe between the_chalaza énd vascuiar
terminus suggest they méy participaté in a localized
rather than.diffuse movement of solutes from the vascular
terminus to the chalaza. Movement of solutes in the chala- -
zal nucellar‘éells may bg facilitated by the elongate
morphology of these cells, al;hough it is difficult to
coﬁceive a méchanism by thch\solutes are subsequently
transferred through degenerate nucellar cells béfore-
reaéhing the megagametobhyte.-

The propoéai ofta‘cha;azal'or inteéumentary route’
of nutrient transport to the embryo sac presumes direct
involvement of the parent Sporophyte in megagametophyte
nutrition. In EEEEE; however,_ﬁegengrative’nucellar tissue
-may.providé most and perhéps all nutrients required by
the gaﬁetophyte during megagametogenesis. Degenerate Qall
matérial and starch accumulated in the nucelius could be
hobilizéd as sugar sources for thé-developing gametophyte;

while protein, nucleic acid, and lipid precursors may he

s

derived from degenerating'cytopiéém. That adequate nutr@eggﬁ«ww'“

. . '_./_./—‘%
may be available in the nucellus is .urgested by thg persis-
: M i |

~—
~

tence of a chalazal residuum of nucellar tissue near the
base of the mature embryo sac. . During megagametoggnesis

a mitotic step always éreceded an increase in gametophyte

-



voiume. The associated gametophyte wall‘expansion céuld
serve,thé duél function of placing the megagametophyte in

close proximity to additional reserves«(ejg;!in the nucellar
epidermis) while substantially increasing the total surfaée
area to facilitate nutrient absorption. Self maintainance

of this kind is. an interesting alternétive to formerly

proposed modes of embryo sac nutrition, but it is recognized
that experimental évidence of the kinetics, quality, and k\
quantity of nutrient flux in the ovule during megagametogen- |

esis is required before a conclusive statement is made

regarding the mechanism(s) of embryo sac nutrition.



List of abreviations used for all micrographs: Ant =
antipodals; CC = central cell; CCC = central cell cytoplasm;
Cha = chalaza.; CN = chalazal nucellus; D = dictyosome; '
DM = degenerate megaspores; DN = degenerate nucellus;

E = egg; EA = egg apparatus; Ep = epidermis (nucellar):

ESW = embryo sac wall; FM = functional megaspore; Fu =
funiculus; G = gametophyte; Hy = hypodermis; II = inner
intégument; Mic = micropyle; MMC = megasporocyte (megaspore
mother cell); NCW = nucellus cell wall(s); Nu = nucleus;

Nuc = nucellus; Nucl = nucleolus; OI = outer integument;

Pc = procambium; Pd = plasmodesmata; PN = polar nuclei;

RER = rough ehdoplasmic reticulum; S = starch; Sp = sporogenous
cells; Syn = synergid cell; V = vasculature. ' '

‘40



Fig. 1. Light micrograph of ovule primprdium.
Bporogenous cells (Sp) are within the hypodermis of the
nucellus. A few starch grains (arrow) are present at
‘the site of integument initiation. Brightfield. X 752.

Fig. 2. Light micrograph of yYoung ovule with a differentiated
megasporocyte (MMC). A densely ABB+ nucleolus (small arrow)
is found in the megasporocyternucleus. Integument primordia
(large arrows) iifferentiate from the epidermis and appear

as small outgrowths on the surface. Starch is found at the
chalazal end of the nhucellus and also in the nucellar
epidermis. Phase contrast. X 752. .

Fig. 3. Light micrograph of nucellus with a megasporocyte
(MMC) at early prophase. Note the presence of a vacuolate
nucleolus in the MMC nucleus, A line representing the

rounding the nucellus. Phase contrast. X 768.

" Fig. 4. Light micrograph of ovule vasculature when a mega-
spore mother cell has differentiated in the nucellus. The
procambium (Pc) <onsists of a strand of elongate cells
continuous with the evary vasculature and terminating .at
the chalaza. Numerous mitotic figures (arrows) occur in

the procambial trace. Phase contrast. X 440.

v
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Fig. 5. EAectron micrograph of nuccllar epidermal (Ep)

and hypodermal (Hy) cells. Hypodermal cells have thin
walls except for the relatively thick wall separating

‘them from the epidermis. Most cells have very few vacuoles
with the majority of cell volume occupied by large nuclei.
X 4,340, - - ‘

Fig. 6. Electron micrograph of surface detail of the
nucellar epidermis. The surface wall (arrows) is coated
with an electron- dense layer of material. Note the rough.
contour of the surface wall. §'4340.

Fig. 7. Electron micrograph of plasmodesmata in contiguous
walls of nucellar epidermal cells. Plasmodesmata were
rarely observed in the inside wall between the epidermis
‘and hypodermis. X 31,000. : ' '

Fig. 8. Light micrograph of enlarging chalazal riegaspore
(FM) of a T-shaped tetrad. The-adjacent megaspore does
. not degenerate at the same time as the two micropylar
negaspores (arrows). Brightfield. X 1,000.

"

Fig. 9. Light micrograph of enlarging megaspore cytoplasm.
Granular inclusions (arrows) stain lightly with ABB.,
Other smaller rod-shaped particles-in the cytoplasr
Stained darkly with ABB. The nucleus (Nu) is located at
the micropylar end of the cell near the degenerating
Megaspores -(DM). Phase contrast. X 950, :

Fig..10. Electron micrograph of inner integument primofdium.
Two epidermal cells have civided periclinally to form the
integument - initials which protrude from -the surface of the
ovule. Thin walls (arrows) separate the daughter cells.

One of.the outer derivatives has divided periclinally,
forming a three-tiered primordiunm (upper part of photograph) .
X 3,100. - . '

Fig. 11. Electron micrograph of inner integument-nucellus
junction. A thin electron cdense layer of surface material
covers the surface cf the integument (II) and nucellar

(Nuc) epidermis. ‘X 16,700./

-
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Fig. 12. Light micrograph of ovule with four megaspores.
The inner integument(II), a bilayer of cells, has advanced
to half the length of the nucellus (Nuc). The apex of

the dorsal Segment of the outer integument (0I) has grown
beyond the inner integument placing it in contact with

the nucellar epidermis. Brightfield.<ﬂX 307.

Fig. 13. Light micrograph of chalazal nucellus of an ovule
with four megaspores. Vacuolate cells at the chalaza (Ch)
form a histological junction with chalazal nucellar cells.
Brightfield. ' X 1,108. ) ‘

Fig. 14, Light,micrograph of micropylar region of nucellus
with four megaspores. The chalazal megaspore (FM) is the
largest of the four. Note the accumulation of starch in
the nucellar epidermis and smaller starch® grains in hypo-
dermal cells. Brightfield. X 1,150.

Fig. 15. Light micrograph of procambial (Pc) strand in.
the ovule at the four megaspore stage of development.-
The sgnaqd,%Tﬁ““?w beyond the chalaza and terminates in

the dorsa¥ Eof, the outer integument. Procambial
. cells -cont"g

' fquoles and tend to be'densely cyto-
plasmieT ., "R ;

KiByaste,. x 440,
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Fig. 16. Light micrograph of funicular procambium at: four
legaspore stage. The procambial cells (Pc) between the
base of the funiculus and the placental strand are more -
vacuolate than those within the ovule. MNote the mitotic
figures in the cells (arrows). Phase contrast. X 430."°

Fig. 17. Light micrograph of two nucleate gametophyte.
‘The two nuclei of the gametophyte are prominent, but it
is difficult to evaluate the cytological condition of
the nucellar cells and the adjacent inner integument.
Paraffin embedded. Brightfield. X 440.

Fig. 18. Light micrograph of young two nucleate gameto-.
phyte (G) prior to migration of nuclei to the chalazal and
micropylar poles. Walls of the nucellar epidermis stain
darkly with PAS. ©Note the extension of the inner intequ-
ment (II) near the apex of the nucellus. Starch is beginning
to accumulate in the outer integument. Brightfield. X 450. .
Fig. 19. Light micrograph of two nucleate gametophyte (G) o
after vacuole formation.- Note ‘the degenerate megaspores
adjacent to the expanding gametophyte (arrow). Paraffin
embedded. Brightfield. ~X 680. ‘
. 4 : ’

Fig. 20. Light microaraph of two nucleate gametophyte
after vacuolation. The black material at the micropylar
end of the gametophyte is the remaining darkly ABB+
protoplasm of degenerate Tegaspores..  ducellar epidermal
cells have darkly PAS+ walls in the micropylar half of the
nucellus. Thick walled nucellar cells are also apparent
near the chalazal wall of the gametopnyte., Note the
retention of starch in the nucellar epidermis, and the _
absence of starch in other micropylar nucellar cells, : Ny
Brightfield. X 680. . ' : » : :

o TR
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Fig. 21. Light micrograph of entire ovule with two nucleate
gametophyte. The gametophyte (G) is embedded in degencrate
nucellar tissue (Nuc) with darkly stained walls. The inner
(IT) and outer (0I), 1nteguments invest the nucellus. Note
the curvature ofsthe ovule, placing the micropyle in close
proximity to the inside wall of the ovary: Brightfield.

X 275. '

Fig. 22. Light micrograph of chalazal nucellus in a two
nucleate gametophyte. Darkly.stained PAS+ walls with
irregular inside surfaces (arrows) form in cells near the
base of the megagametophyte '

3

Fig. 23. Light mlcrograoh of chalazal nucellus in a two ‘
nucleate gametophyte The megagametophyte is eccentrically

positioned in degaMerating nucellar (Nuc). tissue. Starch
laden nucellar epigermal cells demarcate nucellar tissue
from the inside wall of the inner lntegument (LI). Note

"periclinal divisions in a few of the 1ntegumentary cells
. Transverse- sectlon Brlghtfleld X 540.

K J .
Fig. 24. Light micrograph of ovule vascwlature ata~the two

nucleate gaTetophite stage. Procambial cells (Pc)’ become
'vacuolate and elohgate at the onset of megagametogenesis
although no mature vascular tissut is found. The vascular

strand ends abruptly in the dorsal segment of the outer
integumen?}(arrows). Brightfield. X 275.
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Fig./25 Light mlcrograph of funitular Prog; ium at the
two nucleate gametophyte stage. Funicular gggcambial (Pc)’
cells are brick shaped and not as elongate as procambial
cells in the ovule. Brightfield. X 280.

Fig. 26. Light micrograph of micropylar cytoplasm in a
four nucledte gametophyte (G). Small vacuoles are present
in the polar accumulation of cytoplasm. The nucleus
contains a densely ABB+ nucleolus and scattered areas of
heterochromatin. 'Brightfield. X 882. :

Fig. 27. Light micrograph of four nucleate gametophyte

and inner integument. Only the pair of micropylar nuclei
were obtained in, this section. ©Note the difficulty in-
assessing cytological differences between ntcellar and
“integumentary cells. Paraffin embedded. Brightfield. - .
X 310.

Fig. 28. nght ﬂlcrcdraph of transverse section thrawqh
micropyle.. Mi*otic “igures in apical and. subaplca 11s
(arrows) of lat - ‘laps of integumentary tiss(&" )
divide periclina and form a tight mlcropylaﬁsggi‘ (Mic) .
Brightfield. X 882. M- &

Fig. 29. Light micrograph of early four nucleate gameto- - \
phyte, nucellus, and inner integument. At the four o
nucleate stage, two nuclei are found at each pole of the = . ~® _
megagametophyte. Note how the inner integument does not "g;h’ '
completely invest the micropylar tip of tHe nucellus = ;*Jl“fgﬁ:
(upper part of photograph). Brightfield. X 540. - ST ey

Fig..30. Light microgravh of late four nuclcate gameto-

phyte, nucellus, andé inner integument. Soon before

nuclei of the fcur nucleate cametophrte divide, #he .
megagametophyte (G) has displaced most of the miggopylar . :
nucell leaving remnarts of darkly ABB+ nucellar cells. {
Arrows Moint to thick, but lightly PAS+ walls of ceqeneraté
nucellar cells. Note that the entire nucellar epider¥is

along the lateral surface of the Pegagameuoohjto has not -
degraded Brlghtfleld X 560. . g
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Fig. 31. Light micregraph of micropylar slit formed by
the outer integument.. The slit like pore tapers from
the locule aof the ovary to the egg apparatus. The inner
integument does not form a histological barrier at the
‘inner opening of the endostome. Brightfield. x 340

ovule at the four nucleate gametophyte stage. Procambial
cells retain a brick-shaped morphology. Mitotic activity

Fig. 33, Light micrograph of chalazal nucellus at the late
four nucleatse gametophyte stage. ” Note the irregularly.
thickened walls (arrows) of cells near the chalazal base
.0f the megagametophyte. A histolodical organization .
simi'lar to the two nucleate stage is evident (see Fig. 23).
Brightfield."x856.. T P o : '
Fig. 34. Light micrograph of ovule vasculatyre at four .
nucleate gametophyte stage. Differentiatiﬁg cells becomd
incréasingly,elongate, but no mature Xylem or phloem was
observed. Brightfield. X 350. . . ‘

Fig. 35. Light micrograph of cvule at eight nucleate gam-
etophyte stage. The micropylar wall of the megagameto-
phyte is separated frong§%ewfnner surface of the outer
integument by a few re%ﬁ'nt nucellar cells (arrow). The,
inner integument tends to have darkly ABB+ cells and a
micropylar accumulation of starch. A broad outer integ-
ument (0I) of mostly vacuolate cells fhvests‘the,gameto—
phyte, nucellus, and inner integument. Brightfield. ¥ *98.
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Fig. 36. Light micrograph of chalazal cytoplasm of an
eight-nucleate gametophyte. Small vacuoles occur in the

‘cytoplasm. Note the degenerate chalazal nucellar cells

(CN) near the end wall of the megagametophyte. Bright-
field. X 856.. p ~

Fig. 37. Light micrograph of micropylar cytoplasm of an
eight-nucleate gametophyte. Small vacuoles similar to
those in chalazal cytoplasm are present. Note degenerate
nucellar cells (DN) separate the micropylar end wall of
the gametophyte from the inner wall of the outer integu-

ment. Brightfield.: W X 882. o o, \

Fig. 38. Light micrograph of ovule §asculature®at eight-
nucleate gametophyte stage. A sieve tube element (small
arrow) has differentiated near the outer edge of the vas-

‘cular strand (V). Note the terminus of the vascular strand
"in the dorsal segment of the outer integument (large

arrows). Brightfield. X 236. o

Fig. 39. Light micrograph of chalazal nucellus in an ovule
with a differentiating embryo sac. Wall ingrowths (small
arroWs) are found on all surfaces of chalazal nucellar
cells near the megagametophyte end wall. Nucellar cells at
the base of the nucellus (bottom of photograph) are thin-
walled and with no apparent cytological indication of

.degradation. Brightfield. X 957.

Fig. 40. Light micrograph of funicular vasculature at
eight-nucleate gametophyte stage. Funiculer vasculatyre
(V) consists of brick-shaped cells with comrpact cytoplasm

containing small vacuoles. No mature vascular tissue is

present. Brightfield. X 380.-
o . . :
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Fig. 41. Light micrograph of embryo sac. The egg apparatus
(EA) is at the chalazal pole. Two polar nuclei (PN) in

close proximity to each other (arrows) have miggated from

the poles and occupy a mid-lateral position along the ventral
wall of the megagametophyte. Three antipodal (Ant) nuclei
are also apparent at the chalazal end of the megagameto-
phyte. Paraffin embedded. Brightfield. X 380.

Fig. 42. Light micrograph of embryo sac near maturity.
The distribution of embryo sac constituents (EA and PN) .
is similar to Fig. 41, although antipodals could not be
identified and are presumed to have degenerated. Bright-
field. X 148, ' .
Fig. 43. Light micrograph of a megagametophyte after polar
nucleus migration. Synergid (Syn) cells have entire walls
formed. Polar nuclei (PN) are in close proximity to each
othexr but do not fuse prior. to fertilization. Note the
densely ABB+ nucleoli within the polar nuclei (also see
Fig. 45). Brightfield. X 624. ' ' '

Fig. 44. Light micrograph of a mature embryo sac. The

egg cell (E) contains a single large vacuole which laterally
displgces the nucleus and cytoplasm. Most of the.volume in
the embryo sac is occupied by the central cell (cCC)

vacuole. A thin peripheral band of central cell cygenlasm
borders the entire embryo sac wall. Brightfield. [§j320.
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.occupies much of the nuclear

Fig. 45, Electron micrograph of polar nucleus (PN).

The large electron dense vacuolate nucleolus (Nucl)
#{lume. Note the degenerate
W@#hagametophyte from the

90 :

U

nucellus (DN). separqﬁing th

inner integumen;ikéé), X g
o, A . .
Fig. 46. Electr “mterogft of rough endoplasmic retic-

ulum (RER) in central ¢ell cytoplasm. Strands of RER
run parallel to. the megagametophyte wall.. X 20,150.

Ee)

Fig. 47. Electron micrograph of lateral -embryo sac wall
(ESW). The inner surface of the wall is interrupted by
enbayments of central cell cytoplasm (CCC). X 26,350.

fig. 48. Light micrograph of antipodal cells (Ant)
during'megagametophyte differentiation. Thin, PAS+ walls
separate the antipodals from each other. Note the polar

‘nucleus (PN) which has not yet migrated to the middle of
" the central cell. Brightfield. X 907. i

-

Fig. 49. Light micrograph of ¢halazal end of  embryo sac
after antipodal degradation. \The thin strip of PAS+
material is (arrows) presumed to be wall fragment.
Brightfield. X 1640. '

‘ ) _

Fig. 50. Light micrograph of egg apparatus near maturity.
Small vacuoles are in synergid (Syn) cytoplasm. Synergid
nuclei are situated’' at the chalazal 'end of *the cell. ' The
egg '(E) nucleus also Occupies a chalazal position and is
separated from its micropylar wall by a single large
vacuole. Phase contrast. X 6028. _— :

Fig. 51. Light micrograph of mic.epylar cytoplang the
megagangkovhvre during megagametophyte differen®lation.
Wall matérial (arrows) appears to have formed in some
areas, separating the polar nucleus (PN) from cells of
the egg apparatus. Brightfield. X 1560. _ -

3\ ' R . . . .
Fig., 52. Light micrograph of synergid cells (Syn) during
mega@ametophyte‘differéntiation. An entire wall separates
the synergid from -the central“cell cytoplasm. ©Note the
absence of wall ingrdwths‘ﬁnﬁthe'micropylar area of the

"wall separating the synerqids (also see Fig. 54).

Brightf@eld; X.957. @

Fig.‘53¢fLigh§~micr0gfaphs of egg apparatus in a differen-
tiating megaggmetophyte. Entire walls are formed around
each of the c€lls. The egg .cell nucleus and much of the
cytoplasm are laterally displaced by a single large
vacuole. Note the wall ingrowths of the syhergid cells
(arrow) # Brightfield. X 957. o
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Fig. 54. Light micrograph of wall ingrowths in synergid
cells of a ma: 2 €gg apparatus. The inner portion is
faintly, PAS+, while the polysaccharide material which
borders it stains darkly. Note the attachment of the
€gg cell (E) to the lateral wall of the embryo sac away
from the immediate vicinity qf the micropyle. . Brightfield.
X 1033. : L@ S '

Fig. 55. Light micrograph of,&all ingrowths in the micro-
pylar wall of a synergid cell. This thickened part of.

" the chalazal synergid appeared to be continuous with the
wall ingrowths between the synergids. Brightfield.

X 756. : ; - '
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Fig. 56. Electron micrograph of inner integument duringhjfﬂ
megagametophyte @pfferentiation into an. embryo sac. .. The . !

inner and outer epidermal surfaces of the integument are: -

covered with an electron dense material, Amyloplasts's. |,

with incipient starch grains (S) are found in many of
the .cells. Remnants of degenerate nucellar material (DN)-

' separate the gametophyte wall (large arrows) from the

inner integument. X 3100. .

Fig. '57. Light micrograph of nucellar tissue proximal to
the chalazal end wall of an immature embryo sac. Nucellar
cells adjacent to the embryo sac have thick,  transpar ..
walls and densely ABB+ cytoplasm. .Note the nucellar - .3
near the nucellus~integument border do not show any
characteristics of cegenerate ¥ells. Brightf}eld., X /.5,
Fig. 58. Light micrograph of chalazal nucellus (€N) when

a mature embryo sac is present. The chalazal end wall of ~
the gametophyte is adjacent to nucellar cells with thick
transparent walls. Nucellar cells (NC) extending to the
nucellus-integument junction are thin-walled and contain
lightly aBE% cytoplasm with a few starch grains per cell.
Brightfield. X 730. ' :

Fig. 59. Light micrograph‘of transparent dresm at micro-
pylar ends of synergids (large arrows) .- The éynergid
wall ingrowths (small arrows) extend pdrtly along the
common walls. of the two synergid cells and are probably
at an early stage of formation. Brightfield.“X 1440.

Fig. 60. Electron micrograph of synergid-synergid and
synergid-central cell wall material. Note the irregular
surface -of the wall material adjacent to the plasma
membranes of each cell. Plasmodesmaca traverseisthe walls,
but in some areas appear incomplete (arrows)s_”x 13,500.
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Fig. 61. Electron micrograph of degenerating nucellar
.cell walls. The thick. wall (NCW) separating degenerating .’
nucellar cells is electron transparent, with t#e exception
of scattered*®lectron dense particles in th ddle
lamella. X 8,990. ) e ' : % _

- AN nictoaranh of onic reticatun *
- Fig. 62. Elect n. picrograph of rough endoplasmic reticulum .
An a.degenerating nucellar cell. RER strands were uguadly

parallel to.the cell surface. X.26,850. ‘ Y .

<Fig. 63. Electfbn-micrograph,of vacuolate dytoplasm in a AT

degenerate nucellar cell. Numerous vacuolate components a0

¥y of degeneratingynucellus cytoplasm occur in different sigzes. :
Dictyosomgs (afrow) were rarely oBserved. X 16,740.

Fig. 64. Electron micrograph of inner-outer integument .
interface. éghe electron dense matérial (large arrows)
, ‘separating the .integument border consists @f two
. Separatg~layers each apparently derived from the integument
¥ ‘“;it<§55§§§ociaueq with. Outer integument cells (0I) are o
"t elon g ‘iereas#¥nner integument cells (II) tend to be < 4
. . Plasmodesmata Were not observed. in the walls -

R ~for he border between the two integuments, but are
ﬁﬁ~'¥ ﬂfairly<ﬁommon in walls separating adjacent inrer integumentu

"y cells (small arrows). Note the stﬁfgh~§rains (S) in the ’

S inner integument. X 16,740. _ : : v L
FIg¥ 65. Light micrograph of ovule vasculature in an ovule’ “a
containing a mature (embryo sac. A.siewe tulbe (Ph)whas .

%

differentiatgd at tH¥ outer cce of the vaseylar strand. .
y . . T v R ~ [ N

" Xylem g;ppraﬁlon’(ky}’flrstféﬁqyrs atpghe.lnmsr'qgge of the =

‘vascular strand. ; Note the pgéggngegogﬁﬁypbpla§m‘ﬁn one

’ of %?e xyIem ¢éllSr(1aré¢'@r¥0wwgg;§?;§aggiéld. _X~448.,-J~-?”

w7 Fig. 66, Lightb%icrograph of funicd&@%{&%ﬁéhlature'when a

. mature.embryo sac.i€ orese¥yt. A stenvétube IPR) has . . I
’ differentiated™in the ful “Ulus_&Ep)gghQﬂLs-continuous with §

the placental strang. Sng?eutubeﬂéléﬁéhse in_ the funiculus

. . are’ shorter thad thdse found within the BHule’ (see Fig. 65).

. . Brightfield. X 432, . v R A . I

» = Lo O R R o .
© ' *Fig. 67. Electron micrqgrhéh;bf_éleCtron'dense materigl i

: ‘ihtegumenhj%Ifiﬁfxgm degen- ~
ote how the mdteridl adjacent

.- (arrows) separating the inp

.| .eratewnticéllar cells ;DN31_%%
- . tQ. thé degenerate nuceljus Msgnsists Qf dlterﬁatinqﬂbgnds
d&ﬁﬂ&' oﬁ;electrgnhdeqéezand:c@ Y ﬁftransﬁarent maﬁgnial in
-5 contrast ‘to the arprphous part dontiguous yith.the intequ-

2 e
A

| mentary wall. X 11,208¢. ~ SR S : [

%

.

Eﬁi” Fig. '68. Light'micrbgraph of:ovule Vasculature when a
mature embryo sac is present. - Phlcem (Ph) differentiatés:
at the outer edge, .and %y lem differentigggs‘near the. inner

edge of.the 'vasctlar cambitim (see Fig.’65). Pransverse '’
section. Brightgield; X 347. o v o o .
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Fig.*g§?73; Fluorescenge micrographs of ovules stained
‘with agridine orange. \. : . . :

r

Fig. 69. Ovule at the megaspore mother ce;'astage. The
distinctive nucleolus (Nucl) of the megaspd®re mother

‘cell (MMC) fluoresced féintly, and not apparently brighter

than its primary fluorescence without: acridine orange
treatment. X 211. ' ‘

i + .
Fig. 70. . Ovule with an enlé}ging.functional Y gaspogg
(FM). Within the functional megaspore, no cwtdplasmic
fluorescence was observed; only the nucleolus fluor-
‘esced-brightly. Note the strong fluorescence of two
micropylar degeneraﬁing”megaspore&;(DM)‘adﬁ[the lack of
‘similar fluorescence in the adjacgernt megaspore (large
arrow'. X 236. v

-,

ophgite gﬁage.~

Blcate game

Fig 71. Ovule at the foyg
Wa’ of the nucellar ‘epr§eis (Nuc) particularly at
tre ..icropylar end .and ceh azal nucellar cell walls (CN)
ne .the gametéphyte {G) fluoresce brightly. The wall
me erial of degenerative nucellar*cells does not fluor-

:ésce‘significantly; in contrast to the brightly filuvorescent

cytd?lasm*of'these'cells‘(arrows)[v'x 300.

Fig(}72,'0vule-at the eight-nucleate gametOphyte stage.

As in previoQSvstages, most of the wvaolume ‘of the‘gameto;l

[}
Lo

phyte“ig.cccupied%by a .large central vacuole with no
fluorescence.. Short. arrows point to gametophyte nuclei
in' the peripheral cytoplasm. "The brightly fluotescent'
material between the lateral wall of the gametozhyte and
the inner integument ‘ig degenerative ‘facellus. Not the
H“absahce of distinctive nuceLla:‘ picerpal cells~iq.th§
" micrbpylar half of the nucellus-Wprrared o Fig. 71
Thick, irregular walls of ‘chaldzal nucellar cells @sﬁk
fluoresce brightly. This zoné of cells éxtends radially
outward. to the nucellar hypodquis.“Nucéllar enddermal
cells at the ‘same .planeido not have 'simi4r- flvorescent

“-pﬁoperties.-'xk300. - ¥ - . : , o
S Fig. 73. #ule Qith a mature embryo sac. Tféces of -
_ filuorescent material of degenerate nucellar cells are
2* found nedr the lateral, micropylag suxfaces and chalazal
- end wall of the female gametophyt¥. R
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"Fig,-74.'Hi§Ed§ram of changes

<«—micropylar nucellus : ']
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. MEGAGEMETOGEMESIS |

%, .
1n nucellus, megasporocyte,

functﬁonal'megaspore, and megagémetophyte lengths. dgrihg
megasporogenesis and mecagametocenesis. The chalazal
nucellus increases in length during megasporocenesis.
Although degenerate nucellar cells are present in the
chalazal-nucellus, the regagametoohyte does not encroach, .
upon the chalazal.ndéelluS‘until the embryo,sac Qifferenf
tiates from an eidht-nucleate coenocytic gametophyte.
The increase in megagametophyte length is directed =
micropylarly and -correlated with_the_degradation_of micro-
pylar nucellus. Th& inc¢rease in absolute length of the
nucellus. from chalaza, to micropyle is probably due. to the

3.

" Stretching of nucellar cells associated with megagameto—

phyte expénsion.
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Flg 75 9 ScHematlc reoresentatlon of 00551ble routeo of -~
}‘ nutrient transport intg -the embryo sac (ES). In a chalazﬁl

pathway, food materlals would flow from&the vascular term-
inus to the nucellus ‘before reaching ' the embryo sac. In-
an endothelial: (1nner integument) patnway, food- materlals

~:““w0uld move dlrectlv *hrouqh the inner™ 1ntequmenQ:(II) or into
“the chalazal ‘end of the lnteguméht before enterirg the '
embryo sac.- (Modified after Linskens 1969). : :
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STANDARD STRENGTH HOAGLAND'S SOLUTION (24 liters)

Compound

*KNO
*Ca(ﬁo
*MgSo.

KH2P 4

3)

oW

»

T

**Micronutrients

***FeEDTA

* XV Mlcronutrlent stock solutlon (1 liter):

A

* One molar stock.solution

‘ Compound'

- H BO

3

MnCl
ZnSO4

»Uéo ?% O

-

" KOH

AV

FeSO

3.

4

Nh EDTA

4H 64

7h

Compound

7H

s 2

s,

2
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APPENDIX 1

~

&

“FéEDTA’stock soIhtion;

‘mls.
. 120
120
48
24
24
24

-

Bubble alr into solution- Qvernlght and -

store in refrlgerator.

¥

- 44

Grams . : F’u' o
2.86. ,
1.81
0.222- -
©0.018 ' . ‘
“0.079 A
v’ ,' . Q ‘.. k
(L liter): . . ™ . o
 Grams - .y
2ial9 .
Co16.1 <
23,00
', - . : ) o R [
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